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Abstract: If the number of customers in a queueing system as a function of time has a proper limiting steady-state distribution,
then that steady-state distribution can be estimated from system data by fitting a general stationary birth-and-death (BD) process
model to the data and solving for its steady-state distribution using the familiar local-balance steady-state equation for BD processes,
even if the actual process is not a BD process. We show that this indirect way to estimate the steady-state distribution can be effective
for periodic queues, because the fitted birth and death rates often have special structure allowing them to be estimated efficiently
by fitting parametric functions with only a few parameters, for example, 2. We focus on the multiserver M,/GI/s queue with a
nonhomogeneous Poisson arrival process having a periodic time-varying rate function. We establish properties of its steady-state
distribution and fitted BD rates. We also show that the fitted BD rates can be a useful diagnostic tool to see if an M,/GI/s model is

appropriate for a complex queueing system.
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1. INTRODUCTION

1.1. Steady-State Distributions and Birth-and-Death
Processes

Let {Q(?) : t > 0} be a stochastic processes taking values
in the non-negative integers, such as the number of cus-
tomers in a queueing system at each time ¢. The stochastic
process {Q(t) : t > 0} has a proper (limiting) steady-state
distribution if

tlim P(Q(t)=k)=qa, forall k>0,
— 00

e =1 (1)

Given system data, that is, a segment {Q(s) : 0 < s <t} of
the sample path, a standard way to estimate the steady-state
probability vector « is to calculate the proportion of time
spent in each state; that is, if T;(¢) is the total time spent in
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state k during [0, ], then we estimate o, by

@(t) = Tkt(t), k> 0. )

It may be surprising, but there usually is also another quite
different way to estimate the steady-state probability vector
a. The alternative way is to fit a general stationary birth-and-
death (BD) process to the same sample path in the obvious
way, as if the stochastic process {Q(¢) : t > 0} were a BD
process, which we are not assuming.

In particular, let A, (¢) and Dy (¢) be the number of arrivals
and departures, respectively, observed in state k over [0, ¢].
State-dependent BD rates can be estimated by

A1) _ D)
T M RO=T70

A1) = 3

This is the natural way to estimate the rates when
{O(t) : t = 0} is a BD process [3, 19, 37]. In fact, these are
the maximum likelihood estimators for these rates.

We then estimate the steady-state distribution by solving
the local-balance equations for a BD process; that is, we
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let @‘(r) = {@;(t) : k = 0} (where = means “equality by
definition”) be the solution to the equation

@O () =gy (O (1), k=0, “
with the additional property that
[e.¢]
Z T = 1. 6)
k=0

We use the superscript e to denote that the vector o (¢) is
obtained from the estimated BD rates in (3) via (4).

It turns out that the two empirical steady-state probabil-
ity vectors a(¢) and o(t) are intimately related. Indeed, if
0(0) = Q(1), that is, if the initial state Q(0) coincides with
the final state Q(r) of the sample path, then the two prob-
ability vectors a(¢) and o®(¢) are identical. More generally,
they are stochastically ordered; see Theorem 1 of [32]. More-
over, under minor regularity conditions, & (¢) is a consistent
estimator of «, that is,

o = tlirgoﬁk ) = tlirgloP(Q(t) =k) = tlirgoﬁi ®); (6)

see Chapter 4 of [10] and Corollary 4.1 of [32].

Thus, fitting a stationary BD process by (3) and solving
the local balance Eq. (4) is a legitimate way to estimate the
steady-state probability vector «, even though we are not
assuming that the stochastic process {Q(¢) : t > 0} is a BD
process. The fitted-BD approach to estimate the steady-state
distribution has the advantage that the birth-rate and death-
rate functions tend to have more structure, which makes the
fitting easier. Thus, the structure in the fitted BD rates helps
us make reasonable estimates in the tails of the steady-state
distribution, where there tend to be relatively few data points.

We previously studied this indirect fitting approach for sta-
tionary non-Markovian GI/G1 /s models in [7]. We found
that the fitted BD not only provides a way to calculate the
steady-state distribution but the fitted birth-rate and death-rate
functions reveal important structural properties of the original
GI/GI1/s model; see Section 6.2 for further discussion.

1.2. Steady-State Distributions for Periodic Queues

In this article, we examine this indirect BD approach for
estimating the steady-state distribution of a periodic queue,
that is, for a queue having a periodic arrival-rate function.
As the probabilities P(Q(t) = k) should themselves be peri-
odic functions of 7, we first need to formulate the problem
carefully. To do so, suppose that the period is c. The sto-
chastic process {Q(#) : t > 0} has a dynamic steady-state
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probability mass function (PMF) «(z), 0 < ¢t < ¢ (a fam-
ily of PMF’s indexed by ¢), and an overall steady-state PMF
a¢ if the following limits are well-defined probability vectors:

. 1
o) = lim P(Q(ne +1) = k) = lim ~ 2; Lio(en=k)s
J:

0<t<c¢, and

R 1 [
o = ;/0 o (t)dt = rlggo;/o Liow=kyds, k=>0.
@)

Moreover, a¢ can be regarded as a special case of « in (1)
if we randomize the initial time uniformly over the interval
[0, c].

Before proceeding, we note that both the dynamic steady-
state PMF «(#) and the overall steady-state PMF «¢ are
of practical interest. For example, for a hospital emergency
room, we may want to know the likelihood of states such as
large queues, both averaged over all time and at fixed times.
That is, we may want to know the average congestion or the
average use of resources as well as the peak congestion or
the peak use of resources.

Thus, in this article, we focus on the BD approach to
estimating the steady-state PMF «“. We do so for the spe-
cial case of the many-server M,/G1 /s queues with periodic
arrival-rate functions, focusing especially on the case of sinu-
soidal arrival-rate functions, which are often used in studies
of staffing algorithms for queues with time-varying arrival
rates, for example, see [15, 24].

The periodic M,/G1 /s queueing models here have a non-
homogeneous Poisson process (NHPP, the M,) as an arrival
process, which is independent of independent and identically
distributed (i.i.d.) service times distributed as a random vari-
able S withmean E[S] = 1/u = 1 and a general distribution,
s servers, | < s < oo, and unlimited waiting space. More-
over, in our simulation examples we consider the stylized
sinusoidal arrival rate function

A1) = k(1 + Bsin(yr)), 8)

where the cycle is ¢ = 27 /y. There are three parameters:
(i) the average arrival rate A, (ii) the relative amplitude 8 and
(iii) the time scaling factor y or, equivalently the cycle length
c=2m/y.

1.3. The Indirect Fitting Approach

For these models, we find that the indirect BD fitting
approach tends to be more efficient because the fitted BD rates
tend to have more structure than the steady-state distribution;
for example, the fitted BD rates typically are nondecreasing



Dong and Whitt: Estimate the Steady-State Distribution 3

functions; for example, see Section 4. The fitted death rates
are often very nearly piecewise-linear with

T = M(00) = im () ~ pmin fk,s}, ()

where 1/u is the mean service time, just as for the exact for-
mulas in the corresponding M /M /s model. The fitted birth
rates

A = Ap(00) = tlim 0) (10)

tend to be approximately linear in the most frequently visited
states, but are more complicated outside this region. Never-
theless, we find that they can be fit quite accurately using a
parametric function with only two parameters; see Section
5. In contrast, the direct steady-state distribution tends to be
quite complicated. (Henceforth, we use 1z, and 1z (00) inter-
changeably when we are concerned with the limiting values
or values for very large ¢, and similarly for other variables).
For the stationary M /M /s model, the shape of the steady-
state PMF can be understood from heavy-traffic limits for the
M /M /s model in [16] and properties of BD and diffusion
steady-state distributions discussed in [5]. The steady-state
PMF of the number in system is approximately a normal pdf
(where all servers are not busy) connected to an exponential
pdf (where all servers are busy) joined at s. For associated
nonstationary models, the steady-state PMF is even more
complicated, for example, see the left hand plot in Fig. 9.

1.4. Organization

We start in Section 2 by establishing structural results
for the fitted BD rates and the steady-state distribution in
the M,/G1/s queue. We have separate subsections for the
M;/M /s and M,/GI /oo special cases. Then in Section 3,
we establish additional structural results for the special case
of the sinusoidal arrival rate functions in (8).

We follow in Section 4 by showing the results of simu-
lation experiments investigating what these fitted rates and
steady-state distributions look like. In doing so, we confirm
and illustrate the theoretical results in Sections 2 and 3. From
the special structure of the fitted rates, we see that it should not
be difficult to fit parametric functions to the data. In Section 5,
we show that the steady-state distribution of M,/ M /s queues
can be efficiently estimated by fitting parametric functions to
the fitted BD rates; often only two parameters are needed.

Afterward in Section 6, we discuss how the fitted BD rates
are promising to help diagnose what model is appropriate
for a complex queueing system, as suggested in [7]. To illus-
trate how the present analysis can be used, we show that data
from an emergency department are consistent with a peri-
odic arrival-rate function (not a surprise), but are inconsistent
with a sequence of i.i.d. length-of-stay random variables. It is

natural to postulate the M;/G1I /oo model with i.i.d. length-
of-stay random variables under the assumption that the length
of stay should only depend on the patient’s medical condition.
The fitted death rates show that the length-of-stay distribu-
tion should be regarded as time-varying, which is consistent
with the conclusions reached in [2, 28, 36]. In Section 6.4, we
advocate the fitted BD process as a statistical test of the much-
used M;/M /s + M Erlang-A model. We draw conclusions
in Section 7.

2. THE PERIODIC M,/GI /s QUEUEING MODEL

We start by develop supporting theory. Let A(¢) count the
number of arrivals in the interval [0, ¢]. We assume that the
arrival rate function A(¢) is a periodic continuous function
with periodic cycle of length c. Let A be the long-run average
arrival rate, with

lefcx(s)ds= lim&. (11)
c Jo t—oo t

Let the service times be distributed as a random variable S
with cumulative distribution function (CDF) G and mean
E[S] = 1/u < oo. Let the (long-run) traffic intensity be
defined by p = AE[S]/s = A/s/L.

Let Q(t) denote the number of customers in the system at
time ¢ and let P(Q(t) = k), k > 0, be its time-dependent
PMF. As indicated for the periodic M, /M /s model in Section
3 of [17], because of the NHPP arrival process, the stochas-
tic process {Q(nc +1t) : n > 0} is a regenerative stochas-
tic process for any fixed 7, 0 < t < ¢, with the events
{O(mc+1t) =0}, n > 1, being regenerative events. For
applications of this regenerative structure, we also require
that the interval between such emptiness epochs has finite
mean. That was proved for M service in Section 3 of [17]
and for various other service distributions in Section 6 of [17].
In this article, we make the assumption for the general GI
service that the interval between such emptiness epochs has
finite mean. Under this assumption, we have a well defined
periodic steady-state distribution when p < 1.

THEOREM 2.1 (Periodic steady-state distribution):  If
p < lintheregenerative periodic M, /G I /s queueing model,
then a dynamic steady-state PMF «(z), 0 < t < ¢, and
an overall steady-state PMF «¢ are well-defined probability
vectors as in (7).

Let A (t) and i, (¢) be the fitted birth rate and death rate
in state k from data over [0,¢], obtained as indicated in
Section 1. Our theoretical results will be for the limits A (c0)
and 1, (co) obtained by letting + — oo. In the M,/G1/s
model, the arrival rate actually depends only on time, not the
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state. Hence, we can obtain the following explicit expressions
for the fitted rates with ample data.

THEOREM 2.2 (Fitted BD rates with ample data): In the
regenerative periodic M, /G /s queueing model withp < 1,

o ax(OA(t) dt B INCAGYOY !

A = =
o = T i dr o

12)

and

af A (00) _ Jo ax(®OA(r) dt

c 13)
Xht1 i1

Tiiy1(00) =

for o (¢) and o in (7).

PROOF: We use the regenerative structure to focus on (i)
the expected number of arrivals in state k per regenerative
cycle divided by the expected length of a regenerative cycle
and (ii) the expected time spent in state k per regenerative
cycle divided by the expected length of a regenerative cycle.
We get (12) involving a single periodic cycle by looking at
the ratio. As the arrival rate depends only on time, we have
(12). We then can apply the detailed balance equation in (4)
to get (13). O

Theorems 2.1 and 2.2 can be applied in two ways. First, we
can apply these theorems to learn about the fitted BD rates.
They pose a strong constraint on the fitted BD rates because
the detailed balance equation in (4) must hold. As a conse-
quence, if we know either the fitted birth rates or the fitted
death rates, then the others are determined as well. We will
illustrate in our specific results below.

Second, we can apply the estimated BD rates to estimate
the steady-state probability vector «“ in Theorem 2.1. Let
o’ = «’(oco) be the steady-state probability vector of the
fitted BD process obtained from (4). As «¢ coincides with
¢ in (7), we can use the fitted BD model to calculate the
steady-state distribution «¢ in (7). To do so, we estimate the
BD rates and then apply the detailed balance equation in (4).
Moreover, by developing analytical approximations for the
fitted BD rates, we succeed in developing an approximation
for €.

We can immediately apply Theorem 2.2 to obtain bounds
on the fitted birth rates. As formula (12) expresses A (00) as
an average of the arrival rate function over one cycle, we can
immediately deduce

COROLLARY 2.1 (bounds on the fitted birth rates): Inthe
periodic M,/G1/s queueing model starting empty in the
distant past,

AL = Oinf A1) < Ar(00) < sup A(t) = Ay. (14)
<t<c

0<t<c
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2.1. The Periodic M;/M /s Model

For the special case of an exponential service-time dis-
tribution, that is, for the M,/M /s model, the stochas-
tic process {Q(¢) : t > 0} is Markov and more convenient
explicit formulas are available.

We first observe that an analog of Theorem 3.1 of [7] also
holds for the fitted death rates in this time-varying case.

THEOREM 2.3 (explicit death rates): For the periodic
M;/M /s model withp < 1,

i (00) = min {k, s}, k=0, s)

so that

o, min {k+ 1,5}

hi(00) = o
k

, k>0, (16

for ) in (7).

PROOF: As for Theorem 3.1 of [7], (15) follows from the
lack of memory property of the exponential distribution. We
then apply (4) to get (16). However, we now show that it is
also possible to directly apply Theorem 3.1 of [7] here. We
use the fact that the M,/M /s model has a proper dynamic
periodic steady-state distribution with a period equal to the
period of the arrival process, cf. [17]. For that model, we can
convert the arrival process to a stationary point process by
simply randomizing where we start in the first cycle. If the
period is of length d, then we start the arrival process at time
t, where ¢ is uniformly distributed over the interval [0, d].
That randomization converts the arrival process to a station-
ary point process, so that we can apply Theorem 3.1 of [7]
(a). But then we observe that the randomization does not alter
the limit (15). 0

We next observe that a geometric tail holds for the M, /M /s
model with the same decay rate as for the associated sta-
tionary M /M /s model with arrival rate A. Recall that a
probability vector « has a geometric tail with decay rate o if

o ~ {ak as k — oo, (17)
for positive constants o and ¢, that is, if the ratio of the two
sides in (17) converges to 1 as k — oo; see Section 3.3 of [7].

THEOREM 2.4 (geometric tail): For the M, /M /s model
with s < oo and A < su, the periodic steady-state PMF’s
ay(t) and o in (7) possess a geometric tail as in (17) with
the same decay rate as in the associated stationary M /M /s
model with arrival rate A; that is,

0<t<ec,

(18)

ak(t)Ng“,a,k as k— oo foreach t,
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and
af ~ ¢k as k- oo, (19)
where
A
oo=0r=0=p=—, §>¢>(1—p) and
Sp
(>t >0-p) (20)

with (¢,0), (&,0;), and (£, 0.) denoting the asymptotic
parameter pairs for M /M /s, «(t), and €. As a consequence,
A(00) > A as  k — oo. 21

PROOF: For each ¢ in a cycle [0, c], the tail behavior can
be deduced by considering bounding discrete-time processes,
looking at the system at times ¢ +kc, k > 0. Both systems are
bounded below by the discrete-time model that has all arrivals
in each interval at the end of the interval and all departures at
the beginning of the interval, while both systems are bounded
above by the discrete-time model that has all arrivals in each
interval at the beginning of the interval and all departures
at the end of the interval. These two-discrete time systems
are random walks with steady-state distributions satisfying
(17) with common decay factor ¢ = p. A step in the ran-
dom walk is the difference of two Poisson random variables
U — D, where EU = Ac and ED = spuc, which have ratio
EU/ED = A/sju, which in turn determines the decay rate.
A stochastic comparison [6] then implies that 8, > 8. For
the final inequality in (20), we can compare the M /M /s sys-
tem to the corresponding M /M /1 model with a fast server,
working at rate s £. The two systems have the same birth rate,
while the M /M /1 system has death rates that are greater than
or equal to those in the M /M /s model. Hence, the steady-
state distributions are ordered stochastically. Finally, the final
limit in (21) follows from Theorem 2.3 and (18), where here
SUO = SUP = A. [l

We remark in closing this section that the periodic
M, /M /oo has different tail behavior; hence the assumption
that s < co. We next start considering the IS model.

2.2. The Periodic Infinite-Server Model

We now consider the special case of the periodic
M,/GI /oo IS model, because it admits many explicit for-
mulas, as shown in [9, 8, 26]. If we let the model start empty
in the indefinite past with a fixed periodic arrival-rate func-
tion, then it can be regarded as in periodic steady-state at
time 0. However, to directly show the convergence to a peri-
odic steady state (prove Theorem 2.1) in this case, we assume
it starts empty at time 0.

By Theorem 1 of [9], the number in system has a Poisson
distribution for each ¢ with mean function m (¢), where

m(t):E[S]/A(t—s)dGe(s), t>0, (22)
0

and S, is a random variable with the stationary-excess CDF
G, associated with the service-time CDF G, that is,

G.(t)=P(S. <1t) = —E[IS] / (1—-G(s))ds, t=>0.
0
(23)

Moreover, the departure process in the M;/G I /oo model is
a Poisson process with rate function where

t
8(1) =/ At —5)dG(s), t=>0. 24)
0
For a periodic arrival-rate function with period ¢, we have
nc+t
m(nc+1t) = E[S]/ Anc+1t—5)dG,.(s)
0
nce+t
= E[S]/ AMc+t—15)dG,.(s) (25)
0
and
ne—+t
S(nc+1t) = / AMnc+1t—5)dG(s)
0
nc+t
= / AMc+t—5)dG(s), t>0, (26)
0

Because these integrals are nondecreasing functions of n, they
converge to limits asn — 00, thus, directly proving Theorem
2.1. The periodic steady state is obtained directly by starting
empty in the indefinite past. As stated in Theorem 1 of [9],
the number in system has a Poisson distribution for each ¢
with periodic mean function m(t), with the same period c,
where

m(t) = E[A(t — S.)]E[S]

= E[S] /OOA(I —85)dG.(s), t=>0, 27
0

Moreover, the departure process in the M;/G I /oo model is
a Poisson process with periodic rate function §(¢), with the
same period c, where

8(t) = E[AMt — S)] = /oo At — $)dG(s), t>0. (28)
0

For the special case of a sinusoidal arrival rate function, an
explicit expression for m(¢) is given in Theorem 4.1 of [8].

Naval Research Logistics DOI 10.1002/nav



6 Naval Research Logistics, Vol. 00 (2015)

As a consequence, we have the following corollary.

COROLLARY 2.2 (periodic steady-state distribution in
the IS model): In the periodic M;/GI /oo queueing model
starting empty in the distant past, «(¢),0 < ¢ < c and a“ are
well defined probability vectors with

o (t) = me(m(t)), 0<t<c, and

1 c
o) = ;/0 e (m(t)) dt, (29)

form(t) in (27), where 7, (m) be the Poisson distribution with
mean m, that is,

n’k(m) =

We now consider the fitted death rates estimated with
ample data, that is, 1t;(00). To obtain the departure rate
conditional on the number of busy servers, we use the fol-
lowing consequence of Theorem 2.1 of [13], which character-
izes the time-varying distributions of the remaining service
times in an M, /G I /oo model, conditional on the number of
busy servers, extending the classical result for the M /G 1 /oo
model.

THEOREM 2.5 (remaining service times conditional on
the number): Consider the periodic M,/GI /oo queueing
model starting empty in the distant past, where the service-
time CDF G has pdf g. Conditional on Q(¢r) = k, the
remaining service times at time ¢ are distributed as k i.i.d.
random variables with pdf

fooo At —u)g(x +u)du
Joort —u)Ge(w)du

8k (x) =

which is independent of k.

We now apply Theorem 2.5 to obtain the following general
result about the fitted death rates.

THEOREM 2.6 (fitted death rates): Consider the M,/GI
/oo queue with a periodic arrival rate function in the setting
of Theorem 2.5. Conditional on Q(¢) = k, the departure rate
at time ¢ is

kED( — S)]  k8(1)

ELt—S)]  m(t)’
(30)

(1) = kb1 (1) = kgis(0) =

Hence, paralleling the fitted birth rate in (12),
INCAGIAGK _k Jo ax(@®)(S(t)/m(1)) dt
corf a corf ’
k>1, 31
Naval Research Logistics DOI 10.1002/nav

M (00) =

where oy (1), o, m(t) and 6(¢) are given in (29), (27) and
(28).

PROOF: First, we get (30) directly from Theorem 2.5 and
formulas (27) and (28). The first term in (31) can be taken as
a definition. Then we apply (30). O

Paralleling Corollary 2.1, Theorem 2.6 implies bounds for
the fitted death rates.

COROLLARY 2.3 (bounds on the fitted death rates): In
the periodic M,/GI /oo queueing model starting empty in
the distant past,

pi = inf (30)/m(0) < @

< sup {3(t)/m(D)} = o (32)

0<t<c

for m () in (27) and 8(¢) in (28).

PROOF: Theorem 2.6 expresses [, (00)/k as an average
of §(¢)/m(t) over one cycle. Il

We get equality of the upper and lower bounds in (32),
recovering (15) for s = oo, if § is exponential, because then
8(t) = m(t)u as S, is distributed the same as S. Indeed, we
also get an associated negative result, because it is known that
S, is distributed the same as S if and only if S is exponential.
Thus, we have the following consequence.

COROLLARY 2.4 (direct proportionality of the fitted
death rates): In the periodic M, /G I /oo queueing model with
service-time S having mean E[S] = 1/pu,

W, =ku forall k>0 (33)

and for all periodic arrival-rate functions A if and only if S is
exponential.

We now apply Theorem 2.5 to deduce a rate conserva-
tion property for this M,/G /oo model in each state over a
periodic cycle.

THEOREM 2.7 (arrival and departure rates over a cycle):
For the periodic M,/G1 /oo queueing model starting empty
in the distant past,

/‘C o (OA()dt = /C op(1)8(t)dt foreach k>0
0 0
(34

for o (¢) in (29), so that

/Ck(t)dt = /C(S(t) drt. 35)
0 0
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PROOF: As the arrival rate at time ¢ is A(¢), independent
of the state k, we can apply first (4) and then (30) to obtain

fo e (O (1) di = cal T (00) = cat, Ty 1(00)
_ /0 " e (D8 (1) it
= /Ocakﬂ(l)(k + D8(@)/m(t)] dt
_ /0 "8 dt, (36)

as in (34). We add over k to get (35). O

3. THE IS MODEL WITH A SINUSOIDAL
ARRIVAL-RATE FUNCTION

We now consider the special case of the periodic
M, /G1 /oo IS model with the sinusoidal arrival rate function
in (8). For this model, we draw on previous results established
in [8].

3.1. A General Service-Time Distribution

We can apply Corollary 2.1 to obtain explicit bounds on
the fitted birth rates.

COROLLARY 3.1 (bounds on the fitted birth rates): For
the M,/GI /oo model with sinusoidal arrival rate function
in (8) having 0 < 8 < 1, starting empty in the distant past,

(00)

A
0<(1—ﬂ)§kT§(l+ﬁ)<2 forall k> 0.

37

We now establish asymptotic results for the extreme cases
in which the cycles are very long (y | 0) or are very short
(y 1 00). We directly show the dependence on y; for exam-
ple, by writing A, (00; ¥). The following result is consistent
with the known results that the arrival process converges to a
stationary Poisson process, and the steady-state distribution
converges to a Poisson distribution with mean A/p as y | 0;
see Theorem 1 of [29].

THEOREM 3.1 (short cycles): For the M;/G I /oo model
with sinusoidal arrival rate function in (8),
Xk(oo;y) — A and (oo y) = (k+1Dp

as y too forall k=>0. (38)

PROOF: First, it is helpful to rewrite (12) so that the inte-
grals are over a fixed interval, independent of y. By making
a change of variables s = y¢, we obtain

fozn/y a(t)A(t) dt _ 11027r ar(s/y)r(s/y)ds

fOZH/V o (1) dt foh ay(s/y)ds
(39)

hi(o0sy) =

The conclusion follows in two steps. First, A(s;y) — 2 as
y 1 0o, uniformly in s over [0, 27r]. (Recall that A(0; ) = A
because sin(0) = 0 and that sin(¢) — 0 ast | 0.) Sec-
ond, by Theorem 4.5 of [8], m(t;y) — A/p as y 1 oo,
uniformly in ¢. Hence, o (¢; y) — oy (t;00) as y 1 0o, uni-
formly in #, where o (¢; 00) is the Poisson PMF with mean
X/, independent of ¢. For the fitted death rates, we apply (4)
to write

_ A (00; ). ra,
P (003 y) = — s —2 = (k+ Dp
k+1;y ak+l;oo
as y 1 oo, (40)

because oy (r;00) is the Poisson PMF with mean A/u
independent of . O

We now turn to the case of long cycles, where the PSA is
appropriate. Thus, the steady-state PMF «¢ is the average of
the individual steady-state PMF’s for each ¢ in the cycle; see
Theorem 1 of [30]

THEOREM 3.2 (long cycles): For the M,/GI /oo model
with sinusoidal arrival rate function in (8),

(k+ Dpag 10
0‘1?;0
Mp1(0057) — (k+1Du  as

hi(003y) —

yi0 @D

forall kK > 0, where oz,‘(';o is the time average of o (¢; 0) which
is the Poisson PMF with mean D»l(t)/u, where A (t) =
1+ Bsin(t),0 <t <2m.

PROQOF: By Theorem 4.4 of [8], m(t/y) — A(t)/u as
y | O uniformly in . Hence, o (t; y) — o (¢;0) uniformly
in t. We then apply this starting from (39), getting

Xk(OO)
_ fozn/y ap(HA(r) dt - fozn ax(s/y)A(s/y)ds
fozn/y o () dt fozn ar(s/y)ds

02” (53000 (s;0)ds
fOZH o (s;0) ds
ke Dy

P
ak;()

o (e + Dppoyi(s;0) ds
fOZH ay(s;0) ds
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because oy (s; 0) is the Poisson PMF with mean A(s;0)/u at
time s. O

3.2. The M,;/M /oo Model with Sinusoidal Arrival Rate

In this section, we determine tight bounds for the fitted
birth rates for the M,/M /oo model with sinusoidal arrival
rate. Tightness is verified by showing that these bounds are
approached in the heavy-traffic limit.

As shown in [8], the M;/M /oo model with sinusoidal
arrival rate function in (8) is especially tractable. From (15)
of [8], the number in system, Q(¢), has a Poisson distribution
for each ¢ with mean

m(t) = E[Q(1)] = A(1 + s(1)),

s(t) = % (sin(yt) —ycos(yr)).  (42)

y2
Moreover,
sY = sups(r) = L (43)
>0 1+ )/2
and

m_ Cot’l(l/y)

s(tg)=0 and s(1y') >0 for ¢
Y

(44)

The function s (¢) increases from 0 at time #;' to its maximum
value sV = B/y/1 + y? at time #' + 7/(2y). The interval
[#5', tg" + 7/(2y)] corresponds to its first quarter cycle.

Let Z be a random variable with the steady-state PMF of
Q(t); its PMF is a mixture of Poisson PMF’s. In particular,

y 2w /y
P(Z=k) = —/ P(Q@)=k)dt, k=0, (45)
21 0
The moments of Z are given by the corresponding mixture
y 2 )y
E[Z"]= o~ / E[Q®"1d1, k=1,
21 0

so that E[Z] = A. For more details, see [33].
We use (42) to improve the bounds in Corollary 3.1 and
obtain a simple proof of Theorem 3.1 in this case.

THEOREM 3.3 (bounds for the fitted birth rates for the
M;/M /oo model with sinusoidal arrival rate function): In
the M, /M /oo IS queueing model with the sinusoidal arrival
rate function in (8), starting empty in the distant past,

- B - - B
AMl——— ) S M(00) <A |1+ ——
( V1+y? Vity?
forall k& > 0. (46)
Naval Research Logistics DOI 10.1002/nav

and

A (00) = A as y >o00 forall k=>=0. (47)

PROOF: We apply (4) to obtain the expression

+ Dh(o) _ ey @)
H41(00) o

As we have M service, i1y, (00) = (k+1)u. Hence, we can
write

(K + Dy
I(é b

A (00) = k>0. (49)

As the integrand in the integral representation of &) | in (29)
differs from the the integrand in the integral representation
of a; by an extra factor of m(¢)/(k + 1), we can insert the
bounds on m(¢) in (18) of [8] to obtain (46). Clearly, (47)
follows from (46). O

We conclude by deriving a heavy-traffic limit showing that
the lower and upper bounds established in Theorem 3.3 are
attained in the heavy-traffic limit. This limit involves 2, which
is both the long-run average arrival rate and the long-run aver-
age number of busy servers. In the limit A — oo, any fixed
state k, independent of A, will thus be a small state in the limit,
so we should expect to see the minimum value of the increas-
ing fitted birth rate function in the first limit in (50) below. To
have a relatively large state compared with A asymptotically
in the limit A — oo, we let the state index be | ma | + k for
suitably large m in the second limit. That yields the upper
bound.

THEOREM 3.4 (heavy-traffic limits): In the M,/M /oo
IS queueing model with periodic arrival rate function, starting
empty in the distant past,

e (00) B

——~ 51— —"——— as A—>oo and
A 14 y?
x |_mXJ +k (OO) ,3 —
—— > 14+ —— as A—>
A V1+y?
for m > 1/log,2 =~ 1.44. (50)

PROOF: We expand (49), writing

Te(ooy = Zent®E D pfy e Om@Tdr -
of fg emOm(1)* dt

In each case of (50), we apply Laplace’s method to the numer-
ator and denominator of (51), after premultiplying both by the
same appropriate term (so this term cancels). Let x = A/u
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and consider the first expression. In particular, after multiply-
ing the numerator and denominator by ¢* /x*, we can express
the denominator as

. 2
f eSO 45O dt ~ [———— (1 4 5(xp))k ™
0 x[s” (xo)|

as x — 0o,

where ~ means that the ratio of the two sides converges to 1,
s() =m(t)—1form(¢)in(42), wherec = 27 /y and xy =
¢ —cot™'(1/y)/y and m(xo) = (/) (1 — B/ (/1 + y?),
by virtue of (16) and (18) in [8]. (The minus sign in the
exponent of ¢ ~**() means that we look for the most negative
value of s(¢)). We have used the fact that the integral is dom-
inated by an appropriate modification of the integrand at a
single point when x becomes large. The ratio in (51), thus,
approaches 1 + s(xp).

For the second expression, after multiplying the numerator
and denominator by e* /x* ¥, we can express the denominator
as

/ efxs(t)(l +S(t))mx+k dt
0

c
:/ e-‘rx[mlog{,{l-ks(t)}—s(t)](1 +S(t))k dl
0

o [P s e as x s oo
x| f"(x0)| ’

where f(¢) = mlog, {1+ s(¢)} —s(t), so that xo = (c/4) +
cot™'(1/y))/y and m(xo) = /(1 + B/(V1+y?),
again by (16) and (18) in [8]. (The plus sign in the expo-
nent of e**Mlog{1+sM}=sO] with m > 1/log,2 means that we
look for the most positive value of s(¢)). The ratio in (51)
again approaches 1 + s(xo). g

4. SIMULATION EXPERIMENTS

We now investigate what the fitted birth rates, death rates
and steady-state distributions look like in these M;/GI/s
models by conducting simulation experiments. In doing so,
we illustrate and confirm the theoretical results in Sections 2
and 3.

4.1. Designing the Simulation Experiments

Our base model is the M;/M /oo model with the sinu-
soidal arrival-rate function in (8), which is the special case
of the M,/G1I/s model in which s = oo, § has an expo-
nential distribution and 8 = 10/35. We generated the NHPP
arrival process by thinning a Poisson process with rate equal
to the maximum arrival rate over a sine cycle. As we use

relative amplitude B = 10/35, with A = 35 a proportion
10/(35 + 10) = 10/45 = 0.222 of the potential arrivals
were not actual arrivals. The fitted BD rates as well as the
empirical mass function were estimated using 30 independent
replications of 1.5 million potential arrivals before thinning.
Overall, that means about 45 x (35/45) = 35 million arrivals
in each experiment. Multiple i.i.d. repetitions were performed
to confirm high accuracy within the regions shown. To com-
pare the transient behavior of the fitted BD process to the
original process, we simulated a separate version of the fitted
BD process in a similar manner.

4.2. The M,/M /s Models

Figures 1 and 2 show the estimated BD rates for the
M, /M /s models with s = co and s = 40, respectively.

The estimated BD rates yield corresponding estimates of
the steady-state distribution by solving the local balance
equation (4). The estimated steady-state distributions for the
M; /M /oo model with the sinusoidal arrival rate function in
(8) having parameters A = 35 and 8 = 10/35 for different
ranges of y are shown in Fig. 3. On the left (right) is shown
different cases varying in a power of 10 (2). Many of the plots
on the left coincide, so that we see convergence as y 1 oo
and as y | 0. Indeed, the relevant ranges for intermediate
behavior can be said to be 1/8 < y < 8 for these parameters
A = 35and B = 10/35, with the limits serving as effective
approximations outside this interval.

4.3. Different Service Distributions: Near Insensitivity

We have also conducted corresponding simulation exper-
iments for M,/GI /s models with nonexponential service-
time distributions. Figures 4 and 5 show the fitted rates for the
M, /G I /oo model with H, and E; service distributions with
squared coefficient of variation SCV ¢? = 2 and ¢* = 1/2,
respectively, just as in Section 2 of [7]. Figure 6 shows the
associated steady-state mass functions for H, and E, service
times, which also look similar.

Indeed, the agreement is so good for these infinite-server
models that it is natural to wonder whether the fitted birth
rate, fitted death rate and steady-state PMF with s = oo have
an insensitivity property, that is, depend on the service-time
distribution only through its mean. However, closer exami-
nation show that it is not so. We do see that the insensitivity
property does hold asymptotically as y | 0 for s = oo,
which is to be expected. In that limit, the PSA approximation
is valid [31], so that at time ¢ the model has a time-varying
distribution equal to the steady-state distribution of the sta-
tionary M /G I /oo model with constant arrival rate equal to
A(t).

Naval Research Logistics DOI 10.1002/nav
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Figures 7-9 illustrate the full range of possibilities by
showing the estimated birth rates, death rates and steady-
state PMF’s for the M,/G1 /oo model with the sinusoidal
arrival rate function in (8) having parameters A = 100 and
B 10/35 and 4 different service-time distributions for
y = 1/2 (left) and y = 2 (right). For y = 1/2, we again see
near-insensitivity, but for y = 2, we see significant depen-
dence on the service-time distribution. Further study shows
that the difficulty primarily arises for large values of y, which
are not so common in applications. We also see that changing
only the service-time PMF can affect the estimated birth rates
as well as the estimated death rates, and then the final steady-
state PMF. The interesting bimodal form of the steady-state
PMF in some cases is investigated in [33]. The two modes
roughly correspond to the two extremes of the PMF; the
process Q(¢) tends to spend more time near these extremes.

4.4. Transient Behavior

It should be evident that the transient behavior of the fitted
BD process and the original process have significant differ-
ences. In particular, there is no periodicity in the fitted BD
process. The differences are particularly striking with small
y, that is, for long cycles c¢(y) = 27/y. That is dramatically
illustrated in Fig. 10, which compares the sample paths of

the number in system of the two processes for the M, /M /oo
queue with the sinusoidal arrival rate function in (8) having
parameters A = 100 and 8 = 10/35 and y = 0.01. As
y = 0.01, the cycle length is 628. Hence, in the time interval
[0,4000] we see a bit more than six cycles, but there is no
periodic behavior in the fitted BD process.

However, the sample paths are not always so strikingly
different. Indeed, the sample paths get less different as y
increases. Figures 11 and 12 illustrate by showing the sam-
ple paths for y = 1 and y = 10 over the interval [0, 40].
For y = 1, there are again 6.28 sine cycles, but for y = 10,
there are 62.8 cycles. In these cases, the sample paths look
much more similar. From Fig. 11 and 12, we conclude that
we might well use the fitted BD process to describe the tran-
sient behavior as well as the steady-state behavior for y > 1,
that is, for relatively short cycles. Periodic arrival rates with
short cycles often arise in practice in appointment-generated
arrivals, where the actual arrivals are randomly distributed
about the scheduled appointment times; see [22,23] and
references therein.

4.5. Limits for Small and Large y

The behavior of the fitted BD process can be better
understood by limits for the steady-state distribution of the

Naval Research Logistics DOI 10.1002/nav
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M;/M /oo model as y 1 oo and as y | 0. First, as
y 1 oo, even though the arrival rate function oscillates
more and more rapidly, the cumulative arrival rate function
A(t) = fot A(s) ds converges to the linear function Af. Conse-
quently, the arrival process converges to a stationary Poisson

Naval Research Logistics DOI 10.1002/nav

process (M) with the average arrival rate A and the steady-
state number in system converges to the Poisson steady-state
distribution in associated the stationary M /M /oo model with
mean A. That follows from Theorem 1 of [29] and references
therein; [34]. As a consequence, as y 1 oo we must have
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with the sinusoidal arrival rate function in (8) having parameters A = 100 and 8 = 10/35 and y = 0.01. [Color figure can be viewed in the
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the fitted birth rates in the fitted BD process converge to the
constant birth rates of a Poisson process, and that is precisely
what we see as y increases in Fig. 1.

Second, as y | 0, the cycles get longer and longer, so
that the system behaves at each time ¢ as a stationary model
with the instantaneous arrival rate at that particular time .
That is the perspective of the pointwise stationary approxi-
mation (PSA) for queues with time-varying arrival rates [14],
which is asymptotically correct for the M, /M /oo model as
y { 0. That follows from Theorem 1 of [30]. As a conse-
quence, as y | 0 we must have the fitted birth rates in the
fitted BD process converge to a proper limit, corresponding
to an appropriate average of the birth rates seen at each time

t for ¢ in a sinusoidal cycle, and that is precisely what we
see as y increases in Fig. 1. In particular, the limit Zy of the
steady-state variable Z = Z, as y | 0 is the mixture of
the steady-state distributions. That is, by combining the PSA
limit with (45), we see that

2
P(Zo=k)=%/ P(Qo(t) =k)dt, k=0, (52)
0

where Qg () has a Poisson distribution with mean m(t) =
A1 (), where we let y = 1. In particular, this limitas y | O
becomes independent of y.

Naval Research Logistics DOI 10.1002/nav



14 Naval Research Logistics, Vol. 00 (2015)

True Process

130

120

-
-
(=}

R

il

Number in System

70

0 5 10 15 20 25 30 35 40
Time

Number in System

Fitted Process
130 .

120

-
-
(=}

100

90

80

70

0 5 10 15 20 25 30 35 40
Time

Figure 12. Sample paths of the number in system for the original process (left) and the fitted BD process (right) for the M, /M /oo queue
with the sinusoidal arrival rate function in (8) having parameters A = 100 and 8 = 10/35 and y = 10. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

These two limits as y 1 oo and as ¥ | 0 can be seen by
comparing the sample paths of the fitted BD processes for
different y. This is especially interesting for the long-cycle
case. Figure 13 illustrates by showing the sample paths of the
number in system for the fitted BD process in the M, /M /oo
queue with the sinusoidal arrival rate function in (8) having
parameters A = 100 and 8 = 10/35 and y = 0.1 (left) and
y = 0.01 (right). The plots of different interval lengths show
that the fitted BD processes are very similar.

5. ESTIMATING THE STEADY-STATE
DISTRIBUTION

In this section, we investigate how we can efficiently
estimate the steady-state distribution by fitting parametric
functions to the estimated BD rates and then solve the local
balance equation (4). We illustrate what should be possible
in applications by considering the base M,;/M /oo IS model
with a sinusoidal arrival-rate function. Figures 1-6 in Section
4.2 show what to expect. In applications it is likely to be
appropriate to use different fitting functions, but the general
approach should be the same.

5.1. The Base Infinite-Server Model with Sinusoidal
Arrival Rate Function

First, for M;/G1 /oo IS model with E[S] = 1, we do not
need to consider the death rates, because we have 1, ~ k
throughout; for M service, we have equality by Theorem
2.3. Hence, we concentrate on the birth rates, initially using
the same large sample as before. For larger values of y, a
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linear function works well for the fitted birth rate, but not for
smaller values of y. As our parametric function, we choose

Ay = aarctanb(k — ¢) +d, (53)

which is nondecreasing in k with finite limits as k increases
and decreases, and has the parameter four-tuple (a, b, c,d).
We let ¢ = d = A, so that leaves only the two parameters a
and b.

Figures 14—16 show the fitted mass function and birth rates
for the three gamma values: y = 1/8, 1/2 and 2, respectively.
These were constructed using the Matlab curve fitting tool-
box, which fits by least squares. The figures show that the
special arctangent function in (53) does much better than a
linear fit for small y, but a simple linear fit works well for
large y. The parameter pairs in the three cases were (a,b) =
(7.541,0.125), (6.682,0.1253), and (3.577,0.0744), respec-
tively. The main point is that a parametric fit based on only
two parameters yields an accurate fit to a mass function that
can be quite complicated. The regular structure of the BD
rates make it possible to obtain relatively good (at least rea-
sonable) estimates of the steady-state in distribution in the
tails where there tend to be few data points.

We make some further comments about Figs. 14-16. As
y — 00, the cycles become very short, so that the arrival-
rate function oscillates very rapidly, but the cumulative arrival
rate function approaches the function Az, and so the arrival
process approaches a stationary Poisson process as observed
in Section 4.5. Accordingly, the steady-state distribution is
asymptotically Poisson, which is approximately normal. We
see that already in Fig. 16 for y = 2. The distributions with
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Figure 13. Sample paths of the number in system for the fitted BD process in the M; /M /oo queue with the sinusoidal arrival rate function
in (8) having parameters A = 100 and 8 = 10/35 and y = 0.1 (left) and y = 0.01 (right). [Color figure can be viewed in the online issue,
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Figure 14. _Fitted mass function (left) and birth rates (right) for the M; /M /oo model with the sinusoidal arrival rate function in (8) having
parameters A = 35, BA = 10 and y = 0.125. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

smaller y (longer cycles) are the average of Poisson distri-
butions, but Fig. 14 show that they are more complicated;
see [33].

5.2. Small Samples

To illustrate the advantages of the arctan BD fit, we also
conducted experiments evaluating the estimators with smaller
sample sizes. Figures 17 and 18 illustrate for the model with
y = 0.125 in Fig. 14, but with the sample size greatly
reduced.

Now, we consider a smaller experiment with about 25,000
potential arrivals instead of the 45 million potential arrivals
(resulting in about 35 million actual arrivals) in our previ-
ous experiments. In particular, we simulate 10 replications

of the model over a full cycle. As y = 1/8, a cycle length is
27/y ~ 50. As the average arrival rate is A = 35, there are
about 35 x 50 = 1750 arrivals per cycle.

We first take measures to ensure that the system starts
approximately in dynamic periodic steady state. To do that,
we extract our data from a longer run that has already reached
steady state, which for our y = 1/8 and all y not too large,
is in the first cycle, after starting empty. we start the data col-
lection at the first time ¢ such that Q(¢) = 15 after a time
to for which Q(ty) = 45 and we terminate the first time that
condition is repeated, which invariably is approximately a
full cycle after the data collection began. (We remark that the
sampling procedure is similar to the way that the speed ratios
were estimated in [7]).
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Figure 17. A comparison of the arctan BD fit to a small-sample direct fit of the steady-state probability mass function (left) and birth rates
(right) for the M, /M /oo model with the sinusoidal arrival rate function in (8) having parameters A = 35, BA = 10, and y = 0.125. Data are
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That procedure satisfies three requirements: (i) the system
starts approximately in dynamic periodic steady state; (ii)
the terminal state coincides with the initial state, so that the
two empirical mass functions & and @° constructed from the
directly estimated BD rates coincide, as indicated in Section
1.1, and (iii) we average over roughly a full cycle (or more
generally, multiple full cycles). In addition, we get a smoother
fit by fitting the parametric function in (53) to the estimated
birth rates.

Figure 17 shows that both estimated steady-state PMF’s are
quite good considering the small sample size. Our sampling
procedure clearly helps for both the direct estimation and the
arctan BD fit. The advantage of the arctan fit is perhaps most
evident in Fig. 18, which shows the estimated tail probabili-
ties. Evidently, the arctan BD fit can “extrapolate” reasonably
to regions where there are few data points or none at all.
However, as in all such extrapolations, caution is required.
Justification of such extrapolations may in part depend on
extra information about what we know about the system.

The observations above are amplified by considering even
smaller sample sizes. To illustrate, we now repeat the exper-
iment using the data from only a single cycle. (The sample
size is now further reduced by a factor of 10). Figures 19 and
20 show the analogs of Figs. 17 and 18.

6. STOCHASTIC GRAY-BOX MODELING
OF QUEUEING SYSTEMS

In addition to investigating an alternative way to estimate a
steady-state distribution from data, as illustrated by Section 5,
this paper further explores how fitting a BD process to queue-
ing system data can be used as a gray-box model, which was
begun in [7].

6.1. A Diagnostic Tool to Determine What Model
is Appropriate

The goal is to have a diagnostic tool to help evaluate
what stochastic queueing model is appropriate for complex
queueing systems. Actual service systems may have complex
time-dependence and stochastic dependence that may be dif-
ficult to assess directly. Fitting a BD process may be a useful
way to probe into system data. In [7] we referred to this as
gray-box stochastic modeling. In [7], we applied this analysis
to various conventional GI/G1 /s queueing models. We saw
how the fitted rates {Xk,ﬁk} differ from the corresponding
M /M /s model, for given overall arrival rate A and individ-
ual service rate ;. We saw that they differ in systematic ways
that enabled us to see a signature of the GI/G1 /s model.

Here, we have considered many-server M;/G 1 /s queue-
ing models with sinusoidal periodic arrival rate functions. We
find that the fitted death rates usually have the same simple
linear structure as seen for G1/G I /s models, but we find sig-
nificant differences in the fitted birth rates. Overall, we see a
signature of the M, /G I /s model with sinusoidal arrival rates.

6.2. Comparing the Fitted Rates in the M, /M /oo and
GI /M [oo Models

Our main hypothesis is that the fitted BD rates can reveal
features of the underlying model. To compare the impact of
predictable deterministic variability in the arrival process, as
manifested in a time-varying arrival rate function, to stochas-
tic variability, we see how the fitted birth rates differ in the
M, /M /oo IS model with a sinusoidal arrival rate function
and the stationary G1/M /oo model with a renewal process
having an interarrival time more variable than the exponential

Naval Research Logistics DOI 10.1002/nav
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distribution. (When the service-time distribution is exponen-
tial with mean 1, the fitted death rates coincide with the exact
death rates in both cases, that is, 1z, = k; see Theorem 3.1 of
[7] and Theorem 2.3 here.) However, the fitted birth rates are
revealing.

In [7], we found that, when the actual arrival rate is n (pro-
vided that n is not too small), with the service rate fixed at
@ = 1, the fitted birth rates in state k, denoted by A, «, tended
to have the form

Ak A (n+ bk —n)) V0, (54)

whereb ~ 1—-2/(1 + cﬁ), a constant in the interval [—1, 1],
with ¢ being the SCV, (variance divided by the square of

Naval Research Logistics DOI 10.1002/nav

the mean) of the interarrival-time distribution of the renewal
arrival process. This is illustrated in Fig. 21, which shows
the fitted birth rates and death rates in five GI1 /M /oo mod-
els with arrival rate A = 39 and service rate © = 1. The
five interarrival-time distributions are Erlang E4, E», M, and
hyperexponential, H, with cﬁ =2 and cZ =4.

Figure 21 shows that the fitted birth rates tend to be
approximately linear (over the region where the process vis-
its relatively frequently, so that there are ample data for
the estimation), with X, , = n and slope increasing as the
variability increases. This is consistent with greater vari-
ability in the arrival process leading to a larger steady-state
number in system. For ¢2 < 1, the slope is negative; for
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2 > 1, the slope is positive. As c2 increases to 0o, the slope
approaches 1.

Figure 21 should be compared to Fig. 1 in Section 4.2,
which shows the fitted rates for the M,/M /oo IS model
with the sinusoidal arrival rate function in (8). Very roughly,
we expect the predictable variability of a nonhomogeneous
Poisson arrival process with a periodic arrival rate function
to correspond approximately to a stationary model with a
renewal arrival process having an interarrival-time distrib-
ution that is more variable than an exponential distribution
[27]. That means we expect to see something like the fitted
birth rates with increasing linear slopes in Fig. 21. And indeed
that is exactly what we do see in Fig. 1, but restricted to a
subinterval centered at the long-run average A, , = n.

The evolution of a BD queue primarily depends on the
BD rates A; and w; through their difference, the drift §; =
M — Mr+1, kK > 0. To see the relevance of the drift, note that

O+1

— > (=9)1
o

ifandonly if §; > (— <)0.  (55)
Hence, we see the modes of « through the zeroes of §.

We plot the drift functions associated with the G/M /oo
and M;/M /oo models in Figs. 21 and 1 in Fig. 22. These
show that there is drift toward the overall mean in all cases,
which is stronger when there is less variability.

Similar results hold for models with finitely many servers.
We show the results paralleling Fig. 1 for the case of 40
servers in Fig. 2. Figure 2 shows the piecewise-linear death
rates, with two linear components, joined at the number of
servers that are characteristic of multiserver queues. Figure 2
of [7] displays similar plots for GI/GI /s queues. How-
ever, the estimated birth rates in Figs. 1 and 2 are unlike
those of any GI/G1/s queue. Theorems 3.3 and 3.4 estab-
lish finite bounds and heavy-traffic limits for the fitted birth
rates, consistent with these figures.

6.3. An Emergency Room Example

To illustrate how the results here can be applied, we show
the fitted BD rates obtained from 25 weeks of data from
an Israeli emergency department studied in [36]. Figure 23
shows the estimated birth rate (left), death rate (center) and
death rate divided by the state (right) for the ED over a 25-
week period. The ED is the same as studied in Section 3 of
[2]. The data used in [36] included about 25, 000 patient vis-
its to the internal unit of the ED over a 25 week period from
December 2004 to May 2005.

Itis well known that the arrivals to an ED vary strongly over
time, just as in most service systems; see Fig. 9 of [15]. Thus,
a natural candidate rough aggregate model for an ED is the
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M,/G1 /oo queue, which has a NHPP as its arrival process,
i.i.d. service (length-of-stay, LoS) times with some general
(nonexponential, perhaps lognormal) distribution, s servers,
unlimited waiting space and service in order of arrival. The
assumption that the length-of-stay random variables are i.i.d.
might be postulated under the assumption that the length of
stay should only depend on the patient’s medical condition.

The fitted BD process is important as a diagnostic tool
because it shows that the data are inconsistent with the
M,/G1 /oo model. The present paper is essential for inter-
preting Fig. 23. First, Figures 1, 2, and 4 in Sections 6.2
and 4.3 provide strong support for two conclusions: First, as
anticipated, the fitted birth rates are roughly consistent with
an NHPP (M,) arrival process having a periodic arrival rate
function. Second, the fitted death rates are inconsistent with
i.i.d. service times. This second negative conclusion may be
easier to see by looking at the state-dependent death rate
divided by the state, so that is why we display that as the
third plot in Figure 23. Extensive simulations show that the
fitted death rates are approximately proportional to the state
k in an M,/GI /oo model with a periodic arrival rate func-
tion, and approximately piecewise-linear with finitely many
Servers.

These tentative conclusions about the ED based on the
analysis of M,/G1 /s queues in this article are strongly sup-
ported by further data analysis in [36]. The data analysis
in [36] supports an M, /G, /oo, where there is strong time-
dependence in the service-time distribution as well as the
arrival rate function. That conclusion in turn is consistent
with other observations, for example, see [2, 28] and refer-
ences there. The fitted BD is convenient because it quickly
exposes the difficulty with a model using i.i.d. service times.

6.4. Fitting the Erlang-A Model to Data

Perhaps the most frequently applied stochastic queueing
model is the M /M /s + M Erlang-A model. The Erlang-A
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model is a stationary BD process with four parameters: the
arrival rate A, the service rate u, the number of servers s,
and the individual customer abandonment rate from queue 6;
see [12, 25] and references therein. The familiar M /M /s /0
Erlang B (loss) and M /M /s = M /M /s /oo Erlang C (delay)
models are the special cases in which 8 = co and 6 = 0.

The fitted BD process may provide a useful statistical
test of the classical M/M /s + M Erlang-A model in set-
tings where it may be applied. The Erlang-A model is typ-
ically fit within an assumed G1/GI/s + G I model frame-
work, assuming that the interarrival times, service times
and patience times come from mutually independent i.i.d.
sequences of i.i.d. random variables. Assuming this frame-
work, the Erlang-A model is typically fit by estimating the
distributions of the interarrival times and service times to
see if they are nearly exponential. It has been recognized
that abandonment is more complicated because of censor-
ing; thus, other estimation methods have been proposed for
estimating the customer patience distribution via the hazard
rate of the customer patience distribution; see [4].

However, the assumed GI/GI/s + GI framework need
not hold. Service systems typically have time-varying arrival
rates and there may be significant dependence among inter-
arrival times and service times. The number of servers may
vary over time as well and the servers are often actually
heterogeneous [11]. Indeed, careful statistical analysis of ser-
vice system data can be quite complicated, for example, see
[2, 4,18, 21, 20].

Thus, the fitted BD rates provides another framework to
test and fit the Erlang-A model to data, which we propose
doing in addition to the standard fitting procedure, to check
consistency. Given that the data are from the Erlang-A model,
we will see approximately the simple linear structure in the
estimated BD rates. With enough data, we will see that

and = kAs)u+ (k— s)te,
k>1, (56)
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where a A b = min {a, b} and (@)t = max {a, 0}. By this
procedure, we can estimate all four parameters and test if
the model is appropriate. A direct BD fit of the form (56)
may indicate that the model should be effective even though
some other tests fail. For example, experience indicates that
a good model fit can occur by this BD rate fit even though the
servers are heterogeneous and the service-time distribution
is not exponential. Moreover, in those cases we may find that
the Erlang-A model works well in setting staffing levels.

6.5. When the Erlang-A Model Does Not Fit

However, what do we conclude if the BD fit does not
yield the BD rate functions in (56)? Some insights are rela-
tively obvious. For example, if we do not see death rates with
two linear pieces joined at some level s, then we can judge
that the number of servers probably was not constant during
the measurement period. But it remains to carefully evaluate
how to interpret departures from the simple Erlang structure
in (56).

We may also consider directly applying the fitted BD
process even if we do not see the Erlang-A structure in (56),
because BD processes are remarkably tractable. If we hap-
pen to find piecewise-linear fits, then we may find diffusion
approximations with large scale, as in [5], which is not limited
to the classical Erlang modelsin [12, 16]. Itis well known that
we can calculate the steady-state distribution of a general BD
process by solving local balance equations. We also can effi-
ciently calculate first-passage-time distributions in general
BD processes [1].

7. CONCLUSIONS

After observing that the steady-state distribution of any sto-
chastic process on the integers with only unit-step transitions
can be estimated from data by fitting BD rates and solving
the BD local-balance equations in (4), we investigated the
application of this approach to the M, /G I /s queueing model
with a periodic arrival-rate function, primarily focusing on the
case of the sinusoidal arrival-rate function in (8). In Sections
2 and 3 we established structural results for the steady-state
distribution and the fitted rates in this model.

In Section 4, we conducted simulation experiments show-
ing the results of the fitting procedure. Figures 4—-6 show near
insensitivity to the service-time distribution beyond its mean
in the M, /G I /oo model for some cases with moderate scale
(average arrival rate A = 35), but Figs. 7-9 show signifi-
cant deviations from insensitivity at larger scale A = 100).
As expected, we see that the transient behavior of the fitted
BD process can be very different from the original process,
but we see that the difference decreases as the cycle length
of the periodic function decreases (relative to the mean ser-
vice time). Figure 10 shows great differences in the sample

paths for the long cycles with y = 0.01 in (8), but Figs. 11
and 12 show striking similarities with shorter cycles based
ony = 1.0 and 10 in (8).

In Section 5, we showed that estimating the fitted rates
and then solving the local-balance Egs. in (4) can be an effi-
cient way to estimate the steady-state distribution because the
birth-rate and death-rate functions tend to be more elementary
functions. We found that good estimates of the steady-state
distribution in the M,/M /oo model can be obtained in this
way by fitting only two parameters in the four-parameter
arctangent function in (53).

Finally, in Section 6, we see how the fitted BD model can
serve as a gray-box model to help diagnose what is an appro-
priate queueing model for complex queueing applications, as
suggested in [7]. In Section 6.2, we compared the BD models
fit to stationary GI/G1 /s models in [7] to the BD models
fit to the M,/GI /s models in this article. For large s, we
see that the fitted death rates have the same piecewise-linear
structure found in the M /M /s model, but there are signifi-
cant differences in the fitted birth rates. However, the birth
rates have the same linear structure around the steady-state
mean number of busy servers.

In Section 6.3, we illustrated how the gray-box mod-
eling approach can be applied. Figure 23 dsplaying the
fitted BD rates in an Israeli emergency department from
[2, 36] show that the ED data are roughly consistent with
the arrival process being a NHPP with a periodic arrival rate
function, but are inconsistent with i.i.d. service (length-of-
stay) times. Instead, the length-of-stay distribution should be
time-varying, consistent with observations in [2, 28, 36]. In
Section 6.4, we observed that this provides an alternate fit-
ting procedure for the classical Erlang-A model, which can
usefully supplement the standard fitting procedure, and thus,
provide an additional statistical test.

There are many directions for future research. As indi-
cated before Theorem 2.1 in Section 2, it remains to prove
that the interval between successive emptiness epochs in the
stochastic process {Q(nc + t) : n > 0} have finite mean for
any periodic M;/GI /s model with E[S] < oo and p < 1.
It also remains to derive explicit formulas and asymptotic
approximations for the fitted rates in these and other mod-
els. In forthcoming [35], we establish many-server heavy-
traffic limits for the fitted birth rates and death rates in the
M,/GI /oo model.

ACKNOWLEDGMENTS

This research was begun while the first author was an
undergraduate in the IEOR Department at Columbia Uni-
versity. The second author acknowledges support from NSF
grants CMMI 1066372 and 1265070. The authors thank
Avishai Mandelbaum for facilitating access to his SEE data

Naval Research Logistics DOI 10.1002/nav



22 Naval Research Logistics, Vol. 00 (2015)

repository at the Technion in Israel and Columbia University
doctoral student Xiaopei Zhang for preparing Fig. 23 using
that data.

REFERENCES

[1] J. Abate, and W. Whitt, Computing Laplace transforms for
numerical inversion via continued fractions, INFORMS J
Comput 11 (1999), 394-405.

[2] M. Armony, S. Israelit, A. Mandelbaum, Y. Marmor, Y.
Tseytlin, and G. Yom-Tov, Patient flow in hospitals: A data-
based queueing-science perspective. Stochastic Systems 5
(2015) 146-194.

[3] P. Billingsley, Statistical inference for Markov processes,
University of Chicago press, Chicago, 1961.

[4] L. Brown, N. Gans, A. Mandelbaum, A. Sakov, H. Shen, S.
Zeltyn, and L. Zhao, Statistical analysis of a telephone call
center: A queueing-science perspective, J Amer Stat Assoc
100 (2005), 36-50.

[5] S. Browne, and W. Whitt, “Piecewise-linear diffusion
processes,” in: J. Dshalalow (Editors), Advances in queueing,
CRC Press, Boca Raton, FL, 1995, pp. 463—4280.

[6] C.S. Chang, X.L. Chao, and M. Pinedo, Monotonicity results
for queues with doubly stochastic Poisson arrivals: Ross’s
conjecture. Adv Appl Probab 12 (1991), 210-228.

[7]1 J. Dong and W. Whitt, Stochastic grey-box modeling of
queueing systems: Fitting birth-and-death processes to data.
Queueing Syst 79 (2015), 391-426.

[8] S.G.Eick, W.A. Massey, and W. Whitt, M, /G /oo queues with
sinusoidal arrival rates, Manag Sci 39 (1993), 241-252.

[9] S.G. Eick, W.A. Massey, and W. Whitt, The physics of the
M, /G /oo queue. Oper Res 41 (1993), 731-742.

[10] M. El-Taha and S. Stidham, Sample-path analysis of queueing
systems, Kluwer, Boston, 1999.

[11] N. Gans, N. Liu, A. Mandelbaum, H. Shen, and H. Ye, Ser-
vice times in call centers: Agent heterogeneity and learning
with some operational consequences. Inst Math Stat Collect 6
(2010), 99-123.

[12] O. Garnett, A. Mandelbaum, and M.I. Reiman, Designing a
call center with impatient customers, Manuf Serv Oper Manag
4 (2002), 208-227.

[13] D. Goldberg, and W. Whitt, The last departure time from an
M, /G /oo queue with a terminating arrival process, Queueing
Syst 58 (2008), 77-104.

[14] L.V. Green, and P.J. Kolesar, The pointwise stationary approx-
imation for queues with nonstationary arrivals, Manag Sci 37
(1991), 84-97.

[15] L.V. Green, P.J. Kolesar, and W. Whitt, Coping with time-
varying demand when setting staffing requirements for a
service system, Prod Oper Manag 16 (2007), 13-29.

[16] S. Halfin, and W. Whitt, Heavy-traffic limits for queues with
many exponential servers, Oper Res 29 (1981), 567-588.

[17] D.P.Heyman and W. Whitt, The asymptotic behavior of queues
with time-varying arrival rates. J Appl Probab 21 (1984),
143-156.

[18] R. Ibrahim, P. L’Ecuyer, N. Regnard, and H. Shen, “On
the modeling and forecasting of call center arrivals,”

Naval Research Logistics DOI 10.1002/nav

in: Proceedings of the 2012 Winter Simulation Conference,
Berlin, 2012, pp. 256-267.

[19] N. Keiding, Maximum likelhood estimation in the birth-and-
death process, Ann Statist 3(1975), 363-372.

[20] S.Kim and W. Whitt, Are call center and hospital arrivals well
modeled by nonhomogeneous Poisson processes?, Manuf Serv
Oper Manag 16 (2014), 464—480.

[21] S. Kim, and W. Whitt, Choosing arrival process models for
service systems: Tests of a nonhomogeneous Poisson process,
Nav Res Logist 17 (2014), 307-318.

[22] S.-H. Kim, P. Vel, W. Whitt, and W.C. Cha, Poisson and non-
Poisson properties in appointment-generated arrival processes:
The case of an endrocrinology clinic, Oper Res Lett 43 (2015),
247-253.

[23] S.-H. Kim, W. Whitt, and W.C. Cha, A data-driven model
of an appointment-generated arrival process at an out-
patient clinic, Columbia University, 2015, Available at:
http://www.columbia.edu/~ww?2040/allpapers.html.

[24] Y. Liu and W. Whitt, Stabilizing customer abandonment in
many-server queues with time-varying arrivals, Oper Res 60
(2012), 1551-1564.

[25] A.Mandelbaum and S. Zeltyn, Service engineering in action:
The Palm/Erlang-A queue, with applications to call centers,
Adv Serv Innovations 20 (2007), 33-64.

[26] W.A.Massey and W. Whitt, Networks of infinite-server queues
with nonstationary Poisson input. Queueing Syst 13 (1993),
183-250.

[27] W.A. Massey and W. Whitt, Stationary-process approxima-
tions for the nonstationary Erlang loss model, Oper Res 44
(1996), 976-983.

[28] P. Shi, M.C. Chou, J.G. Dai, and J. Sim, Models and insights
for hospital inpatient operations: Time-dependent ed boarding
time, Manag Sci (2015). doi 10.1287/mnsc.2014.2112.

[29] W. Whitt, Departures from a queue with many busy servers,
Math Oper Res 9 (1984), 534-544.

[30] W. Whitt, The pointwise stationary approximation for
M,/M,/s queues is asymptotically correct as the rates
increase, Manag Sci 37 (1991), 307-314.

[31] W. Whitt, A review of L = AW, Queueing Syst 9 (1991),
235-268.

[32] W. Whitt, Fitting birth-and-death queueing models to data. Stat
Probab Lett 82 (2012), 998-1004.

[33] W. Whitt, The steady-state distribution of the M, /M /oo queue
with a sinusoidal arrival rate function, Oper Res Lett 42 (2014),
311-318.

[34] W. Whitt, A Poisson limit for the departure process
from a queue with many slow servers, Columbia Univer-
sity, 2015, Available at: http://www.columbia.edu/~ww2040/
allpapers.html.

[35] W. Whitt, Many-server limits for periodic infinite-
server queues, Columbia University, 2015, Available at:
http://www.columbia.edu/~ww?2040/allpapers.html.

[36] Whitt, W. and Zhang, X. (2015). A data-generated queueing
model of an emergency department, In preparation, Colum-
bia University, 2015, Available at: http://www.columbia
.edu/~ww2040/allpapers.html.

[37] R.W. Wolff, Problems for statistical inference for birth and
death queueing models, Oper Res 13 (1965), 343-357.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 801.000]
>> setpagedevice


