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Abstract

Single-server queues with customer abandonment arise in call centers and many service sys-
tems, but steady-state performance measures remain analytically intractable beyond Markovian
assumptions. This paper develops Robust Queueing (RQ) approximations for the mean steady-
state virtual waiting time (offered waiting time) in the GI/GI/14+GI model. The approach
starts from a reverse-time supremum representation of the virtual waiting time as the reflection
of an effective net-input process that accounts for abandonments. We approximate effective
net-input increments by their mean plus a robustness parameter times their standard deviation.
For the drift, we introduce a Poisson-surrogate compensator and show that the associated
correction term is asymptotically negligible in the long-patience regime. For variability, we
propose two implementable surrogates: (i) a deterministic time-change approximation that yields
a first RQ algorithm, and (ii) a refined algorithm based on a heavy-traffic limit that produces
a scale-dependent variance function capturing the variance-reduction effect of abandonment.
The resulting steady-state approximation reduces to a one-dimensional fixed point solvable by
bisection and takes as input the arrival index of dispersion for counts (IDC), the service-time
squared coefficient of variation, and the patience-time distribution. We further show how to
extend the method to queues in series by feeding an approximation of the upstream departure
IDC into the downstream RQ algorithm. Extensive numerical experiments demonstrate that
the refined RQ approximation is accurate across underload, critical loading, and overload, and

remains robust relative to existing heavy-traffic and hazard-rate-scaling benchmarks.

Keywords: robust queueing, customer abandonment, virtual waiting time, indices of dispersion,

heavy-traffic limits

1 Introduction

Customer impatience and abandonment (reneging) are defining features of many modern service
systems, including call centers, healthcare delivery, and online service platforms. In these settings,
customers may leave without receiving service when delays are perceived as too long, altering both
operational efficiency and quality of service. Much of the call-center literature therefore models

systems with abandonment; see, e.g., the many-server asymptotic analysis in [30], the Erlang-A
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call-center model in [8], and the survey in [6]. While these applications often involve many servers,
single-server models remain important as building blocks for more complex service networks (e.g.,
sequential service stages) and as primitives in decomposition approximations.

In this paper we study the classical first-come-first-served GI/GI/1+GI queue with customer
abandonment. Arrivals follow a renewal process, service requirements are i.i.d. with a general
distribution, and patience times are i.i.d. with a general distribution; a customer abandons if service
has not begun by the time her patience expires. We focus on the virtual waiting time (also called
the offered waiting time), denoted by Z(t), and in particular on the stationary mean E[Z(o0)]. The
virtual waiting time is a fundamental performance metric because it directly summarizes the system’s
congestion, underlies delay announcements, and can be used to approximate related quantities such
as the probability of abandonment and mean queue length (see, e.g., [14, 15, 21]).

Despite its apparent simplicity, the GI/GI/14+GI model is analytically challenging. Aban-
donment creates a nonlinear feedback loop: the waiting time affects which customers remain in
queue, which in turn changes the future workload seen by subsequent arrivals. Exact steady-state
descriptions are available only in special cases; early work establishing structural relations between
actual and virtual waiting times includes [1, 20]. For general primitives, one typically relies on
asymptotic approximations, numerical schemes, or simulation.

We develop new robust queueing (RQ) approximations for E[Z(c0)] that are fast, require only
low-dimensional traffic descriptors, and remain accurate away from classical heavy-traffic regimes.
Our approach builds on the stochastic RQ methodology that approximates single-server performance
using reverse-time supremum representations and variability summaries in the form of indices of
dispersion (e.g., [7, 26, 27]). These ideas have been extended to open networks via IDC-based flow
propagation, yielding an RQ network analyzer analogous in spirit to the classical queueing network
analyzer (QNA) [24]; see [29] and references therein.

1.1 Literature Review

Exact analysis and structural properties. In single-server queues with deadlines or patience
times, early work analyzed reneging and established fundamental stability and distributional
relations; see, e.g., [1, 20]. Even for Poisson arrivals, general patience times lead to integral-equation
characterizations rather than closed forms, and tractable steady-state formulas are typically restricted

to Markovian special cases.

Heavy-traffic diffusion approximations. A major line of work develops diffusion approxi-
mations for GI/GI/14+GI queues using the offered waiting-time process. Ward and Glynn [23]
show that, under conventional heavy-traffic scaling, the offered waiting time can be approximated
by a regulated Ornstein—Uhlenbeck diffusion. Reed and Ward [19] introduce hazard-rate scaling
so that the heavy-traffic diffusion limit incorporates the full patience-time distribution through a
nonlinear drift term. Lee and Weerasinghe [13] further establish heavy-traffic convergence for general

patience-time distributions (allowing, e.g., state-dependent arrival intensities) and derive related



limits for queue length. A broader perspective on asymptotic regimes for queues with reneging,
including conventional heavy traffic, the Halfin—-Whitt regime [9], and overload, is provided in the
survey [21].

Using the stationary distribution of a diffusion limit as a proxy for the steady-state queue requires
an interchange of limits justification. For the GI/GI/14+GI model, [14] establishes convergence of
the scaled stationary offered-waiting-time distribution (and moments) to the stationary distribution
of the limiting diffusion, resolving a question left open in [23]. This result is extended under more
general patience-time scaling (including hazard-rate scaling) in [15].

Beyond diffusion limits derived from specific heavy-traffic parameter scalings, [10] develops
universal performance bounds and diffusion-based approximations for the M/GI/1+GI queue that
are valid uniformly over families of patience distributions and across heavy-traffic regimes. These
results provide complementary support for diffusion proxies, but they still rely on Markovian arrivals

and do not directly address nonrenewal inputs arising endogenously in networks.

Robust queueing and indices of dispersion. Indices of dispersion for counts/work were
introduced as variability summaries of offered traffic and were used to predict mean workload in
single-server queues in [7]. The robust queueing approach in [26] shows how to convert IDC/IDW
information into accurate approximations for mean steady-state workload in the general G/G/1
queue, with asymptotic correctness in light and heavy traffic and the ability to capture temporal
dependence. Subsequent work emphasizes the value of IDC-based descriptions [27] and extends
the methodology to open networks through IDC propagation [29]. Robust queueing has also
been pursued from a robust-optimization perspective (e.g., [2]), but our focus is on developing

stochastic-model performance approximations in the IDC-based RQ framework.

1.2 Contributions and Organization
Our contributions are as follows.

e We derive an RQ approximation for the mean steady-state virtual waiting time in the
GI/GI/14+GI queue by expressing Z(oo) as the reflection of an effective net-input process

that counts only work that will eventually be served.

o We propose an implementable drift approximation for this effective net input via a Poisson-
surrogate compensator. The correction term is exact for Poisson arrivals and is asymptotically

negligible for renewal arrivals in a long-patience regime.

o We develop two implementable variance surrogates for the effective net input. The first is a
deterministic time-change approximation; the second is a refined approximation justified by
the heavy-traffic diffusion limit and incorporates a scale-dependent variance function capturing

the variance-reduction effect of abandonment.

e We show how the resulting refined RQ approximation can be extended to queues in series:

the downstream queue can be analyzed using its arrival IDC, and we approximate that



IDC by propagating variability through the upstream queue via existing departure-IDC

approximations.

The remainder of the paper is organized as follows. Section 2 reviews robust queueing for the
G/GI/1 model and develops a reverse-time representation for the GI/GI/1+GI virtual waiting
time. Section 3 develops drift approximations for the effective net input. Sections 4 and 5 present
the crude and refined RQ approximations, respectively, and discuss calibration of the RQ parameter.
Section 6 reports numerical experiments for single queues and tandem configurations, comparing

against classical diffusion and bounds-based approximations.

2 Preliminary

2.1 Review of Robust Queueing for the G/GI/1 Model

Consider a single-server G/GI/1 queue with infinite waiting room and a first-in-first-out (FIFO)
service discipline. Let A(t) denote a stationary and ergodic arrival counting process with rate A, and
assume Var(A(t)) < oo for all ¢ > 0. Let {V;};>1 be an i.i.d. sequence of service times, independent
of A(-), with mean 1/ and finite variance. Define the traffic intensity p = \/p.

A convenient workload representation is based on the cumulative work (total input) process
Y(t) 2 Z?Sl) Vi, and the associated net-input process (under unit service capacity) N(t) £ Y (t) —t.
For a system that starts empty at time 0, the workload process Z (t) is given by the Skorokhod
mapping applied to N (-):

Z(t)=N(t)— inf N(s)= sup {N(t) - N(t—s)}. (1)
0<s<t 0<s<t

In words, Z(t) is the reflected net-input process, and (1) expresses the workload as the running

supremum of reverse-time net-input increments.

Exact analysis of (1) is typically intractable in non-Markovian settings, which motivates approx-
imations such as Robust Queueing (RQ) and Brownian queues. The RQ approximation proceeds by
replacing the stochastic process inside the supremum in (1) with a deterministic surrogate, which
turns the stochastic optimization into a deterministic one that is tractable numerically. Concretely,
one approximates the reverse-time increment N () — N (¢ — s) by its (stationary) mean plus a multiple

b of its standard deviation:

E|[N(t) ~ N(t—s)| +b-SD (N(t) = N(t = s)) = —(1 = p)s + by/ps(s) /s

where SD(-) denotes standard deviation, and

- a Var(Y(t)) _Var(f/(t))
W) = BT e = i/

t). The
reverse-time formulation (1) is essential here: RQ approximates the increment process N(t)— N (t—s)
rather than N (t) itself.

is the index of dispersion for work (IDW) associated with the stationary version of Y(



Remark 1 (Comparison to Brownian queues). Another classical approzimation is the Brownian

queue, which replaces the reverse-time net-input increment by a Brownian motion with negative

drift,
—(1 = p)s +\/pLy(00) /uB(s),

where B(-) is a standard Brownian motion and I,(00) £ limy_ye Ly(t) (when the limit exists).
In a Brownian queue, the drift is linear and the diffusion coefficient is constant; consequently,
approzimating N(t) and approzimating increments N(t) — N(t — s) are effectively equivalent (due
to stationary, independent increments). This equivalence does not carry over to RQ: because the
RQ surrogate depends on the scale-dependent variability encoded by fw(s), it is critical to apply the

reverse-time representation first and then approximate the increment process inside the supremum.

2.2 The Dynamics of the G/GI/1+GI Model

We now turn to the G/GI/1+GI queue with abandonment. Customers arrive according to a general
right-continuous counting process A(t). Let U denote a generic interarrival time. Each customer
has an i.i.d. service time V and an i.i.d. patience time D. A customer abandons if it has not
entered service before its patience time expires; the notation +G1 indicates that the patience-time
distribution is general.

The dynamics are most conveniently described in terms of the virtual waiting time process Z(t),
defined as the waiting time at time ¢ of a hypothetical customer arriving at ¢t with infinite patience
(also called the offered waiting time). Let T; = inf{t > 0: A(t) = i} be the arrival time of the ith
customer. Given Z(-), customer i is offered waiting time W; £ Z(T;—), and is eventually served if
and only if D; > W;.

In contrast to the G/GI/1 model without abandonment, the evolution of Z(t) is driven by the
effective workload that will eventually be processed by the server. Define the effective arrival process

A(t)
Ao(t) = > 1(Dy > W), (2)
k=1
the number of arrivals by time ¢t who will eventually enter service. Closely related is the effective

total-input process
At)

Y (t) = Z Vi 1(Dy > Wy),
k=1

which counts the total amount of work brought by customers arriving by time ¢ who do not abandon.

The corresponding effective net-input process is
N({t) 2 Y(t) —t. (3)

Following the same reflection argument that yields (1), assuming the system starts empty at time 0,

the virtual waiting time admits the reverse-time (supremum) representation

Z(t) = Oiggt{N(t) — N(t—s)}, (4)



where N (-) is defined in (3).

We impose the following assumptions.

Assumption 1. 1. Arrivals occur one at a time. The arrival process A(+) is a stationary renewal

process with rate \ and index of dispersion for counts

Var(A(t)) ‘

S
Ia(t) - )\t

We assume the long-run limit exists and is finite: I,(00) = ¢ < oo.

2. The service times are i.i.d. with mean 1/, finite variance, and squared coefficient of variation

(SCV) 2.

3. The patience times are i.i.d. and admit the scaling representation D = a 1D, where D is a
nonnegative random variable with E[D] = 1. Under this scaling convention, the CDF of D is
F,(t) = F(at). Let F denote the cumulative distribution function of D. We assume F is twice
continuously differentiable on [0,00), has support [0,00), and its density f satisfies f(0) < oo.

4. The arrival process, service times, and patience times are mutually independent.

The reverse-time representation (4) naturally motivates a RQ approximation. Specifically, we
define the RQ approximation as
Zrq(t) = sup {E[N(t) = N(t = 5)] +b-SD(N() = N(t - 5)) }, (5)
0<s<t
where b > 0 is the robustness parameter.

Comparing (1) and (4), the essential distinction lies in the underlying net-input process. For
the GI/GI1/1+GI model, the object of interest is the effective net-input process (3), which depends
on the abandonment indicators 1(Dy > Wj) and hence on the offered waiting times themselves.
To operationalize (5), it therefore remains to characterize the mean (drift) and variability of
the increment process N(t) — N(t — s). Section 3 develops an approximation for the drift term

E[N(t) — N(t — s)], and Section 5 focuses on the corresponding variance function.

3 The Drift of the Effective Net-Input Process

To evaluate the mean of the effective net-input process, it is convenient to exploit martingale
representations of counting processes. Let A(:) be an integrable counting process with rate A,
adapted to a filtration F = {F;};>0. By the Doob-Meyer decomposition [12, Theorem 10.5],
My(t) = A(t) — A(t) is an F-martingale, where A(-) is the (predictable) compensator of A(-). This
representation is particularly tractable when A(-) is a homogeneous Poisson process, in which case
A(t) = At. We begin with this Poisson setting.



3.1 Queues with Poisson arrivals

Let F,(t) £ 1—F,(t) denote the complementary CDF of the patience time. Recall the effective arrival
process Ap(-) defined in (2), and the effective net-input process is N(t) defined in (3). Throughout
this subsection, let F = {F;}+>0 denote the natural filtration generated by the primitives up to time
t (arrivals and the associated marks). In particular, Z(t—) is F-predictable.

Under Poisson arrivals, consider an arrival occurring at time w. Conditional on the pre-arrival
history F,_, the offered waiting time Z(u—) is known, while the patience time D is independent of
Fu—. Therefore,

P(D > Z(u—) | Fu-

-))-

In other words, relative to the filtration IF, the process Ay(-) is obtained from the Poisson arrivals

via predictable thinning with retention probability Fi,(Z(u—)). Consequently, Ag(-) has F-intensity

t_
t)éA/F
0

Equivalently, Mo(t) £ Ag(t) — Ag(t) is an F-martingale.

For the effective work process, conditional on F,,_, the service time mark V is independent of

AF,(Z(u—)), and its compensator is

Fu— and independent of D, so

E[VI{D > Z(u—)} | Fu-] = E[V]Fo(Z(u-)) =

Thus the compensator of Y(-) is

Ay (t) 2 ;\/Ot Fo(Z(u—))du.

Lemma 1. Under Assumption 1, suppose that A(-) is a homogeneous Poisson process with rate A.
Then, for any 0 < s <t,

E [Ao(t) — Ag(t — 5)] = AE [/,: FQ(Z(u—))du} ,

\ t
EIN(1) - N(t - )] = 7 Ut_ Fa(Z(u—))du} _s,

Moreover, if {Z(u)}yer is strictly stationary, then for all 0 < s <'t,
E[Ao(t) — Ao(t — 5)] = AsE [ Fa(2(0-)) ],

E[N(t) — N(t — s)] = (21@ |[Fa(2(0-))] - 1> s.

3.2 Queues with a General Renewal Arrival Process

Motivated by Lemma 1, we introduce the Poisson surrogate
t_

Ai(s) = A Fo(Z(u—))du, (6)

t—s

7



which coincides with the compensator increment of the effective arrival process in the Poisson case.
For a general renewal arrival process, we can write the exact decomposition
t t _
/ Fo(Z(u—))dA(u) = Ay(s) + 6,(s), where 8(s) 2 / Fo(Z(u—))d(A(u) — Mu).
t—s t—s
When A(-) is Poisson, A(u) — Au is a martingale and the predictability of Z(u—) implies E[d:(s)] = 0,
recovering Lemma 1. For a general renewal process, however, A(u) — Au is not a martingale, and in
general E[d;(s)] # 0. We therefore seek an approximation to E[d;(s)]. In particular, we show that the
expected correction term vanishes in the long-patience/time-stationary regime as the abandonment

rate « — 0 and ¢t — oo.

Lemma 2. Suppose that A(-) is a renewal counting process with rate A. Then, for any fized s > 0,
Eiroltli)rgo E[d¢(s)] = 0.

Combining Lemma 1 and Lemma 2, we approximate the drift of the effective total-input increment
and the effective net-input increment under renewal arrivals by neglecting the mean correction term:
1 b 1
BIY() - Y- =B | [ FulZ-)dAw)] = BiAG)
1% t—s 1%
1

E[N() = Nt = )] =E[Y() = Y(t = 8)] =5 = BIA(s)] 5. (7)

For stationary versions, we let ¢ — oo. In steady state,
t _ _
E(s)) =A [ E |Pa(Z(u=))] du = XsE | Fu(2(0)) ],

and we define the corresponding stationary drift surrogate
A*(s) 2 ASE [Fa(2(0))] .- (8)
Here Z(-) denotes the stationary virtual waiting time process.

Lemma 3. Let £ & F~Y((p—1)/p)1{p > 1}, where F~1(y) £ inf{x > 0 : F(z) > y} is the

generalized inverse. Then limg o limy_oo aZ(t) = €.

4 A First Robust Queueing Algorithm

We now propose our first approximation for the variance of the effective net-input increment
N(t) — N(t — s) based on a (deterministic) time-change of the renewal arrival process. Combining
this variance approximation with the drift approximation from Section 3 yields our first Robust
Queueing (RQ) algorithm for the virtual waiting time.

Recall that the effective net-input process is a thinned renewal reward process: an arrival
contributes service work if and only if its patience time exceeds the offered waiting time at
arrival. Although patience times are independent of the system primitives, the thinning decision
1{Dj, > Wy} is correlated with the arrival process through the offered waiting time Wy = Z(Tj—).
As an approximation, we treat this correlation as negligible and model the effective input over

(t — s,t] via a stationary renewal reward process evaluated at a deterministically rescaled time.



4.1 The First RQ Algorithm

Let A(-) denote a rate-one version of the renewal arrival process, i.e., if A(-) has i.i.d. interarrival
times U with E[U] = 1/, then A(-) is the renewal counting process with interarrival times U £ \U

so that E[U] = 1 and E[A(t)] = t. Motivated by the Poisson case and the drift surrogate A:(s) in

(6), we approximate the effective net-input increment by

A(t) A(Ai(s))
Nt)—=Nt—s)= >  Vil{Dy>Wit—s~ > Vy—s,
k=A(t—s)+1 k=1

where Ay(s) = A [, Fa(Z(u—))du is defined in (6). Under this approximation,

- - 5 A(Ai(s)) _ Ad(s)
Var(N(t) = N(t—s)) ~ Var [ > Vi 2 Ly (Ai(s)), (9)
k=1

where I,(+) is the IDW associated with A and the service times {V}}:

Var (Z,‘f(tl) Vk> Var (Z,‘f(tl) Vk)

I(t) 2 . =
=29 vi| Bw i

E

We assume that the IDW I, is well defined with ¢2 = I,,(00) = limy_,o0 Loy () < 00.
Note that A;(s) depends on the state process Z(-). For the RQ approximation, we replace the
stochastic process Z(-) with its deterministic RQ counterpart Zrq, () and define

A§Q1<3> =\ ti Fo(Zrq, (v))du. (11)

Combining the drift approximation (7) with the variance surrogate (9) yields the RQ surrogate for
the increment N(t) — N(t — s):

RQi (g RQi (g
N(t) — N(t —s) ~ At’u() 5+bJ Ay Mz( )Iw(AtRQl(S)).

Substituting this into the RQ supremum representation (5) gives the transient RQ approximation:

AR (s AR (s
ZRrq, (t) = S tﬂ() —s+ b\l t;ﬂ()lw (AiDLQl (s)) ¢ - (12)

We next consider the steady-state RQ approximation obtained by letting ¢ — oco. Assume
lim o0 ZRrQ, (t) = ZRrq, exists (and is deterministic). Then, for each fixed s > 0,

ARQ1(5) £ Tim A (s) = AFu(Zrq,)s- (13)

t—o00



Substituting (13) into (12) and writing p = A/ yields the steady-state fixed-point equation

_ NF,(Zrq,)s _
ZRQ1 = i{;}g {PFa(ZRQl)S — s+ b\/lﬂQlIu} (/\Fa(ZRQl)S)}

U 0
=supqpu — =——— + b,/ —I,(Au) p, 14
u>0 { Fo(Zrq,) V1 (o) (14)

where we apply the change of variables u = Fy(Zrq,)s so that AFo(Zrq,)s = Au.

U(z) £ ili%) {pu — Flzz) + b,/f[w()\u)} .

Since z + F,(z) is nonincreasing, z + W(z) is nonincreasing, and hence z + W(z) — z is

Define the mapping

strictly decreasing. Therefore, (14) admits at most one solution. In practice, the solution
ZRq, = ZrqQ,(b; A, i, Fo, I,) can be computed efficiently by bisection. We discuss calibration
of b in Section 4.3.

4.2 Heavy-Traffic Limits

The choice of the robustness parameter b is central to the accuracy of the RQ approximation. To
motivate our calibration of b, we establish heavy-traffic limits for the steady-state RQ fixed point in
(14) and compare these limits with the corresponding heavy-traffic asymptotics for the canonical
M/M/14GI model. A key theme is how the scaling of the RQ solution (and, by comparison,
the mean offered waiting time) depends on the local behavior of the patience-time distribution
near the origin. Recall from Assumption 1 that the patience-time scaling is F,(t) = F'(at) and
E,(t) =1 — F,(t) = F(at), where F is the CDF of D with mean 1.

To formalize the relevant local behavior of F' at 0, we impose the following regularity assumption.

Assumption 2. There exists an integer k = k(F) > 1 such that F is k times continuously

differentiable on [0, 00) and
FO0)=0 forj=0,1,....k—1,  F®(0)+£0,

where FY) denotes the jth derivative. Equivalently,

B F k) (0)
!

F(z) z* + o(z"), x ] 0.

We consider the coupled long-patience—heavy-traffic limit indexed by the the abandonment rate
a | 0. Specifically, we fix the service rate u and let the arrival rate A = p(«a)u for some traffic load
p = p(a) satisfying a7 (p(a) — 1) — ¢ for some constants v > 0 and ¢ € R, as « | 0. Thus, the
system is in heavy-traffic since p(a) — 1 as a | 0. Define the threshold

r (15)



In this regime, the RQ solution exhibits three distinct scalings, which depends on the following
threshold h determined by the threshold h:

Underloaded: if ¢ < 0 and v < h, abandonment becomes asymptotically negligible and Zrq
scales as (1 — p)~1, consistent with the expected steady-state workload of a GI/GI/1 queue without
abandonment.

Critically loaded: if v > h, then abandonment enters the solution and Zrq scales as a~". This
corresponds to the case where refined diffusion models are required, e.g. reflected Ornstein—Uhlenbeck
(ROU) process [23] when F’(0) # 0 and hazard rate scaling [19] when F’(0) = 0.

Overloaded (approaching from above): if ¢ > 0 and v < h, then Zgq grows faster, on the
scale = (177/F) The case with v = 0 corresponds to the overloaded queue studied in [11].

These scalings are summarized below. Proofs are given in Section C.4.

Theorem 1 (Heavy-traffic limit for RQ). Consider the GI/GI/14+GI model under Assumption 1
and Assumption 2. Fiz p >0 and let A = p(a)p with o= (p(a) — 1) — ¢ for some v > 0 and ¢ € R.
Let ¢2 £ I,(00) < 00, and let Zpq, » denote the (deterministic) steady-state RQ solution of (14).

1. (Underloaded) If ¢ <0 and v < h, then

lim(1 — p(a))Z LB q valently  lim(—c)ua’Z S G
11m — 8] _ —_ . — . = equivaiten 1mif—c (6 —_ " —.
im(1—p RO =Y q y o lIm{=e)palZrgp =55
Moreover,
ZRQ, b v s pla)
I Y G gy s _PA%
BBz~ 2 2 Fnl S ia @y

where E[Zpr/n/1] is the mean steady-state workload of an M /M/1 queue with arrival rate A

and service rate p (without abandonment).

2. (Critically loaded) If v > h, then there exists a finite constant ZRQl,b > 0 such that

lim o Z = ZRo. b-
al%a Rleb Rleb

Furthermore, ZARQl’b is the unique positive root of

N IO P
_]l{’)/ = h}CZRQl,b + ol ZRth = A0 . (16)

3. (Overloaded) If c > 0 and vy < h, then

1/k
. 1—/k _ ck!
gﬁ)la ZRQ, b (F(k) (O)) .

In particular, the leading-order limit is independent of b and of the work-variability parameter

c2, and depends on the patience-time distribution only through F(k)(()). FEquivalently,

. ple)
lim — Y F(az =1
i o) =1 (@Zrq, »)

11



Part (1) of Theorem 1 identifies the parameter range in which patience times are asymptotically
long relative to the load gap, so that abandonment becomes negligible and the system behaves as a
single-server queue without abandonment. The following corollary is a direct consequence of Whitt
and You [26, Corollary 3 and Theorem 5].

Corollary 1 (Calibration of RQ for the underloaded regime). Consider the GI/GI/1+GI model
under Assumption 1 and Assumption 2. Suppose ¢ <0 and v < h.

1. For Poisson arrivals (M/GI/14+GI), the RQ algorithm in (14) with b = \/2 yields an asymp-

totically correct approrimation of the steady-state mean virtual waiting time as « | 0.

2. If, in addition, p(a) | O (light traffic) or p(a) T 1 (heavy traffic), then the same conclusion
holds for general renewal arrivals (GI/GI/14+GI ).

Part (2) of Theorem 1 characterizes the regime in which the patience-time distribution influences
the heavy-traffic scaling. In the canonical Markovian case M /M /1+M, one has k =1 (so h = 1/2)
and F’(0) # 0. Diffusion limits for queues with abandonment were established for the Markovian
model in Ward and Glynn [22] and generalized to GI/GI/1+GI in Ward and Glynn [23]. We
restate the relevant result below.

Let Z%(-) denote the (steady-state) virtual waiting time process under abandonment scaling

parameter «, and define the diffusion-scaled process
Z9t) & o2 2% e).

Proposition 1 (Theorem 1, Ward and Glynn 23). Suppose a~'/2(p(a) — 1) — ¢ for some finite
constant ¢, and assume Z%(0) = Z(0) as a | 0. Then Z* = Z as o | 0, where Z is a reflected
Ornstein—Uhlenbeck (ROU) process with drift ¢ — F'(0)z and infinitesimal variance c2/u with
2 =c2+c2 If F'(0) > 0, the ROU process has a unique stationary distribution, which is the law

of a normal random variable truncated to [0, c0)

= d c 03 c C?E
79 2 5 (s rm) [ (7o mrm) 20}

where N(u,c?) is a normal random variable.
When F’(0) > 0, the stationary distribution above is a truncated normal with mean

% + (b(_F’(CO)0> o o2 2 c
F ) 1-0(-pty 2uF"(0)’

E[Z(c0)] = ,
i)

(17)

where ¢ and ® are the standard normal density and distribution functions, respectively. If F'(0) = 0,
the diffusion approximation in Proposition 1 degenerates to a reflected Brownian motion, where the
patience-time distribution vanishes from the limit. This, however, fails to reveal the subtle scaling
and heavy-traffic limit when the system load is heavier than that in the canonical a'/? scaling; see

Theorem 2 below.
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Exact formulas for E[Z,] in the M /M /14+GI model are available in Zeltyn and Mandelbaum
[30]. The next theorem shows that the exact mean offered waiting time exhibits the same three

scaling regimes as the RQ solution.

Theorem 2 (Heavy-traffic limit for M/M/14+GI). Let E[Z,] be the mean steady-state virtual
waiting time in the M /M /1+GI model with service rate u and arrival rate A = p(a)p such that
a 7(p(a) — 1) — ¢ for some v > 0 and ¢ € R. Let h be defined by (15).

1. (Underloaded) If ¢ <0 and v < h, then

lim(—c)ua’E[Z,] = lim _ElZa]

=1,
al0 a0 E[Zpr/p/1]

where B[Zy 1] = p(a)/(u(1 — p(a))) is the mean workload of an M/M /1 queue with arrival

rate A and service rate L.

2. (Critically loaded) If v > h, then

o0 k)0
hmOéhE[Z ] i fO T exXp {C,LLCU]].{")/ = h} — M(k+1()!)xk+1} dx R

e *)
al0 fO exXp {C/L.’E]]_{’y = h} — M(F‘?l()?)ﬂfk+l} dx

V. (18)

In particular, ¢ depends on F' only through the first nonzero derivative F(k)(O).

3. (Overloaded) If ¢ > 0 and v < h, then

1/k
. 1—’7/k _ ck!
o'~/ "B(2) = (1 <0>> '

4.3 Calibration of the parameter b

We now discuss calibration of the robustness parameter b. We follow a procedure similar to Whitt
and You [28]: we select b by matching the heavy-traffic limits of the RQ approximation in Theorem 1
with the corresponding heavy-traffic limits of the original system in Theorem 2, specialized to the
M/M/14+GI model. In view of Corollary 1, the underloaded regime is already correctly captured
by the RQ solution with b = /2. Moreover, Part (3) of Theorem 1 shows that the steady-state RQ
solution matches the exact leading-order constant in the overloaded heavy-traffic regime, irrespective
of the choice of b. Consequently, we work in the critically-loaded scaling v = h with ¢ £ a~"(p — 1).

Throughout this subsection we set g = 1. For an M /M /1 input, the long-run index of dispersion
for work satisfies ¢2 = I,(00) = 2. Matching the limiting constants in (16) and (18) by setting
ZRQl,b = 9 therefore yields

b(c) & $2 ’—czp + F(]Z!(O)zp’fﬂ , (19)

where 1 = 1(c; k, F*)(0)) is the constant defined in (18) with v = h and p = 1.
The next lemma shows that this calibration automatically recovers the classical underloaded

calibration b = v/2 as a limiting case.
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Lemma 4. For any k > 1 and F*)(0) > 0, we have lim._, o, b(c) = V2.

Proof. As ¢ — —o0, the integrals defining ¢ in (18) are dominated by a neighborhood of 0, and one
obtains 1) ~ —1/¢, so that —cyp — 1 and ¢**! = o(1). Substituting into (19) yields b(c) — V2. O

Remark 2 (Universal calibration across all heavy-traffic regimes). Recall that ¢ — —oo corresponds
to the underloaded long-patience regime (part (1) of Theorem 1 and Theorem 2), because if v < h
then a™"(p —1) = —o0 as a | 0. Lemma 4 therefore implies that the critically-loaded calibration
(19) subsumes the underloaded case as a special limit. Moreover, in the overloaded regime the
leading-order scaling is asymptotically insensitive to b (Theorem 1(3)). In summary, (19) provides

a single calibration rule that is consistent across all three heavy-traffic regimes.

Remark 3 (Closed form for the M/M/14+M model). For the canonical M/M/1+M model with
p=1, one has k =1, h = 1/2, and F'(0) = 1. Writing ¢ = o~ Y?(p — 1), the constant v in (18)

equals the mean of a truncated normal distribution (see Proposition 1), namely

¢(=¢)

Y=t T e

Substituting this v into (19) yields the explicit calibration

P(—c) P(—c)
b(e) = \/2 (” - <I>(—c)> 1= ®(—0)

4.4 Approximations for Other Performance Measures

Additional steady-state performance measures can be approximated by combining the RQ approxi-
mation for the mean virtual waiting time with standard identities for GI/GI/1+GI queues. Let
ZRq, denote the steady-state RQ approximation of the mean virtual waiting time, i.e., the solution
of (14) with b = b(c).

Abandonment probability. Let m denote the steady-state probability that an arriving customer
abandons. In steady state, 7 = E[Fo(W)] and W = Z(T;—), where W is the offered waiting time

seen by an arrival. As a first-order mean-field approximation, we replace W by its RQ mean and set

7~ Fa(Zrq,). (20)

Mean waiting time of served customers. For the GI/GI/1 model without abandonment, it is
well-known that the mean steady-state workload (virtual waiting time) and the mean steady-state

waiting time is connected by Pollaczek-Khintchine formula

+1
ElZcricinl = p (E[WGI/GI/l] + o ) -
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For the GI/GI/1 + GI model, [1] derives the corresponding extension for the waiting time of a
customer conditional on being served in the GI/GI/1+GI model:

C2
E[Z] = (1 - m)p (E[W} + 32;1), (21)

where 7 is the steady-state probability of abandonment. Combining (20) and (21), we approximate

7 241
E[W] ~ max {0, RQ, _ Gt } . (22)

p(1 — Fo(Zrq,)) 2u

Effective queue length. Let ()¢ denote the steady-state number of customers waiting who will
eventually enter service (i.e., the queue length associated with the effective arrival stream). Little’s
law applied to the effective stream gives E[Qo] = A(1 — m)E[W]. Using (20) and (22) yields

2+1
E[Qo] ~ max < 0, HIRQ, — p(l — Fa(ZRQl)) 9 :

5 A Refined Robust Queueing Algorithm

The first RQ algorithm in Section 4 uses the variance surrogate (9), which is motivated by the
heuristic that the dependence between the thinning rule 1{D; > W;} and the arrival process is
negligible. In this section, we develop a refined approximation for the variance function of the
effective net-input process based on a heavy-traffic limit. The resulting limit suggests a more
accurate structure for the variability term in the RQ formulation, and it serves as the basis for a
refined RQ algorithm.

5.1 Heavy-Traffic Limit for the Effective Net-Input Process

Diffusion limits for queues with abandonment were established for the Markovian model in Ward
and Glynn [22] and extended to the GI/GI/1+GI setting in Ward and Glynn [23]. Under the
canonical diffusion scaling, the limiting process is a reflected Ornstein—Uhlenbeck (ROU) diffusion
whose drift depends on the patience-time distribution only through the value of its density at the
origin, f(0). When f(0) = 0, this diffusion limit degenerates to a reflected Brownian motion and
the patience-time distribution disappears from the limit.

Here we consider an alternative heavy-traffic regime under which the limiting diffusion has a
nonlinear drift that depends on the patience-time distribution through its first nonzero derivative
at 0 (cf. Assumption 2). This regime is distinct from the hazard-rate scaling proposed in Reed and

Ward [19], where the diffusion limit retains information from the entire patience-time distribution.
System sequence and scaling. Consider a sequence of GI/GI/1+GI queues indexed by the

patience scaling parameter « | 0 (equivalently, mean patience grows as a~!). In the ath system,
the patience-time CDF is F,,(x) = F(ax), where F' is a base CDF with F(0) = 0 and finite mean,
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satisfying Assumption 2. Let A* and u® denote the arrival and service rates, and write p® £ \%/u®.

Let h = k/(k + 1) be defined as in (15). We assume
u® =, a(p*—1) = ¢, as | 0.

This is precisely the critically-loaded regime with v = h in Theorem 1.
Let A%(-) be the arrival counting process, let S*(t) denote the renewal counting process associated
with the i.i.d. service-time sequence {V*};>1, and let Z%(-) be the virtual waiting time (offered

waiting time) process. Define the effective arrival and effective work-input processes as

Ax(t) A%(t)
AZ) = Y WDy >WeY, Y & Y VAL{DY > Wi,
=1 =1

where W = Z%(T—) is the offered waiting time seen by customer ¢ and 7 is the ith arrival

epoch. We use the time scaling ¢ — a~2"t and space scaling z — a”z. Define the fluid-scaled arrival

process
Aa(t) A O¢2hAa(Oé_2ht),

and the diffusion-scaled processes

A(t) £ o [A%(a7t) — 0720

() = ol [57(a™ ) — a”Ppot]

Ag() 2 o" [Ag(a~t) — o722t

V() £ al [y (a ) — a7 p] (23a)

Z(t) £ o 2% (a7 ), (23b)
(t)

L(t) £ a"L¥(a™?M), (23c)
where L®(-) is the cumulative idle time in the identity
Z%(t) = Z2%(0) + YO(t) — t + L*(t),  t> 0.

Heavy-traffic limit. Let B, and B; be independent standard Brownian motions and write
e(t) = t for the identity map. Recall that ¢2 and c? are the asymptotic variability parameters of the

arrival and service primitives, and ¢2 = ¢2 + 2.
Theorem 3. Assume the functional CLT

(A%, 5%,2%(0)) = (caBa o (ue), esBs o (ue), 2*(0)),  al0. (24)
Then the joint heavy-traffic limit of the diffusion-scaled processes is

(Z%, L® Y AY) = (Z*,L*,Y*, Ap), alo,
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where (Z*, L*) is the unique solution to the reflected integral equation

F®)(0)

Z*(t) = Z7(0) + :“_lcaBa(Ut) + U_ICSBS(.Ut) T

/0 t(Z*(s))kds Foet+ L),  (25)

with Z*(t) > 0, L* nondecreasing, L*(0) =0, and [;° 1{Z*(t) > 0}dL*(t) = 0. Moreover,

(k) t
450 = caBalut) — 1 [ (2°() s,

(k)
V) = LAY+ e Bu(ut) = i Bt + et~ O [0 s

For Robust Queueing, we will ultimately use a stationary approximation for increments of the
effective net-input process (see, e.g., Whitt and You [26, Section 5.2]). Accordingly, we assume

henceforth that Z*(0) is distributed according to the unique stationary distribution of Z*.

Remark 4. When k =1, Theorem 8 reduces to the ROU limit in Proposition 1. For general k > 1,
the limiting diffusion (25) has polynomial drift. Its stationary density is given by

(k)

where Gy, is the normalizing constant; see, e.g., Browne and Whitt [5, Section 3].

5.2 The Variance Function of the Stationary Heavy-Traffic Limit

To set the stage for our heavy-traffic approximation of the variance function, we first present a
detailed characterization of the variance function of the stationary heavy-traffic limit.

Recall that the heavy-traffic limit in Theorem 3 is characterized by the parameter tuple

=2 (¢, k,p,c2, 2, FR(0)).

a’ s

Let (Z*, L*) be the stationary reflected diffusion in Theorem 3, and note that the limit total-input

process is given by
Y*(t)=Z*(t) — Z*(0) — ct — L*(t).

We define the variance function of the stationary heavy-traffic limit as
v(t; E) £ Var(Y*(t)) = Var(Z*(t) — Z*(0) — L*(t)),

where Z*(0) follows the stationary distribution in (26).

5.2.1 A Scaling Representation and the Variance-Reduction Function
Define the normalized polynomial drift coefficient

a F®)(0)

o > 0.

B
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To obtain a convenient scaling representation, we introduce the base parameter-tuple
Zo £ (c,k,1,1,1, k),

which corresponds to the normalization u = 1, ¢2 = ¢2 = 1 (hence ¢2 = 2), and 8 = 1. Define the

associated base variance function
ver(t) = v(t; Z), t>0. (27)

For the corresponding M/M /1 benchmark without abandonment, the heavy-traffic limit of the
total-input process is a Brownian motion with variance 2¢t. We therefore define the variance-reduction

function relative to this Brownian benchmark by

A Vek(t)
2t

We(t) t>0. (28)

The part (1) of following proposition show that the variance-reduction function is bounded from
above by 1. Thus, w.(t) measures the reduction of variance induced by abandonment in the
heavy-traffic diffusion limit, relative to the A//M/1 benchmark of 2¢.

Proposition 2. The variance-reduction function wey(-) satisfies
1. 0 <wep(t) <1 forallt>0.
2. limy o wer(t) = 1, so we set we(0) £ 1 without loss of generality.
3. we(t) is strictly decreasing in t for all t > 0.
4. The mapping c — w(00) is strictly decreasing on R. Moreover,

Aim wep(oo) =1, lim weg(o0) = 0.

Proposition 2 formalizes two queueing intuitions. Abandonment provides state-dependent
negative feedback: wc(t) — 1 as ¢t | 0, while w,(t) decreases over longer horizons as the feedback
suppresses cumulative variability. The strength of this suppression increases with the scaled load c:
heavier loading shifts the stationary workload upward and strengthens mean reversion, so we (o) J 0
as ¢ — 00, whereas in the underloaded limit ¢ -+ —oo the workload stays near the boundary and
We,k(00) T 1.

More broadly, w, j quantifies the joint effect of the scaled load ¢, the local patience-time index
k, and the time horizon t on effective-input variability. This scale dependence matters outside
asymptotic heavy traffic, since reverse-time increment approximations are typically dominated by
horizons comparable to the mean virtual waiting time.

The following lemma show how the variance function under any parameter-tuple can be conve-

niently expressed in terms of the variance-reduction function we . Let 3 2 F®)(0)/k! > 0.
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Lemma 5. Define
_ k
2\ kil 2\ "1
ra BT, PR ) Bw,
2u 2u

(t G, k y s Caacst( )(0)) = Cltwa,k(Tt)‘
1%

Then, for allt >0,

5.2.2 Computing the Variance-Reduction Function w.

By Lemma 5, evaluating the heavy-traffic variance function v(¢; Z) reduces to computing the base
variance-reduction function w.. In general, w.(t) depends on the transient law of a reflected
nonlinear diffusion and does not admit a closed-form expression. We therefore develop a tractable
representation of w, ; based on Malliavin calculus and associated one-dimensional parabolic PDEs.
These PDEs can be solved numerically and yield w,(t) for all time horizons t.

Fix ¢ € R and an integer k > 1. By the definition of w,(t), we need only consider the
base parameter-tuple (¢, k, u, ca,cg,F( )(0)) = (¢, k,1,1,1,k!), so that ¢2 = ¢2 + ¢ = 2 and the

polynomial drift coefficient § = F(* ( )/k! = 1. Specifically, in the base model the stationary
heavy-traffic diffusion (25) can be written as the reflected SDE

Zek(t) = 248 (0) + V2B(t +/ — (Z¢k(s))F)ds + Lok (1), t >0, (29)

where B is a standard Brownian motion, Z%¥(t) > 0, L®* is nondecreasing with L>*(0) = 0, and
JoS 1{Z*(t) > 0}dL*(t) = 0. We assume Z%*(0) has the unique stationary distribution; then the

stationary density of Z%* is given in (26), which specializes to

1 1 > 1
e k() = G exp {cx — k:+1xk+1} 1{z > 0}, Gep = /0 exp {cx - Ma:kﬂ} dzx. (30)

The associated base effective-input functional is

vek(t) & zok(t) — Z29%(0) — ct — Lo*(t) = V2B(t) — /t(ZC’k(s))kds, t>0. (31)

0

By definition, v,k (t) = Var(Y*(¢)) and w, . (t) = vex(t)/(2t) for t > 0.

For notational convenience, define the nonnegative function q;(z) £ ka*~! for x > 0, and, for
z >0, let P, denote the law of the reflected diffusion Z¢* in (29) with initial state Z¢*(0) = 2. Let
70 = inf{t > 0: Z%*(t) = 0} denote the first hitting time of the boundary. Furthermore, for ¢ > 0
and z > 0, define

Yei(t, ) £E, [exp {— /OMTO qk(ZC’k(s))ds}] ) (32)

The function 1), governs the conditional Malliavin derivative of the effective input. Because we
initialize the diffusion in stationarity, Z¢*(0) ~ ek is random, and thus, by the law of total variance,

Var(Y*(t)) decomposes into a conditional variance term (generated by the Brownian noise on (0, ¢])
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and a second term due to randomness in the initial state. To characterize this second term, define,
fort >0 and z > 0,

t
heat, ) 2 B. | [ (24 (9)"ds] (33)
0
By (31), E,[Y*(t)] = —hex(t, 2).
Lemma 6 (Clark-Ocone representation of wy). For each t > 0,

1

1/t
we k(1) = ;/0 Erx., [wc,k(u, Z)2] du + 5

Vary, (hex(t, Z)) (34)

where Z ~ m.r and Vary_, (-) denotes variance with respect to the stationary density (30).

The representation (34) reduces the computation of w x(t) to evaluating 1. i (u, ) for u € [0, ]
and hc(t,-). The function ). can be computed by solving a one-dimensional parabolic PDE, and

e can be computed by solving a second one-dimensional parabolic PDE (see Remark 5).

Proposition 3 (PDE characterization of 9. and hc ). The function 1.y, defined in (32) is the

unique bounded classical solution on [0,00) x [0,00) to

Onb(t, ) = Oputp(t, ) + (c — 2¥) 0 (t, ) — qr(z)(t,x), t>0, x>0,
0,z) =1, >0,
¥(0,z) T (35)
¥(t,0) =1, t>0,
SuPie(o,1] SUPz>0 [Y(t, )| < oo, VT < o0.

Moreover, the function h.y, defined in (33) is the unique classical solution on [0,00) x [0,00) to

Oth(t, x) = Opuh(t,z) + (c — 2¥)Ouh(t,z) + 2F, >0, 2 >0,
h(0,z) =0, x>0,
(36)
8ﬂfh(t7 0) = 07 t Z 0,
SUPie(o,T) SUPz>0 % < o0, VT < oo.

Remark 5 (Numerical evaluation of wcy). Given (¢, k) and a time horizon t > 0, one can
compute we(t) via (34) as follows: (i) solve the PDE (35) and (36) for v (u,x) and hei(u, )
over (u,z) € [0,t] x [0,00), (ii) compute [5° ek (u,x)*mer(x)dz for u € [0,t] and the moments
IS hep(t, o) e (x)dr and [3° heg(t, )7 (x)dx using numerical integration, and (i) combine
the results according to (34), using Varx_, (her(t, Z)) = Ex, , lhex(t, 2)*] — Ex_, [her(t, Z)2. The
stationary density w.y, is explicit in (30), and the computational effort is dominated by solving the
one-dimensional PDEs (35) and (36). As before, such a numerical procedure need only be performed
once offline for each pair (c, k), and the resulting function t — w(t) can be stored and used for

approximating the variance function under any parameter-tuple = via Lemma 5.

Remark 6 (An explicit Poisson-equation formula for w, (00)). The PDE approach above is tailored

to computing the full function t — wc i (t). Since the second term in (34) is O(1/t), it vanishes as
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t — oo. If one only needs the long-run variance-reduction constant we(co) 2 limy_oo We k(t), then
a more explicit one-dimensional characterization is available via a Poisson equation. Let 7.y, be the

stationary density (30) and define my, £ Er_ [Z*]. Let u be a C? solution to the Poisson equation
u'(z) + (¢ — 2P (x) = 2% — my,, x>0, u'(0) =0,

for the reflected generator L. Then one has the asymptotic-variance identity

o

wer(00) = Er [(140/(2)7] = [0+ /(@) Preate)da.
and the derivative u' admits the explicit integrating-factor representation

i ) 0" oy

o' (z) =

This eliminates the need to solve the parabolic PDE and reduces the evaluation of wej(00) to

one-dimensional numerical integration.

5.3 Heavy-Traffic Approximation of the Variance Function

In this section, we propose a heavy-traffic approximation for the time-stationary variance function
of the effective net-input process N(t), i.e., we assume the pre-limit system is in equilibrium at time
0. Since N(t) =Y (t) —t and ¢ is deterministic, Var(N(t)) = Var(Y (¢)); hence it suffices to study
the variance of the effective total-input process Y (¢). Throughout this subsection, E.[-] and Var,(-)
denote expectation and variance under the equilibrium (stationary) distribution of the ath system.

Recall the diffusion-scaled effective total-input process in (23a):
Vo) 2o (Yo a ) —a Pplt),  t>0,
where p® = A\*/u® and h = k/(k 4+ 1). Define the heavy-traffic scaled variance function

Ve(t) £ Var, (Y(t)) = Vare (@Y (a"'t)) = o®"Var, (Y (a~2"1)),

h.a=2hpt is deterministic and dropped.

where the centering term «
Assuming the usual interchange-of-limits conditions hold, Theorem 3 yields the following corollary,

which characterizes the pre-limit variance function on the heavy-traffic time scale.

Corollary 2 (Heavy-traffic limit of the variance function). Assume the conditions of Theorem 3.
Assume further that the ath system is in equilibrium at time 0 and that for each fizred t > 0 the
family {|[Y*(#)|? : a > 0} is uniformly integrable (e.g., sup, Eo[|[Y*(t)[**%] < oo for some § > 0).
Then for each fized t > 0,

Ve(t) = Vare (V) — v(t; Z) = Var(Y*(t)), a0,

where Y* is the limiting process in Theorem 3 and = = (¢, k, u, c2, 2, Fk) (0)) is the parameter tuple.
Moreover, with ¢ and T defined in Lemma 5,

2
o(t;E) = %twak(ﬂf), t>0.
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Corollary 2 implies that for physical time horizons of order t = O(a~2"),
2
Var, (Y*(t)) = %twak(azhﬁ), t=0(a"?M).

Equivalently, since in heavy traffic the mean effective work input rate is asymptotically 1, E.[Y(¢)] ~

t on this time scale, we may rewrite

9

2
T

Vare (Y1) & Zwe (o' 7t)E [Y(t)], t=0(a"?M). (37)

m
This normalization is chosen to mirror the IDW function in the GI/GI/1 model without abandon-
ment. The form of (37) is meticulously chosen to match that of the IDW in the GI/GI/1 model

without abandonment. Specifically, define the effective IDW by
Var.(Y(t)) Var.(Y(t))
(1) 2 =p , (38)
S TADACI0 AT

where E[V4] = 1/u. Then (37) implies I2P(t) =~ c2wzy(a?'rt) on the O(a~2") time scale. The

advantage of working with the IDW is that it is dimensionless, and thus cleanly separates intrinsic

variability from the overall scale of the input process; see Whitt and You [26].

Remark 7. For the GI/GI/1 model without abandonment, the (work) IDW satisfies

Vare(f/(t)) o

i A(t)
MEvEre - 0L

In contrast, for the abandonment model, Corollary 2 implies that on the heavy-traffic time scale,

Var. (Y (a‘2ht)) 9

= Cwzp(o0) < 2

lim lim =

=% a0 E[V1]Ec[Y *(a—2kt)]

where wg i,(00) quantifies the long-run variance reduction induced by abandonment; see Remark 6.

The heavy-traffic approximation in Corollary 2 is most informative on the heavy-traffic time
scale t = O(a‘gh). For practical applications, we also consider the long-patience limit e | 0 over a
fixed physical time horizon ¢.

We begin with heuristic intuition. When the traffic intensity p < 1 is fixed, sufficiently long
patience implies that almost all arrivals enter service, so the effective arrival process should be
asymptotically equivalent to the original arrival process as @ — 0. This corresponds to the
underloaded regime in Theorem 1. The behavior is qualitatively different when p > 1 is fixed. In
that case, limited service capacity forces a persistent thinning of the arrival stream, regardless
of how long patience is. Nevertheless, when the abandonment rate is small, the state-dependent
selection is expected to simplify. Heuristically, only a fraction 1/p of arrivals can be served in steady
state, so the effective arrival process should be well approximated by independent thinning with
retention probability 1/p.

The following lemma formalizes the heuristics above. Define the IDC of the (stationary renewal)
arrival process over horizon t by
» Var(A(t))  Var(A(t))

Ta(?) N E[AQ)]
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Lemma 7. Fizt > 0 and consider a stationary GI/GI/1+GI queue with arrival rate X\, service
rate w, and patience-time scaling Fy(x) = F(ax). Let p = \/u. Then, as a ] 0,

E[Y*(6)] = (o A L),

and

e a1t (- 5v1)+4)

Finally, combining Corollary 2, Lemma 7, and the drift approximation E.[Y *(t)] ~ A*(t)/u for

A*(-) defined in (8), we propose the variance approximation

V(t) = L(t)wep(a?rt) A;g”, (39)
where
I,(t) 2 ;av(ti + (1 - p\1/1> + 2. (40)
Equivalently, the effective IDW admits the approximation
I (1) = Ly (t)we p (a®t). (41)

x)

Note that lim,_,; Iy(00) = I(00) + 2 = 2, s0 (39) is consistent with the heavy-traffic scaling.

Remark 8. Our approximation of the effective IDW admits a insightful factorization. The term
fw(t) captures the intrinsic variability of the effective arrival process, while wak(a%ﬂf) captures the

additional variance reduction induced by abandonment through state-dependent feedback. Moreover,

I,(t) +<1_ 1 )
pV1 pV1

appearing in fw(t) can be interpreted as the IDC of the effective arrival process. It is a convex
combination of the original IDC 1,(t) and 1 (the IDC of a Poisson process), with weights determined
by the traffic intensity p. This decomposition highlights the regulating effect of abandonment and its

the quantity

dependence on system load.

Example 1. To illustrate the accuracy of the approzimation, we consider the Ho(4)/M/1+M and
Hy(4)/M/14+E5 model. Here Hy(4) denotes a hyperexponential distribution with balanced mean and
squared coefficient of variation 4, and Eo denotes an Erlang distribution with shape parameter 2.
For Es, the patience-time CDF satisfies Assumption 2 with k = 2, and hence h = 2/3. We set
p=1and A= p=1+ca®? with ¢ =2 and o = 27" fori € {0,3,6,9,12}. Figure 1 compares
sitmulation estimates of the effective IDW defined in (38) (solid curves) with the approximation
in (41) (dashed curves). The variance-reduction function wgo(-) is evaluated using the procedure
described in Remark 5. Even though the approrimation is derived under the long-patience limit, it

performs remarkably well across a range of time horizons and patience levels.
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Figure 1: Simulation estimates (solid) and approximations (39) (dashed) of the effective IDW in the
Hy(4)/M/14+M model (left) the Ho(4)/M/14+Fs model (right) with g = 1, ¢ = 2, and a = 27 for
i €{0,3,6,9,12}.

5.4 Robust Queueing Algorithm

With the drift approximation A:(s) in (6) and the variance approximation V() in (39), we are
ready to propose a refined robust queueing formulation for the virtual waiting time. The definitions
of Ay(s) and V(t) depend on the state process Z(-), so we replace Z(-) by its deterministic RQ

counterpart Zrq(-). Analogously to (11), for 0 < s < t we define the deterministic surrogates
A?Q(s) and VtRQ(s) as follows:

RQ, \ oy [1 £ RQ, \ & 7 on A AF(s)
AR (s) = A . Fo(Zrg(u))du, V, 7 (s) £ Ly(s)we k(o 1s) 2z

The resulting RQ surrogate for the effective net-input increment is

RQ
N(t) = N(t — 5) ~ Atﬂ(s) — s+ b VR, (42)

Substituting (42) into (5) yields the refined transient RQ approximation

RQ s
Zrq(t) = sup {A” - s+b\/vtRQ<s>}. (43)

0<s<t M

We next consider the steady-state approximation obtained by letting ¢ — oo in (43). Assume

the limit Zrq 2 im0 Zrq(t) exists and is deterministic. Then, for each fixed s > 0, the limiting
drift stationary variance surrogates are given by

_ R AFo(Z
AR(s) £ lim AFY(s) = AFa(Zra)s,  VEQUs) £ lim V;¥%(s) = L (s)wes (OthTs)(MQRQ)S.

Taking t — oo in (43) yields the steady-state fixed-point equation

RQ s
ZrqQ :s;l%){A M( ) —s—l—b\/VRQ(s)}. (44)
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Note that the right-hand side of (44) with Zrq replaced by z is nonincreasing in z. Consequently,
(44) admits a unique solution, which we denote by Zrqp. In practice, Zrq, can be computed

efficiently by bisection. We discuss calibration of the robustness parameter b in Section 5.6.

5.5 Heavy-Traffic Limit for Robust Queueing

Recall the threshold h defined in (15). We study the scaling of the refined RQ fixed point in the
long-patience heavy-traffic regime « | 0 with p(a) — 1. We assume p(a) = 1 + ca” for some

constants v > 0 and c € R.

Theorem 4 (Heavy-traffic limit for refined RQ). Consider the GI/GI/1+GI model under Assump-
tion 1 and Assumption 2. Fix p > 0 and let A = p(a)p with p(a) = 14 ca? for some v > 0 and
cER. Let c2 = I,(c0) and c2 = ¢ + 2. For each a > 0, let ZRqup denote the unique solution to
the refined steady-state RQ) equation (44).

1. Underloaded. If 0 <~y < h and c <0, then

lim(—c)ua” Zq, = li LR i
m(—c)puc =lm_—=——,
al0 H RQ.b al0 ]E[ZM/M/I] 2 2

where B[Zy/ni] = pla) (u(1 — p(c»a)))f1 is the mean workload of an M/M/1 queue.

2. Critically loaded. If v > h, then there exists a finite constant ZRQ’b > 0 such that
lima"Z8q , = Zrqup-
off%a RQ,b RQ,b

Moreover, Zrq, is the unique positive solution to

. . [2
ZRrQp = Sup { (]l{'y =h}c— ,BZ{%QJJ u—+b w57k(7u)u} . (45)
u>0 1%

3. Overloaded. If 0 < v < h and ¢ > 0, then

1/k L 1/k
. 1—v/k 7 _ E o CK:
Ao R = <5) = (F<k><0>) |
In particular, the leading-order limit is independent of b and of the arrival and service variability

parameters, and it depends on the patience-time distribution only through F®*) (0). Equivalently,

p(a)

—————F(aZ} =1.
al0 ,0(04) 1 (a RQ,b)

The underloaded and overloaded limits in Theorem 4 coincide with those of the first RQ algorithm
in Theorem 1. The key difference lies in the critically-loaded regime. Both algorithms yield the
same scaling Zg = O(a™"), but the refined limit depends nontrivially on the variance-reduction

function weg .
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5.6 Calibration of the Parameter b

In the underloaded regime of Theorem 3, setting b = /2 recovers the original RQ algorithm.
Moreover, by Corollary 1, the refined RQ algorithm is exact in the underloaded case. In the
overloaded regime of Theorem 3, the value of b is immaterial, and Lemma 3 implies that the refined
RQ algorithm is exact in the overloaded case as well.

The remaining challenge is the critically loaded case. Due to the additional term wg ,(7u), the
equation in (45) cannot be solved explicitly without a closed-form expression for w. . We therefore
calibrate b numerically by matching the exact heavy-traffic limits in (18) to the RQ heavy-traffic
limit ZRQ,b~ Specifically, we consider the M /M /1 + M model when k = 1 and the M/M/1 + Ej,

model when k > 1, where Fj denotes the Erlang distribution with shape parameter k and mean 1.

6 Numerical Experiments

We assess the accuracy of the proposed RQ approximation through extensive numerical experiments.
In all experiments below, we report the refined RQ approximation computed from (44) with b = /2
and V defined in (39).

For comparison, we also compute the Ward-Glynn approximation [22, 23] (denoted “WG”), i.e.,
o~ Y2[E[Z(c0)] with the expectation defined in (17) when f(0) > 0; the hazard-rate scaling approxi-
mation of [19] (denoted “Hazard rate”) when f(0) = 0; and the Huang—Gurvich approximation of
[10] (denoted “HG”). These benchmark methods are briefly reviewed in Appendix A.

The approximation of [10] is generally accurate for M /GI/1+GI models when the system is not
too lightly loaded and patience times are not too short, but it does not directly cover general arrival
processes. A minor modification of the procedure in [10] allows us to apply it to models with general
arrivals; see Appendix A. This modification, however, does not inherit the performance guarantee
established in [10]. By contrast, the approximations of [19, 22, 23] are most accurate for critically

loaded GI/GI1/1+GI models when the traffic intensity is close to 1 and patience times are long.

Evaluation of the performance. Throughout this section, we normalize the mean service time
to 1. We vary the arrival rate over A€ {1 —2"%: k=1,2,...,10}U{1+27%: k= -2 —1,...,10},
and the abandonment-rate parameter over o € {27% : k = 0,1,...,13}, equivalently, the mean
patience time 1/a € {1,2,4,...,8192}. This yields 23 x 14 = 322 parameter combinations spanning
underloaded, critically loaded, and overloaded regimes. For each parameter pair (A, «) and each
approximation, we report the signed relative error (approx — exact)/exact as a heat map: blue
shades indicate overestimation and red shades indicate underestimation. The color scale becomes

darker as the magnitude of the error increases, and is clipped at +30% relative error.

6.1 The M/M/1+GI Models

The M/M/1+GI models are tractable, and exact expressions are available in [30]. Our primary
interest is in approximations for more general G/GI/14+GI models; nevertheless, the M /M /1+G1
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setting provides a useful baseline. A minimal requirement for any proposed approximation is that it
performs well for this basic class.

Figure 2 reports results for the M /M /14+M model (top row), the M /M /14 E5 model (mid row),
and the M /M /14 H3(4) model (bottom row).! These correspond to the cases k=1 and k = 2 in
Theorem 4, respectively. For the Erlang-2 case, the density is zero at the origin: f(0) = 0, while
1/(0) = 4 under our normalization. Consequently, the WG approximation is not applicable, and we
use the hazard-rate scaling approximation of [19] instead.

Figures 2 show that the refined RQ approximation is accurate over a wide range of traffic
intensities and abandonment rates, and remains stable across the different patience-time distributions.
The strong performance of the refined RQ approximation is achieved by carefully calibrating the
parameter b in heavy traffic (Section 5.6). We emphasize, however, that this calibration is derived
only from the baseline M /M /14+M and M /M /1+E5 models in the heavy-traffic limit as the mean
patience time tends to infinity. The numerical results indicate that the resulting calibration is
nevertheless robust: it remains effective for other patience-time distributions (e.g., for H2(4) patience
times we reuse the M /M /1+M calibration) and continues to perform well even when mean patience
times are relatively short.

Unsurprisingly, all approximations work best in the critically loaded heavy-traffic regime, i.e.,
when of/(k+1) — c|1 — p| for small & and moderate c. This regime appears in the heat maps as a
light band around p ~ 1 (small error), while departures from this scaling lead to visible degradation
for the heavy-traffic-based benchmarks. In particular, for the M /M /14 E5 model, the refined RQ
heat map exhibits a thin transition stripe when X is only slightly above 1 and the mean patience
time is large; this is consistent with the a*/(*+1) scaling boundary separating the critically loaded
and overloaded regimes predicted by Theorems 2 and 3.

Away from critical loading, the benchmark methods behave quite differently. The WG and hazard-
rate scaling approximations are highly accurate in their intended regime (near p = 1 with sufficiently
long patience), but they can deteriorate sharply outside it, especially in overload. For example, in
the M /M /1+M model the WG approximation overestimates substantially in heavy overload and
long patience; a similar (though slightly less extreme) behavior occurs for M /M /1+Hy(4). For the
M /M /14 E5 model, the hazard-rate scaling approximation can likewise overestimate dramatically
in both extreme underload and extreme overload. The HG approximation displays the opposite
bias pattern: it is very accurate in overloaded regimes (even when patience is relatively short), but
it significantly overestimates when the system is underloaded or near-critical and patience is short.

The most challenging regime for all methods is when the mean patience time is comparable to
the mean service time (high abandonment), where the system increasingly resembles a loss model.
In this regime the refined RQ approximation exhibits a consistent negative bias. As the mean
patience time increases, the error decreases rapidly; already for mean patience in the range 8-32
the refined RQ error is typically in the single-digit percentage range across the grid, and for longer

patience times it becomes uniformly small.

LE5 is the Erlang distribution with shape parameter 2 with SCV 0.5. Hs (4) is the hyperexponential distribution
with balanced mean and SCV 4.
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Figure 2: Signed relative error heat maps for the refined RQ approximation (left column), the Ward—

Glynn approximation [22, 23] (center column; replaced by the hazard-rate scaling approximation [19]
when f(0) = 0), and the Huang—Gurvich approximation [10] (right column), for the M /M /14+M model
(top row), the M/M/1+FE> model (mid row), and the M /M /1+H2(4) model (bottom row).
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6.2 The GI/GI/1+GI Models

When the arrival process is Poisson, steady-state performance is often relatively insensitive to higher-
order features of the service-time distribution beyond its mean and variance (provided the third
moment is not excessively large). Consequently, approximation accuracy for M/GI/1+GI models
typically does not degrade substantially relative to the M /M /1+GI baseline. Figure 3 illustrates
this robustness for lognormal service times: the refined RQ approximation remains accurate for
both the M/LN(1,4)/1+H3(4) and M/LN(1,4)/1+E3 models over most of the parameter grid.
Here LN(1,4) denotes the lognormal distribution with mean 1 and variance 4.
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Figure 3: Signed relative error heat maps for the refined RQ approximation (left column), the Ward—
Glynn approximation [22, 23] (center column; replaced by the hazard-rate scaling approximation [19]
when f(0) = 0), and the Huang-Gurvich approximation [10] (right column), for the M /LN (1,4)/1+H2(4)
model (top row) and the M/LN(1,4)/1+E> model (bottom row).

Models with non-Poisson renewal arrival processes are usually more challenging, even when the
service times are exponential. Classical approaches often describe renewal input via two moments

(rate and SCV ¢2), which is justified by heavy-traffic limits where c2 appears explicitly. Away from
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heavy traffic, however, the effective arrival variability reflected in steady-state performance can lie
between 1 and ¢2, so a two-moment characterization can be too crude.

Figure 4 reports results for the Fo/LN(1,2)/14E5 model (top), the Ho(4)/LN(1,2)/14+Hz(4)
model (mid), and the Hy(4)/LN(1,2)/14+E> model (bottom). Here LN (1,2) denotes the lognormal
distribution with mean 1 and SCV 2. The benchmark methods behave as expected: the Ward-Glynn
and hazard-rate scaling approximations are most accurate near critical loading (where they are
theoretically justified), while the Huang—Gurvich approximation can deteriorate when patience

times are short. By contrast, the refined RQ approximation remains stable across regimes.

6.3 Non-Renewal Arrival Processes

We next demonstrate that the RQ approximations extend naturally to tandem (queues-in-series)
models. We consider a two-node system in which Queue 1 is a stable single-server queue without
abandonment, and customers departing Queue 1 immediately join Queue 2, where abandonment is
allowed. Our goal is to approximate the mean steady-state virtual waiting time at Queue 2.

Unless Queue 1 is an M/M /1 queue, the departure process from Queue 1 (and hence the arrival
process to Queue 2) is generally not a renewal process. This does not pose a fundamental difficulty
for our approach: in both RQ formulations, the arrival process enters through the IDC function I,(-).
While heavy-traffic limits for G/GI/14+GI queues depend on a general arrival process only through
the rate A and the asymptotic variability parameter c¢2, performance at typical traffic intensities can
depend on more detailed temporal dependence. As emphasized in [27], the IDC function captures
substantially more information than the standard two-moment descriptors (rate and SCV), and can
therefore support more accurate approximations.

To implement the RQ approximations for Queue 2, we replace the input IDC I,(¢) in (10) and
(40) by the IDC of the departure process from Queue 1. We approximate this departure IDC using
the IDC-propagation method developed for queueing networks in [29]; see Appendix B for the
explicit formula.

Figure 5 reports signed relative errors for two tandem models: Hs(4)/E2/1 — -/M/1+Hz(4)
(top row) and FE3/H2(4)/1 — -/M/1+FE> (bottom row). Overall, the refined RQ approximation
remains accurate despite the non-renewal input to Queue 2, with absolute relative error below 20%

in nearly all parameter instances with a < 271

7 Conclusion

In this paper we developed Robust Queueing (RQ) approximations for the GI/GI/1+GI model,
with the goal of accurately and efficiently approximating the mean steady-state virtual waiting
time under general primitives. The key modeling step is to work with the reverse-time supremum
representation of the offered waiting time, which reduces steady-state performance estimation
to characterizing the drift and the scale-dependent variability of effective net-input increments.

For the drift, a Poisson-surrogate compensator yields a simple approximation that is exact under
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Figure 4: Signed relative error heat maps for the refined RQ approximation (left column), the Ward—
Glynn approximation [22, 23] (center column, when f(0) > 0; replaced by the hazard-rate scaling
approximation [19] when f(0) = 0), and the Huang—Gurvich approximation [10] (right column), for
the E2/LN(1,2)/1+E> (top row), H2(4)/LN(1,2)/1+H2(4) (mid row), and H2(4)/LN(1,2)/14+E>

(bottom row) models.
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Figure 5: Signed relative error heat maps for tandem systems with non-renewal arrivals at Queue 2.
Top row: H(4)/E2/1 — -/M/14+H2(4). Bottom row: Ez/H2(4)/1 — -/M/14+Es>. In each row, the left
panel corresponds to the (refined) RQ approximation, the middle panel corresponds to the Ward—Glynn
approximation when applicable (top row) or its hazard-rate-scaling variant when f(0) = 0 (bottom

row), and the right panel corresponds to the Huang—Gurvich approximation.
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Poisson arrivals and asymptotically justified under renewal arrivals in the long-patience regime. For
variability, we proposed two RQ algorithms: a first algorithm based on a deterministic time-change
of the renewal input, and a refined algorithm whose variance surrogate is informed by a heavy-traffic
limit and explicitly incorporates the variance-reduction effect induced by abandonment. Both
algorithms lead to a tractable one-dimensional fixed-point equation that can be solved rapidly by
bisection, and the resulting approximation can be combined with standard identities to approximate
other steady-state measures such as the abandonment probability and the mean waiting time of
served customers.

Our numerical study indicates that the refined RQ approximation is accurate and stable over
a wide range of traffic intensities and abandonment rates, including parameter regimes that are
practically relevant but lie far outside the critically loaded scaling for which classical heavy-traffic
approximations are designed.

Finally, we showed that the RQ framework naturally extends beyond renewal input: when
arrivals are described through their IDC functions, the same fixed-point formulation applies to
non-renewal arrival streams. This makes it possible to treat queues in series by approximating the
IDC of the departure process of an upstream GI1/GI/1 queue and feeding it into the RQ algorithm
for the downstream abandonment queue. Promising directions for future work include extending
these ideas to larger queueing networks with abandonment, developing data-driven procedures to
estimate IDC/IDW inputs and to calibrate the robustness parameter in a model-adaptive manner,

and providing sharper theoretical guarantees for the non-renewal and network settings.
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A Review of Existing Methods

Exact formula for M/M/1 + GI models. Let H(x) = [} F,(u)du, then from [30]

A Jo° xexp(AH (z) — px)dx
1+ A 57 exp(AH (z) — px)dx
_ _Jo wexp(u Jy (pFa(u) = )du)dz
LA+ fo~ exp(p fy (pFa(u) — 1)du)dz

E[Z] =

(46)

Approximation for critically-loaded GI/GI/1+ GI models based on the derivative at 0.
Assuming the F’(0) > 0, From Section 5 of [23]

¢ ¢ (—v20c/VF0)) 2
F0) 1 - @ (—y2uc/ VF(0)3) | 21E(0)

E[Z] ~ o~/ , (47)

where & = pc2 + (p A 1)c2.
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Approximation for critically-loaded GI/GI/1 + GI models based on hazard rate scaling
[19].
J5e wexp {2 [ [log(Fa(w) + (p = 1)] du} da

ElZ] JoT exp {i—g I [log(ﬁa(u)) +(p— 1)} du} dr

2 _ 2, 2
where ¢z = ¢ + c.

Universal approximation for M/GI/1+ GI models in [10].

Jo* exp {(1“32% I (pFa(u) — 1)du} dz

Comparing with (46), for this approximation to be exact for the M /M /1 + GI model, one should

E[Z]

add an additional constant 1/\ in the denominator and remove the modifier p A 1 for the variability

parameter 1+ c2.

Modification of [10] for GI/GI/1 + GI models. Formula from [10] can be modified to obtain
a naive approximation for GI/GI/1 + GI models with non-Poisson renewal arrival processes. In
particular, this is done by observing that exponential interarrival times have a SCV of ¢2 = 1 and

plugging in the corresponding SCV ¢2 of the renewal arrival process.
N JoZ wexp {% I (pFu(u) — 1)du} dx

E[Z] T oo 2u T/ T ’
J52 exp { it Ji (pPalu) = 1)du} da

2 _ 2, 2
where ¢ = c; + c3.

B Tandem-Queue Approximation

This section summarizes how we extend the RQ approximations to a two-node tandem model,
in which the downstream queue has abandonment and its input process is the departure process
from an upstream GI/GI/1 queue. The key point is that, although the downstream arrivals are
generally non-renewal, the refined RQ approximation only requires the arrival process through its
IDC function; we therefore approximate the downstream arrival IDC using an IDC-based departure

approximation from [25, 29].

Model. Consider two single-server FCFS queues in series. Queue 1 is a stable GI/GI/1 queue
without abandonment. Its stationary departure process Di(-) is routed to Queue 2, which is a
GI/GI/14+GI queue with patience-time distribution F,. The external arrival rate to Queue 1 is
A, and Queue 1 has traffic intensity p; < 1; hence the throughput of Queue 1 is A and the arrival
rate to Queue 2 is also A. For a stationary counting process N(-) with rate A, recall the indezx of
dispersion for counts (IDC)

N Var(N(t) — N(0)) B Var(N(t) — N(0))

E(N(t) — N(0) N 120

In(t)
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For renewal processes, In(t) can be computed numerically from renewal-function or Laplace-
transform representations; see, e.g., [29] and references therein. For general non-renewal processes

(such as departures from a GI/GI/1 queue), we work directly with In(-).

Step 1: Approximate the departure IDC from Queue 1. Let I,(-) be the IDC of the

external arrival process to Queue 1 (a renewal process in our experiments), and let I, ;(-) be the IDC

of the equilibrium service renewal process rescaled to rate A (i.e., the service-time renewal process

with interrenewal times p151, so that E[p1S1] = 1/X). Let ¢2; £ I,1(00) and ¢Z; £ I,1(c0), and
2 A

A 2 2
define ¢z = ¢4 1 +¢5 ;-

Following [29], we approximate the stationary departure IDC from Queue 1 by the convex

combination
Laa(t) = wp, (D an () + (1 —wp, (1)) Lsa(t), 20, (48)
where the weight function is
* (1 B p1)2)‘t
wp, (t) =w (2 5
P1Cx 1

and w*(+) is the heavy-traffic limiting weight derived from the canonical RBM correlation structure;
an explicit closed form is available (see [29]): for u > 0,

W) = 5 (0 + 20— EB(Va) ~ 1) + 26(Va)a(1 +u) — ) (49)

where ¢ and ® are the standard normal density and distribution functions, respectively. The
function w*(u) is increasing and satisfies 0 < w*(u) <1 [29], so (48) interpolates smoothly between

service-scale variability (small ¢) and arrival-scale variability (large t).

Step 2: Use the departure IDC as the downstream arrival IDC. Because Queue 2 receives
the departures from Queue 1, the arrival IDC to Queue 2 is exactly the departure IDC from Queue 1,
so we set

Ia72(t) ~ Id71(t), t> 0. (50)

Step 3: The IDW input to the refined RQ approximation at Queue 2. In the refined RQ
approximation for the GI/GI/1+GI model, the arrival process enters through the effective IDW
(see (40)—(41)). For the tandem system, we use (50) and set

A Ia,2 (t)

. 1
I,o(t) & 222 1— 2 t>0 51

where p2 = A/puo is the nominal traffic intensity of Queue 2 (ignoring abandonment), and 0372
is the service-time SCV at Queue 2 (e.g., 03,2 = 1 for exponential service). The abandonment-
modulated IDW is then obtained exactly as in (41) by multiplying fwg(t) with the abandonment
factor wz x(a"7t) from the refined RQ algorithm.

To approximate the mean steady-state virtual waiting time in Queue 2 for a tandem system:

(i) compute/approximate I, 1(-) and I, (-), (ii) approximate 14 (-) via (48)—(49), (iii) set I, 2(-) =~
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I41(-), and (iv) run the refined RQ procedure for Queue 2 using (51) in place of (40). This is

precisely the IDC-based propagation mechanism advocated in [29].

C Proofs

C.1 Proof of Lemma 1

Proof. Taking expectations of the increment Ag(t) — Ag(t —s) = Moy(t) — Mo(t —s) + Ao(t) — Ao(t —s)

and Y (t) = Y (t — s) gives

E[Y(t) - Y(t—s)] = 21@ Utt Fo(Z(u=))du| .

Since N(t) — N(t —s) = (Y(t) = Y(t — s)) — s, we obtain the desired result.

Assume now that Z(-) is strictly stationary. Define g(z) = F(x). Because 0 < g(Z(u—)) < 1,

Tonelli’s theorem yields

B[ [ @i = [ Bzl

t—s —S

By stationarity, Z(u—) 4 Z(0—) for all u, so E[g(Z(u—))] = E[g(Z(0—))] and hence

E Utt FQ(Z(U—))du} — SE[F(Z(0-))].

This completes the proof.

C.2 Proof of Lemma 2

Proof. Fix s > 0. Write go(u) 2 Fo(Z(u—)) € [0,1]. By definition,

t

5i(s) = /t Ga(w)d(A(u) — M) = /t da(w)dA®W) — A [ gulu)du.

—S —S t—s

t

Therefore,
t

|0:(s)] < /tts Jo(u)dA(u) + A go(u)du < A(t) — A(t — s) + As.

t—s

(52)

Let A;(s) £ A(t) — A(t — s). For a renewal process, A(s) converges in distribution, as t — oo,

to the stationary renewal count over an interval of length s, and Blackwell’s renewal theorem implies

E[A:(s)] — As as t — oo. Since A¢(s) > 0, convergence in distribution together with convergence of
means yields uniform integrability of {A4;(s) : ¢ > 0} (e.g., 3, Theorem 3.6). By (52), {d:(s) : t > 0}

is uniformly integrable as well.

Let ¢ be defined as in Lemma 3 and set ¢, £ F(€) (note that Fy(z) = F(ax)). Then we

decompose
t

6t(s) = cp(A(t) — A(t —s) — As) + (ga(u) —cp)d(A(u) — Au).

t—s
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Taking expectations gives
t
Bl6(5)) = ¢, (BIA() — At~ 5)] = 29) +E | [ (gu(w) — e)a(A@ - M)| . (53)
We control the second term in (53) using total variation. Let

Ne,a(S) £ sup ]ga(u) — cp] € [0,1].
t—s<u<t

Since A(u) — Au has total variation A(t) — A(t — s) + As on (¢t — s, ],

[ (6u) = )a(Aw) ~ xa)

—S

< Mra(s) (A(t) = At — 5) + As).

By the dynamics of the virtual waiting time, over an interval of length s we have the crude bound

A(t)
sup |Z(u—)—Z(t)] < s+ Z Vi,
t—ssust k=A(t—s)+1
and hence
A(t)
sup |aZ(u—) —aZ(t)| <as+a Z V.
t—ssust k=A(t—s)+1

Because E[V;] = 1/p and E[A(t) — A(t — s)] is O(s), the right-hand side converges to 0 in L' (hence
in probability) as a | 0. Together with Lemma 3 and continuity of F, it follows that
lim lim sup P(n; o (s) > €) = 0, Ve > 0.
alld t—oco
Since 1o (s) <1 and {A(t) — A(t —s) + As : t > 0} is uniformly integrable, we conclude that
lim lim E [ (s)(A(t) — A(t — s) + Xs)] =0,

al0 t—oo

and therefore the second term in (53) vanishes in the same iterated limit.
Finally, Blackwell’s theorem gives E[A(t) — A(t — s)] — As — 0 as t — 00, so the first term in

(53) also vanishes. This proves Lemma 2. O

C.3 Proof of Lemma 3

Proof. 1f p < 1, then the virtual waiting time in the system with abandonment is stochastically
dominated by the workload in the corresponding GI/GI/1 queue without abandonment, which has
a proper stationary distribution. Hence Z(t) = Op(1) in steady state, and therefore aZ(t) = 0 as
al 0.

If p = 1, Theorem 3 implies that o Z(t) converges weakly to a nondegenerate reflected diffusion
limit in steady state, with h = k/(k + 1) < 1. In particular, Z(t) = O,(a™"), and thus aZ(t) =
" (alZ(t)) = 0.

If p > 1, we invoke Jennings and Reed [11, Theorem 1], which yields that the steady-state
scaled virtual waiting time aZ(t) converges, as « . 0, to the unique solution of the associated fluid
equilibrium equation (see, e.g., equation (19) therein). One can verify from that characterization that
the limit ¢ satisfies pF(£) = 1, equivalently F (&) = (p — 1)/p, which gives ¢ = F~1((p—1)/p). O
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C.4 Proof of Theorem 1

For notational simplicity, assume p(a) = 1+ ca” for all & > 0. Let ZXQ = Zgq ; denote the

steady-state RQ solution at parameter ov. Equation (14) can be written as

ZBQ — 3121%) {p(a)s - 13'(aSZ§Q) +by/ W} , A= pla)p. (54)

Critically loaded (y > h). Let Z, £ o"ZRQ. Multiply (54) by o and set u = o2"s:

% a)uly,(Aa—2my
Za:iiﬁ{“_h<p(a>‘m>““’w”ff : )}-

By Assumption 2,

F®)(0 F®) (0
F(O&l_hl‘) _ k'( )ak(l—h)xk + o(ak(l_h)) _ k|< )ah$k + O(Oéh),
uniformly on compact z-sets. Hence
1 Fk)
m =1+ k!(o)ahxk +o(a), w.o.c. inz,
and therefore ®
_ 1 F™(0) 4
h k
o o) =———=— | =1{y=h}c— o +o(l).
<p< - = (amza>> fr=he- = o

Moreover, I,(Aa~2"u) — ¢2 for each fixed u > 0. Passing to the limit yields Zo — 7 satisfying

. ) (0) A [c2
Z =supq — | —1{y = h}c+ il (O)Zk u+ by Zu b
u>0 k! o

Evaluating the supremum gives

Z

which is equivalent to (16).

Underloaded (¢ < 0 and v < h). Let Zy 2 (1 — p(a))ZEQ = (—¢)a?ZEQ. Multiply (54) by

(1 — p(a)) and set u = a?7c?s:

5 1 I, —2v 2
Za =sup{ —u + a_"/ 1- - g + b\/ﬂ(@)u ()\Oé ’LL/C ) ‘
u>0 F(a'™Z,)) ¢ 1

Since v < h, we have k — y(k +1) > 0 and thus a~7F(a!=7x) — 0 uniformly on compact z-sets, so
the middle term vanishes u.o.c. Also, I,(Aa=?7u/c?) — c2 for fixed u > 0. Therefore,

R 2 b22
Z =sup{ —u-+b G\ = Cx,
u>0 V 4p
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Overloaded (¢ > 0 and v < h). Let Z, £ o' /*ZRQ Multiply (54) by o!~7/* and set
u = ol tE=D/kg.

Zo=supleuta (1-—— Juy b\/al—(kﬂ)v/k plajuly (Ao~ == k) |
u>0 F(Oﬂ/kZa) W

Since v < h, the factor a'~*+t17/k tends to 0, so the square-root term vanishes uniformly on
compact u-sets.

For the supremum to be finite, the linear coefficient of u must be nonpositive, which implies

1
c+a 7 |ll————] <.
( F(Oﬂ/kZoz)> B

Using 1 — 1/F = —F/F and Taylor expansion,

k k
fvfj(Oﬂ/ x) N F )(O)xk’
F(Oﬂ/kx) k!

u.o.c. in x,

so the previous inequality yields (for sufficiently small «)

To obtain the reverse bound, fix € > 0 and suppose that for some sequence a,, | 0,

1
C+Oé;'y (1— —/IcA> < —e.
F(a"Za,)

Then, bounding I,,(-) < M for some finite M (using continuity of I,, and finiteness of I,,(c0)), we

obtain

Zq,, < sup
7 4dpue

2
/ {—5u—|— b\/a}l_(k+1)7/kp<a”)Mu} _?b p(a">Moz,1f(’“+1)7/k,
u>0

which implies Z,, — 0 and thus contradicts the upper bound ¢ < (F'(*) (0)/k')2§n +0(1) with ¢ > 0.

Therefore, for all sufficiently small «,
c+a 71— _ > —€
Fla/*Z,) ) = 7
and letting « | 0 and then ¢ | 0 yields

FOO o 5 ymz.

c>
- k! ’ al0

Combining both bounds gives Z% = ck!/F®)(0), proving the result.
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C.5 Proof of Theorem 2

We repeatedly use the following uniform small-argument expansion to control F(azx), F(ax), and
1/F(ar) as a | 0.

Lemma 8 (Uniform small-argument expansion). Suppose Assumption 2 holds with index k > 1.
Then for every R > 0,

k
su — | — 0 as o } 0. 55

Consequently, for every R > 0,

_ F®)(0)
Flazx)=1-— Takxk + o(a®), uniformly for z € [0, R], (56)
(k)
F(l ) =1+ d k|(0)akxk + o(a®), uniformly for z € [0, R]. (57)
azx !

Proof. Fix R > 0. By Taylor’s theorem with the mean-value remainder, for each y € [0, «R] there
exists = 0(y) € (0,1) such that

U

) . F®(g
j;()y]+ (0y) &

I

k—1
Fy) =)
=0

Assumption 2 implies FU)(0) = 0 for j < k, hence F(y) = F®) (0y)y*/k!. Taking y = oz with
x € [0, R] gives

- T

Flaz) F®(0) ,
oF k!

zk
= guﬁ(’f) (faz) — F®(0)].

Therefore,
k
< sup |F®)(z2) — FO(0)| — 0,
k! o<:<ar

F(az) F®(0) ,
oF R T

sup
0<z<R

since F(*) is continuous at 0. This proves (55). Equation (56) follows from F =1 — F.
To obtain (57), note that (56) implies info<,<r F'(ax) — 1, so for sufficiently small o we have
info<y<gr F(ax) > 1/2. Then, uniformly over z € [0, R],

I 1 _ o _ 1. FR0) 4ok k
F(ax)—l_F(ax)—1+F(ax)+O(F(a:U))—l—i—Ta:U + o(a”),
using (55) and the fact that F((az) = O(a*) uniformly on [0, R]. O

Proof of Theorem 2. By Zeltyn and Mandelbaum [30, (9.9)], the mean steady-state virtual waiting
time in the M /M /1+GI model satisfies

AJ1

ElZa] = 1+ AT’

(58)
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where

J:/ exp{)\/ F(au)du—,u:n} dz,

0 0

Jy :/ xexp{)\/ F(au)du—uw}dm.
0 0

Recall A = p(a)p and p(a) =1+ ca?.
In all three regimes considered below, the change of variables implies axz — 0 on the z-scale

that contributes to J and J;. Thus we may apply Lemma 8 on [0, ax| to obtain

F®)(0)
(k+1)!

x —
/ Flau)du =z — afh T o(aF g, whenever ax — 0. (59)
0

Substituting (59) into the exponent yields

T _ (k)
)\/0 F(auw)du — pz = —p(1 — pla))z — )\(1;; +(f>)' aF k4 o(ak k), (60)

whenever oz — 0.

Underloaded (¢ < 0 and v < h). Set s = p(1 — p(a))z, so z = s/(u(l — p(a))). Since
1 - p(a) = —ca? with ¢ < 0 and v < h < 1, we have az = a!~7s/(u(—c)) — 0 for each fixed s, so
(60) applies. Moreover,

k k+1
« —1/c _
of k1 k1 (=1/c) of A/(k:-&-l)sk-i—l’

= S =
Mk+1(1 _ p(a>)k+1 ,Uk+1

and 7 < h is equivalent to kK — v(k + 1) > 0, so this term vanishes. Therefore, by dominated

convergence,
lim p(1 — p(a))J = / e ’ds =1, lim p2(1 — p())?Jy = / se” °ds = 1.
alo 0 al0 0

Substituting into (58) yields E[Z,] ~ 1/(u(1 — p(a))) and hence E[Z,]/E[Zy/p1] — 1.

Critically loaded (y > h). Set s = o’z (so x = s/a"). Then az = a'~"s — 0 for fixed s, so
(60) applies. Since h = k/(k + 1), we have aFz*+1 = s¥*+1 and

—pu(1 = pla))z = pp(er) = V) = pea’ s,

Using A — p and dominated convergence, we obtain

lim o J = / exp {c,us]l{7 =h}— M(O)skﬂ} ds,
0

a0 (k+1)!
lim oM J; = /Oo sexp cusl{y=nh}— Ms’“rl ds
al0 0 (k‘ + 1)! ’

Substituting these limits into (58) gives (18).
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Overloaded (¢ > 0 and v < h). The overloaded case is handled via a Laplace-principle argument.

Define the large parameter
ro 2 /Mt = af(lfv(kﬂ)/k) — 00 (a ] 0),
and introduce the scaling z = a~(1=7/%)s. With this scaling, the exponent can be written as
)\/Om F(au)du — px = roGa(s), Go(s) £ pcs — /\/0S oV F (o Fv)dv,
and hence
J=a 1k /OOO exp{raGa(s)}ds,

J1 = a_2+27/k/ sexp{roaGa(s)}ds.
0

Lemma 8 implies that a7 F(a?/*v) — (F®)(0)/k!)v* uniformly on compact v-sets, and therefore

G — G uniformly on compact s-sets, where

P A (O
G(S) = ucCs Nm .

The function G is strictly concave on (0,00) and attains its unique maximum at

. ck! \ V¥
5 :(F(k)(o)) :

A standard Laplace-principle argument then yields that the probability measures proportional to

exp{roGa(s)}ds concentrate at s* as o | 0, and hence

1—’y/k‘£ o

lim « s .

al0 J
Finally, G(s*) > 0 implies J — oo and thus A\J — oo, so E[Z,] ~ Ji/J. Therefore,
] 1/k
lim o' FE[Z,] = s* = (Ck' > ,
al0 F®)(0)

which proves the result. ]

C.6 Proof of Theorem 3

Fix T'> 0. All processes below are viewed on [0,7] and as elements of the space of cadlag functions
on [0,T], D([0,T],R%), endowed with the .J; topology. Write e(t) = t and set

a F(k)(o)

i > 0.

B

Recall h = k/(k+ 1) € (0,1) and the heavy-traffic regime: p® — p and ¢ 2 o "(p* — 1) — c.
Throughout, T denotes the ith arrival epoch and W = Z%(T—) is the offered waiting time seen

by customer 1.
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Skorohod reflection map. For a cadlag function y € D(]0,T],R) define the classical one-

dimensional Skorohod reflection map

L(y)(t) =y(t) — inf (y(s)A0),  Aly)(t) = — inf (y(s)A0),  te(0,T].

0<s<t 0<s<t

Then x = I'(y) and ¢ = A(y) are cadlag, z > 0, ¢ is nondecreasing with ¢(0) =0, and x = y + ¢
together with the complementarity condition fOT 1{x(t) > 0}dl(t) = 0. Moreover, for the sup-norm
£l = supo<i<r £ (1),

IT(y1) = T(w2)llr < 2|ly1 — w27, [A(y1) — Aly2)llT < 2[ly1 — vallT, (61)

and if y is continuous then (I'(y), A(y)) is continuous.

We will use the following fact, proved here for completeness.

Lemma 9 (Reflected integral equation with polynomial drift). Fiz T > 0 and define g(z) £ —pz*
on Ry. For anyy € D([0,T],R) there exists a unique pair (z,£) € D([0,T],R)? such that

z(t) = y(t) + /Ot g(x(s))ds + £(t), te0,T7], (62)

with x(t) > 0, £ nondecreasing, £(0) = 0, and fOT 1{x(t) > 0}dl(t) = 0. In addition, if y, — y
uniformly on [0,T], then the corresponding solutions satisfy (xy,ln) — (x,£) uniformly on [0,T]. If

y s continuous, then (x,{) is continuous.

Proof. Equation (62) is equivalent to the fixed point representation

r=T (y + /0 g(x(s))ds) C=A (y + /0 g(m(s))ds) . (63)

A

We first prove uniqueness. Suppose (z;,¢;) solve (62) for the same y, i = 1,2. Let u;(t)
y(t) + 3 g(zi(s))ds so that z; = T'(u;). Since g is locally Lipschitz on Ry, for any R > 0 it is
Lipschitz on [0, R] with constant Lp = 8kR*~!. Because g < 0, (63) implies u; < y pointwise and
hence x; = I'(u;) < T'(y) pointwise; in particular, ||z;||7 < ||[T'(y)|l7 < oo. Set R = ||T'(y)||7. Then
forallt <T,

t t
Jur = ualle < [ lgtan(s)) = gl@a(s)lds < L | flar = za]ds.

Using (61), ||z1 — z2||¢ < 2||u1 — u2||¢, hence

t
|21 — s < 2LR/0 |21 — 2| ods.

By Gronwall’s inequality, ||z1 — z2]|7 = 0 and thus x; = 2 and ¢; = f3. This gives uniqueness.

For existence, define an iteration z(®) 2 I'(y) and for n > 0

gt AT (y + /0‘ g(x(")(s))ds> :
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As above, 0 < (™ < T'(y) for all n, so all iterates are bounded by R = ||I'(y)|7. Hence g is Lipschitz

on the range of all iterates with constant Lg. Then

oD = 2y < 2 [ (g (5)) ~ ool D (s)))ds

< 2LgT|z™ — =Y.
T

If 2LRT < 1, this is a contraction and yields convergence. For general T, split [0,T] into finitely
many subintervals on which 2LrA < 1 and construct the solution by concatenation. This yields
existence of a unique (z,¢) satisfying (62).

Continuity of the solution map under uniform convergence follows by repeating the uniqueness

estimate with two different inputs y1,yo: if 2; = T'(y; + [ g(x;)), then

T
o1 — eallr < 201y — yallr + 2Lg /0 1 — wallads < 262 gy — gz,

and similarly for ¢; — ¢5 using (61). Finally, if y is continuous, then u(t) = y(t) + [i g(x(s))ds is

continuous and so (x,¢) = (I'(u), A(u)) is continuous. O

A tightness bound for Z%. Define the unthinned total-input process

A%(t)

Yout) £ D0V, Ngwlt) £ 2°(0) + Yigi(t) — t.

i=1
Let Z2,(t) £ T(NZ,)(t) be the workload process of the corresponding GI/GI/1 queue without
abandonment driven by the same primitives. Since Y*(¢) < Y%, (¢) for all ¢, the monotonicity of I
implies

Z(t) < Zg (1) for all t > 0, (64)
and therefore Z%(t) < Z2(t) for the corresponding diffusion scalings.

A standard FCLT implies that the diffusion-scaled net input of the unthinned system converges

to a Brownian motion with drift, and by the continuity of I at continuous limits, {Zto(‘)t} is tight in

D([0,T],R). Hence by (64), {Z} is tight as well. In particular, for each T

R—o0

lim limsup P(||Z%|r > R) = 0. (65)
al0

Abandonment count and the state-dependent drift. Define the (eventual) abandonment

count among arrivals up to time ¢:
G(t) & A%(t) — AG(t) = D I{Df < Wi}

Let Go(t) 2 o"G*(a—?M).

Let F* = {F{} be the natural filtration generated by the arrivals and their marks up to time ¢.
At the ith arrival time T, W = Z%(T{*—) is Ffa_-measurable, while D{* is independent of Fffa_
with CDF F,(z) = F(az). Hence Z l

E[{D} < Wi} | Ffa_] = Fa(W}).

47



Therefore the process
A (t)
ME®) 2 Y (1{DF < WY = Fu(W))
i=1
is an F*-martingale. Using G*(t) = Y} 1{D < W}, we have the decomposition

—~

A2 (t)
G(t) = M) + D Fa(WP). (66)
i=1
Define the scaled martingale Mg(t) £ o M&(a=21).
We now show that the martingale term is negligible. Note that its predictable quadratic variation

satisfies
AO(

—~

t) A% (1)

(M&)(t) = D Fa(WP)(1 = Fa(W)) < Y Fa(WP).
i=1

™

Il
—

Using (66), this implies (M&)(t) < G*(t) + |M&(t)|. Since |Mg| is controlled by (Mg) in L?,
it suffices to note that G*(a~2"T) is of order a™" in expectation because each summand has
conditional mean F(aW¢), which is O(a”) when Z* is O(1). A direct bound using (65) and the

small-argument expansion yields sup, E[a"G®(a=2"T)] < co. Consequently,

IN

E[(M&)(T)] = o®E[(M&)(a™*"T)] = O(a") =0,

and Doob’s L? inequality gives

sup |M&(t)| = 0.
0<t<T

Write (66) at time a2t and multiply by o:

~ A%(a=2"t)
Got) = ME() + ot Y Fa(W). (67)
i=1

Since W = Z*(T2—) and Z%(s) = a"Z%(a~?"s), we have aW? = a'~"Z%(a?"T?—). Define the

rescaled function

)

w(z) £ a "Fa ), x> 0.

Then
o Fo (W) = o F(aWP") = By (2° (0?17 ).

Also recall the fluid-scaled arrival process A%(t) = a?* A%(a=?"t), so each arrival contributes a jump

of size a?" to A®. Hence the sum in (67) is the Lebesgue-Stieltjes integral

Aa(a72ht) ¢ B -
o" 3 R = [ Fa(Z%(s-)dA% ) (68)
i=1 0
By Assumption 2, FU )(O) =0 for j < k and F®) is continuous at 0, so Taylor’s theorem yields:
for each R > 0,
sup |Fu(w) = Ba*| >0, alo. (69)
0<z<R
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Moreover,
A%(t) = A% (a72Mt) = X + oA (1),

so by (24) and " — 0,

sup ’f_la(t) - )\at’ =0, al 0. (70)
0<t<T

Combining (68), (69), (70), and the tightness (65), we obtain

~ t
sup |G(t) — )\0‘5/ (Zo‘(s))kds = 0. (71)
0<t<T 0
Since A\* = p*u® — u, (71) implies
~ t
sup |G*(t) — uﬁ/ (Zo‘(s))kds = 0. (72)
0<t<T 0

Service-time fluctuation under thinning. Decompose the effective work-input process:

AX(t) AX(t)

1 1
e = X VD > WP = S AR + 3 (V- g ) 1D > W)
i=1 i=1
Define the centered service-time fluctuation process
A% (1) 1 ~
Si(t) & 3 (V= g ) DR > Wik Si(0) £ a"Sg(a™")
i=1

Then, using p® = A\*/u®, the definition (23a) yields the exact identity

7o) = Mlafig(t) +3at). (73)

We next show 5’3 = plesBs(pe). Let the unthinned centered sum be

A% (1)

« « 1 il o _
Sgn(t) = Z (Vz - lTa)’ MO ahSaH(a 2ht).
i=1

By Donsker’s invariance principle applied to the i.i.d. sequence {V*} and the random time-change

theorem (using A% = pe), we have
3% = n e Byo (ue) i D0, T, R), (74)

where By is a standard Brownian motion independent of B,.
Now note that

~ ~ A% (a—2ht) 1
Sg(t) = Seu(t) — o (Vi = o) < we.

%
i=1
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Denote the last term by A%(¢). Conditioning on the history up to each arrival epoch, the indicator
1{D¢ < W} is independent of V;* and E[V;* — 1/u®] = 0, so the unscaled version of the sum is an
F*-martingale. Its predictable quadratic variation satisfies

A%(a—2ht)

(AY /o) (a™2t) = Var(VY) Z 1{D¢ < W&} = Var(V¥)G*(a~2h1).
i=1

Therefore,
(AN () = ®"Var(V) G (o 2Mt) = Var(VY)a"G(t).

By (72), G is tight, and since o/ — 0, sup; <7 (A)(t) = 0. Doob’s inequality yields

sup |AY(t)| = 0. (75)
0<t<T
Combining (74) and (75) gives
S¢ = ptes By o (pe). (76)

Prelimit equation in reflected integral form. From the identity Z¢(¢t) = Z*(0) + Y*(t) — t +
L2(t) and the scalings (23b)—(23c), we obtain for ¢ € [0,T:

Z0t) = Z90) + YO(t) + L + Lo(t), @ =a "(p® —1). (77)

Using Ay = A* — G and (73), we can rewrite (77) as

Zo(t) = Z%(0) + :afla(t) + Sg(t) + ¢t — Jaéa(t) + L(t). (78)

Define the centered abandonment error

Gelt) £ -G () =B [ (2°(s)"ds. (79)
0
By (71) and A¥/u® = p* — 1,
sup |G(t)| = 0. (80)
0<t<T

Substituting (79) into (78) yields

Zo(t) = (Za(o) + T A(E) + S§t) + Mt — Gg(t)) - /(:(—B(Za(s))k)ds + L(t).

= o (1)

Thus (Z%, L%) solves (62) with input §* and drift g(z) = —Bz".

Convergence of the driving term. By (24), (76), ¢* — ¢, u® — u, and (80), we have

§* =y inD([0,T],R), y(t) = Z*(0) + M_lcaBa(ﬂt) + N_lcsBS<Nt) +ct.
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The limit y has continuous sample paths. Therefore, §* = y in J; implies uniform convergence on

[0,7]. Lemma 9 then implies
(Z*,L*) = (Z*,L*)  in D(]0,T],R?),

where (Z*, L*) is the unique solution on [0,7] to
t T

Z5(t) = y(t) — B / (Z%(s))Fds + L*(t), Z*(t) > 0, L* nondecreasing, / 1{Z*(t) > 0}dL*(¢) = 0.
0 0

Expanding y gives (25) on [0, 7). Since T > 0 is arbitrary, this establishes (Z%, L%) = (Z*, L*) in
D(R,,R?).

Limits for A and Y. From A§ = A® — G* we have

By (24) and (72) with Z® = Z*,
~ t
Ag = A5(0) 2 cuBulut) — B [ (2°(5)"ds.
0

Finally, by (73), u® — p, the convergence of A, and (76),
Yge' * A 1 * 1
Y= Y*(t) = —Ap(t) + —csBs(ut),
H H
and expanding Aj gives the result.
The joint convergence of (Za,f/a,fm,flg‘) follows because each component is a continuous

functional on [0, 7] of the jointly convergent primitives and the solution mapping in Lemma 9.
C.7 Proof of Proposition 2

C.7.1 A Technical Lemma on the Malliavin Derivative of the Reflected Diffusion

Let D denote the Malliavin derivative with respect to B, and D"? the Sobolev-Watanabe space on

Wiener space.

Lemma 10 (Malliavin derivative of the reflected heavy-traffic diffusion). Fiz t > 0 and let B be a

one-dimensional standard Brownian motion. Consider the one-dimensional reflected diffusion Z* on
R, defined by the Skorokhod equation

Z*(u)—Z*(())—i—\@B(u)+/Ou(c—g(Z*(r)))d7“+L*(u), 0<u<t, (81)

where L* is nondecreasing, L*(0) = 0, Z*(u) > 0 and [} 1{Z*(u) > 0}dL*(u) = 0. Assume
g(x) = 2F/k!, so that ¢'(z) = 2*71/(k — 1)! > 0. Then, for every u € [0,t], one has Z*(u) € D2
and, for all0 < s <wu <t,

Dy Z*(u) = V2 exp (— / ' g’(Z*(r))dr) 1 { inf Z°(r) > o} . (82)

re(s,ul
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In particular,
u
0<DsZ*(u) < V2 exp <—/ g’(Z*(r))dr) , 0<s<u<t. (83)
s
Moreover, the effective input functional

Y*(t) = Z*(t) — Z7(0) — ct — L*(t) = V2B(t) — / o2 () dr (84)

0

belongs to DV2, with Malliavin derivative given by
t
D,Y*(t) = V21{s < t} — / g (Z*(r))DsZ*(r)dr,  0<s<t, (85)

and therefore |DsY*(t)| < v/2 almost surely for every s € [0,t].

Proof. Lépingle et al. [16, Proposition 2.7] prove Malliavin differentiability for one-dimensional
reflected diffusions and an explicit formula for the Malliavin derivative in terms of a multiplicative
functional that vanishes when the path touches the boundary. Bossy et al. [4, Lemma 3.7] restate
the [16] representation in a form convenient for calculations. In particular, for s < u,

Ju

DZ* () = o(Z"(s)) }

1Esu, (86)

where o = /2 in (81), J is the multiplicative functional associated with the linearization of the flow,
and E;,, is the event that the path does not hit the boundary on [s, u], which, for reflection at 0,
can be taken as {inf,.¢c[, ., Z*(r) > 0}.

By Bossy et al. [4, Proposition 2.8], one can choose J so that

i: = exp </Su al(Z*(r))dB(T) + /Su (b/(Z*(T)) - %(0/(2*(7)))2)‘”) )

where b(z) = ¢ — g(z) is the drift. Here o/(x) = 0 (since o = v/2), hence

ZZ = exp (/Su b’(Z*(r))dr) = exp (— /Su g’(Z*(r))dr) .

Plugging this into (86) gives (82), and the bound (83) follows immediately by dropping the indicator.
By definition of D2 and the chain/closure properties of D (e.g., 17, Section 2.3), the identity
(84) implies that Y*(t) € D"? as soon as [j g(Z*(r))dr is in D2, with derivative obtained by

differentiating under the integral. Using the chain rule,
o, ([[oz@nar) = [ ¢z @)Dz
o (85) holds. Finally, using (83) and ¢’ > 0,
o< [ d@ Dz Wi <2 [ gz e (- [ g @ @) ar
—Va(1-e J: 72O < Vg,
which yields |D;Y*(¢)| < v/2. This uniform bound implies E [ |DsY*(t)[?ds < 2t < oc. O
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C.7.2 Proof of Proposition 2
Proof of the bounds. Fix t > 0 and recall from (28) that

Ve, k (t)

BETR where v (t) = Var(Y*(1)).

wcjk(t) =
By Lemma 10, Y*(¢) € D%? and its Malliavin derivative satisfies
IDY*(t)| <2  forallse[0,t] as.

In particular, (D;Y*(t))? < 2 a.s. for every s € [0,]. Applying the Wiener-space Poincaré inequality
(see, e.g., 17, Exercise 2.11.1) gives

Var(Y*(1)) < E Uot(psy*(t))ms} < /Ot 2ds = 9t.

Therefore, for every ¢t > 0,

Var(Y™*(t
()chk(t) — M < 17
’ 2t
where nonnegativity is immediate since v, ;(t) is a variance. O

Proof of the small-time limit. We now prove the small-time limit lim;jow.x(t) = 1. Define the

process
t
(1) 2 [ (2 (w)du,
0
so that Y*(t) = v2B(t) — I'*(t). Under the stationary initialization, Z*(0) has exponentially
decaying tails as in (26), so E[g(Z*(0))?] < co. By Cauchy—Schwarz,

)= tg(Z*(u))du)Q <t [ o(z)du

and taking expectations plus stationarity yields

B (@) <t

0

‘E |9(2*(u)?] du = E [g(2*(0))*| =0(*)  ast 0.

Hence Var(T*(t)) = O(t?). Moreover, by Cauchy-Schwarz again,

|Cov(ﬂB(t), *(t))] < \/Var(\/ﬁB(t))Var(F*(t)) =4/(2t)0(t?) = O(t3/2).
Therefore,

Var(Y*(t)) = Var(vV2B(t)) + Var(T*(t)) — 2Cov(v/2B(t),T*(t))
=2+ 00 +0(t3?) =2t +0(t), 10,

and consequently

Y*(t
13&)1 wek(t) = limM =1

10 2t
We may thus define w,(0) £ 1. O
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Proof of strict monotonicity. Let F = {F;} be the filtration of B. By Lemma 10, Y*(t) € D%? and
t
DY*(t) = V2 — / J(Z* (1) DsZ*(r)dr,  0<s<t,

where DsZ*(r) > 0 and ¢/(Z*(r)) > 0 a.s. Hence for each fixed s, t — DY *(t) is a.s. nonincreasing
on [s,00).
By the Clark-Ocone formula [18, Proposition 1.3.14],

t
YO -EY (0] = [ o0dBs), ol £ED.Y(0)| F)
and therefore by It6 isometry,

ver(t) =E [/Ot(¢gt))2d8] _

Time-homogeneity of Z* implies there exists a deterministic measurable function ¥ : [0, 00) X
R4+ — R4 such that
o) = p(t — 5, 2°(s))-

Under stationary initialization, Z*(s) Lz *(0), hence

veslt) = [, ma) £ E [ 2°0))7].
Consequently,

T2
To show that wey, is strictly decreasing, it suffices to show that m is strictly decreasing on (0, c0).
Fix z > 0 and 0 < u; < ug. Let 79 = inf{t > 0 : Z*(t) = 0} be the first boundary hitting
time. From the representation in Lemma 10, on the event {79 > w1} one has DoY*(u2) < DoY*(u1)

We k(1) ! /Ot m(u)du.

a.s. because the integrand ¢'(Z*(r))DoZ*(r) is strictly positive for r € (0,u1] on that event (using
g () >0 for x > 0 and Z*(r) > 0 for r < uy). Moreover, for each z > 0 and each finite u; > 0,

P.(m0 > u1) >0,
since the diffusion has continuous paths and nondegenerate noise. Therefore,
E.[DoY*(u2)] < E.[DoY*(u1)].
Since DoY*(u) € (0,+/2], the same strict inequality holds after squaring:
Y(ug, 2)? < P(u, 2)2.

Finally, the stationary density (26) has no atom at 0, so P(Z*(0) > 0) = 1 and taking expectation
over Z*(0) yields m(u2) < m(uy). Thus m is strictly decreasing, completing the proof. O
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Proof of the monotonicity and extreme limits of w, (cc0). A representation of w,j(00). Recall
the reflected base diffusion (29) and define qy(z) = kz*~!. For z > 0 let P, . denote the law of Z¢*
started from Z%¥(0) = z, and let 79 = inf{t > 0: Z%*(t) = 0}. Define the infinite-horizon kernel

Ver(2) L tlggo Yei(t,z) =Ec, [exp {— /OTO qr (Zc’k(s))dsH ,

where the equality holds by monotone convergence since t — [ gy (Z%¥(s))ds is nondecreasing

and 0 < e * <1.
Let 71 be the stationary density (30). By Lemma 6, for ¢t > 0,

|t |
wek(t) = 7 /O Br, [Ven(u, 22| du+ Vot (her(t, 2)), 2 ~ e

By Remark 6, the second term above is O(1/t) and therefore vanishes as ¢ — oo. For each
fixed z, the map u + v, x(u, z) is nonincreasing, hence so is u + . (u, z)%; therefore the map
e By [Wer(u, Z )2] is nonincreasing. Consequently, the Cesaro limit equals the pointwise limit,

and dominated convergence yields

1 st
We,k(00) = tlim we(t) = lim — [ Eq . [1[)67k(u, Z)Q} du

—00 t—oo t Jo

= lim B, [Yer(u, 2)?] = En,, [(035(2))"] . (87)

U— 00

Monotonicity of 1/12‘}C in the initial state and in c. Fix z1 < 23 and ¢; < ¢y. Because the
reflection term L%* is identically 0 before the first hit of 0, the stopped process Z C”’“(t A Tp) coincides
with the solution to the unreflected SDE on (0, 00) stopped upon hitting 0:

X¢(t) = 2+ V2B(t) + /Ot(c - (Xc(s))k)ds, t <75, 75 2 inf{t > 0: X°(t) = 0}.

Couple X' and X on the same Brownian path B, with initial conditions X (0) = z;. For
t <715t ATy?,

X0 = X5(0) = (1= 22) + [ (01— en) = (X)) = (X2(3))1))as.

Define A(t) £ X (t)—X(t). If A(s) > 0, then X (s) > X(s) and hence (X (s))F— (X (s))* >
0. Therefore, on {A(s) > 0},

(e1 —e2) = (X())F = (X2(5))") S ex —e2 <0,

Since A is absolutely continuous, it follows that AT (¢) £ max{A(t),0} is nonincreasing on [0, 75* A
762). Because z1 < z9, we have AT (0) =0, hence AT(¢) =0 and

X(t) < X(t), 0<t<18 AT

In particular, by continuity of sample paths, 75! < 752 almost surely.
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Since g is nondecreasing on R and X“2(¢) > X (¢) for t < 747,
€2 <1 €1

/0 e (X(s))ds > /0 (X (s))ds > /0 " Ge(X (5))ds.

Exponentiating and taking expectations gives

Vg (22) < ey k(21)- (88)

Thus, for each fixed ¢, the function z +— ¢§ﬁg(z) is nonincreasing, and for each fixed z, the function
¢ — 125 (2) is nonincreasing.

Stochastic monotonicity of the stationary distribution in c. Let Z. denote a random variable
with density 7. in (30). For ¢z > ¢, the likelihood ratio satisfies

G
ey k(%) — ek exp{(c2 — c1)z}, r 20,

ﬂ617k(x) GCz,k’

which is strictly increasing in z. Therefore 7., ; dominates ., j in the monotone likelihood-ratio

order, and in particular in the usual stochastic order:
Zey Zst Loy (89)

¢ — we (00) is strictly decreasing. Fix ¢ > ¢; and define f.(z) £ ( gok(z))2 By (88), for each
z we have f.,(z) < f,(z), and for each ¢ the map z — f.(z) is nonincreasing. Using (87),

Wey 1 (00) = Err,, o [fer (Z)] € B [fer (2)] S B,y [fer (2)] = wey 1(00),

where the second inequality uses the stochastic dominance (89) and the fact that f., is nonincreasing.
This proves that ¢ — w, ;(00) is nonincreasing. Strict monotonicity follows because (i) 7.\ has a
continuous density supported on (0, 00), and (ii) 2 ~ 2% (2) is nonconstant and nonincreasing, so

the above inequalities are strict when co > c¢;.

The limit lim., o wex(00) = 1. Fix 6 > 0 and consider Z. ~ m.;. We first show Z. = 0 as
c — —oo. Write
[ exp{cx — k%rla:k“}dx

5 exp{er — et yde

P(Z. > 0)

For ¢ < 0 and x > 6, we have cx < ¢d, hence

/Ooexp{cx— L xk+1}da:<605/ooexp{— L nvkurl}cl:céC’(;ec‘S
5 k+1 s k+1 ’

where Cs5 < co. On the other hand,

oo 1 0 1 1— co
/0 exp {c:l: - k—l—lxkﬂ} dx > /0 exp {cx - k—i-15k+1} dr = e—5k+1/(k+1)_7j'

Combining these bounds yields

P(Z.>0) < Cgeékﬂ/(’”l)(—c)e“g —— 0.

c——00

96



Thus Z. = 0.
Next, we show that 129 (z) — 1 uniformly for 2 € [0, 4] as ¢ — —oo. Fix z € [0,] and consider
the (unreflected) SDE X°¢ started from z and stopped at 7§. Let t. 2 |¢|~"/? and define the event

5
E. .2 B(s)| < — ¢.
{Oggc! (S)!_ﬁ}

Since t. | 0, standard Brownian maximal inequalities imply P(FE.) — 1 as ¢ — —oo0.
On E,, for all 0 <t <t

t
X(t) = 2+ V2B(t) +/ (c— (X(5))¥)ds < 2+ V2|B(t)| +ct <5+ 640 =25,
0
since ¢ < 0 and ¢t < 0. Moreover, at time t. we have
XC(t) < z + V2|B(te)| 4 cte < 26 — |c|'/?,

which is strictly negative for all sufficiently large |c|. By continuity, X¢ must hit 0 before time ¢, so
75 < t. on E, for all sufficiently negative c.

Therefore, on F. and for large negative c,

C

To
|7 ax(s))ds < 02075 < 20t
and hence

exp {— [ qk<Xc<s>>ds} > exp{—gu(20)t.}.
0

Taking expectations yields the uniform bound

. o > — — )
nglfﬁéq/}c,k(z) > exp{—qr(20)t.}P(Ee) c——00 =

since t. — 0 and P(E,) — 1.
Finally, combine this with (87) and the fact that 0 <29 <1

2
2 .
we(00) = By [WEL)] 2 (2 WERE) P2 <0) ot
Since always we ;(00) < 1, we conclude lime—, oo we i (00) = 1.
The limit lim. o w¢;(c0) = 0. We first obtain a uniform upper bound on wgf}C for large c¢ via a

supermartingale argument. For ¢ > k + 1, define f(z) £ (1 + )%, 2 > 0. A direct calculation
shows that for = > 0,

(Lef)(2) = qu(@) f(2) = f"(2) + (e — ") ' (2) — ka" f (=) (90)
= k(1 +2) " 2((k+1) = (L +2)(c+2") <0, (91)

where L.f = " + (c— x¥) f' is the interior generator. Let X¢ be the (unreflected) SDE started from

tATS ¢
z and stopped at 7§ as above. Itd’s formula applied to e~ Jo 70 (X ())ds ¢(xe(t A7E)) together with
(90) implies that

c
t/\TO

E, e Jo qk(X“SDde(XC(ng))} < f(z), t>0.
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Letting t — oo and using X(7§) = 0 and f(0) = 1 yields
wco’c;c(z) _E,. {6_ Ik Qk(XC(S))dS:| <f(z)=(01+ Z)_k, e>k+1.
Therefore, for ¢ > k 4+ 1,

we(00) = Br,, |(035(2))°] < B, [(1+2)7%]. (92)

It remains to show that Z. ~ 7., diverges to +oo in probability as ¢ — co. Fix M > 0. Then

M
it sy e s
€= Jo© exp{cx — %Hmk+1}dw'

For the numerator, it is bounded from above by Me“M . For the denominator, restrict to [M, M + 1]
and use the bound —(k + 1)71a**+t > —(k 4+ 1)71(M + 1)+

6C(M+1) _ 6CM

00 M+1
/ exp {cx — 13:’““} dx > 67(M+1)k+1/(k+1)/ * Ty — 67(M+1)’“+1/(k+1)
0 k+1 M c

Hence

(MA+1)++1 )/ (k+1) 1

eM | €€ _ M+ (k1) 2
P(Z. < M) < Me SeIFT) — gell = Mece eC—lmo'

Thus Z. — oo in probability as ¢ — oo, and therefore (1 4+ Z.)~2¥ — 0 in probability while being
bounded by 1. Consequently,
Er,, [(1+2)7%*] —0.

c—00

Combining with (92) yields lim._,o we ;(0c0) = 0. O

C.8 Proof of Lemma 5

L

=

Throughout the proof, set o2 . From Theorem 3, the stationary reflected diffusion Z* satisfies

Z*(t) = Z*(0) 4+ p LeaBa(ut) + ptes By (ut) — B/Ot(Z*(s))kds +ct + L*(t), t>0. (93)

Define rescaled Brownian motions

~

Balt) 2w~ 2Bu(ut),  By(t) 2 u~V/2B,(ut),

which are independent standard Brownian motions. Let

B(t) £ 2B, (t) + 2 By(1),
Co Co
so B is a standard Brownian motion and
euBa(ut) + 1 e Balut) = = Ba(t) + = Bu(t) = /2 B(t) = 0 B(1)
: NG NG "
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Hence (93) is equivalently written as

Z*(t) = Z"(0) + oB(t) —B/Ot(Z*(s))kds—i-ct—i—L*(t), t>0. (94)
Recall also that
Y*(t) = Z*(t) — Z*(0) — ct — L*(t), t>0, (95)

so v(t;-) = Var(Y*(¢)) by definition.
Define the positive scaling constants

1

e ot 2 okt (96)
~ |33 ) T= .
Thus,
. c
For w > 0, define the scaled processes
waje (D) wape(l) mosm()
Z(u)—gZ ~) L(u)—aL ~) B(u) = /7B ~) (98)

By Brownian scaling, B is a standard Brownian motion. Substitute ¢ = u/7 and Z*(u/7) = 0Z(u)
into (94):

_ _ U u/T m _
67(u) = 02(0) + 0B () e /0 (2*(s))"ds + ¢ + 0L (u).

T

For the integral term, change variables r = 7s to obtain

u/T u/T u
/0 (Z*(S))kds :/0 (OZ(TS))de = 9167-71/0 (Z(T))kdr.

Also, B(u/7) = 7-'/2B(u). Dividing by 6 yields

- - k-1
Z(0) = 200) + 7= Blw) —

By the choice 7 = 36*~1 in (96), the integral coefficient satisfies

/ (20 rar + ot L) (99)
0 T

k-1
po =1

T

Next, using 7 = 6%~ again,
o

o o
bV 0V/BORT VB0
By the definition of # in (96), we have #*t! = 52 /(2f), so 30¥*! = 62/2 and hence

m:\/i
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Finally, by (97), (99) simplifies to

Z(u) = Z(0) + vV2B(u) — /Ou(Z(r))kdr Veut Llu), w0, (100)

together with the reflection conditions Z(u) > 0, L nondecreasing, L(0) = 0, and [3° 1{Z(u) >
0}dL(u) = 0. Thus (Z, L) has the same law as the stationary reflected diffusion corresponding to
the base parameter-tuple (¢, k,1,1,1,k!).

Define the corresponding base effective-input process
Y(u) 2 Z(u) — Z(0) — éu — L(u), u > 0.

By (100),

so by definition of vg, in (27),

and hence Var(Y (u)) = 2uwzx(u) by (28).
Next, using (98) and the identity (95), for each ¢ > 0,

Y*(t) = Z*(t) — Z*(0) — ct — L*(t)
Z(1t) — 0Z(0) — ct — OL(rt)
Z(rt) = Z(0) - &(rt) - L(11)),
where we used &r = (¢/(86%))(86*1) = ¢/6. Therefore,
Y*(t) = 0Y (1t), t>0.
Taking variances and using Var(Y (u)) = 2uwz(u) gives
v(t; e,k p, 2,2 FR(0)) = Var(Y*(t)) = 0?Var(Y (1)) = 0%va (1) = 20> Ttwe i (11).

The result follows by substituting the definitions in (96).

C.9 Proof of Lemma 6

Let F = {F;}+>0 be the natural filtration of B. By Lemma 10 applied to the polynomial drift
g(x) = 2%, the functional Y*(¢) in (31) belongs to D2, and for 0 < s < t its Malliavin derivative
satisfies .
DY (1) = /2 - / 0k (Z°% (1)) D, 2% () dr- (101)
S

Moreover, the explicit representation of DsZ%* in Lemma 10 implies DSZC’k(T) = 0 for r > 74,
where 7, £ inf{u > s : Z%*(u) = 0}. Therefore the integral in (101) reduces to [s,t A 7], and a
differentiation of r — exp{— [ qx(Z%*(£))d¢} yields

DYk (t) = V2exp {— /WS Qk(ZC’k(T))dT} ,  0<s<t. (102)
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Since Z¢*(0) is initialized from the stationary distribution 7., we decompose the variance by

the law of total variance:
Var(YoK(t)) = Ex, , [Var(YoF() | 2°%(0))| + Vare, , (E[Y*(2) | 2(0)]) . (103)

We first characterize the conditional-variance term. Fix z > 0 and work under P, (so that
Z%¥(0) = z is deterministic and Z%* is adapted to F). Then Y%¥(t) € D2 and the Clark-Ocone
formula [18, Proposition 1.3.14] gives

veh() — B [rho)] = [ B [Dyeke | £] dBGs),
and hence, by It isometry,
Var, (Y9*(t)) = E, [/Ot (EZ[DSYC’k(t) | fs])2ds} . (104)

By (102) and the strong Markov property of Z%*, conditioning on Fy is equivalent to conditioning
on Z%*(s) under P,. More precisely, for each 0 < s < t,

E. [D.Y**(t) | 7] = V2B |exp {~ [ o (2 dr | | | = VEbeslt = 5, 2°%(5))
where 1., is defined in (32). Substituting into (104) yields
Var, (Y (t)) = 2E, Uot Yer(t —s, Zc’k(s))2ds} :
Integrating over z ~ 7. and using stationarity of Z ¢k under T gives (u=1—s)
B [Var(vo4(e) | 240)] =2 [ B, [t = 5,2)"] ds =2 [ B [ea( 2)°)
For the second term in (103), note from (31) that, for each z > 0,
B[y*4(t) | 2°4(0) = 2] = -E. | | t(ZCvk(s))kds} = —hek(t ),
where h,j is defined in (33). Therefore,
Vary, , (E[Y*5(t) | 2°%(0)] ) = Varx, , (her(t, 2))
Substituting the two terms into (103) yields
Var(YoF(t)) = 2 /0 t B |Vek(u, 2)] du+ Varr, , (hex(t, 2))

Dividing by 2t gives (34).
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C.10 Proof of Lemma 7

Proof. Let T; be the ith arrival epoch, W = Z%(T;—) the offered waiting time, and define the service
indicator I £ 1{D¢ > W&}, where D¢ ~ F,. Then the effective arrival count and effective work
input over [0,t] are Af(t) = E?:(i) I and Y*(t) = Zf:(? Vil Condition on o (A(t), {1 }i<aw))-

Since {V;} are i.i.d., independent of the arrival process and patience times, we have

E[YO(t) | A@), {I7}] = E[Vi z 7= Laga
and
A(t) 2
Var (YO(t) | At), {I{'}) = Var(V1) D If* = M%Aﬁ‘(t%
i=1
because Var(V;) = ¢2/u?. Taking expectations and applying the law of total variance yields
Ee[Y(t)] = ;Ee[Ao ()], Var(Y(t)) = EEe[Ao ()] + EVafe(Ao (1)) (105)
Hence Var. (Y(t 1 Var. (A (¢
Ee[Y(t)] H Ee[AF (1)]

It remains to identify the limit of the mean and variance of A§(¢).
Let G* £ o (A(t), {W{}i<aw))- Conditional on G2, the patience times {D{"} are independent,

so {I}i< A(t) are independent Bernoulli random variables with success probabilities
Py £ B(DY > W [ G) = F(aWy).

Therefore,
A(t)

E[AG (1) | 6] = sz, Var(Ag (1) | G%) = szl—pz

Unconditioning and using the law of total variance gives

A(t)
Ee[AG(1)] = Ee [Z p?] ) Vare (Af () [Z pi(1—pf)
=1

We claim that

A(t)
+ Var, (Z pf‘) . (107)

i=1

sup |aZ%(u) —aZ%(0)| =0, al 0. (108)
0<u<t

Indeed, Z“(-) decreases at unit rate between arrivals and increases by at most V; at arrival ¢ (since
only served customers contribute positive jumps, and I7* < 1). Thus, pathwise,

A@)
sup [Z%(u) — Z*(0)| <t+ D Vi

0<u<t

Multiplying by « and taking expectations,

A(2)
1

E| sup |aZ%u) — aza(())y] <at+aE | Y Vi| =at+aE[A)E[VI] = at + aXt - — — 0,
0<u<t =1 H
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o (108) holds.

Since F is continuous and bounded, (108) implies

sup |pf — F(aZ%(0))| = 0, al 0. (109)
1<i<A(t)
By stationarity, Lemma 3 and continuity of F, we also have F'(aZ%(0)) = F(£). Define p £ F(¢).
If p < 1, then ¢ = 0 and hence p = F(0) = 1; if p > 1, then by definition of &, F(¢) = (p — 1)/p and
thus p =1 — F(§) = 1/p. Equivalently,

1
- 11
P= T (110)
Combining (109) with F(aZ%(0)) = p yields
sup [pj' —p|[ = 0. (111)
1<i<A(t)
Using (107) and the bound
A(t)
sz —pA(t)| < A(t) sup |pf —pl,
1<i<A(t)

together with E[A(¢)] < co and (111), we obtain

A(t)
Ee[AG (t)] = Ee [Z 2

— E[pA(t)] = pE[A(t)] = pAt.
=1

Similarly, since E[A(t)?] < co (because Var(A(t)) < co), the same bound implies ZiA:(? ps — pA(t)

in L2, and hence
Var, (Z pl) — Var(pA(t)) = p*Var(A(t)).

For the conditional-variance term, note that  — x(1 — x) is Lipschitz on [0, 1], so

(1 =pf) —p(1 —=p)At)| < CA(t) sup |[pf —p

1<i<A(t)

for a universal constant C, which again implies

Alt)
Ee [Z pi(l— p?)] — p(1 = p)E[A(t)] = p(1 — p)At.
=1

Plugging into (107) yields
Var,(A§(t)) — p(1 — p)At + p?Var(A(t)).

Therefore,

Vare( §(t)  p(l —p)At + p*Var(A(t))

Var(A(t))
E[A5()] DA

At

=(1—-p)+p = (1 —p) +pla(t).
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Using (110), this equals

pV1 pV1
By (105), )
P
E V()] = —pAM = ——t = (p A 1)t
[Y(1)] P V1 (p A1),

and by (106),

Var, (Y 1 1/1, 1
HM;Q?_ZA£+O_M+MND:ﬂ((®+O_)+£)

This proves the lemma. O

C.11 Proof of Proposition 3

Fix z > 0 and consider the reflected diffusion Z¢* started from Z¢*(0) = z. Let 9 £ inf{t > 0 :
Z¢*(t) = 0} and let £ denote the interior generator on (0, o),

(Lf)(x) = (@) + (c — 2F) f/(2), x> 0.

PDE for ;. Since the exponential functional in (32) is stopped at 79, only the pre-hitting

dynamics on (0, c0) matter (in particular, the reflection term is inactive on [0, 7)). Define

P(t,z) =E, {exp {— /OMTO qk(ZC’k(s))dsH :

A standard Feynman-Kac argument for diffusions stopped upon hitting the boundary? shows that
1 satisfies the Kolmogorov backward equation dpp = L1 — g1 on (0,00), with initial condition
¥(0,-) = 1. Moreover, since t A7y = 0 when z = 0, the boundary condition is 1(¢,0) = 1 for all t > 0.
Finally, boundedness follows from 0 < ¢ < 1. Uniqueness within the class of bounded classical
solutions follows from the maximum principle for linear parabolic equations on (0, 00) with Dirichlet
boundary data at 0. This proves (35).

PDE for h.j. Recall hoy(t,z) =E, {fg(ZC’k(s))kds} from (33). Let h be any C? solution to
(36) satisfying the stated growth bound. Fix ¢t > 0 and apply It6’s formula for reflected diffusions to
the process h(t — s, Z¥(s)) for 0 < s < t. Using (29) and the definition of £, we obtain

dh(t — 5, 2% (5)) = (=0h + Lh) (t = 5, 2% (5))ds + V20,h(t — 5, Z°* (5))dB(s)
+ Ouh(t — s, ZK ()AL (s).

Since h satisfies (36), we have (—0;h + Lh)(t — s,2) = —a* for z > 0, and hence

d (h(t 5, Z75%(s)) + /D S(Zc’k(r))kdr> — \20,h(t — 5, 2% (s))dB(s) + Duh(t — 5, Z°* ()AL (s).

2Equivalently, apply Ité’s formula to exp {— fOSATO qk(ZC’k(r))dr} Pt —s, Z%(s A1p)),0 < s < t, and use optional

stopping at ¢ A 7o.
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Because L%F increases only when Z¢*(s) = 0, the Neumann boundary condition d,h(-,0) = 0
implies 0,h(t — s, Z¢*(s))dL**(s) = 0. Consequently, the process

M(s) 2 h(t — s, Z%(s)) + /OS(ZC’k(r))kdr, 0<s<t

is a local martingale. The stated growth bound ensures that M is integrable and hence a true

martingale. Taking expectations and using h(0, ) = 0 yields
t
hlt,2) = BL[M(O)) = BLM(0) = . [b(0, 2540 + [ (275 (r)ar |
0

—E, [ /0 t(ZC’k(r))kdr] = heg(t, 2).

Thus any classical solution of (36) in the stated growth class coincides with k. j, proving uniqueness.
Existence (and classical regularity) for (36) with Neumann boundary data follows from standard
parabolic theory for linear equations on the half-line with smooth coefficients, and the martingale

argument above identifies the solution with the stochastic representation (33).

C.12 Proof of Theorem 4

The proof follows the steps of the proof of Theorem 1, and we only record the modifications induced
by the refined variance surrogate. For notational simplicity, assume p(a) = 1 + ca” for all a > 0.
We assume v > 0, so that p(a) — 1 as a | 0. For each a, let Z, denote the unique solution of
(44). Recall h = k/(k + 1) and 8 2 F®*)(0)/k!. In the critically-loaded regime, the diffusion drift
parameter is 1{y = h}c, and wg, is parameterized by ¢ constructed as in Lemma 5.

Define, for s > 0, the auxiliary function

. s O[2h7'8
ga(s) = Ly (Fa(Za) T ag/A> ek (Fa(Za) +aC/)\> '

Perform the change of variables u = (Fy(Zs) + aC/))s in (44) and then rename v as s. This yields

the equivalent fixed-point representation

B s pla)s
Zo = sup {p(a)s AR +0 . ga(S)} : (112)

We analyze (112) in the three regimes.

Critically loaded. Assume v > h and define Z, £ o/Z,. Multiplying (112) by a" and setting

u = o2ls yields

- 4 B 1 " pla)u o—2hy,
Za‘ii%{a (”(“) F<a1—h2a>+a</x> HM p e )}

—a~hF 17h2a 1=he /oy
= sup{ & Peu + S (a - ) +a 7/ u+b Mga(a—%u) :
u>0 F(al=hZ,) + al/\ 1%
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Assumption 2 implies a ™" F(a'~"2) — B2 uniformly on compact z sets. Since a!=" — 0, the term

o' ~"¢ /X vanishes and the denominator converges to 1. Moreover, p(a) — 1, F(a!~"Z,) — 1, and

p (a_2hu) _i a2y War TU
“ Y\F(Zy)+ac/)) T\ F(a"hZ) +al/N )

2hy, — oo for each fixed u > 0 and I, (t) — ¢2 as t — oo, we have g, (a2 u) — c2wg (Tu)

Since o~

for each fixed u > 0. Let Z be any subsequential limit of Za. Passing to the limit in the previous

> ok <
Z = ilé}()] (]l{fy =h}c—BZ ) u+ by gwé’k(Tu)u :

The right-hand side is strictly decreasing in Z, so the fixed point has a unique positive solution.
Therefore, Zo — Z as a | 0, which proves part (2).

display yields

Underloaded. Assume ¢ < 0 and 0 < v < h, and define Z, 2 (1 — p(@))Zy = —ca?Z,.
Multiplying (112) by —ca” and setting u = a?c?s yields

. —a VF(a'™Z, 1=9¢ /A
Zo = SUpY —U — e (o - ) o TC/Au + b\/p(a)uga(a—%u/cQ) .
u>0 F(a'=7Zy) + /A c H

Since v < h we have k — vy(k + 1) > 0, and Assumption 2 implies a~7F(a!~7z) — 0 uniformly on
compact = sets. The term o!~7¢/\ also vanishes, so the middle fraction converges to 0. Moreover,
a~Pu/c® — oo for each fixed u > 0 and a?'ra=?u/c? — 0, s0 go(a™2u/c?) — wzr(0). By

Proposition 2, wz;(0) = 1, and letting o | 0 gives

. 2 22
Z:sup{—u—l—b C’”u} 2l

u>0 Iz 4p

This proves part (1).

Overloaded. Assume ¢ > 0 and 0 < v < h, and define Z, £ o!~7/*Z,. Multiplying (112) by
o=k and setting u = o t*D7/kg yields

Zy=supdcu+a 7V [1—— Al u+ b\/al(kH)'Y/nga(al(kl)'Y/ku) .
u>0 F(a/kZy) 4+ al /A 1

Since v < h, we have 1 — (k + 1)y/k > 0, so the square root term vanishes uniformly on compact u

sets. For the supremum to be finite, the linear coefficient of w must be nonpositive, which implies

1
c+a 7 |[1-—= - <0
F(a/kZ4) + al /A
Using 1 — 1/2 = —(z — 1)/z and the expansion F(a"/*z) = fa¥z* + o(a?) yields

¢ < BZF +0(1). (113)
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To obtain the reverse bound, fix € > 0 and suppose that along some sequence a, | 0,

1
c+a;7<1— = >§—5.
F(a% Za,) + anC/A

Since wgy is bounded by 1 and I, is bounded on [0,00), there exists a finite constant M such that

9a(s) < M for all a and s. The display above then implies

Z < supd —cut by ol trr/Rplom) Mu | O p(an) M 1 ()
>0 ! I dpe " ’

$0 Za, — 0. This contradicts (113) with ¢ > 0. Therefore, for all sufficiently small

1
c+a 71— = - > —¢.
( F(Oﬂ/’“Za)JrOéC//\) a

Letting o | 0 and then € | 0 yields ¢ > BZE for any subsequential limit Z of Z,. Combining this
with (113) yields Z% = ¢/f3. Therefore, Z, — (¢/B8)"/* = (ck!/F®)(0))/* as a | 0, which proves
part (3).
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