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Chapter 1

Introduction

In this thesis we study multi-class queueing models. In general, queueing models
provide a natural means to describe the phenomenon of congestion, and find many
applications in everyday life. Examples of such applications range from systems with
visible congestion where people are waiting in line (e.g., grocery stores, amusement
parks, road networks) to systems with queueing at a more abstract level (e.g., call
centers, communication networks, manufacturing, computer systems). The main en-
tities in queueing models are nodes, which consist of one or more shared servers, some
amount of buffer space (finite or infinite), and customers (or jobs) that arrive at no-
des and require some amount of service. We will use the terms customers and jobs
interchangeably. Queueing models typically describe the arrival process of customers
at each node, the service-time distributions, the routing of customers and servers be-
tween the nodes, and the service process, describing the way the server capacity is
shared among the customers present at a node.

In a multi-class queueing model the customers can be of different types. Each type of
customers typically has its own arrival process, routing scheme and service process.
Figure 1.1 gives a representation of a basic, single-node, single-server, multi-class
queueing model. Different customer classes may be treated differently by the server.

. Server
- - O
Arrivals P
, " Service process

Figure 1.1: A basic single-node multi-class queue.
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FCFS First-Come-First-Served serves jobs in the order of arrival.

LCFS Last-Come-First-Served serves the job that arrived most recently,
without preemption.

LCFS-PR Last-Come-First-Served with preemptive resume serves the job that
arrived most recently preempting the job currently in service.

ROS Random Order of Service randomly selects a job from the jobs that
are waiting.

PS Processor Sharing serves all jobs simultaneously at the same rate.

DPS Discriminatory Processor Sharing serves all jobs simultaneously,
but at different rates per class.

NPRIOR n-class priority regime serves jobs within the highest priority class

first, continuing with other priority classes as long as no jobs with
higher priority are present. Jobs within the same priority class are
served in the order of arrival.

NPRIOR-PR  n-class priority regime with preemptive resume serves jobs with
higher priority first, preempting jobs with lower priority which are
already in service, jobs within the same priority class are served

FCFS.

SJF Shortest-Job-First non-preemptively serves the job in the system
with the smallest original service time.

SRPT Shortest-Remaining-Processing- Time preemptively serves the job

with the shortest remaining processing time.

Table 1.1: A brief description of the scheduling policies discussed in this thesis.

For example, customers within a ‘high’ class might have (relative) priority over custo-
mers of ‘lower’ classes. It is also possible that a server needs some amount of (possibly
zero) switch-over time to be set up for a different class. The server serves one class
of customers at a time and switches between the classes.

There are many types of multi-class queues and they have received much attention in
the literature. In this thesis we study a variety of multi-class queueing models. We are
primarily interested in gaining fundamental understanding of the intrinsic behavior of
these queues; some of the multi-class queues that we study are inspired by a specific
application.

In the remainder of this chapter, we describe the most common multi-class queues
and give some background and motivation specific to the models appearing in this
thesis. We will conclude the chapter with an overview of this thesis.



1.1. TYPES OF MULTI-CLASS QUEUES 3

1.1 Types of multi-class queues

Multi-class queueing models arise in modeling processes that involve congestion in
many application areas. In general, anything that separates the jobs into groups
leads to different job types. This separation could be based on job lengths, arrival
rates, priorities, ability of the server to serve the jobs, or a combination of those. The
most suitable type of queueing model to use is mainly defined by the way the different
job types are handled. Possible ways to handle different job types are:

e Ignore the job types and serve jobs one by one (regular queue).

e Ignore the job types and serve all jobs simultaneously, giving all of them an
equal share of the server’s capacity (Processor Sharing queue).

e If there are precedence relations, always serve jobs with the highest priority first
(priority queue).

e Prioritize based on job lengths, typically shorter jobs get priority (Shortest-Job-
First queue).

e Serve all jobs simultaneously, giving more of the server’s capacity to certain job
types (Generalized /Discriminatory Processor Sharing queue).

e Only serve jobs of one type for a while, then move to the next type (polling
model).

Below we describe how these decisions lead to different multi-class queueing mo-
dels.

Queueing notation We consider a single-node, single-server queueing model with
infinite queue size and N different customer classes (see Figure 1.1). Most chapters in
this thesis are based on this setting. The arrival process of type-i jobs is typically a
Poisson process with rate \;, ¢ = 1,..., N. The service-time distribution of type-i jobs
is general, with (finite) mean E[B;], i = 1,..., N. The scheduling policy prescribes in
what order the arriving jobs are served. Possible scheduling policies are described in
Table 1.1. The scheduling policies partly specify the type of multi-class queue. The
first four policies do not consider job types, while the last four lead to priority queues.
Processor Sharing types of queues are discussed separately.

Priority queue The priority queue is a common way to model systems with diffe-
rent types of jobs that differ in priority. Jobs belonging to a class with higher priority
get served before jobs belonging to a lower priority class. This can be done preempti-
vely and non-preemptively. With preemptive priority, an arriving higher priority job
can interrupt a lower priority job, and the higher priority job is taken into service
immediately. With non-preemptive priority, the service of a job in process is always
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finished first, before a new job is taken into service. We note that SJF and SRPT can
also be interpreted as priority queues, where priority is based on the (remaining) job
size.

Polling model In a polling model, the different customer types are considered to
arrive in different queues. The server only serves one queue at a time and switches
between the queues to serve all customers. Such a model arises, e.g., when the server
needs to be set up before it can serve a certain job type. Modeling decisions are when
to switch to the next queue, which queue to serve next, and the order of service within
each queue (as in Table 1.1).

Processor Sharing queue In a Processor Sharing (PS) queue, all job types are
served simultaneously, instead of only serving one job type at the same time (as in e.g.
priority queues). In a classical PS queue, all jobs that are present at a node fairly share
the available amount of service capacity; this is referred to as Fgalitarian Processor
Sharing (EPS). Processor Sharing is advantageous for the overall system performance
since short jobs will not be extremely delayed by long jobs and long jobs will also
be served continuously (in contrast to SJF and SRPT). Just like with the priority
queue, we can assign priorities to the different classes. Depending on its type, a job
could receive more or less of the server’s capacity than another job. Important jobs
will receive more server capacity and consequently will be served (relatively) faster.
Dividing the server’s capacity between the different jobs can be done in different ways.
The first way is referred to as Discriminatory Processor Sharing (DPS), where each
job gets a share of the server capacity based on its type and the total number of jobs
in the system. Another possibility is giving each job type a share of the capacity
based on the total number of types in the system. Within each type, the available
capacity is either divided equally between the jobs of that type, or only one job per
type gets served. This is referred to as Generalized Processor Sharing (GPS). We refer
to [142] and references therein for an overview and literature on this topic.

1.2 Background and motivation

In this section we discuss three relevant classes of multi-class queueing models that
are directly related to the models in this thesis. For each class of models, we give a
description, some applications and some references to relevant literature.

1.2.1 Polling model

The basic polling model is a single-server, multi-queue system, where the server visits
the queues in some order to serve customers pending at the queues. This is depicted in
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Figure 1.2: A basic polling model.

Figure 1.2. We note that multi-server polling models are also possible, but are much
more challenging to analyze [33; 137], so we restrict ourselves to single-server models.
The most important features of a polling model are the possibility to serve a single
type of job, while ‘ignoring’ the other types, and the switch-over times. These features
distinguish the polling model from the other multi-class queueing models.

There are three decisions that need to be made about the service of the customers
present in the system. The routing policy describes the order in which the queues are
visited by the server. The most commonly used routing policy is cyclic routing, where
all queues are visited once and in the same order every cycle. A natural generalization
of cyclic routing is periodic routing, where the server visits the queues periodically
according to a routing table (of finite length). This way some queues can be visited
more frequently than others. Other routing policies are probabilistic routing (proceed
to queue j with probability p,), Markovian routing (proceed from queue i to queue j
with probability p;;) and dynamic, state-dependent routing policies (e.g., serve longest
queue).

The service discipline specifies the duration of a visit of the server to a queue. Com-
monly used examples of service disciplines are:

e Exhaustive: Serve the queue until it is empty.

e Gated: Serve all jobs that were present in the queue at the ‘polling instant’,
i.e., the beginning of a visit of the server to a queue.
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e Globally gated: During a cycle, serve all jobs that were present in the system
at the ‘polling instant’ of the first queue.

e K-limited: Serve at most K jobs or until the queue is empty (whichever occurs
first).

e Time-limited: Serve at most ¢ time units or until the queue is empty (whiche-
ver occurs first).

We would like to point out, that both the K-limited policy and the time-limited
policy are hard to analyze, because they do not satisfy the branching property [69;
121]. Polling models using these policies can be analyzed using heuristics or iterative
methods (see, e.g., [4; 68; 143]).

Finally, each queue can have its own local scheduling policy that determines the order
in which the jobs at the queues are served (see Table 1.1 for an overview).

Polling models find many applications in areas like computer-communication systems,
production systems, manufacturing systems, inventory systems and robotics (see [32]
for an extensive overview). The classical application is the machine repairman model
[107; 108], where the repairman visits a fixed number of machines in cyclic order,
checks them and repairs them if necessary. Other examples of applications are Blu-
etooth and 802.11 protocols, scheduling policies at routers, and I/O subsystems in
web servers [81; 138].

Motivated by their wide applicability, polling models have been extensively studied
over the past few decades; see [151] for an overview of the state-of-the-art. We refer to
[28; 144] and references therein for more recent publications on polling models.

1.2.2 Processor Sharing queue

Originally, the PS queue was introduced as an idealized round robin system, i.e., a
system where all jobs present are served cyclically one by one for a small amount
of time. In the limit, when the amount of time that each job receives service goes
to zero, this leads to a PS system. By adding weights (i.e., weighted round robin),
the resulting system can be modeled with a DPS queue. A DPS model is a multi-
class queueing model where all the customers are served simultaneously. Customers of
classes with higher weights get a larger fraction of the server’s capacity than customers
of classes with lower weights. It is not guaranteed that high priority jobs will finish
before low priority jobs, since this is also influenced by the length of the jobs and the
total number of jobs present. For this reason, we have relative priority, instead of
strict priority. The advantage over strict priority is that low priority jobs will receive
service even when many high priority jobs are present. DPS queues are introduced by
Kleinrock [96], who compares it with First-Come-First-Served disciplines. A graphical
representation of a DPS queue is given in Figure 1.3.
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Figure 1.3: A DPS queue.

In a PS queue, the distribution of the queue length is geometric and depends only
on the load and is insensitive to the distribution of the service time beyond its mean.
In a DPS queue, the queue-length distribution depends on the complete service-time
distribution, making the DPS model substantially more difficult to analyze. Analysis
of DPS models with general service requirements are hardly found in the literature,
and always make use of some limiting regime (e.g., time-scale decomposition, over-
load).

Applications of DPS models are mainly found in, communication networks and com-
puters. In communication networks, the feedback mechanism in the TCP protocol
causes the system to behave like a (D)PS queue, since the acknowledgments are more
delayed if there are more jobs in the network. (D)PS models are also frequently used
to model the behavior of the CPU in computers, where threads with different prio-
rity levels compete for access to the shared processing unit. Applications of DPS in
communication networks are also discussed in [6; 46; 48; 76; 83]. Surveys of results
on DPS queues are given in [7; 35]. We refer to [63; 112] and references therein for
an overview of results and applications for PS queues.

1.2.3 Priority queues

In a pioneering paper, Cobham [49] introduced a queue with multiple priority classes
that arrive according to a Poisson process. In case of a single server, the service time
distribution is general, but for multiple servers, the service times are exponentially
distributed. The result is the mean waiting time for each priority type. The higher
the priority of the jobs, the lower their waiting time. Priority queues are hard to
analyze in general. Cohen [53, Chapter I11.3] uses transforms to analyze some special
cases of M/G/1 priority queues, including two-class priority queues with preemptive
resume and preemptive repeat and general priority queues with preemptive resume.
In this subsection, we describe two special cases of priority queues that are motivated
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Figure 1.4: A blended system with two classes, the second class has infinite supply.
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by applications in call centers and health care. For these models, we are specifically
interested in the tail probabilities of the waiting time.

Blended systems The first type of priority queue is a blended system. We con-
sider a system with two job types requiring different service levels (i.e., performance
measures); type-1 jobs need to be handled as soon as possible after their arrival,
while type-2 jobs need to be handled within a reasonable, but much longer, time
frame. Such a differentiation in service levels for the two classes can be achieved in
multiple ways. On the one hand, the system can be decoupled such that specialized
or dedicated servers handle a single type of traffic. On the other hand, (part of the)
servers can be cross-trained or multi-functional to handle both types; this is known
as blending. The advantage of the latter is that the system may benefit from server
flexibility. The benefits of such blended systems are discussed in [116]. Note that the
decoupled approach can be analyzed as multiple single-class systems.

The blended model is motivated by call centers. Nowadays, call centers (or, more
accurately, contact centers) are facing different sources of customer contacts, such as
contacts by phone, email, call backs, and chats. An example of type-1, or ‘urgent’,
jobs are inbound calls. Type-2 (‘best effort’) jobs could, for example, be emails or
outbound calls. We assume that type-1 jobs arrive according to an arrival process,
while we assume that there is an infinite supply of type-2 jobs for tractability of the
analysis. This model is depicted in Figure 1.4.

Although the blended queueing model is largely motivated by call and contact cen-
ters, we envisage that mixing urgent and best effort traffic plays a prominent role in
other domains. Within the health care domain, specifically in hospitals, two types of
patients are typically distinguished: acute and scheduled (or elective) patients. Acute
patients should be treated as soon as possible, whereas scheduled patients can wait
for some amount of time and can be classified as best effort (the literature is exten-
sive by now, but see the papers in [59; 79] for an impression). A similar distinction
applies to the activity level of patients: when patients are in need of care, a swift re-
sponse is required [57]. However, many activities have a less time-pressing character,
including scheduled care activities and administrative duties. In the nursing home
setting, this is referred to as ‘care on demand’ which is activated by pressing a button
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Figure 1.5: A level-dependent queue with two classes, the second class has infinite
supply.

and ‘care by appointment’; including activities as ‘giving medicine’ and ‘help with
getting out of bed’ [139]. We note that differentiation in service levels are also key in
domains such as manufacturing and communication networks. As such, the required
capacity and control of servers using a blended system is widely applicable in service
systems.

Comprehensive surveys on contact centers can be found in [3; 73; 98]. Since we are
only interested in the waiting time of the type-1 jobs and there is an infinite amount
of type-2 jobs, the call blending model can also be interpreted as a vacation model. In
this case, the server takes a vacation, instead of working on a type-2 job. We refer to
[71] for additional references, also related to multi-server queues with vacations.

Level-dependent systems For the second special priority queue, we consider
again a system with two job types. Type-2 jobs (e.g., administration tasks) are only
taken into service if there are not many type-1 jobs (e.g., treating patients) waiting.
Specifically, if the queue length of type-1 jobs (which we refer to as level) is above L,
more type-1 jobs will be taken into service, and when the level drops below L, less
type-1 jobs will be taken into service (and more type-2 jobs). Depending on the load,
this may cause the queue length of type 1 to fluctuate around L. We assume that
the number of type-2 jobs in the system is infinite, and we only consider the queue
length of type-1 jobs, see Figure 1.5.

This queueing model is motivated by a health care application. In an outpatient
clinic, patients arrive to make an appointment as soon as possible. The capacity to
treat patients is limited, such that patients that cannot be directly seen move to a
virtual waiting list. In our model, the type-1 customers represent the slots filled with
patients on the virtual waiting list. If the waiting time is too long, e.g., more than two
weeks, the number of available slots per day is increased by planning extra patients.
One possibility to create this extra capacity is to perform less other activities, like
administration tasks. Another possibility is to treat patients in overtime.

If more type-2 jobs are taken into service, the available service capacity of type-1 jobs
decreases. Since we are only interested in the waiting time of type-1 jobs, we can get
the same effect by increasing the arrival rate of type-1 jobs. From the perspective
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of class 1, we thus have a level-dependent M/G/1 or MAP/G/1 queue with two
different arrival processes, where the arrival process below level L differs from the
arrival process above level L. In these models, the waiting time is represented by the
number of type-1 jobs.

For this model, and for the blended system, we are only interested in the waiting
time of type-1 jobs. Therefore we analyze both models as one-dimensional systems,
thereby ignoring type-2 jobs.

1.3 Overview of this thesis

The next three chapters of this thesis are about polling models. In Chapter 2, we
consider Poisson driven polling models where a single server visits the queues in a
cyclic order and with general service and switch-over times. In the vast majority of
papers that have appeared on polling models, it is assumed that at each of the queues
the customers are served on a First-Come-First-Served (FCFS) basis. In Chapter 2
we study polling models where the local scheduling policy is not FCFS, but instead,
is varied as Last-Come-First-Served (LCFS), Random Order of Service (ROS), Pro-
cessor Sharing (PS) and Shortest-Job-First (SJF). The service policies are assumed
to be either gated or globally gated. The main result of the chapter is the deriva-
tion of asymptotic closed-form expressions for the Laplace-Stieltjes Transform (LST)
of the scaled waiting-time and sojourn-time distributions under heavy-traffic (HT)
assumptions, i.e., when the system tends to saturate. For FCFS service the asymp-
totic sojourn-time distribution is known to be of the form UT', where U and IT" are
uniformly and gamma distributed with known parameters. We show that the asymp-
totic sojourn-time distribution (1) for LCFS is also of the form UT, (2) for ROS is
of the form UT where U has a trapezoidal distribution, and (3) for PS and SJF is of
the form U*T" where U* has a generalized trapezoidal distribution. These results are
rather intriguing and lead to new fundamental insight in the impact of the local sche-
duling policy on the performance of polling models. As a by-product the heavy-traffic
results suggest simple closed-form approximations for the complete waiting-time and
sojourn-time distributions for stable systems with arbitrary load values. The accu-
racy of the approximations is evaluated by simulations. This chapter is based on
[19].

In Chapter 3, we study the HT asymptotics of the waiting time distribution in cyclic
polling models with ezxhaustive service at each queue under a variety of local schedu-
ling policies, including FCFS, LCFS, ROS, the multi-class priority scheduling with
and without preemption, SJF and SRPT. For each of these policies, we first express
the waiting-time distributions in terms of intervisit-time distributions. Next, we use
these expressions to derive the asymptotic waiting-time distributions under heavy-
traffic assumptions. The results show that in all cases the asymptotic waiting-time
distribution at queue ¢ is fully characterized and of the form ©,;I', with ©; and T’
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independent, and where T' is gamma distributed with known parameters (and the
same for all scheduling policies). We derive the distribution of the random variable
O, which explicitly expresses the impact of the local scheduling policy on the asymp-
totic waiting-time distribution. Note that in the gated case of Chapter 2 we used the
notation U for ©;, because the distribution was uniform, or closely related to uni-
form. When the service policy is exhaustive, this is not the case. With simulations we
evaluate the closed-form approximations for the waiting-time distributions in stable
systems, suggested by the asymptotic results. This chapter is based on [148].

In Chapter 4, we consider cyclic polling models with gated or globally gated service,
and study the transient behavior of all cycle lengths. Our aim is to analyze the
dependency structure between the different cycles, as this is an intrinsic property
making polling models challenging to analyze. Transient performance is of great
interest in systems where disruptions or breakdowns may occur, leading to excessive
cycle lengths. The time to recover from such events is a primary performance measure.
For the analysis we assume that the distribution of the first cycle (globally gated) or
N residence times (gated), where N is the number of queues, is known and that the
arrivals are Poisson. The joint LST of all 2 subsequent cycles (globally gated) or all
x > N subsequent residence times (gated) is expressed in terms of the LST of the
first cycle. From this joint LST, we derive first and second moments and correlation
coefficients between different cycles. Finally, a heavy-tailed first cycle length or the
heavy-traffic regime provides additional insights into the time-dependent behavior.
This chapter is based on [149].

In Chapter 5, we study the performance of Discriminatory Processor Sharing (DPS)
systems, with exponential service times and in which batches of customers of diffe-
rent types may arrive simultaneously according to a Poisson process. In a general
parameter setting, we show the occurrence of a state-space collapse in HT: as the
load p goes to 1, the scaled joint queue-length vector (1 — p)Q converges in distri-
bution to the product of a known vector and an exponentially distributed random
variable with known mean. The results provide new insight in the behavior of DPS
systems. They show explicitly how the queue-length distribution depends on the sy-
stem parameters, and in particular, on the simultaneity of the arrivals. The results
also suggest simple and fast approximations for the tail probabilities and the mo-
ments of the queue lengths in stable DPS systems, explicitly capturing the impact
of the correlation structure in the arrival processes. Numerical experiments indicate
that the approximations are accurate for medium and heavily loaded systems. This
chapter is based on [150].

In Chapter 6, we consider a level-dependent two-class queue motivated by a health
care application. The two job types represent patients and administration tasks. We
want to model a phenomenon frequently encountered in practice. In ambulatory care
we typically see long access times for making an appointment. Moreover, these access
times are often remarkably stable through time. We propose two queueing models
that may show such behavior. Specifically, to meet target access times, we allow for
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overbookings or flexible capacity by replacing administration tasks by patient care.
We argue that access times for appointment systems with overbooking can naturally
be modeled as level-dependent M/G/1 or MAP/G/1 queues, depending on the va-
riability in the available capacity. Using transforms, we obtain intuitively appealing
results for the distribution of the access time. Based on numerical experiments, we see
that appointment systems may efficiently operate at high load, provided that some
extra flexible capacity is available. This chapter is based on [147].

Finally, in Chapter 7, we consider a blended multi-server queue with impatient custo-
mers that is commonly encountered in call centers. The system receives two types of
customers: urgent and best effort. Urgent customers are delay sensitive and we are
interested in the service level in the form of the tail distribution of the waiting time.
For best effort, we only consider the long-run throughput. Although, such a system
is typically called a call blending model, we see applications in many other service
settings. We derive the probability to abandon and the full waiting time distribution
by considering the waiting time process of the first customer in line, combined with
elements of the system point method. When the urgent and best effort classes have
the same service rate, the waiting time distribution has a similar structure as in the
M/M/s+G queue. For different service rates, the tail of the waiting time distribu-
tion can be iteratively solved and satisfies linear second-order differential equations.
When customers have infinite patience, the waiting-time distribution can be written
as a mixture of exponentials. This chapter is based on [20].



Chapter 2

Gated and globally gated polling systems with non-
FCFS service

2.1 Introduction

A polling model is a multi-class single-server queueing model, as described in the
previous chapter. In the design of a polling system there are a number of design
decisions that have to be made, i.e., cf. Section 1.2.1,

1. The order in which to serve the queues (server routing).
2. How many customers to serve during each visit to a queue (service discipline).

3. The order in which customers within each queue are served (local scheduling
policy).

For the first two decisions a wide variety of policies has been proposed and analyzed
in the literature. The focus of the current chapter is on the third decision. More spe-
cifically, we investigate the influence of the effective local service order on the waiting
times of the customers. As a result, we will limit discussion to the most common
configurations for the first two decisions: cyclic service order and (globally-)gated
service.

It might be natural to assume that the impact of such local scheduling is small, be-
cause it only impacts the system performance locally, leaving the amount of time spent
outside the targeted queue unaffected. However, the results in [153] illustrate that
the impact on the system performance from scheduling within a queue of a polling
system can be significant. In many application areas of polling models, such as Blue-
tooth and 802.11 protocols, scheduling policies at routers and I/O subsystems in web
servers, the workloads are known to have high variability and priority-based schedu-
ling could therefore be beneficial. Outside of computer-communication systems, local
scheduling proved its worth in the domain of production-inventory control. Our goal
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is to explore the impact of the local scheduling in polling systems under heavy traffic
(HT) conditions.

The motivation for studying the HT regime is twofold. First of all, it is the most
important and challenging regime from a practical scheduling point of view, i.e. the
proper operation of the system is particularly critical when the system is heavily
loaded. Optimizing the local scheduling is, therefore, an effective mechanism for
improving system performance without purchasing additional resources. Second, an
attractive feature of HT asymptotics is that in many cases they lead to strikingly sim-
ple expressions for the performance measures of interest. This remarkable simplicity
of the HT asymptotics leads to structural insights into the dependence of the perfor-
mance measures on the system parameters and gives fundamental understanding of
the behavior of the system in general. As a result, HT asymptotics form an excellent
basis for developing simple accurate approximations for the performance measures
(distributions, moments, tail probabilities) for stable systems. These closed-form ap-
proximations allow for back-of-the-envelope calculations.

Although an enormous number of papers on both polling systems and scheduling poli-
cies have appeared, the combination of the two has received very little attention. That
is, almost all theoretical studies of scheduling policies are performed in single-queue
settings such as the M/G/1 and G/G/1 queue with only a few exceptions studying
the effect of local scheduling in multi-queue polling systems. By using the Mean Va-
lue Analysis (MVA) framework for polling systems [155], Wierman et al. [153] have
derived the mean delay in cyclic exhaustive and gated polling systems for various sche-
duling disciplines such as First-Come-First-Served (FCFS), Last-Come-First-Served
(LCFS), Foreground-Background (FB), Processor Sharing (PS), Shortest-Job-First
(SJF) and fixed priorities. Building upon these results, Boxma et al. [40] have obtai-
ned the waiting-time distribution in cyclic (globally-)gated polling systems for various
service orders. As indicated by [40], the derivation of the waiting-time distribution
in exhaustive polling systems is much more intricate. Waiting-time distributions in
HT in exhaustive polling systems are the topic of Chapter 3. Boon et al. [30] study
the waiting-time distribution in a two-queue polling model with either the exhaustive,
gated or globally-gated service discipline. The first of these two queues contains cus-
tomers of two priority classes. In [29] these results are generalized to a polling model
with N queues and K; priority levels in queue i. Moreover, Ayesta et al. [12] derive
the sojourn-time distribution in polling systems with exhaustive service and where
the local scheduling policy is PS. For a general service requirement distribution the
analysis is restricted to the mean sojourn time.

In the current chapter we study Poisson-driven cyclic polling models with general
service-time and switch-over time distributions, and with two types of service policies:
(1) models with gated service at each queue, and (2) models with globally-gated
service. For both types of service policies, we consider the following five scheduling
policies that determine the local order in which the customers at a given queue are
served: FCFS, LCFS, ROS, PS and SJF.
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For each of these models we derive exact closed-form expressions for the LST of the
(scaled) waiting-time and sojourn-time distributions under HT assumptions. Note
that it was shown in [132] that the asymptotic cycle-time distributions converge to
a gamma distribution with known parameters. Using this result, for FCFS service it
is shown in [113] that the asymptotic sojourn-time distribution is a product of the
random variables U and I', where U and I' are uniformly and gamma distributed. In
this chapter, we unify and extend this result by presenting rigorous proofs showing
that the asymptotic sojourn-time distribution is (1) for LCFS also of the form UT,
(2) for ROS of the form UT where U has a trapezoidal distribution, and (3) for PS and
SJF of the form U*T" where U* has a generalized trapezoidal distribution. We would
like to stress the unearthed dichotomy between the known HT results on FCFS polling
models and our novel asymptotic results for other scheduling disciplines.

These results are rather intriguing and provide new fundamental insight in the impact
of the local scheduling policy on the performance of polling models. Our results lead
not only to unification but also to extension of the literature studying scheduling
policies, polling systems and HT asymptotics. As a by-product the HT results suggest
simple closed-form approximations for the complete waiting-time and sojourn-time
distributions for stable systems with arbitrary load values and general renewal arrival
processes. Numerical results show that these approximations perform well for a wide
range of parameter combinations.

The remainder of the chapter is organized as follows. In Section 2.2, the model is
described and the notation required is introduced. In Section 2.3, we derive the
HT asymptotics for the model with gated service at each queue under various local
scheduling policies. Section 2.4 presents similar results for the case of globally gated
service. Furthermore, Section 2.5 proposes a simple approximation for the sojourn-
time distributions for arbitrary load values and present numerical results to evaluate
the accuracy of the approximations. Section 2.6 contains a number of concluding
remarks.

2.2 Model description

We consider a system of N > 2 infinite-buffer queues, Q1,...,Qy, and a single
server that visits and serves the queues in cyclic order. Customers arrive at @Q;
according to a Poisson process with rate \;. These customers are referred to as type-¢
customers. The total arrival rate is denoted by A = Ziil Ai. The service time of
a type-i customer is a random variable B;, with LST B}(-) and finite kth moment

bz(-k) = E[B}], k = 1,2. The kth moment of the service time of an arbitrary customer
is denoted by b*) = E[B¥] = le\il N E[BF]/A, k = 1,2. The load offered to Q; is
pi = N E[B;] and the total load offered to the system is equal to p = Zi\; pi- The
switch-over time required by the server to proceed from @; to Q;41 is an independent
random variable S; with mean r; := E[S;]. Let S = Zfil S; denote the total switch-
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over time in a cycle and let r := E[S] denote its mean. A necessary and sufficient
condition for stability of the system is p < 1. C; denotes the cycle time at queue 1,
defined as the time between two successive arrivals of the server at queue i; it is well
known that E [C;] = r/(1 — p) for each i (cf. [125, Equation (5.39b)]).

The service policy determines which customers are served during a visit of the server to
a queue. In this chapter we assume two variants: (1) the model with gated service at
each of the queues, and (2) the globally-gated model. For gated service, all customers
are served that were present at polling instant, i.e., at the moment when the server
arrives at the queue. For globally gated, during a cycle, all customers are served
that were present at polling instant of the first queue. The local scheduling policy
determines the order in which the customers are served during a visit period at a
queue. We consider the following five local scheduling policies: FCFS, LCFS, ROS,
PS or SJF. For policy P € {FCFS,LCFS,ROS,PS,SJF}, we denote i € Ip if Q;
receives scheduling policy P. For example, Ircrg is the (index) set of queues 4 that
are served on a FCFS basis, Icrs is the (index) set of queues i that are served on
a LCFS basis, and so on.

In this chapter we study heavy-traffic limits, i.e., the limiting behavior as p approaches
1. The heavy-traffic limits, denoted p 1 1, taken in this chapter are such that the
arrival rates are increased, while keeping both the service-time distributions and the
ratios between the arrival rates fixed. Light-traffic limits, denoted p | 0, are defined
similarly. The notation —4 means convergence in distribution. For each variable x
that is a function of p, we denote its value evaluated at p = 1 by . In particular we
have p; = % and \; = ﬁ.

Let W; denote the waiting time of an arbitrary customer at @;, defined as the time
between the arrival of a customer and the moment at which he enters service. The
sojourn time of an arbitrary customer at @);, represented by 7T;, is defined as the
time between the arrival of a customer and the moment at which he departs from
the system. The LSTs of W; and T; are denoted by W;(s) and T;(s), respectively.
When p 1 1, all queues become unstable, therefore the focus lies on the random
variables (1 — p)W; and (1 — p)T; as p T 1, referred to as the scaled waiting times
and sojourn times at );, respectively. A summary of the notation with respect to a
random variable X is given in Table 2.1.

A key role is played by the gamma distribution and the uniform distribution. A non-
negative continuous random variable T'(«, ;1) is said to have a gamma distribution
with shape parameter o > 0 and scale parameter p > 0 if it has the probability
density function

fr(z) = M pa—le—ne (x >0), with I'(«) ::/ tele~tdt (2.1)
0

and LST

F*(s):( a )a (Re(s) > 0). (2.2)

u+s
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fx()  Probability density function (pdf) of X

Fx(-) Cumulative distribution function (cdf) of X

X*()  Laplace-Stieltjes transform (LST) of X, i.e., X*(s) = E[e~*¥]
E[X] Expected value of X

E[X*] kth moment of X

% Squared coefficient of variation (SCV) of X

Xres Residual length of X

with E[X"] = LX) and LST ElesX"™"] = 1-E[e_"¥]

2E[X] sE[X]
X Length-biased version of X
with fx () = 25

Table 2.1: Notation with respect to a random variable X.

Note that in the definition of the gamma distribution p is a scaling parameter, and that
['(a, p) has the same distribution as p~1T'(c, 1). Moreover, we denote by Ula,b] (a <
b) a random variable that is uniformly distributed over the interval [a,b]. For later
reference note, that the LST of the random variable I'(a+1, )Ula, b], where I'(a+1, )
and Ula, b] are independent, is given by, for Re(s) > 0,

—sU[a,b]T(a+1,p) | _ H H “ B I “
E[e } as(b—a) {(u+sa> (;H—sb) } (2:3)

2.3 Analysis of models with gated service

In this section we consider the case of gated service at all queues. In Subsection 2.3.1
we review some known preliminary results for FCFS disciplines to be used for later
reference. In Subsections 2.3.2-2.3.5 we use the results in Subsection 2.3.1 to derive
HT limits for LCFS, ROS, PS and SJF, respectively. In Section 2.5 we use these
results to propose and validate approximations for the distributions of the waiting
times and sojourn times for arbitrary load values and renewal arrivals.

It is easy to see that for FCFS, LCFS and ROS service the sojourn time is simply the
convolution of the waiting time and the service time, i.e., for Re(s) > 0,

TZ*(S) = W:(S)BZ*(S) (Z € IFCFS, ILCFS7 IROS)~ (2.4)

For this reason, in Subsections 2.3.1-2.3.3 we focus on the waiting-time distributions.
The results for the sojourn-time distributions then follow directly from (2.4). Note
that for ¢ € Ipg and i € Ig;p relation (2.4) is generally not true, because in those
cases the waiting times and the service times are not independent. Relation (2.4) is
used for the approximation in Section 2.5, since sojourn times and waiting times are
equal in HT.
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To start, let us consider the distribution of the cycle time C;, defined as the time
between two successive arrivals of the server at queue i. A simple but important
observation is that the distribution of C; is independent of the local scheduling policy
(i.e., FCFS, LCFS, ROS, PS and SJF). To this end, recall that the service policy (e.g.,
gated or globally gated) determines which customers are served during a visit V' of the
server to a queue, and that the local scheduling policies determine the order in which
these customers are served during V. For this reason the cycle-time distributions are
the same for all local scheduling policies under consideration, provided that they are
work-conserving.

The following result gives a characterization for the limiting behavior of the cycle-
time distributions, stating that the (scaled) cycle times (1 — p)C; in HT converge to
a gamma distribution with known parameters (proven in [132; 136]).

Property 2.1 (Convergence of the cycle times). For the model with gated service at
each queue we have, fori=1,..., N, as pT1,

(1-p)C; —aT,

where T has a gamma distribution with parameters

rd 0
Q= ﬁv Hi= ?7 (25)
with
, b N .
0% = Ay and 6:=Y pi(1+ pi) (2.6)
i=1

2.3.1 First-Come-First-Served

In this section we review several known results for the case of FCFS service at queue 1.
In Subsections 2.3.2-2.3.5 these results are used to derive new results for LCFS, ROS,
PS and SJF, respectively. For FCFS service, the following result gives an expression
for the LST of the waiting time W; in terms of the distribution of the cycle time C;
(proven in [40)):

Property 2.2 (Cycle-time expression for the waiting times). For the gated service
model, we have for Re(s) >0 and p < 1,
Cr (i1 = Bi(s)) — Ci'(s)

2

W) = F1676 - A - B (9))

(i S Ipcps). (27)

The following result, which was shown in [132], characterizes the limiting behavior of
the waiting-time distribution in heavy traffic.
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Property 2.3 (Convergence of the waiting times). For the gated service model, we
have for p 11,

(1—p)W; =»q U:C; (i € Ircrs), (2.8)

where U; is uniformly distributed on the interval [p;, 1], and where C, has a gamma
distribution with parameters a+1 and p, where o and p are given in Equation (2.5).
The random variables U; and C; are independent.

Note that here C; is the length-biased version of Ci, a gamma-distributed random
variable with parameters @ and p as in Equation (2.5). It is well known that if a
gamma random variable has parameters « and p then its length-biased version has
parameters o + 1 and p. The following result gives an expression for the higher
moments of the waiting times in heavy traffic (proven in [133; 134]):

Property 2.4 (Convergence of moments of the waiting time). For k=1,2,...,

k .
1—phtt [T (a+7)
L—pi  (k+1)p*

w® .= lim (1-— p)k E [Wk] =

i i (Z S IFCFS)7 (2.9)
P11

assuming that the (k + 1)-st moments of the service-time distributions and the kth
moments of the switch-over time distributions are finite.

2.3.2 Last-Come-First-Served

The LST for the waiting-time distribution for the LCFS service is expressed in terms
of the cycle-time distributions as follows (cf. [40]): For Re(s) > 0 and p < 1,

1 G s 4 ML - B(s))
W) = EE s+ M= B (9)

(i S Ichs). (2.10)

7

The following result gives an expression for the asymptotic waiting-time distribution
for LCFS service in heavy traffic.

Theorem 2.1. Forp 11,
(1 — p)WZ —d Ulcz (7, S Ichs), (211)

where U; is uniformly distributed on the interval [0,1 + p;] and C; has a gamma,
distribution with parameters a+1 and pu, where a and p are given in Equation (2.5).
The random variables U; and C; are independent.

Proof. Take i € Ircps. Then combining (2.10) with Property 2.1 gives the following
expressions for the LST of the (scaled) waiting-time distribution. For i € I cpg,
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Re(s) > 0, we have

1—C;(s(1—p)+ Xi(1 = B;(s(1—p))))

W7 (s) := lim Wy (s(1 — p)) = li 2.12
7 (s) :=lm Wi(s(1 — p)) = lim E0] (oL p) + (i B (L)) (2.12)
1— ( n(1=p) )a
= lim =) Fs(=p) X =BT (1)) o.13)
Pl gy (s(1 = p) + Xi(1 = B (s(1 = p)))) -
1-— ( _n )"‘
_ i i X (= B; (s(1=p))/(1=7)
- Ai(1=B; (s(1=p)) (2.14)
’ (s 2OREE2)

Using I'Hopital’s rule and the fact that —B; (0) = E[B;] we see that:

LN Bis( - p) 0= A (s(1 - p))s
ptl 1—p ptl 1

= PiS,

which immediately implies that, for Re(s) > 0 and i € IcFs,

W:<s>=1_(“*:””)a— ! {1—(M“)>} (2.15)

r(s+pis)  rs(1+p) 1+ pi

where « and p are given in (2.5). Using (2.3) and p/a = 1/r, it now follows that
(2.15) corresponds to the LST of a uniform random variable on [0,1 + ;] times a
gamma distribution. Application of Levy’s Continuity Theorem [154] completes the
proof. O

Using Theorem 2.1, it is easily verified that the moments of the asymptotic delay
distribution are given by the following expression.
Corollary 2.1 (Moments of the asymptotic delay). For k =1,2,...,

L+ ) [T (@ + )
(k) — i 1— kE k1 _ ( “ j=1

(i S Ichs), (2.16)

where o and p are defined in Equation (2.5), assuming that the (k + 1)-st moments
of the service-time distributions and the kth moments of the switch-over time distri-
butions are finite.

We end this section with a number of remarks.

Remark 2.1 (Comparison between FCFS and LCFS case using the heavy-traffic
averaging principle). Property 2.3 and Theorem 2.1 reveal an interesting difference in
the waiting-time distributions of the FCFS case and the LCFS case. More precisely,
for the FCF'S case the limiting behavior of W is of the form Upcpsl', where Upcpg
is uniformly distributed on the interval [p;, 1], whereas for the LCFS case the limiting
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distribution of W; is of the form Upcpgl’, where Upcpg is uniformly distributed
on the interval [0,1 4 p;], which is multiplied by the same gamma distribution. To
provide an intuitive explanation for this, we use the insights that can be obtained
by the so-called Heavy-Traffic Averaging Principle (HTAP), see e.g. [51; 52] and
[113; 114]. Loosely speaking, HTAP for polling models means that the total scaled
workload may be considered as a constant during a cycle, whereas the workloads of
the individual queues change much faster according to deterministic trajectories, or
a fluid model. Due to the HTAP, we let the constant ¢ denote the cycle length. Let
us first consider the fluid model for FCFS. Note that the waiting time consists of two
parts. First, a customer has to wait for the residual cycle time, which is (1—U)c for U
uniformly distributed on [0, 1]. Second, a customer has to wait for all customers that
have arrived before him during the course of the ongoing cycle. Hence, this equals
piUc. The total waiting time in the fluid model then equals (1—U+ p;U )¢, which has a
uniform distribution on [j;¢, ¢]. Using that the cycle time follows a gamma distribution
explains the shape of the waiting-time distribution in heavy traffic. For LCFS, as for
FCFS, an arriving customer still has to wait for the residual cycle length (1 — U)e,
with U a uniform random variable on [0, 1]. In addition, the arriving customer has to
wait for all customers that arrived after him during the same cycle, which is of length
pi(1 — U)ec. Hence, the waiting time in the fluid model is (1 + p;)(1 — U)c, which is
a uniform distribution on [0, (1 + p;)c]. This interpretation gives much insight in the
heavy-traffic asymptotics.

Remark 2.2 (Alignment with asymptotics with large switch-over times). Further
support can be given for the distribution in Theorem 2.1 by considering a different
asymptotic regime as in [131]. Let the switch-over times be deterministic with length
r;. We consider the behavior of W; when the switch-over times tend to infinity.
Because the waiting times are known to grow without bound when the switch-over
times increase to infinity, the analysis is oriented towards the limiting distribution of

VZ‘ as r — 0o. Using similar techniques as in [131], it may be shown that
w; .
— —=a Wi (r— 00), (2.17)
r

where VAVl is uniformly distributed over the interval [a;, Bl], with, for i € Ircrg,

~ ; > 1 ~ ~ . 1
a; = Pi s bi:77 and ai:O, bi:pz
1—p 1—p 1-p
Note that the uniform distribution is the same as in the HT regime. However, in
HT the cycle times follow a gamma distribution whereas here the cycle times become
deterministic as the switch-over times grow large.

forie€ Incrps. (218)

2.3.3 Random Order of Service

In this section we derive heavy-traffic limits for the Random Order of Service (ROS)
local scheduling policy. ROS is represented by ordering marks. Each customer that
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arrives gets an ordering mark z, a realization from a uniform distribution on [0, 1].
When the server arrives at the queue, the gate closes and the customers before the
gate are served in order of their marks. It is convenient to condition with respect
to « and then uncondition. Let W;(x) be the waiting time of a customer in queue
i with ordering mark z, with i € Irog, and let W;*(s|x) be the corresponding LST.
The following result was shown in [40]: for Re(s) >0,0<z <1 and p < 1,

Ci(iz(1 = Bi(s))) = Cf (s + Aiz(1 = Bj(s)))

Wi (slz) = (i € Iros).  (2.19)

The next result gives the heavy-traffic limit of the distribution of W;(z).

Theorem 2.2 (Conditional waiting time). For p 11, 0 < x <1,
(1—p)Wi(z) =q Ui(z)C; (i € Iros), (2.20)

where U;(z) is uniformly distributed over the interval [p;z,1 + p;x] and C; has a
gamma distribution with parameters o+ 1 and p, where o and p are gien in Equa-
tion (2.5). The random variables U;(x) and C; are independent.

Proof. Combining (2.19) and Property 2.1 and using I'Hopital’s rule, we find the
following LST of the waiting time conditional on the ordering mark z: for Re(s) > 0,
O<z<l,

Wi (slz) = lpingi*(S(l —p)lz)
G (ia(1 = Bi(s(1 = p)))) = Cf (s(1 = p) + Aiz(1 = B} (s(1 - p))))

= lim
o1l s(1 — p) E[C}]
1 M @ [ « .
== . — - el . 2.21
rs {<u+pifc8) (u+(1+mw)8> } (6 € Inos) (221)
Applying Levy’s Continuity Theorem completes the proof. O

To obtain the unconditional distribution of the waiting time, we first consider a more
general setting that also covers ‘unconditioning’ for PS and SJF. For this, let a(-)
be a continuous and strictly increasing function on some interval X = [Zpmin, Tmaz],
where we allow Z,,4; to be infinite. Suppose we have a conditional random variable,
denoted T'|x, that is uniformly distributed on the interval [a(x), a(z)+1]. We want to
find the unconditional distribution 7. Here, z is a realization of the random variable
X with support X C RT having distribution function Fx(-) and density fx(-). We
have the following lemma.

Lemma 2.1. Assume that the conditional random variable T|xz is uniformly distri-
buted on [a(x), a(z) + 1], where © € X = [Tmin, Tmaz|- Suppose that a(Tmin) = m,
a(Tmaz) = pi and a(x) is continuous and strictly increasing in x, such that a(-) has
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a~y)f-------

pi 1 L+ pi

Figure 2.1: Boundaries of the uniform distribution.

an inverse denoted by a=*(-). Then, the unconditional distribution of Tz, denoted by
T, has probability density function

Fx(a='(y)) y € [m, pi)
frly) =4 1 y € [pi, 1 +m] (2.22)
1-Fx(a ' (y—1) ye@d+ml+p]

Proof. Note that T'|z has the following probability density function

1 y € (a(z),a(z) +1)

lem(y) - { 0 Otherwise Vz e

Figure 2.1 shows an example of the boundaries of the uniform distribution, by plotting
a(z) and a(x) + 1 with x on the vertical axis. The possible values of T|z then lie
between the two lines. To find f#(y), we need to integrate out x with respect to its
density function. First, take y € (m, p;), in which case the probability density f#(y)
is obtained from the parts where z is smaller than a=!(y). This gives, for y € (m, p;),

a”(y)

faly) = / fx(@) fria(y) dz = Fx(a(1)).

min

If y € (p;,1 + m) then y is between the boundaries of the uniform distribution for
every x € X. Hence, we get

frly) = /“’mw Ix (@) friz(y) dz = 1.

Finally, for y € (1+m, 14+ p;), we can use that the boundaries are described by similar
curves, i.e., x needs to be larger than a=(y — 1), so

et = [ i@l de =1 - PG - D)

Finally, it follows from the properties of a(-) that f7(-) is a density function. This
completes the proof. O
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Remark 2.3. For convenience it is assumed in Lemma 2.1 that the underlying
random variable X has a density. For, e.g., PS it can be of interest to consider
the case that X is a discrete random variable. This is directly related to the pro-
perties of a(+), i.e., that a(-) is continuous and strictly increasing. It is not difficult
to modify Lemma 2.1 to the case of discrete random variables by either redefining
the inverse of a(-) as a=!(y) = sup{z € X : a(x) < y}, or by extending the function
a(-) from the range of X to an interval [Z,,in, Tmaz], such that a(-) is continuous and
strictly increasing.

Note that the density function in (2.22) is continuous, increasing on [m, p;), constant
on [p;, 1+m] and decreasing on (1+m, 1+ p;], which closely resembles the traditional
trapezoidal distribution. In line with [61], we refer to (2.22) as a generalized trapezoidal
distribution consisting of stages of growth, stability, and decay, i.e., the function is
increasing, constant, and decreasing, respectively.

For further references, it is of interest to determine the mean of this generalized
trapezoidal distribution. There are different ways to represent this mean, for in-
stance,

N 14+p; 1 Pi 1
Bl = [ @ de=goi- [ P @) dr= g+ [ e du
m m uceXx
where the second step follows after some rewriting. Substituting y = a(u), the third
step follows after partial integration. In Subsections 2.3.4 and 2.3.5, the mean of the
generalized distribution E[T] is specified for PS and SJF.

We now apply the lemma above to the case i € Irps, in which case a(z) = p;z, with
x € [0,1]. The asymptotic scaled unconditional delay is presented in the following
theorem.

Theorem 2.3 (Unconditional waiting time). For p 11,
(1—p)Wi =4 U C; (i € Iros),
where [71* has a trapezoidal distribution with density function

Y/ pi y €10, pi)
foey) =4 1 y € [pi, 1] (2.23)
(A+pi—y)/pi  ye(L,14p]

and C; has a gamma distribution with parameters o + 1 and p, where o and p are
given in Equation (2.5). The random variables U} and C; are independent.

Proof. Take i € Iros. Then Theorem 2.2 implies that a(x) = p;xz and X = [0, 1].
Note that this function has the desired properties: a(0) = 0, a(l) = p; and a(z)
continuous and strictly increasing in x € X'. The cumulative distribution function of
X is given by Fx(z) = x and the inverse function of a(-) is a=~!(y) = y/p;- The use
of Lemma 2.1 now yields the result. O



2.3. ANALYSIS OF MODELS WITH GATED SERVICE 25

Remark 2.4 (HTAP). Interestingly, Theorem 2.3 shows that the uniform distri-
bution that appears in the heavy-traffic limit for FCFS and LCFS is replaced by a
trapezoidal distribution for ROS. The shape of this distribution can be explained by
the fact that the waiting time of a customer does not only depend on the time that
the customer enters the system, but also on an independent random mechanism that
determines the moment that the customer is served. More specifically, exploiting the
HTAP we let the constant ¢ denote the cycle length again and consider the fluid model
for the conditional waiting time of a customer with mark z. An arriving customer has
to wait for the residual cycle length (1 — U)e, with U uniformly distributed on [0, 1],
and the time required to serve the customers that arrived during the same cycle and
have a mark smaller than z, i.e., p;xc. Clearly, the conditional waiting time in the
fluid model is uniformly distributed on [p;xc, (14 p;)xc|. Since x is an arbitrary order
mark, the unconditional waiting time in the fluid model is (U; 4+ Us)c, with U; and
Us independent uniform distribution on the intervals [0,1] and [0, p;], respectively.
Note that such a convolution gives rise to a trapezoidal distribution as obtained in
Theorem 2.3.

Remark 2.5 (First moments of waiting times). Observe that it follows from Pro-
perty 2.4, Corollary 2.1 and Theorem 2.3 that the first moments of the asymptotic
waiting-time distributions for the FCFS, LCFS and the ROS scheduling disciplines
are the same. This is in line with the observation in [40] that the mean waiting times
for these disciplines coincide for a general value of p < 1. To this end, it is easy to

see that E[W;] = (1+ p;) QE Ié%?]] and that the cycle-time distributions are independent

of the local scheduling policy.

2.3.4 Processor Sharing

When the scheduling discipline is PS, the LST of the conditional sojourn time (denoted
T(s]x)) can also be expressed in terms of the LST of the cycle time. When z is the
amount of work that a tagged customer brings into the system, it holds that (cf. [40]),
for p <1, Re(s) >0, z > 0,

—s2 CT (1 = 0(s, 2))) = O (s + A1 = p(s,2)))
where ¢(s,z) = E [e*mn(B:2)] | the LST of the minimum of B; and 2. The next

theorem gives an expression for the asymptotic distribution of the conditional sojourn
time T;(x).

T; (s|r) = e (i € Ipg), (2.24)

Theorem 2.4 (Conditional sojourn time). For p 11, x > 0,

(1 — p)TZ(x) —d UZ(LL')CZ (Z S Ips), (225)
where U;(x) is uniformly distributed between Ai Elmin(B;, 2)] and 1+ \; E[min(B;, z)]
and C; has a gamma distribution with parameters o+ 1 and p, where o and p are
given in Equation (2.5). The random variables U;(x) and C; are independent.
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Proof. Combining (2.24) with Property 2.1, we obtain, for Re(s) > 0 and = > 0,

Ti(sfe) =l 77 (s(1 = p)o) (2.26)

o\ (emnim) - (o)
rs g+ A Elmin(B;, x)]s w4 (14 A Elmin(B;, x)])s ’

with o + 1 and g as given in (2.5). An application of Levy’s Continuity Theorem
yields the result. O

We now proceed with the unconditional sojourn time. For notational convenience, we
assume here that the service-time distributions are absolutely continuous (see however
Remark 2.3).

Theorem 2.5 (Unconditional sojourn time). For p 11,
(1—p)T; »q U;C; (i € Ipg),

where U} is a type of generalized trapezoidal distribution as characterized in Equation
(2.27) with a(x) = X E[min(B;, x)] and i the lowest possible value of B;. The
random variables U} and C; are independent.

Proof. Take a(z) = A;E[min(B;, )] such that U;(z) is uniformly distributed on
[a(z),a(z)+1], see Theorem 2.4. Clearly, a(Tmin) = NiTmin, ¢(Tmaz) = i E[Bi] = p;
and a(z) is continuous and strictly increasing. Using Lemma 2.1, we obtain the

unconditioned distribution

FBi (a’_l(y)) Yy S [szmznlﬁz)
fory) =1 1 Y € [Pis 1+ Nitmin] (2.27)
liFBi(a’il(yfl)) ye (1+Az$mln;1+[)1]a

where Z,,;, is the minimum value that B; can take. This completes the proof. O

Remark 2.6 (HTAP). Theorem 2.5 shows that the conditional sojourn time in heavy
traffic still is a uniform times a gamma distribution. This can again be intuitively
explained from the HTAP. Now, in a cycle of length ¢, arriving customers have to
wait for the residual cycle length (1 — U)c and their departure is delayed by all
traffic in queue i that arrives during the same cycle and has been served before the
tagged customer leaves. The latter equals \; E[min(B;, #)]c in the fluid model. The
distribution of the unconditional sojourn time not only depends on the first two
moments of the service time, but depends on the complete service-time distribution.
In particular, the curve Fi,(a~'(y)), with y € [AiZmin, fi), can be interpreted as the
fluid model of the cumulative number of departures from queue ¢ from the moment
that the gate opens at queue i. To interpret this, note that in the fluid model a(x)
represents the amount of work served since the gate is open to a customer with service
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requirement x, and a~!(-) can thus be seen as the time to accumulate such an amount
of service. Hence, Fig,(a!(y)) counts the number of customers for which a=1(y) is
sufficient to leave.

Remark 2.7 (Deterministic service times). In most queueing models, high variabi-
lity leads generally to longer waiting times. However, for the polling model under
consideration, note that Theorem 2.4 implies that for deterministic service times, the
waiting time in heavy traffic is also a uniform times a gamma distribution. Here, the
boundaries of the uniform distribution are p; and 1 + p;. We note that this is the
worst possible case for U among all service-time distributions, in the sense that it

has the largest tail P(U;* > x) for all z. This is caused by the fact that all customers
are served simultaneously and, in the end, they all jointly leave.

Below we give some examples of the type of generalized trapezoidal distribution U}
for some specific service-time distributions. Together with the gamma distribution,
representing the cycle time, this fully specifies the scaled sojourn time in heavy traf-
fic.

Exponential service times
Suppose B; is exponentially distributed with parameter b;. Then

E[min(B;, z)] = / ybie %Y dy + ze bi® = bl(l — e b7,
0 i
so a(x) = pi(1 — e~b®). Solve a(x) = y for z to find a=*(y) = In(1 —y/p;)/(—=b:).
Now substituting this in Equation (2.27) it follows after some simplification that
the generalized trapezoidal distribution U} coincides with the density function of U}
for ROS given in (2.23). This means that for the case of exponential service-time
distributions, the sojourn-time distributions for ROS and PS coincide.

Uniform service times
Suppose B; is a uniformly distributed random variable on the interval [a;, b;]. Then

x b;
a(z) = A Efmin(By, z)] = Ay (/ y) (bi — ap) dy + x/ 1/ (b; — as) dy>
= 7_;\i (a7 — 2b;z 4 2%) = P (af — 2bx + 27) .
Q(bL — ai) ‘ bg - &12 !

Now a~1(y) can be found using the quadratic formula:

a”l(y) = <2bi /12— A(a? + /i1 - a?))) /2= b — /(1 —u/p) (B2 — a?),

where the final equality follows from z € [a;, b;].
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Figure 2.2: Probability density function of U} with uniform (left) and Pareto (right)
service times in a PS polling system.

In this case X = [a;, b;], which means that the minimum value for y is a(a;) = \ia;.
On the other side of the boundaries of the conditional uniform distribution, y needs
to be greater than 1+ A\;a;, using this we get

/5. ) (b2 —a2 R R
1- % y e [)\iaiapiz
fUi* (y) = 1 Yy e [ﬁ“ 14+ /\iai]
V(—=(y—1)/ps) (b2 —a2)

Yy e (1 + j\iai,p}- + 1].

bi—ai

Figure 2.2 illustrates the shape of the pdf of U, when the 0231_ of the uniform service-
time distribution is equal to 0.25 and for two different values of p;.

Pareto service times
Assume that the service time has a Pareto distribution with parameters a; and b;, i.e.
we assume that the density of the service time, for = > b;, is

fBi (LU) _ aibfix_(’“ﬂ).

We assume that a; > 2 such that the second moment is finite. In line with [52; 115]
this is sufficient for the HT limit to hold.

Now, we have

a;b;

(1 - b?i_lmlf‘“) + b‘i“:rlai>
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Some basic calculations lead to
a1
a”H(y) = bilai(l —y/pi)) .
Here y needs to be larger than a(b;) = p;(1 — a;l) = Aib;. We have

1 —(a;(1— y/pz)) =i Y€ [;\ibivﬁil
fur (y) = 1 Y € [pis 1+ Aiby]

(@i(l—(y—1)/p) =" ye(d+A\bi,1+p)

Figure 2.2 shows the pdf of U} if the Pareto service-time distribution has a squared
coefficient of variation equal to 4, for two different values of p;.

For the special case in which a; — oo the squared coefficient of variation (SCV) of the
Pareto distribution goes to zero. In that case, it can be seen that U} has a uniform
distribution on the interval [p;, 1 + p;], which is in line with the case of deterministic
service times.

Discrete service times

Using Remark 2.3, Theorem 2.5 still applies by extending the range of a(-) (or mo-
difying the inverse a~!(-)). An interesting example is when the service time has
probability mass at two points. Assume that B; equals a small value a; with proba-
bility p;, or a large value b; with probability 1 — p;. Now, letting « € [a;, b;], we have
E[min(B;, z)] = (1 — pi)z + p;a;, giving a(z) = X\ ((1 — pi)x + pia;). With @ € [a;, by,
we note that a(z) is thus continuous and strictly increasing. Hence, we obtain

Di y € [aii, pi) A
fo:(y) =4 1 Y € [pis 1+ aiAi]
1—2%‘ ye(l—i—ai)\i,l—&-ﬁi].

2.3.5 Shortest-Job-First

For the SJF policy, it is convenient to condition on z, the amount of work that a
tagged customer brings into the system. For SJF, the service-time distribution is
assumed to be absolutely continuous. The following results gives an expression for
the LST of the conditional sojourn time 7} (z) in terms of the cycle-time distributions
(cf. [40]): for p < 1, Re(s) > 0, z > 0,

17 o) e LML= o) (04 01 g(0))

(i S ISJF), (228)

where p(s,z) == E [e_SBiliBi <=}]. This leads to the following theorem for the limiting
distribution of the conditional sojourn time T;(z).
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Theorem 2.6 (Conditional sojourn time). For p 11, x > 0,

(1 — p)T7(.Z’) —d Ul(z)él (Z € [SJF)7
where Uy (x) is a um’form[j\iE[Bil{Bigm}}, 1+ ;\iE[Bil{Bigx}]] random variable and
C; has a gamma distribution with parameters o+ 1 and p, where o and p are given
in Equation (2.5). The random variables U;(x) and C; are independent.

Proof. The result follows directly by combining Equation (2.28) and Property 2.1
along lines similar to those in the proof of Theorem 2.4. O

The unconditional sojourn time is presented in the following theorem.

Theorem 2.7 (Unconditional sojourn time). For p 11,
(lfp)’Ti —d UZ*(L (iEISJF),

where U} is a generalized trapezoidal distribution as characterized in Equation (2.29)
with a(x) = A\ E[Bi1{p,<}] and C; as given in Theorem 2.6. The random variables
U and C; are independent.

Proof. Take a(x) = S\iJE[Bil{BiSI}] such that U;(x) is uniformly distributed on
[a(x),a(x) + 1], see Theorem 2.6. Clearly, a(Zmin) = 0, a(Tmaz) = pi and a(z) is
continuous and strictly increasing. Using Lemma 2.1, we obtain the unconditioned
distribution

Fp,(a™'(y)) y € [0, py)
fur(y) =4 1 y € [pi, 1] (2.29)
1—Fp,(a (y—1)) ye 1,1+ p).

This completes the proof. O

Note that, similar to the PS case, the trapezoidal distribution U; depends on the
complete service-time distribution. Below, we present some special cases.

Exponential service times
Suppose B; is exponentially distributed with parameter b;. First calculate

K2

@ 1
E[Bil(p,<a}] = / ybie "V dy = (1= e (1 + bix)).
0

Hence, a(z) = p;(1 — e~%%(1 + b;x)). To determine a~*(y), we solve a(x) = y for =
and, after some rewriting, obtain the following equation

—e (1 —y/pi) = te', (2.30)
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Figure 2.3: Probability density function of U with exponential service times in a SJF

polling system.

where ¢ = —(1 + b;z). We thus need the solution of (2.30), which is known to be
given in terms of the Lambert W function. Observe that the equation te! may have
multiple solutions, but we need the solutions for real ¢ < —1, denoted by W_1(-).
This function decreases from W_;(—1/e) = —1 to W_1(07) = —oo. From the above
we derive a1 (y) = —(W_1(—e (1 —y/p;)) + 1) /b;.

Since Fp,(z) = 1 — e~%%  the probability density function fu:(y) of the generalized
trapezoidal distribution U;" becomes

1 — eWoi(—e M (1—y/p))+1 y € [0, 5;)

for(y) =< 1 3 y € [pi, 1] (2.31)
eW-1(—e " (1-(y—1)/p:i))+1 y e (1’ 1 _;'_152,].

The form of this distribution only depends on p;, this means that it only depends on
the ratio between the mean interarrival time and the mean service time. In Figure 2.3,
the probability density function is plotted for two different values of p;. The figure
shows that for small p;, the distribution is close to a uniform distribution. When p;
increases, the distribution gets more skewed to the right.

Uniform service times

Suppose B; has a uniform distribution with parameters a; and b;, with a; < b;. We
have

Towu 22 —a? 2?2 — a?
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2 2
This gives a(x) = p; 77— . Some basic calculus yields the inverse of a(-): a~!(y) =

Vy (2 —a?) /pi + a?. Because Fp,(z) = (z — a;)/(bi — a;),

y/(b2—a?)/pi+a?—a; N R

( bi,)ai y € [Niai, pi)
fo;(y) =41 y € [pi, 1 + Aiai]
D (82 -a?)/pitad—a;

bi —a;

1 y€(1+5\iai,1+ﬁi]-

Pareto service times

Suppose B; is Pareto distributed with parameters a; > 2 and b;. Note that a; > 2
ensures that the second moment is finite, such that the HT limit exists (see e.g.
[52; 115]). Tt is easy to show that a(z) = pi(1 — b% '2'=%) and a~'(y) = bi(1 —
y/p:) T . Using that Fi, (z) = 1 — (b;/x)%, x > b; gives

L-(L—y/p)™5  yel0,p)
fus(y) =4 1 B y € [pi, 1]
I=(—-1/p)==  ye(l,1+pi]

2.4 Results for models with globally gated service

In this section we consider the case of a globally gated service. Recall that (without
loss of generality) we assume that the global gate closes at successive polling instants
at Q1 (see for example [40] for a description of the globally gated model). As in
Section 2.3, we analyze LCFS, ROS, PS and SJF in addition to FCFS. Since the
derivations for globally gated are largely similar to the case gated service at all queues,
we only present the final results and omit the proofs.

The following result (proven in [136]) gives an asymptotic expression for the distribu-
tion of the cycle times C;, defined in Section 2.2. Note again that the cycle times do
not depend on the local scheduling policy.

Property 2.5 (Convergence of cycle times for globally gated service discipline). For
the globally-gated system we have: fort=1,...,N, as pT1,

(1-p)Ci —aT,
where T has a gamma distribution with parameters
a=—, = (2.32)

with o2 given by (2.6).
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Following the same line of reasoning as in Section 2.3, we obtain the waiting-time
distributions for all considered scheduling disciplines for globally gated service in
heavy traffic. For convenience, we define P; := 2;21 pj for i = 1,...N and by
convention Py := 0.

Theorem 2.8. For globally gated service and p 1 1, the following properties hold:

(i) Fori € Ipcrs, ILcFs, .
(1—p)W; =4 U;Cy,

where U; is a uniform[P;, 1 + P;_1] random variable if i € Ipcrs and U; is a
uniform random variable on the interval [P;—1,1 4+ P;] if i € Icrs.

(ZZ) Fori € Iros, o

where ﬁi* has a trapezoidal distribution with probability density function

(y —Pi—1)/pi y € [Pi—1,Py)
Jo-(y) =9 1 y e [Pi,Pi_1 +1]
(Pi+1—y)/pi ye P +1,P; +1].

(ZZ’L) FOT‘iEIps,ISJF, -
(1=p)Ti(z) =4 U;(2)Cy,

where U;(x) is a uniform|P; + 5\1-/@-@,1 +P; + 5\2&”] random wvariable, with
Kie = Emin{ By, x}] fori € Ips and k; o = E[Bil{p, <] fori € Isp.

In all cases, C; has a gamma distribution with parameters o+ 1 and p, where o and
u are given in Equation (2.32) and it is independent of the uniform distributions.

In the above theorem we only presented the conditional waiting times for PS and SJF.
Using Lemma 2.1, this results in a generalized trapezoidal times a gamma distribution
for the unconditional waiting time, as in Subsections 2.3.4 and 2.3.5. Finally, also the
intuitive interpretation of the heavy-traffic limit using HTAP is directly in line with
that of Section 2.3.

Remark 2.8 (Renewal arrival processes). For the model under consideration with
Poisson arrivals, Theorems 2.1-2.8 give the asymptotic waiting-time and sojourn-time
distributions for the LCFS, ROS, SJF and PS scheduling disciplines. Following the
well-established line of argumentation found in [51; 52; 114], we conjecture that similar
results hold for renewal arrival processes. In particular, in [114] a strong conjecture is
given that in heavy traffic the same results for the scaled cycle-time and waiting-time
distributions for FCFS hold as those in Properties 2.1 and 2.3, respectively, but where
the parameter o2 is now replaced by

renewal Z )‘ Var + CA [BF) . (233)
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Here A; represents the interarrival times between arriving customers at queue i and
012% is its squared coefficient of variation. Note for the special case of Poisson arrivals,
the expression for Ufenewal coincides with ¢2. Based on the HTAP, we derive the
following conjecture for renewal arrivals.

Conjecture 2.1. For independent renewal arrival processes, Theorems 2.1-2.8 are
also valid when o2 defined in (2.6) is replaced by o> defined in (2.33).

renewal

In the next section, we use this conjecture to derive and validate approximations for
the waiting-time and sojourn-time distributions for renewal arrivals.

2.5 Closed-form approximations for systems with arbitrary
load

In Sections 2.3 and 2.4, we have derived heavy-traffic limits for the (scaled) waiting-
time and sojourn-time distributions under several scheduling disciplines. These results
not only give valuable insights into polling models operating under a critical load, but
are also useful in the study of polling models that are arbitrary loaded (i.e. p < 1).
Below, we describe how the results derived in this chapter can be used to obtain
closed-form approximations for the waiting-time and sojourn-time distributions in
polling models with renewal arrivals and arbitrary load.

For systems with FCFS service at all queues, Boon et al. [31] derive a closed-form
approximation, denoted by E[Wi(ap P )], for the mean waiting time by interpolating
between known light-traffic and heavy-traffic limits. Based on this approximation,
Dorsman et al. [62] propose to approximate the complete waiting-time distribution
by, for x > 0,

]P}(Wl < x) =~ IP’(UZCl < (]. - p)x) (Z € Ipcps), (234)

where U; is uniformly [p;, 1] distributed (as defined in Property 2.1) and where C; is
gamma-distributed with shape parameter a 4+ 1 and scale parameter

(app) ._ 1+ ﬁi rd + Ogenewal
YT 1-pag2 R P)2]

renewal %

(2.35)

where «, § and 02, ., are defined in Property 2.1 and (2.33).

To develop an approximation for the other scheduling disciplines under consideration,
recall that the cycle-time distribution is insensitive to the scheduling discipline. Based
on this observation, for ¢ € I cpg, we approximate the waiting-time distribution by
(2.34), where the distribution of C; is kept the same, but with U; uniformly distributed
on [0,1+ p;] (cf. Theorem 2.1). Likewise, for ¢ € Iros, the waiting-time distribution
can be approximated by (2.34) with U; replaced by a trapezoidal distribution defined
in Theorem 2.3. Approximations for the sojourn-time distributions can be obtained
by using (2.4). For PS and SJF, approximations can be obtained directly for the
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Figure 2.4: Simulated and approximated sojourn-time distributions at queue 1 for
the gated model with p = 0.95 for FCFS, LCFS and PS.

sojourn-time distributions, using Theorems 2.5 and 2.7, respectively. For the case of
globally gated service, waiting-time distributions are approximated in a similar way
using the results in Section 2.4; details are omitted here.

Throughout this section we will show numerical results based on simulations to il-
lustrate the usefulness and accuracy of the closed-form approximations. We consider
a three-queue polling model with gated service at each queue and with the follo-
wing parameters. The service times at queues 1, 2 and 3 are uniformly distributed
with means 1, 2, 3, respectively, and with squared coefficient of variation 1/4. The
switch-over time distributions are exponentially distributed with means r; = r, =1
and r3 = 3. The arrival processes at each of the queues are renewal and mutually
independent. The ratios between the arrival rates are 1:3:2, and interarrival-time dis-
tributions are uniformly distributed with squared coefficient of variation 1/4. Note
that the system is rather asymmetric and the ratios between the per-queue load values
are 1:6:6.

To illustrate the fact that the approximation of the distribution is accurate in heavy
traffic, Figure 2.4 plots the simulated and approximated density functions of the
sojourn-time distributions at @ for FCFS, LCFS and PS service (at all queues) for
a heavily loaded system with p = 0.95. As expected, the approximations closely
follow the simulations. Figure 2.4 also illustrates that the differences between the
different scheduling disciplines are significant and are well-captured by the asymptotic
results.

To proceed, Figure 2.5 shows the simulated and approximated probability density
functions for the per-queue sojourn-time distributions for the model with LCFS ser-
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Figure 2.5: Simulated and approximated per-queue sojourn-time distributions for the
gated model with p = 0.95 and LCFS service.
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Figure 2.6: Simulated and approximated per-queue sojourn-time distributions for the
globally-gated model with p = 0.95 and LCFS service.

vice at each queue, for a heavily loaded system with p = 0.95. Figure 2.6 shows the
results for the same model but with globally-gated service. The results in Figures 2.5
and 2.6 illustrate the fact that the per-queue sojourn-time distributions are well-
captured by the approximations for heavy-traffic scenarios (as they should).

Next, we assess the accuracy of the approximations for the complete range of load
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values. To this end, Table 2.2 shows the simulated and approximated values of the
mean sojourn times at ()1 and their relative absolute difference defined as
App — Si
A% — 100% x [ApP — Sim]
Sim
for different values of p and for all the scheduling disciplines considered in this chapter.
Recall that the mean sojourn-times are the same for FCFS, LCFS and ROS service,
but may differ for PS and SJF service. Table 2.3 shows the results for the standard
deviations of the sojourn times at ();. In Table 2.2 we see that the approximation of

FCFS/LCFS/ROS PS SJF

p Sim App A% Sim App A% Sim App A%
0.10 | 4.92E00 4.97E00 1.1 | 4.92E00 4.99E00 1.3 | 4.92E00 4.97E00 0.9
0.30 | 5.75E00 6.02E00 4.7 | 5.75E00 6.07TE00 5.6 | 5.75E00 5.99E00 4.2
0.50 | 7.29E00 7.87TE00 7.9 | 7.30E00 7.98E00 9.2 | 7.28E00 7.80E00 7.1
0.70 | 1.13E01 1.21E01 6.9 | 1.14E01 1.23E01 8.0 | 1.13E01 1.19E01 6.1
0.80 | 1.65E01 1.74E01 5.0 | 1.68E01 1.78E01 5.8 | 1.64E01 1.71E01 4.4
0.90 | 3.22E01 3.31E01 2.6 | 3.24E01 3.40E01 5.0 | 3.18E01 3.25E01 2.2
0.95 | 6.37TE01 6.45E01 1.3 | 6.53E01 6.63E01 1.5 | 6.26E01 6.33E01 1.1
0.98 | 1.58E02 1.59E02 0.4 | 1.62E02 1.63E02 0.6 | 1.55E02 1.56E02 0.5

Table 2.2: Mean sojourn times for different scheduling disciplines.

the mean sojourn time is most accurate for lightly and heavily loaded systems. This
is due to the fact that, by construction, the approximations are asymptotically exact
in the limiting cases of p | 0 and p T 1. For moderately loaded systems, the error is
highest, but it still is no more than a few percent. Table 2.3 shows that the results
for the standard deviations are accurate for heavily loaded systems, but may become
less accurate for low-to-medium loaded systems. This is probably caused by the fact
that the approximation for the second (and higher) moments of the sojourn times in
(2.34)-(2.35) is asymptotically exact for p 1 1, but not for p | 0 (as opposed to the
first moments, which are asymptotically exact for p | 0 by construction).

FCFS ROS SJF
p Sim App A% Sim App A% Sim App A%
0.1 | 3.44E00 2.63E00 23.4 | 3.44E00 2.78E00 19.1 | 3.44E00 2.81E00 18.1
0.3 | 3.93E00 3.30E00 15.9 | 3.93E00 3.49E00 11.2 | 3.93E00 3.52E00 10.5
0.5 | 4.89E00 4.49E00 8.1 | 4.94E00 4.75E00 3.8 | 4.93E00 4.77E00 3.1
0.7 | 749E00 7.24E00 3.4 | 7.71E00 7.66E00 0.6 | 7.68E00 7.65E00 0.3
0.8 | 1.08E01 1.07E01 1.8 | 1.13E01 1.13E01 0.1 | 1.12E01 1.13E01 0.3
0.9 | 2.11E01 2.09E01 0.9 | 2.21E01 2.21E01 0.1 | 2.19E01 2.19E01 0.0

0.95 | 4.14E01 4.13E01 0.3 | 4.37E01 4.37TE01 0.1 | 4.34E01 4.35E01 0.1

0.98 | 1.03E02 1.03E02 0.3 | 1.09E02 1.09E02 0.0 | 1.08E02 1.08E02 0.3

Table 2.3: Standard deviations of the sojourn times for FCFS, ROS and SJF.
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In summary, the numerical results (1) illustrate the validity of the asymptotic results,
and (2) demonstrate that the sojourn-time approximations nicely capture the impact
of the local scheduling policies on the sojourn-time distributions and are accurate over
the whole range of load values.

2.6 Concluding remarks

In this chapter, we have studied the impact of scheduling within queues on the waiting-
time and sojourn-time distributions in polling systems. We have presented the first
HT analysis of polling models where the local scheduling policy is not FCFS, but
instead, is varied as LCFS, ROS, PS and SJF. The main contribution is the deri-
vation of asymptotic closed-form expressions for the LST of the scaled waiting-time
and sojourn-time distributions under HT conditions. The results raise a number of
remarks and challenging open questions for further research, on which we would like
to elaborate in the current section.

In this chapter we have assumed that all the queues in the polling system follow the
(globally) gated service discipline. However, this assumption can easily be relaxed;
that is, we only have to assume that the specific queue for which we derive the waiting-
time distribution is served according to the gated service discipline (see, also, [40]).
For all the other queues, we only have to postulate that the service discipline belongs
to the broad class of local branching-type disciplines [121], which includes gated and
exhaustive service as special cases.

Furthermore, as [40] argues, the analysis of exhaustive polling systems is more com-
plicated because the waiting times of the customers who are served during a visit are
affected by later arrivals which take place during that visit period (which is obviously
not the case for gated systems). Extension of the results to a broader class of service
disciplines is a challenging topic for further research. In Chapter 3 we will extend the
results to the exhaustive service discipline.

Finally, an interesting question is a generic optimization of the system’s performance
with respect to the choice of the local scheduling disciplines. With respect to mean
sojourn times, it follows from [153] that SJF is optimal. For non-anticipating sche-
duling disciplines, the results in [1] suggest that the optimal discipline for minimizing
mean sojourn times belongs to the family of multilevel PS disciplines. Optimization
results beyond the mean, e.g. in terms of tails of sojourn times, is still open. In
this context, it is worthwhile to note that the sojourn-time distribution at a given
queue does not depend on the choice of the local scheduling discipline at any other
queue. This implies that the sojourn-time distribution at a queue only depends on the
choice of the local service order at that same queue. Therefore, the results presented
in this chapter provide a good starting point for tackling this type of optimization
problem.



Chapter 3

Exhaustive polling systems with non-FCF'S service

3.1 Introduction

In the previous chapter, we derived HT limits of the waiting-time distributions in
cyclic polling models (described in Chapter 1) with gated and globally-gated service
for the LCFS, ROS, PS and SJF local service orders. In the current chapter, we
extend the results to the case of exhaustive service at each of the queues, which
is fundamentally more complicated than the gated and globally-gated case (as also
stated in [40]). The additional complexity of the exhaustive-service model compared
to the (globally-)gated model is that customers that arrive during a visit of the server
at a queue may intervene with the customers that were present at the beginning of
that visit period.

In this chapter, we study Poisson-driven cyclic polling models with general service-
time and switch-over time distributions, and with exhaustive service at all queues
(see Section 3.11 for a relaxation of that assumption). For this model, we consi-
der the following seven scheduling policies that determine the local order in which
the customers at a given queue are served: FCFS (which is used as a benchmark),
LCFS (with and without preemption), ROS, PS, the multi-class priority scheduling
(with and without preemption), SJF and SRPT. For these models, we derive new,
exact expressions for the waiting-time distributions in terms of the intervisit time
distributions for stable systems. Subsequently, we use these expressions to derive the
asymptotic waiting-time distributions for each of the local order policies under HT
assumptions (i.e., when the load approaches 1). We show that in all cases the asymp-
totic waiting-time distribution at queue ¢ can be expressed as the product of two
independent random variables I' and ©;, where I' is gamma-distributed with known
parameters that are independent of the scheduling policy. Moreover, we derive the
distribution of the random variable ©;, which expresses the impact of the local service
order on the asymptotic waiting-time distribution. The results are exact and give a
full characterization of the limiting behavior of the system, and as such provide new
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fundamental insight in the influence of the local scheduling policy on the waiting-time
performance of polling models. As a by-product, the HT limits suggest simple closed-
form approximations for the complete waiting-time distributions for stable systems
with arbitrary load values strictly less than 1. The accuracy of the approximations is
evaluated by several numerical examples.

The remainder of the chapter is organized as follows. In Section 3.2, the model is des-
cribed and the notation is introduced. In Section 3.3, we present preliminary results,
including the HT asymptotics for FCFS that serve as a benchmark. The waiting-time
distributions and HT asymptotics for LCFS, ROS, PS, multi-class priority queues,
and SJF and SRPT are derived in Sections 3.4-3.8, respectively. The results are sum-
marized in Section 3.9. Furthermore, Section 3.10 proposes a simple approximation
for the waiting-time distributions and present numerical results to evaluate the accu-
racy of the approximations. Finally, Section 3.11 contains a number of concluding
remarks and addresses several topics for further research.

3.2 Model description

In this section we introduce the notation and give a description of the model. Recall
that useful notation with respect to a one-dimensional absolutely-continuous random
variable X is presented in Table 2.1.

The model is as follows. We consider a system of N > 2 infinite-buffer queues,
Q1,...,Qn, and a single server that visits and serves the queues in cyclic order. At
each queue, the service discipline is exhaustive; that is, the server proceeds to the next
queue when the queue is empty. Customers arrive at (); according to a Poisson process
{Ni(t), t € R} with rate \;. These customers are referred to as type-i customers. The
total arrival rate is denoted by A = Zf;l Ai. The service time of a type-i customer is
a random variable B;. The kth moment of the service time of an arbitrary customer
is denoted by E[B¥] = SN M E[BF/A, k = 1,2,.... The load offered to Q; is
pi = A\ E[B;] and the total load offered to the system is equal to p = vazl pi- A
necessary and sufficient condition for stability of the system is p < 1. The switch-over
time required by the server to proceed from Q); to Q;11 is a random variable S;. We
let § = Zi\; S; denote the total switch-over time in a cycle. The random variable
C; describes the cycle time of the server, defined as the time between two successive
departures of the server from @;. The mean cycle time is known to be the same for all
queues, and is given by E[C;] = E[C] = E[S]/(1 — p). Denote by V; the visit time at
Q;, defined as the time elapsed between a polling instant at @Q; (i.e., the moment the
server arrives at the queue) and the server’s successive departure from @);. Denote by
I; the intervisit time of @Q;, defined as the time elapsed between a departure of the
server from @; and the successive polling instant at @);. Note that C; = I; + V;, for
i=1,...,N.
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The local service order policy of a queue determines the order in which the custo-
mers are served during a visit period of the server at that queue. We only consider
work-conserving policies. We denote i € Ip if @); receives scheduling policy P €
{FCFS, LCFS, LCFS-PR, ROS, PS, NPRIOR, NPRIOR-PR, SJF, SRPT}; for ex-
ample, Ircrg is the (index) set of queues that are served on a FCFS basis. We refer
to Table 1.1 for a short explanation of the policies

In this chapter we mainly focus on HT limits, i.e., the limiting behavior as p approa-
ches 1, see also Chapter 2. Recall that for each variable x that is a function of p, we
denote its value evaluated at p =1 by z.

Let T; denote the sojourn time of an arbitrary customer at @);, defined as the time
between the moment of arrival of a customer and the moment at which the customer
departs from the system. The waiting time W; of an arbitrary customer at @Q; is
defined as the sojourn time minus the service requirement. When p 1 1, all queues
become unstable, therefore the focus lies on the limiting distribution for p T 1 of
the random variables W; := (1 — p)W; and T; := (1 — p)Tj, referred to as the scaled
waiting times and sojourn times at @Q);, respectively. We denote by T'(a, 1) a gamma-
distributed random variable with shape and rate parameters o and pu, respectively.
Moreover, we denote by Ula,b], with a < b, a random variable that is uniformly
distributed over the interval [a, b]. For later reference, recall from (2.3) that the LST
of the random variable Ula, b]T'(a+1, i), where Ula, b] and T'(a+1, i) are independent,
is given by, for, Re(s) > 0,

E [eiSU[aﬁb]F(aHM} - as(bu— a) { <,u —tsa)a B <ufsb)a} ' (3.1)

In Sections 3.3 to 3.8 we derive expressions for the LSTs of the waiting-time distri-
butions for the scheduling disciplines shown in Table 1.1.

3.3 Preliminaries and method outline

In this section we formulate a number of known preliminary results that serve as
a reference for the remaining sections. In Section 3.1 we give expressions for the
asymptotic distributions of the cycle and intervisit times under HT assumptions. In
Section 3.2 we use these results to give an expression for the LST of the waiting-time
distribution for the case of FCFS service. We refer to [132] for rigorous proofs of these
results.

3.3.1 Cycle and intervisit times

To start, let us consider the distribution of the cycle time C;. Recall that C; is
defined as the time between two successive departures of the server from @Q;. A simple
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but important observation is that the distribution of C; does not depend on the local
scheduling policy, provided that the policy is work-conserving. This means that we can
use the results for the cycle times and also for the intervisit times throughout the rest
of this chapter. The following result gives a characterization of the limiting behavior of
the scaled cycle-time distributions, stating that the (scaled) cycle times C; := (1—p)C;
converge to a gamma distribution with known parameters in HT.

Property 3.1 (Convergence of cycle times). Fori=1,...,N, asp 11,

C; —qT, (3.2)

where T has a gamma distribution with parameters

E[S]o )

=2 =5 (3.3)

with N

E[B?]
2 . R

o= , and 0:=) pi(1—p;). (3.4)

E[B] ;

Note that the distribution of the cycle time C; is related to the intervisit time I; in
the following way (see e.g. [28]):

E[L;] = (1 — p;) E[C;], and E[e_(s'““'(I_E[eﬂgi]))“} = E[e‘sci‘]. (3.5)

Here &; is the busy period of a regular M/G/1 queue with arrival rate \; and service
time B;. The (scaled) intervisit times I; := (1 — p)I; converge (in distribution) to a
gamma distribution with known parameters as stated in the property below.

Property 3.2 (Convergence of intervisit times). Fori=1,...,N, aspT1,

where T'; has a gamma distribution with parameters
E[S]é é
= i = — 3.7
0_2 ) l’[’ (1 _ ,51)02 ( )

where § and o are given in Equation (3.4).

In this chapter, we repeatedly use Properties 3.1 and 3.2 to derive expressions for
the asymptotic scaled waiting-time distributions associated with each of the service
disciplines considered herein. For each policy we use a two-step approach:

(a) we derive an expression for the LST of the limiting distribution of the waiting
times in terms of the cycle- and/or intervisit-time distribution;

(b) we combine this expression with Property 3.1 or 3.2 to obtain an expression for
the LST of the waiting-time distribution in HT and interpret the resulting LST.

To conclude, we add a remark with intuition for the distribution using the Heavy
Traffic Averaging Principle (HTAP).
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3.3.2 First-Come-First-Served

Here we illustrate the two-step approach described above for FCF'S service. Regarding
the first step, the following result gives an expression for the LST of the waiting time
W; in terms of the distribution of the intervisit time I; (cf. [125]):

Property 3.3 (Waiting times in terms of intervisit times). For Re(s) >0 and p < 1,

(L-p)s  1—I:(s)

Wi(s) = s—Xi(1—B(s)) sE[]]

(i S IFCFS)~ (3.8)

Next, as step (b), combining Properties 3.2 and 3.3, the expression for E[C}], and
taking limits we obtain: For Re(s) > 0 and i € IrcFs,

W2 = WE (- 0) = g {1 (22) | 69

Using (3.1), this leads to the following characterization of the limiting behavior of the
scaled waiting-time distribution derived in [136]:

Property 3.4 (Convergence of the waiting times). For p 11,
W; »q ULy (i € Ircrs), (3.10)

where U; is a uniformly distributed random wvariable on [0,1], and I, has a gamma
distribution with parameters a+1 and p;, where o and p; are given in Equation (3.7).

Note that I; is the length-biased counterpart of I, a gamma distributed random
variable with parameters a and y; as in Equation (3.7). It is well known that if a
gamma random variable has parameters o and p;, then its length-biased version has
parameters « + 1 and p;.

Remark 3.1 (Intuition by the Heavy Traffic Averaging Principle). Property 3.4
states that the limiting behavior of W; is of the form Upcpsl’, where Upcrg is
uniformly distributed on the interval [0,1]. An intuitive explanation for this follows
from the Heavy Traffic Averaging Principle (HTAP) combined with a fluid model
([51; 52; 113]). Loosely speaking, the HTAP principle states that the work in each
queue is emptied and refilled at a rate that is much faster than the rate at which the
total workload is changing. This implies that the total workload can be considered
as a constant during the course of a cycle, while the loads of the individual queues
fluctuate like a fluid model.

Figure 3.1 gives a graphical representation of the fluid model. On the horizontal axis,
the course of a cycle with fixed length ¢ is plotted. The cycle is divided in two parts,
the intervisit time I; with length (1 — p;)c and the visit time V; with length p;c. On
the vertical axis the workload in @; is plotted. The cycle starts at the completion of
a visit to @;. Throughout the cycle, work arrives with intensity 1 and a fraction p;
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pi — 1
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Figure 3.1: Fluid limits in heavy traffic; the amount of fluid in @Q); is plotted over the
course of a cycle.

is directed to @;. During the visit time V; work flows out of @); with rate 1 until the
queue is empty. We refer to [28, p. 34-39] for an intuitive explanation based on this
picture.

Here, we opt for a more direct analysis of the fluid model. Let the uniform random
variable U on [0,1] denote the fraction of the cycle ¢ that has elapsed at the arrival
epoch of this particle. The particle has to wait for the remaining length of the cycle
(1 = U)c except for the amount of work that arrives at @); during the cycle after the
arrival of the particle. As work to @, arrives at rate p;, the latter equals p;(1 — U)ec.
Hence, the waiting time equals (1 — U)c — p;(1 — U)e = (1 = U)(1 — p;)c. Using the
fact that U0, 1] is in distribution equal to 1 — U[0,1] and I; = (1 — p;)c, we conclude
that W; is uniformly distributed on [0, 1]7;. This interpretation gives much insight in
the heavy-traffic asymptotics.

3.4 Last-Come-First-Served

In this section we consider the LCFS service discipline. In Subsection 3.4.1 we derive
the results for LCFS without preemption and in Subsection 3.4.2 we look at queues
with LCFS preemptive resume (LCFS-PR) service. In both subsections, we first
provide a derivation of the LST of W; for all p < 1, giving insight in the terms
contributing to the delay. Then we study the behavior of W; in the HT regime. Since
we are interested in deriving the waiting-time distributions of customers that arrive
in steady state, it is convenient to define stationary versions of the arrival processes
on the entire real line. Hence, each arrival process N; consists of points {7}y, }nez,
where T; o < 0 < T; ;. Associated with each point is the busy period &; , generated
by the arriving customer. The points (T ,,, ;) define a marked Poisson process on
R2.
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3.4.1 Non-Preemptive LCFS

Now we derive the LST of the waiting time of a tagged customer T that arrives at
queue i in steady state. Without loss of generality, we assume that 7" arrives at time
zero. We have to distinguish between the case where T' arrives during an intervisit
time, and the case where T arrives during a visit time.

Case I: the tagged customer arrives during an intervisit time

In this case, T has to wait for the server to start serving queue i; this is a residual
intervisit time. In addition, T has to wait for all customers that arrived after him
during the residual intervisit time and for the busy periods they generate. We have,
fori € Ircrs,

W; (given T arrives during intervisit time) = I7¢* + Z ik (3.11)
T; x€(0,17¢%)

Conditioning on I7** and the number of arrivals during I7¢® (as in [40]), we have for
Re(s) > 0,

E[efswi

arrival during intervisit time]

oo = A\it)"
= / e st § ef)‘itg E[e™ %" dP(I7** < t) (3.12)
t=0 "0 n.

_ /OO 6*t(5+>\i(1*E[€_S€i])) d]PJ(I[eS < t)
t=0

1_ E[e—(sﬂi(1—E[e*55i])h)]
G+ M1 —Ele <)) ELL]
1 _ E[efsc'i]

T GrNA—EeE)EC](1— ) (i € Icrs), (3.13)

where for the final step we use Equation (3.5).

Case II: the tagged customer arrives during a visit time

Note that T now arrives during the service of another customer. Hence, he has to
wait for a residual service duration. In addition, he has to wait for the duration of the
busy periods generated by the customers that arrived during the residual service time,
as they are served before the tagged customer. Hence, we have for ¢ € I cpg,

Wi (given arrival during visit time) = B]“® + Z ik (3.14)
Ti,,€(0,B7°%)
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Using the similarity between (3.11) and (3.14), we immediately see that, for i €
Icrs,

1— E[e*(ﬁ’\i<1*E[E_S§i])3i)]
(s +Ai(1 = Ele~4])) E[B;]
B 1 — E[e%%)

(s + M1 —Ele=%%]))E[B;]’

E[efswi

arrival during visit time] =

where the second equality follows from the well known functional equation satisfied
by the LST of the busy period of an M/G/1 queue (see e.g., [129, p. 354]). Note that
the probability that an arrival occurs during a visit time is equal to p;. This leads to
the following proposition.

Proposition 3.1. For p <1, Re(s) >0,

* o 1- E[eiséi]
W) = P 1~ Ble %) ELB]
1— E[e_sci] )
=) (s + M(1— E[e—&]) E[C](1 — p) (i€ lrors). (3.19)

Note that the first term appears in the LST of the waiting time in an M/G/1 queue
with LCFS service order (see e.g., [129, p. 357]). Also note that Equation (3.15) was
found in [122], where intervisit periods are replaced with rest periods.

The following result gives an expression for the asymptotic waiting-time distribution
for LCFS service in heavy traffic.

Theorem 3.1. Forp 11,

0 w.p. pP;

Uzéz w.p. 1-— pAZ (Z < ILCFS)7

Wi —>d{

where U; is a uniformly distributed random variable on the interval [0,1] and C; has a
gamma distribution with parameters a+1 and p, where o and p are given in Equation
(3.3).

Proof. Combining Proposition 3.1 with Property 3.1 gives the following expressions
for the LST of the (scaled) waiting-time distribution. For ¢ € Ircpg, Re(s) > 0,

Wi () = lim W7 (s(1 = )

oy ( | 1— E[e—s(l—ﬂ)fi]
~ ot (= p) + N(1 - E[e*(-9&]) E[B]
- 1 — E[e=s(1=n)C4]
0P e g R
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Let us first consider the first term on the right-hand side of the final equation:

T 1— E[e—S(l—p)&]
o1t P (s(1— p) + (1 — Ele—*0-&])) E[B,]
iy (=Bl /(- p)

o1 PUSEB + pi(1— Ele—0—A&]) /(1 - p))
E[&]s
"E[Bi]s + p; E[&]s

>

I
S)

In the second equality, we use ’'Hopital’s rule on both the numerator and the deno-
minator, and the fact that the derivative of E[e™*(1=P)%] at s(1 — p) = 0 is equal to
—E[&;]. For the third equality we apply the well-known result E[§;] = E[B;]/(1 — p;).

Now consider the second term on the right-hand side of (3.16):

1— E[e_s(l_p)ci]

P PECIT — )G = p) + M1 = Ele 07 ]))
= lim(1 — p;) - (“is)
o T PEIST — o5 A1 - Ele 0 AE]) /T~ p)

L @
- (%)

=(1- pAl)E[S](l —pi)s(1+ N E[E)

)

Combining the above gives

Wi(s) = pi + (1— ﬁi)E[g]S {1 - (u’isyl} (i€ Tuors),  (3.18)

where a and p are given in (3.3). Note that (3.18) corresponds to the LST of a
random variable that is equal to 0 with probability p; and to a uniform random
variable on [0, 1] times a gamma distribution with probability 1 — p;. This completes
the proof. O

Remark 3.2 (HTAP). The mixed distribution can be intuitively explained with the
HTAP and a fluid model, see Figure 3.1. With probability p; a particle arrives during
V;. In this case the scaled waiting time is negligible in HT, since the residual service
time and the busy periods generated by customers arriving during this time, do not
scale with p. With probability (1 — p;) a particle arrives during I;. Let the uniform
random variable U; denote the fraction of I; that has elapsed at the arrival epoch
of this particle. This arriving particle has to wait for the remaining intervisit time
(1 =Up)I;, in addition it has to wait for the busy periods generated by particles that
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arrived during that time for duration p;(1 — Uy)I; /(1 — p;), the amount of work built
up during the remaining intervisit time divided by the rate at which the queue is
emptied. Adding the two terms and noting that (1 — U;) is in distribution equal to
U we get for the scaled waiting time of a particle arriving during an intervisit time:
Wi(I) =Url;/(1 — p;) = Urc. Now we can use the HTAP and the results from [132]
to find the distribution of ¢ and arrive at the result given in Theorem 3.1.

3.4.2 LCFS with Preemptive Resume

The analysis of LCFS-PR service is largely similar to the non-preemptive LCFS case.
When an arrival occurs during an intervisit time, the waiting time of the customer
consists of the busy periods generated by the customers arriving during the service of
the tagged customer, the residual intervisit time and the busy periods generated by
the customers arriving during the residual intervisit time. This gives for Case I (see
Section 41) For i € Incrs.-pr,

W; (given T arrives during intervisit time) = (3.19)

oG+ I+ Y G

Ti,k€(0,B;) T,k €(0,17°%)

When the arrival occurs during a visit period, the waiting time of 7T consists of
the busy period generated by customers arriving during the service of the tagged
customer. We have in Case II: For i € Ir.crs.-pr,

W, (given T arrives during visit time) = Z ik (3.20)
T;,,€(0,B;)

Due to the preemptive nature of the discipline, the first term of (3.19) is equal to
(3.20), the waiting time in Case II, so we calculate the LST of the waiting time of
Case II first. Conditioning on the service time and the number of arrivals therein
yields: For i € Icrs.-pr,

E [e—sW

] =E {eis(zﬂ,ke(o,si) §i):|

/ *AtA” Ele™*%]" dP(B; < t)
t=0 ,—¢

:/ e tAE[ D) (B, < 1)
t=0
= B} (\:(1 —E [e7*%]))).

The last two terms of (3.19) are equal to the waiting time of non-preemptive LCFS
given in (3.11). We use the corresponding LST given in (3.13) to arrive at (3.21): For
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1 € IrcFrs-pPR, Re(s) > 0,

E [e*SWi

T arrives during intervisit time] =

1 — Ele=*%)
(s +X(1 = E[e=&]) E[C](1 — pi)
Combining the two cases leads to the following expression for the LST of the waiting
time at (); in terms of the cycle time.

Bf (X\i(1—E [e™*%]))

(3.21)

Proposition 3.2. For p< 1,1 € I crs-pr, Re(s) >0,
Wi (s) = B (Ai(1 — E[e™*])) (3.22)

l 1 — Ele™5%) >
ST Bl )BT )

x <P1+(1Pi)(

The next result gives the HT limit of the distribution of W;.
Theorem 3.2. Forp 11,

= { 0 w.p. p;

) - € 1 _
Wi —a UG wp. 11— py (i € ILcrs-PR);

where U; is a uniformly distributed random variable on the interval [0, 1] and C, has a
gamma distribution with parameters a+1 and p, where o and v are given in Equation
(3.3).

Proof. Using (3.17) and the fact that for Re(s) > 0 it holds that lim,+ B} (A;(1 —
E[e=%¢%])) = 1, we immediately see that the LST of W; in HT is given by

W7 () = lim W7 (s(1 = )

:pi+(1fﬁi)E[}g] {1( = >a} (i € Ircrs-PR); (3.23)

V2]

with a and p given in (3.3). O

Note that the HT scaled waiting-time distribution (3.23) for ¢ € IL.crs.pr is equal to
the HT scaled waiting-time distribution (3.18) for ¢ € I,crg. This holds because the
busy periods generated by customers arriving during service of the tagged customer
do not scale with p.

3.5 Random Order of Service

In this section we first derive the LST of the scaled waiting-time distribution for ROS
in terms of the intervisit times. Then we use this result to obtain the waiting-time
distribution in heavy traffic.
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Proposition 3.3. For p <1, i € Igos, Re(s) >0,

Wi(s) =

1= pi ' 1_Ii*(>‘i_)‘i$) *(N(1—2)) — B (s i(1—x z,s
SEM]<L%HQBNM—AM)—m@%QAl )) = Bi (s + Ai(1 = 2))) dK(w,5)

1
+/ (HQMwa—ﬁ@+MO—@DdK@ﬁ0,

=& (s)
with £ (s) = Bf (s+Xi(1=£(s))), the LST of a busy period at queue i with a dedicated

server, and
! 1
K(x,s) :=exp (—/ " dy) . 3.24

Proof. The derivation proceeds along the lines of Kingman [95]. Define the waiting
time of a tagged customer T as w = u + v. Here u is the time between the arrival
instant of 7" and the time the server begins working on a new type i customer, and
v is the time from that moment until 7" is taken into service. A customer may arrive
during an intervisit period of @;, in which case u = I7°°, or during a visit period,
yielding v = B]*°.

For v we first consider the transform of the number of customers at moments when
the server is able to take a customer from queue ¢ into service, denoted as Q(z, X),
with X € {B;,L;}. From Kawasaki et al. [91] we have for an arrival during a visit
period:

(1 — pi)(l — IZ*()\Z — /\iz))e_ki(l_z)Bi

If the customer arrives during an intervisit period we have, for |z| < 1,4 € ITros,

Q<Za Iz) = 6_)‘77(1_2)11' )

Q(z,B;) =

Kingman [95] (Theorem 2) provides the LST of v given the number of customers
present. Combining this theorem with the equations above, we obtain the LST of
v for an arrival during a visit period while a customer of size B; is in service: For
Re(s) > 0,1 € Iros,

E[e™*"|B; and arrival during visit period] =

/1 (1= p)0 — I O = Na)e MR
HO) N E[L](Bf (N = Niw) — )

x, ).

Similarly, we have for a customer arriving during an intervisit period of length I;: For
Re(s) > 0, i € Iros,
1
E[e™*"|I; and arrival during intervisit period] = / e MU= qK (2, ).
& (s)
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Note that given B; or I;, u and v are independent. For an arrival during a visit while
a customer of size B; is in service, we obtain: For Re(s) > 0, i € Iros,

Ele~"|B:] = E[e %"

Bz] E[e‘sv |Bz]

1— —sB; 1 1—0:)(1 =1 ). - (1—2)B;
_ € / ( pi)( i (*)‘z A\iz))e dK (z, 5)
sB; £x(s) i E[IZ](BZ ()\i — )\ix) — x)
o 1 (). ). —Ai(1—2)B; _ —(s+X;(1—2))B;
_ 1—p; / 1—=I(A\ —Nz) e e K (z, 5).
S)\i ]E[IZ] Ei*(s) B:‘()\z — )\ZLL') — X Bz
Now, using the fact that E [e"?Bi/B;| = g{éﬁ] (see [95]), we have for Re(s) > 0,
i € Iros,
E[E[e™"|Bi]] =
— 1 — I (N — N\ (N (1 — — B (1 —
1—p; / 1 =TI\ — Niz) Bf(M(1—2)) — Bf (s + A\i(1 —x)) K (z, 5).
S)\l E[Il] £r(s) B:()\z — /\Z.’L‘) — X E[Bl]

Again it holds that a customer arrives with probability p; during a visit period. Hence,
Wr(s) = p; E[E[e *"|B;]] + (1 — p;) E[E[e*"|L;]]. Using similar arguments for the
final term in addition to some rewriting, we obtain the result. O

Next, we turn to the heavy-traffic limit. Before we state our result, we define Y as a
random variable with pdf and cdf
2
(1—y)ri
(L=pi)
The r.v. Y is to be interpreted as the fraction of customers, including both present

customers and those arriving until the server’s departure from the queue, that is
served before the arriving customer, see Remarks 3.4 and 3.5.

fy(y) = Fyy)=1-(1—-y=7, yelo1].

The next theorem gives the HT limit of the distribution of W; in terms of Y.

Theorem 3.3. Forp 11,

= ulc w.p. P; .
W; — LA ¢ R el R
¢ { UiC w.p. 1—p; (i € Iros)

where Uif has a uniform distribution on the interval [0,Y p;] and UY has a uniform
distribution on [Y p;, 1 — p; + Y p;].

Proof. First we rewrite the LST of the waiting time given in Proposition 3.3. Noting
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dK(z,s) K(z,s)
that dz T z—BI(s+Xi(1-x))’

we get

1

Wi(s) = gt ( | K@= E = xa)

=€;(s)

1 1

. (B;-*(Ai(lx))xUB:(sm(lx))) dr

1 . . 1
+ /m—g*(s) K(z,s) (I} (M(1—2) = I (s + Xi(1 — ) BTN =) dx).

>i

In line with Takagi and Kudoh [127] we take y = %; this gives z = 1—y(1—&;(s))
and dx = —(1—&/(s)) dy, yielding /

. 1
Wi (s) = gt ( | B0 = €)5) (1= Fox (1= € 6))
) 1- ()
B (yAi(1 =& (5))) = 1+ y(1 =& (s))
-
T 60) - B +und —s:<s>>>> dy

+ / K(1=y(1=¢&(5)),8) (I (A1 = & (s)) = I (s + yXi(1 = € (5))))

=0

- ()
R ET B P dy)'

We now take heavy-traffic limits for the terms separately. We start with the most

involved term, K (z,s). Using the substitution ¢t = 1=% in (3.24), we may write

ke oo (- | e )

Taking the HT limit of K (1 — y(1 — £*(s)), s) we obtain, using I’'H6pital’s rule and
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some rewriting,

13%1}((1 —y(1 =& (s(1—p))),s(1 —p)) =

exp <— /tio “E[&]ty + ng];[]g(zl] + Aty E[&]) dt)
S ey p—
= exp (1 —1/% In(1 — y)>

—(1-y) 7.

In the second step we use the fact that E[§;] = IlE[_—BI;. The HT limits for the other
terms can be determined using I’Hopital’s rule in addition to some rewriting and the

expression for E[¢;] above. In particular, we get

3 * * _Tx yﬁzs
i 7 (1= €5 (s(1 = ) = (222,

T
- . w (8(1— pi+ypi)
i 17 (5(1 = ) + (1 = €1 (601 = ) = £7 (U2,
. L€ ) 1
ot B (yAi(1 =& (s(1 =) =1+ y(1 =& (s(1=p))) w1 —=pi)’
L& (s(1 - p) 1

M Ty — g G —) — B0+ yn(A—EGA—p)) A= —p)

Moreover, we have f;‘ (%) = C~’;‘ (cs) = (”fcs) for fixed ¢ > 0. Combining the

above gives, after some rewriting,
Wrs) = —— P 1-1 ’ __dy
)= SEEI -2 ( - 1—5:)) s ==
1 5 . B4 ubs _ )T
+/ (j; ( ypis > e <8(1 pzjrypz)>) L=y
y=0 1—p; 1—p; (1 =y)(1—pi)
s - ) )
= p; — 1= - - d
’ /y_o sE[S]yp: 1+ ypis T—p) 7
1 1 " *
+(1—p; / - -
(=40 y=0 SE[SI(1 = pi) | \ &+ ypis

- p N (1—y) T
<“+5(1—ﬁi+yﬁi)> } 1= /) dy.
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This LST corresponds to a mixture of two distributions. With probability p; and
conditioning on Y = y, it is the LST of a uniform [0, yp;] times a gamma distribution
with parameters a4+ 1 and p; with probability 1 — p; and conditioning on Y = y, it
is the LST of a uniform [yp;, 1 — p; + yp;] times a gamma distribution with the same
parameters. This completes the proof. O

Remark 3.3. The expressions for Uif and U/ in Theorem 3.3 can be rewritten more
explicitly, similar to those in Theorem 3.5, see also Remark 3.8.

Remark 3.4 (HTAP). The HT limit states that conditional on ¥ = y, the scaled
waiting-time distribution is a uniform times a gamma distribution with probability p;
and another uniform times a gamma distribution with probability 1 — p;. Here, y is
a tag representing the fraction of work from the work present and arriving until the
server’s departure from the queue that is served before the tagged customer in a fluid
model. See Remark 3.5 below for a more intuitive derivation of the tag-distribution
Fy (-).

With probability 1 — p; a particle arrives during an intervisit time of length ¢(1 — p;).
If U; is the fraction of the intervisit time that has elapsed at the arrival epoch of a
tagged particle, it first has to wait (1—Uy)e(1— p;) until Q; is visited. The total work
present upon arrival plus the amount of work arriving until the server’s departure
from @; equals the total workload arriving during a cycle and is p;c. Given the tag
Y =y, the total scaled waiting time equals ((1—Ur)(1—p;)+yp; )¢, corresponding to a
uniform distribution on [yp;, 1 — p; +yp;]. With probability p; a particle arrives during
a visit time of length p,c. If Uy is the fraction of the intervisit time that remains,
the amount work present upon arrival in addition to the remaining amount of work
arriving equals Uy p;c. Given a tag Y = y, the scaled waiting time is yUy p;c, which
is a uniform distribution on [0, yp;] times ¢. Theorem 3.3 thus follows intuitively from
HTAP.

Remark 3.5 (Intuition for tag-distribution Y'). We provide an intuitive explanation
for the distribution of Y using a fluid model for the number of customers or particles.
Assume the tagged customer arrives during a visit time, say at time 0, finding x
particles present. The queue length is decreasing at rate 1 — p;, i.e. at time t the
queue length L;(t) = x—(1—p;)t, until the queue is empty at time z/(1—p;). Observe
that with L;(t) particles present, the probability for service selection is 1/L;(t). Let
F(t) be the probability that the tagged customer has not been taken into service at
time t. Since there are continuously options for service selection in the fluid model,

F(t) satisfies the following first-order differential equation (DE), for 0 < ¢ < x/(1—p;),

d - _
- L F(t) = F(t) x

Li(t)

Solving the above DE with boundary condition F(0) = 1 and using the fluid version
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of L;(t), we have, for 0 <t < z/(1 — p;),

F(t)zexp(/Mdt) = (1_751?6[%)1—1%

Finally, the queue being empty at time /(1 — p;) implies that also z/(1— p;) particles
have been served since time 0. When at least a fraction y of those has been served
before the tagged customer is taken into service, then we look for

— X _1
F =(1—y)i-pi.
(yxl_m) (1-y)

This coincides with one minus the cdf of Y.

3.6 Processor Sharing

In a Processor Sharing (PS) queue, all customers present at the queue that is re-
ceiving service are served simultaneously and at the same rate. We note that the
waiting time W; (to be interpreted as the delay) is thus defined as the sojourn time
minus the service requirement. In this section we will only consider the case of ex-
ponentially distributed service time. We extend the work done in [12], where they
derive the heavy-traffic limit of the LST of the scaled waiting time conditional on
the service requirement. In Subsection 3.6.1, we give the conditional scaled waiting-
time distribution. In Subsection 3.6.2 we derive the unconditional scaled waiting-time
distribution.

3.6.1 Conditional waiting-time distribution in heavy traffic

Let customers in ); have exponentially distributed service requirements with rate b;.
Let  be the required service duration of a tagged customer. Then we have the follo-
wing theorem for the heavy-traffic limit of the conditional waiting time W;|z:

Theorem 3.4. Forp11, z >0,

- U’ i, w.p. P; .
Wilz — Lo € Ips),
[z = { URE wp1-p U ETPS)

where Ui{w =U0,w(x)], U}, = Ulw(z),w(z) + 1] and I, ~ D(a+1, ;). The parame-

ters « and p; can be found in Equation (3.7), and w(x) = 25 (1 — e~ biz(1=pi)),
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Proof. The authors of [12] derive the LST of the scaled conditional waiting time in
heavy traffic: For p 11, >0, 7 € Ipg,

Wi (slz) = sw(x)E[l;](l —) {1 — (M)a}
1—pi ; « : a
i sE[S}(lp— pi) {<u +’iw<x>) - (qu(g(x)M) } (3.25)

From this LST we see that the distribution of the conditional waiting time is a uniform
[0,w(z)] times a gamma distribution with parameters o + 1 and p; with probability
pi. With probability 1 — p;, the conditional waiting time has a uniform [w(x),w(z) +
1] times a gamma distribution with parameters o + 1 and p,;. This completes the
proof. O

Remark 3.6 (HTAP). Theorem 3.4 states that the conditional waiting-time distribu-
tion is a uniform times a gamma distribution with probability p; and another uniform
times a gamma distribution with probability 1 — p;. This can be intuitively explained
with a fluid model. In the fluid model w(z)c(1 — p;) is the scaled waiting time of
a particle, with service requirement z, arriving at the start of a visit period. With
probability 1— p; a particle arrives during an intervisit period of length ¢(1—p;). If Uy
is the fraction of the intervisit time that has elapsed at the arrival epoch of a tagged
particle, then the scaled waiting time of this particle is the remaining intervisit time
(1 =Ur)e(1 — p;) plus w(z)e(l — p;). Using the HTAP gives a uniform distribution
on [w(x),w(x) 4+ 1] times a gamma distribution with parameters o + 1 and p;. A
particle arriving during a visit period has to wait an amount of time that is uniformly
distributed between 0 (arrive at the end of the visit time) and w(z)e(l — p;) (arrive
at the start of the visit time). Using the HTAP now gives a uniform distribution on
[0,w(z)] times a gamma distribution with parameters o+ 1 and p;.

Remark 3.7 (Intuition for w(x)). The sojourn time of a tagged customer with service
time z from the start of the visit time (w(x)I;) can be intuitively explained with a
fluid model. As long as the tagged customer is present, the amount of service received
during (0,t) is B(t) = f(f 1/L(u) du with L(u) the number of customers at time wu.
During the visit time, we have in a fluid model L(t) = L(0) — (1 — p;)b;t. Hence,

t
1 1
B(t) = - du = ———— (In(L(0) — (1 — p3)bst) —In L(0)) .

v /u—OL(O)_(l_pi)biu (= oty (O = (1= pulbit) S
To obtain the time until service completion, we solve B(t) = z for t. Moreover, using
that L(0) = Aic(1 — ;) in the fluid model, yields

g

w(z) x I; = a0

(1 - e_x(l_’ai)bi) x e(1 = p;).

The result follows from p; = N\ /b;.
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X a(x) b(x)
()|
X - : T ‘I
a(Xpin) Y a(Xmax) b(Xrin) B(Xmax)

Figure 3.2: Boundaries of the conditional distribution.

3.6.2 Unconditional waiting-time distribution in heavy traffic

In the previous section we derived the heavy-traffic limit of the waiting-time distribu-
tion conditional on the service requirement. To obtain the unconditional waiting-time
distribution, we first consider a more general setting that also covers ‘unconditioning’
for SJF. Suppose we have a conditional random variable, denoted T'|z, with pdf
J112(y), cdf Fri,(y), and y € [a(x),b(x)], with a(z) < b(z) V. We want to find the
unconditional distribution 7. Here, z is a realization of a random variable X with
support & € [Tmin, Tmaz]- We have the following lemma.

Lemma 3.1. Assume that the conditional random variable T|x has density fr),(y)
and distribution function Fpj,(y), with support y € [a(x),b(x)]. Suppose a(x) and
b(z) are both increasing in x and a(x) < b(z) V. Let a=(-) be the inverse of a(-)
and b=1(-) be the inverse of b(-). Then, the unconditional distribution of T|z, denoted
by T, has probability density function, for a(Tmaz) < O(Tmin),

fz Tomin fT\ (y)fX(I) y e [a( n) a(xmaa:)]
i) = f;*";;m Frin () () &z 3 € [(ma ), bomin) (3.26)
f; bml(y le(y) ( ) ye [b(xmzn)vb($maz)]a

and, for a(Tmaz) > b(Tmin),

JD @) (@) Az y € [a(@min), b(@min)]

fr(y) = f;bfyiy) frieW) fx(@) dz y € bl@min), a(Tmaz)] (3.27)
f;gbajl(y) fT\w(y)fX(I) dz ye€ [a(zmax)a b(xmaac)]'
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Proof. First consider the case that a(Zmaee) < b(min). Figure 3.2 shows an example
of the boundaries of the conditional distribution, by plotting a(z) and b(z) with z
on the vertical axis. The possible values of T'|x then lie between the two lines. To
find f7(y), we need to integrate out = with respect to its density function. First,
take y € [a(Zmin), &(Tmaz)], in which case the probability density function fz(y) is
obtained from the parts where x is smaller than a~!(y). This gives

a'(y)
faly) = / Frio(w)fx (@) de. (3.28)

=Tmin

If y € [a(Tmaz), D(Tmin)] then y is between the boundaries of the conditional distri-
bution for every & € [Zmin, Tmaz). Hence, we get

frlo) = | T ) fx (@) da. (3.29)

=Tmin

Finally, for y € [b(Zmin), (Tmaz)], f7(y) can now be obtained from the parts where
x is larger than b=!(y). This gives

frlo) = [ o ) x(e) de (3.30)

=b=1(y

The case a(Zmaz) > b(Tmin) is similar. It may be checked f#(-) is a density function.
This completes the proof. O

Note that the distribution in Equation (3.26) is continuous, increasing on the in-
terval [a(Zmin), @(Zmas)], constant on the interval [a(Zmaz), b(Zmin)] and decreasing
on the interval [b(Zmin), O(Tmaz)], Which closely resembles the traditional trapezoidal
distribution. In line with [61], we refer to (3.26) as a generalized trapezoidal distribu-
tion.

We now apply Lemma 3.1 to the case i € Ipg, in which case we have two conditional
distributions, Ujf . and U? . We need to find the unconditional versions of both
uniform distributions.

Theorem 3.5. Forp 11,

= U/T; w.p. pP; .
W; it ' el s
d { Uzg:[1 w.p. 1-— [)2 (Z PS)

where Tj’Zf has a generalized trapezoidal distribution with pdf

1 Di « A
fUi (y) = EBetalfy(lfﬁi)/ﬁi <1 + 1)5"0) y € [0,p:/(1 = pi)l, (3.31)
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where Beta,(a,b)

= [yt (1—t)bt dt. U? has a generalized trapezoidal distribution
with pdf, for p; < 3,

1

1— (1 _ y(l—ﬁi))l’iﬁi
Pi ’1 p
95,(y) = 1 ye 1251 (3.32)
(1- @RI Ty e (1, 25 4 1]
and, for p; > ,
1
_ _y(A=pi) \ 1P
1 (1 i) 1 el
~ = _ y=nA=p) \ T _y(1—pi) TP i
95,() (1 ) ) 1 (1 g ) y € [1, Hji}
_ (y=D)(1=ps) \ T-Pi Di pi
(1 P ) e (st = T 1} )

and I; has a gamma distribution with parameters o + 1 and p;. The parameters a
and p; can be found in Equation (3.7).

Proof. Let fu, .(:) and gu;., (-) be the densities of Uf and U/, respectively. First
w(ﬁ) for y € [0,w(x)]; thus a(z) = 0 and b(z) = w(z). Here, x is
the service requirement, a realization of an exponential distribution, so z € [0, 00).
Since w(0) = 0 and w(oo) = p;/(1 — p;) we only have to find the final term of (3.26)
and consider the interval [0, p;/ (1 pi)]. For a fixed y, the inverse function of w is
w(y) =In(1 —y(1 - pi)/pi)/(=bi(1 — p;)). By Lemma 3.1, this gives

consider fy, . (y) =

f. () = /Oo o @) ) d

w— l
1- Ai ) 50\ 1
/ N he bz % p (1 — e_b“'”(l_pf)) dx
n( 7:((1 ppll)/m) Pi
0 ~
1—p; 1
:/ L RS e S S T
t=1—y(1—p;)/pi Pi —b; (1 - pZ)
1— (1 pl)/Pz pi
= (1 —t) T dt
t=0 Pi
1 pi
= —Betay_,1-5,)/5 (1 + ~ ,0) .
P 1—y(1—=p:)/p 1— )

The third equality is obtained by taking ¢t = e~%*(1=fi)  This leads to an incomplete
Beta function.

Now we turn to the second term involving ng. Note that gy, ,(y) = 1 for y €
[w(z),w(z) + 1]. To apply Lemma 3.1, observe that for p; /(1 — ;) < 1 it holds that
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a(Tmaz) < b(Tmin). First assume that p; /(1 — p;) < 1, implying p; < 1/2. For a fixed
y € [0,p;/(1 — p;)),  needs to be smaller than w='(y), if y € [p;/(1 — p;), 1], it lies
between the boundaries of the uniform distribution for all  and if y € (1, p;/(1 —

pi) + 1], then z needs to be larger than w=!(y). This gives for the pdf of U?

Pa (w4 (1) ye [0 52
95, (y) = 1 ye |51
1= Fp @iy -1)  ye (L5 +1].

Substituting Fp,(z) = 1 — e~ %% and the inverse of w(-) gives Equation (3.32). The
case p; > 1/2 implies a(Zmaz) > b(Tmin) and is similar, completing the proof. O

Remark 3.8 (PS and ROS). For regular GI/M/1 queues, the relation between PS
and ROS has been characterized by Borst et al. [34]. It is easily seen that the sample
path relations (see Equation (3) of [34]) also hold for the polling models under con-
sideration. More specifically, consider a tagged customer T; arriving at (Q; when the
server visits ;. Then, the sojourn-time distribution of T; for PS, given n; customers
at (Q; upon arrival, is identical to the waiting-time distribution of T; for ROS, given
n; waiting customers at ); upon arrival in addition to the one in service. Under
HT scalings, the differences between waiting and sojourn times and the one customer
vanish, explaining the equivalence between Theorems 3.3 and 3.5 (see Remark 3.3).

3.7 n-class priority queues

In this section we look at n-class priority queues. Each customer is assigned to a
priority index k, 1 < k < n, where customers with a low priority index are served
before customers with higher priority indices. Within each class the service order
is FCFS. In Subsection 3.7.1, the focus lies on the non-preemptive n-class priority
regime. We will later use this discipline to find the waiting-time distribution in SJF
queues, by letting the number of priority classes go to infinity. In [93], Kella and
Yechiali study the M/G/1 queue with single and multiple server vacations under
both the preemptive and non-preemptive priority regimes. The M/G/1 queue with
multiple vacations is similar to a polling model, since we express the waiting times in
cycle times and we can replace vacations by intervisit times. This relation has also
been used in [29] to analyze multi-class polling models. We also study the preemptive
n~class priority regime in Subsection 3.7.2.

3.7.1 Non-preemptive n-class priority queues

Here, we are interested in the non-preemptive n-class priority regime. We now in-
troduce our notation and terminology based on [93], as this turns out to be useful
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and provide intuition for this and the next section. We replace vacation times with
intervisit times and add the subscript 7 to every queue-dependent variable: A; j is the
arrival rate of class-k customers and B, j, is the service duration of class-k customers.
Class-a customers are the customers with priority index lower than k, i.e., they are
served before class-k customers. They have arrival rate \; , = 25;11 Ai,; and service
duration B;,. Class-b customers are customers with priority index higher than £,
their arrival rate is \;, = Z?:,H_l Ai; and their service duration is B;p. We have
Pia = Mo E[Big] and p;p = Aip E[B;p]. &.o denotes the length of time from a mo-
ment a class-a customer enters service and no other class-a customers are present,
until the first moment when there are no class-a customers in the queue. Clearly &; ,
is the duration of a busy period in a standard M/G/1 queue with arrival rate A;,
and service times B; ,. Consequently, the LST of &; , and its mean are given by: For
Re(s) > 0,

§ia(8) = Bia(s + Aia = Aiaia(s)),  Eléial = E[Bial/(1 = pia)- (3.33)

For this model, Kella and Yechiali [93] derive the following LST for the waiting-time
distribution W; j, of a class-k customer in @Q;: For Re(s) >0, k=1,...,n,

W (s) = (L=p) (1 = IF (s 4+ Xija — Nisaia(9)))
P BILI Nk By (5 + Mg — Mia€la(5)) — Xik + 9)
pip(l — BZb(S + Xija — )‘i,afza(s))) Gel )
E[B; )ik B (5 + Mo — Misabia(5)) — Ak + 5) NPRIOR:

(3.34)

+

The first term of (3.34) corresponds to the waiting time of class-k customers in Q;
that arrive during the time from the start of the intervisit time until the moment
a class-b customer at @); is taken into service. The second term corresponds to the
waiting time of class-k customers that arrive during the time from the moment the
first class-b customer is taken into service until the end of the cycle. Note that this
expression was also derived in [29]. The following theorem gives the heavy-traffic limit
of the distribution of W j.

Theorem 3.6. Forp 11, k=1,...,n,

= 0 w.p. —Lib__
1—pi+tp: ;
Wik —a { Ui {0t (i € InprioR),
i WP 1505

1
N 1=pi,a
and I; has a gamma distribution with parameters o + 1 and p;. The parameters o
and p; are given in (3.7).

where U; is a uniformly distributed random variable that lies between 0 and

Proof. Combining Equation (3.34) and Property 3.2, we get for the LST of the (scaled)
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waiting time of a class-k customer: for Re(s) >0, k=1,...,n,1 € INprIOR:
W{'jk(s) = lim W{fk(s(l -p))
pT1

=lim[ (=) (1_ (ﬂi+s+xi,a<1—s;§< a—p)))/0— p>) )
o1 LEILI N B (5(1 = ) + Ao = A a(5(1 = p))) = Aiy +

pip(1 = Bfy(s(1 = p) + Xia — Aialf o (s(1 = ))) }
EBi] Ok B (5(1 = p) + Ao = Miala (50— 0))) = A+ 5(1 = p)

(1= p:) (1 B (uﬁs(l&i@[&ad)) ) n pip(l+ j\i,g E(&,q])
E[ST(1 = pi)s(1 = pin (L + XiaE[&ia]) 1= pin(1+ i E[a])

L= )

+

1—p; 1 i ’
= — — — 1 _ _
1—p;+ Pi,b E[S}S(l + Aiﬂ E[§l7a])(1 — ﬁl) { (/ll + 5(1 + )\La E[Sz,a])) }
Pib
1—pi+ pip

__L=pi 1 {1 _ ( Wi )a}
L= pi + pip E[S]s(L = pi) /(1 = pi,a) pi +8/(1 = pia)
Pib

—_— 3.35

L—pi+ pip (3.35)
The third equality was found using I’Hopital’s rule and some basic calculations. After
some rewriting we arrive at the fourth equation, and writing out E[¢; ,] using (3.33)
leads to the final equation. Recognizing this as the LST of a random variable that
is equal to zero with probability W and a uniform times a gamma distribution

with probability 1_;# completes the proof. O

Remark 3.9 (HTAP). We can use the fluid model to give some intuition for the
asymptotic waiting-time distribution, which corresponds to a uniform times a gamma
distribution in addition to a probability mass at zero. In the fluid model, we only
consider class a and class k particles, as the impact of class b is negligible in HT.
Figure 3.3 gives a graphical representation of the fluid model; the workload of class a
and k particles in @); is plotted over the course of a cycle of length ¢. The considered
particles arrive at the queue with rate p;, + pir and during a visit time they are
served with rate 1 until the queue is empty. The cycle is divided in three parts: the
first part is the intervisit time I; with length (1—p;)c. The second part is the duration

between a polling instant and the first time since the start of the cycle for which no

h (Pi,atpii)(1—pi)c In this
- 1—(pi,atpik) °
part only class a and k particles are served. The last part is the part ‘where class b

particles are served, interrupted by classes a and k, having length

class a and k particles are present. This part has lengt

(Pi,a + Pik)(1 — pi)e _ PibC
1= (pia+ Pik) 1—pi+pip

c— (1= pj)e—
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(Pia + Pik) (1 — pi)c

A'.( + A",k’ N N
(Pica + i) (Pia+pik)—1

A '(pi,a+pik)(L—=pi)c’ PibC

(1= pi)e 1—(piatpin) 1—pitpin y
~
&

Figure 3.3: Fluid limits in heavy traffic. The workload of class a and k particles in
Q); is plotted over the course of a cycle.

Now, first consider the atom in zero. With probability 1_’3 L a class-k particle

pi+Pi,

arrives during the last part of the cycle where hardly any cqasg ycbt or k particles are
present. In this case the scaled waiting time of the particle is negligible in HT, since
the residual service time of the particle in service and the busy periods generated by
class-a customers arriving during this remaining service time do not scale with p.

Second, with probability ﬁ a particle arrives during the first or second part of
the cycle. Let the uniform random variable U; denote the fraction of the length of
the first two parts of the cycle together that has elapsed at the arrival epoch of the

tagged arriving particle. Similar to FCF'S, the scaled waiting time of this particle is the
(A—pi)c
1—pitpin
(or extended service time) that arrives during the first two parts of the cycle, but after
the tagged particle. Due to class-a interruptions, the extended service time of class k
is E[B; ]/(1 — pi,a). Hence, the scaled waiting time is (1 —U;) 1(71/;?;1 (1- 13;)’?&) =

(1- Ui)%. Since I; = (1 — p;)c, this term corresponds to a uniform distribution

remaining duration (1—"U;) minus the time required to serve the class-k work

on [0, 1 I;, explaining the result for non-negligible waiting times.

1
—[H,a]

3.7.2 Preemptive n-class priority queues

Similar to the previous section, the results of [93] also allow the derivation of the LST
of the time until service in a polling system where different priority classes are served
with preemptive priority. Let Wi(q) denote the time until a customer first receives
service, or the waiting time in queue. We observe that this is not equal to the waiting
time as defined in the current chapter (i.e. sojourn time minus service time) due to
service preemptions. For class k, the LST of the time from the start until the end of
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service R; i, often referred to as the residence time, is
ik = Bir(s + Xia — Xia&ia(9))- (3.36)

For a class-k customer in ); the LST of waiting time in queue is: For Re(s) > 0,
k=1,....,nand ¢ € INPRIOR-PR,

(1= pi)(1 = I (54 Aiva — Aiwal o (5)))
E[L](Ni s Bf (5 + Xia — Mia&la(8)) = Aik + 5)

Pib(Nia(l =& 4(5)) + )
ik B (s + XNia — Xiai o (8)) = Nip + 5

Wi(,;lc)’*(s) =

n (3.37)

For n-class priority queues, the waiting-time distribution in heavy traffic is equal to
the case of non-preemptive priority queues. For the scaled waiting time in queue Wi(‘,]c)
of a class-k customer in @); with preemptive priority service we get using (3.37): For

Re(s) >0, i € INprior—-pPRr, k=1...,1n,

«
— b _ i . .
WD (5) = 1= A) (1 (ui+s(1+xi,a1E[€i,a]>> ) 4 Pin(F Aia BlSia])
" E[S](1 = pi)s(1 = pi(1 + Mo Eléia])) 1= pin(l+ Aia E[Gal)
which is equal to (3.35) from the non-preemptive case. As before, o and p; are given

in (3.7). From (3.36) it follows directly that the residence time can be neglected in
heavy traffic.

3.8 SJF and SRPT

The Shortest-Job-First (SJF) service discipline can be thought of as a non-preemptive
priority queue with different priority classes. It may be interpreted as the continuous
equivalent to having an infinite number of priority classes, where the priority classes
correspond to job sizes. Alternatively, in Schrage and Miller [123], for the waiting
time conditional on the service requirement x, a three-class priority queue is used
where the second class consists of customers of size z. From the heavy-traffic limit
derived in the previous section we can immediately derive the heavy-traffic limit of
the waiting-time distribution for SJF. In Subsection 3.8.1 we give the scaled waiting-
time distribution conditional on the service requirement. In Subsection 3.8.2 we give
the unconditional scaled waiting-time distribution. SRPT and preemptive SJF are
discussed in Subsection 3.8.3.

3.8.1 Conditional waiting-time distribution in heavy traffic

To go from Equation (3.35) to SJF we let the service time of the customer determine
its priority. Note that we can apply Section 3.7.1 if the distribution is discrete. In this
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section we assume that the service-time distribution has a density. First we derive the
LST of the waiting time conditional on z, the service duration required by a tagged
customer. Define p;(z) = \; E[B;1{p, <] which is the continuous equivalent of p; 4.
Because the service-time distribution is continuous, we have p; — p;, = pio. We can
now write down the conditional LST using (3.35): For Re(s) > 0, > 0,

S 1 ) " o
Wi ele) = T ) EfSTs( — )/ (1 = 5u(@)) {1 (m Y/ m(x») }

pi — pi(x) .
BB (e Tsm). (3.38)

This result gives rise to the following theorem.

Theorem 3.7. Forp 11,

+

. 0 p. L=pila)
Wiz —a - P Im@ (e Igp), (3.39)
Ui,wIi W.p. T‘L(})

where U, 5 is a random variable with a uniform distribution on [0, m] and il has
a gamma distribution with parameters a+ 1 and p; as given in (3.7).

Proof. The results follows directly from (3.38). O

Remark 3.10 (HTAP). The intuition for the asymptotic waiting-time distribution
is similar to the n-class priority queue, but slightly simpler. For the fluid model, we
only consider particles that are served before a particle with service requirement x,
i.e., type-a particles. Figure 3.4 gives a graphical representation of the fluid model;
on the horizontal axis the course of a cycle with length ¢ is plotted. On the vertical
axis the workload of type-a particles in @Q; is plotted. The cycle is divided in three
parts; the first part is the intervisit time I; with length (1 — p;)e. The second part
is the first part of the visit time where type-a particles are being served; it starts at
polling instant of @; and ends the first moment since the start of the cycle that no
type-a particles are present. This part has length % The last part is the
part where the other particles are served and has length
1— pi(z) 1= pi(x)

With probability ’i’i:ﬁp; i((f)) a particle with service requirement = arrives during the last
part of the cycle where hardly any type-a particles are present. Again, the scaled
waiting time in HT is negligible in this case, since the remaining service duration
of the particle in service and the type-a busy periods generated by type-a particles
arriving during this remaining duration do not scale with p. With probability 1i;”(’z)
a particle arrives during the duration of the first two parts together. Let the uniform
random variable U; denote the fraction of combined length of the first two parts that
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pile) (1 pi)e

o b (z)(1—pi)c bi—pi(z))c
(= he M oy

Figure 3.4: Fluid limits in heavy traffic. The amount of type a workload in @; is
plotted over the course of a cycle.

has elapsed at the arrival epoch of the arriving particle. This particle is served at the
start of the third part of the cycle, so the waiting time of this particle is the remaining
duration of the first two parts (1 — U;) il:pf(i‘; Using I; = (1 — p;)c, it follows that
the scaled waiting time is now uniformly distributed on [0 I;.

1
! 1-[’1:(?6)]

3.8.2 Unconditional waiting-time distribution in heavy traffic

For the unconditional waiting-time distribution in heavy traffic we have the following
theorem. Let p; ' (y) denote the inverse function of p;(x).

Theorem 3.8. Forp 11,
Wi =4 UL (i € Isgr), (3.40)

where U; has probability density function

with a point mass at zero of

i)
| =2 g @) o (3.42)

and where I; has a gamma distribution with parameters a+1 and p; as given in (3.7).

Proof. Note that the conditional waiting-time distribution in (3.39) can be written
as a gamma distribution times a uniform distribution with a point mass at zero; we
refer to the latter as “uniform” distribution. To find the unconditional distribution
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of the waiting time, we need to find the unconditional “uniform” distribution U;
using Lemma 3.1. The cumulative distribution function of the conditional “uniform”
distribution is given by

07 y < 0
pi—pi(x 1—p; o
Fy, . (y) = plf;i((:n)) + iy = pi(@),  0<y< 15
L Y>>
The probability density function of U;, is given by fy, (y) = 1 — p;, for y €
[0, %], thus we have a(z) = 0 and b(z) = ﬁ Note that p;(zmin) = 0

and p;(Tmaez) = pi, by recalling that p;(z) = ;\iE[Bill{Bi<z}]; b(x) thus increases
from 1 to 1/(1 — p;). If y < 1, we find

fo) = | foe) s fu ) de =14 ye bl
When y > 1, U; , only has probability mass for > p;*((y — 1)/y). We get

f () = / N Fo.(@) * fo. . (y) do

=i (552)

0o (5)) v (5]

Combining the results above we see that U; has probability mass (3.42) in zero, and
density (3.41). This completes the proof. O

3.8.3 SRPT and preemptive SJF

In this subsection we consider preemptive size-based scheduling policies. The most
common is SRPT, where the customer with the smallest remaining service time is
preemptively taken into service. A less well-known policy is preemptive SJF, where
the customer is preemptively taken into service with the smallest original service time.
The latter policy also has some desirable properties, see e.g. [15; 80]. Similar to SJF,
the waiting-time distribution for preemptive SJF follows directly from the preemptive
n-class priority queue of Subsection 3.7.2.

The analysis of SRPT does not follow directly from the results of Kella and Yechiali

[93]. Below, we use their framework to derive the LST of the waiting time in queue
Wi(fi) for a customer with service time x. We utilize the notation introduced in
Section 3.7 and adopt the terminology of [93]. In particular, letting class-a represent

customers with service times smaller than x, £ ,(s) is defined by

1

i

/Ox exp (ft(s + Xia— /\i,aggﬁa(s))) fB;(t) dt, (3.43)
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with i o = A\iF,(2), i.e., £ ,(s) is a type-a busy period. Similarly, let class-b repre-
sent customers with service times larger than = and A;, = A\;(1 — F, (x)).

Proposition 3.4. For p <1, i € Isgpr, Re(s) > 0,
1—p;
WD 6y = Z— LU (1 (54 Ny — Ni oS
) = S (L= 1G4 Ao = No€ia(s)

L Pz pi(x) — NipT

(s + Xia — Aia&lals))

+ % (1 — exp (—1’(5 + )\i,a - Ai,aggk,a(s)))) !

Proof. We start with the multi-class case, where class-k is the class under conside-
ration having service times in (z — €,z], for € > 0 small, and classes a and b have
priority index lower and higher than k, respectively. That is, the service times of
class-a is smaller than x — ¢ and of class-b is larger than x. Applying the idea of
Schrage and Miller [123], customers of size larger than x only affect class-k as soon
as their remaining service times become x. Specifically, class-b initiates a delay cycle,
as defined in [93], when their remaining service time is z. In the terminology of Kella
and Yechiali, we thus have T; , ;, cycles for T; = I;, B; 4, B; i, but now also for 7' = z.
Since the LST of the waiting time given the cycle during which the customer arrives
is known, it remains to specify the probabilities that the system is in a specific delay
cycle. In line with [93, p.28], we have the cycle probabilities

IT; o := P(no delay) = pip — XipZ = pi — Pia — Pik — NipT,

Hi i,a H,L i
P(Bi,q cycle) = ¢7 P(B;  cycle) = &)
L= pia—=pik 1= pia = Pik
P(I le) 1—p; P( le) Ai b
i C¢ycle) = ———, x cycle) = ———227
L= pia=pik 1= pia — Pik

Using the probabilities above in Equations (7a) and (8) of [93], we obtain, for Re(s) >
0,
(1= pi) (1 = I (s + Aisa — Xia€ia(5)))
E[L](Ai kB (s + Aija — Aiaf0(8)) — Ak + 5)
n Iio(s + Aija — /\i,afza(s)) + Xip (1 — exp (*I(S + Nija — )\i,afia(s))))
Ai,kB;k(S +Nia— /\i,afza(s)) —Xik+s '

WiR" () =

(3.44)

Letting € | 0, and substituting II; o, we obtain the result. O

As in Subsection 3.7.2, W9 is the waiting time in queue before the customer is first

i,T

taken into service; this is not the same as the waiting time defined in this chapter.
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We note that the residence time is identical to the residence time in a regular SRPT
queue, see [123].

For LCFS and multi-class priority queues, the HT limits for the non-preemptive and
preemptive policies are identical. The same holds for SJF, preemptive SJF, and SRPT
as represented by the following theorem.

Theorem 3.9. For p 1 1, the scaled waiting times W; follow the same probability
distribution for SJF, preemptive SJF, and SRPT.

Proof. Consider the conditional scaled waiting time W; ,(s). For preemptive SJF it
can be directly observed from Subsection 3.7.2 that the heavy-traffic limit is identical
to the one for SJF. Using Proposition 3.4, it follows that lim,; Wis(,i)’*(s(l —p)) equals
the right-hand side of (3.38). Using (3.36) as an upper bound for the residence time,
it is evident that the additional delay during the service does not contribute to the
HT limit. O

3.9 Summary of the results

In this section we give a summary of the most important results obtained in this chap-
ter. The main result of the chapter is the fact that the scaled waiting-time distribution
can always be characterized as a product of two distributions. The first distribution
is a service-order specific distribution, the second distribution is a gamma distribu-
tion. The gamma distribution is a scaled length-biased intervisit-time distribution or
cycle-time distribution; the most intuitive representation for the second depends on
the scheduling policy. Due to the fact that for exhaustive service at queue ¢ it holds
that CF(s) = I (s + Xi(1 = &5 (s))), see also (3.5), we can rewrite the second (gamma)
distribution as the scaled length-biased intervisit-time distribution for all scheduling
policies.

Let ©; denote the service-order specific distribution; the probability density functions
for the different service policies are then given in Table 3.1. In Figure 3.5 we plot the
pdf fe,(z) of ©; (Figure 3.5a) and also the cumulative distribution functions Fg,(x)
(Figure 3.5b). We choose p; = 0.4. For FCFS, LCFS, ROS, and NPRIOR, the HT
limit only depends on the service time distribution through its first moment. This
is not the case for PS, SJF, and SRPT. In the figures we took exponential service
times for PS and SJF. Figure 3.5a nicely shows how ©O; behaves; for LCFS and
FCFS it is like a uniform distribution, for SJF it is a type of generalized trapezoidal
distribution, whereas it slightly deviates from this for ROS and PS. The atoms in zero
can be observed from Figure 3.5b. In addition, these cdfs allow us to see the impact
of scheduling policy. For instance, SJF is here superior to ROS and PS.
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Service order pdf of ©;

1 z € [0,1]
FCFS foi(x) = { 0 otherwise

PN O S PN (N
LCFS/LCFS-PR  fo,(z) = (1 — pi) { 0 otherwise

ROS/PS

NPRIOR/

NPRIOR-PR

SJF/SRPT

with a point mass of p; in zero

LBeta—s(1-p;)/p (1 + 125-,0) =z € [0, 125
— H. Pi pi)/pi 1—p;° P 1-p;
foi(@) =pi { 0 otherwise
1—g(x) T € [Ollfiﬁi)
. 1 z € [$£-,1]
+1¢p, 1—pi P
pi<1/2y (1 — pi) g(z —1) ze (1, 1flm 1]
0 otherwise
1—g(x) z€[0,1)
R glz—1)—g(x)  z€[l, 5]
+:ﬂ. 5. 1-— i TP
Gt =P g ) z € (125, 125 + 1]
0 otherwise,
71,\
s o = (1 2520)
1—p 1= ia xe[o,+]
fo,,(z) = P P L =Pia
1=pi+piv | 0 otherwise
with a point mass of % in zero
1—pi+ pip
1— i z € 0,1]
fo.@) =4 (1=p) (L= Fu, (57 (354))  we (L25]
0 otherwise

with a point mass of / pz_ifh(x)
o 1—pi(z)

fB;(z) dz in zero

Table 3.1: The probability density functions of the service-order specific distributions.
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Figure 3.5: Shapes of the service order specific distributions.

3.10 Closed-form approximations for systems with arbitrary
load

In this section we illustrate the results by calculating moments and tail probabilities of
the waiting-time distribution for different service disciplines by simulations. Moreover,
we use the heavy-traffic limits as the basis for approximations for the waiting-time
distributions for stable systems, i.e. with p < 1. To this end, the asymptotic results
suggest the following approximation for the waiting-time distribution for p < 1: For
i=1,...,N,

P(W, <z)=P(O,I; < (1-—p)x). (3.45)

The moments of the waiting-time distribution can be approximated using

k k
CUARE S

See Section 3.11 and references therein for a discussion on convergence of moments.

We consider a polling model with N = 3 queues and all queues receive exhaustive
service. Service times and switch-over times are exponentially distributed. The mean
service durations at queue 1, 2, and 3 equal 2, 3, and 1, respectively. The mean
switch-over times are given by E[S1] = E[S3] = 1 and E[S3] = 3. Arrivals are Poisson
and the arrival rates at the different queues are chosen such that the ratios between
the arrival rates are 3:2:1, while the total load of the system is varied. Note that the
system is rather asymmetric and that the ratios between the loads of the queues are
6:6:1.

We apply the approximation to a system with a load of 0.95 and let the service order be
ROS, PS and SJF. We plot the approximated and simulated cumulative distributions
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Figure 3.6: Approximated and simulated cumulative distribution functions of the
waiting-time distribution in a system with a load of 0.95.

of the waiting time at the first queue. Figure 3.6 shows that the approximation follows
the simulation closely. ROS and PS are plotted together, since the distributions are
equal. Note that for the SJF service discipline the approximation shows a point mass
at zero, this effect does not show up as clearly in the simulation. This is caused by
the fact that the point mass at zero only occurs if the load is very close to 1.

To illustrate the differences between the various scheduling policies we plot the ap-
proximated cumulative distribution functions of the scaled waiting times at the first
queue of the system described above. In Figure 3.7 we clearly see a point mass at
zero if the service discipline is LCFS or SJF. The line of SJF always lies above the
line of PS; as the service-time distribution is exponential, this indicates that for ex-
ponential service times SJF is a better policy than PS. Table 3.2 shows the simulated
and approximated values of the mean waiting times at Q1 and their relative absolute
differences defined as
A% = 100% x [App — Sim]
Sim

for different values of p and for different scheduling policies considered in this chapter.
The mean waiting times are equal for FCFS, LCFS and ROS and also for PS if the
service-time distribution is exponential. In Table 3.3, the results for the standard
deviations of the waiting times at ()1 are given. Both tables show that the relative
differences decrease to 0 if p increases to 1. It is interesting to note that for lower
values of p, the error in the standard deviation is quite high, especially if the service
order is LCFS. This can be explained by the fact that in HT the waiting time is equal
to zero if an arrival occurs during a visit period. For lower loads this effect does not
occur, busy periods will influence the waiting time. The numerical approximations
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Figure 3.7: Cumulative distribution functions of the scaled waiting times at the first
queue for different service orders.

can be improved using an interpolation with light-traffic limits, as carried out in [62]
and also in the previous chapter.

FCFS/LCFS/ROS/PS SJF
p Sim App A% Sim App A%
0.7 12.25 12.02  1.89 10.11 8.88 12.19
0.8 18.43 18.03 2.15 14.69 13.31 9.34
0.9 36.68 36.07 1.66 28.16 26.63 5.45
0.95 72.79 72.13  0.90 54.86 53.26 2.92
0.98 | 180.91 180.33 0.32 | 134.82 133.14 1.25
0.99 | 361.32 360.66 0.18 | 267.83 266.29 0.57

Table 3.2: Simulated value, approximated value and delta of the mean waiting time
for different service disciplines and loads.

3.11 Discussion and concluding remarks

In this chapter we assume that all queues receive exhaustive service, which is an
important extension of the results obtained for similar models but with gated service
at all queues in Chapter 2. We emphasize that the exhaustive service case is more
complicated than the gated case, despite the fact that both the exhaustive and the
gated service disciplines satisfy the well-known branching structure identified in [121].
The complexity lies in the fact that for exhaustive service the local service order of the
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LCFS ROS/PS SJF
p Sim App A% Sim App A% Sim App A%
0.7 17.86 20.92 17.10 15.10 16.22 7.37 13.35 14.30 7.12
0.8 28.53 31.38 9.99 23.46 24.33  3.69 20.64 21.44 3.91
0.9 60.02 62.76 4.56 48.02 48.65 1.31 42.16 42.89 1.72
0.95 | 122.64 125.52 2.35 96.72 97.30 0.60 85.01 85.78  0.90
0.98 | 310.73 313.80 0.99 | 242.49 243.26 0.31 | 213.70 214.44 0.35
0.99 | 624.20 627.59 0.54 | 485.78 486.51 0.15 | 427.88 428.88 0.24

Table 3.3: Simulated value, approximated value and delta of the standard deviation
of the waiting time for different service disciplines and loads.

customers during a visit period V; of the server to a given queue i cannot be determined
at the polling instant marking the beginning of V;; for gated the service order is
determined at the beginning of V;. As a consequence, newly arriving customers at
queue ¢ during V; may change the local service order and the sharing of server capacity
among the customers served during V;, and hence affect the waiting-time and sojourn-
time distributions in a complex manner. For example, this complexity manifests
itself in the case of PS service and multiple vacations, where analytic results on
(conditional) sojourn times, conditioned on the number of customers at the beginning
of a service period, are only known under the assumption of exponential service times
(see [50]). Even for multiple vacation models, extension of such results to the case
of general service times is complicated, because of the complex relation between the
number of customers in the system and the remaining amounts of per-customer service
times.

The assumption that all queues are served exhaustively can easily be relaxed to the
general setting where a subset of the queues receive gated service (or some other
branching-type service policy). More specifically, for general mixtures of exhaustive
and gated service, let G be the set of indices ¢ for which Q; receives gated service,
and E := {1,..., N}\G the subset of queues that receive exhaustive service. Then
the results presented above still hold; the only difference is that the parameter § in
(3.4) should be replaced by

6mz:vture =1- Z Z (346)

i€l 1€G

In the present chapter it is assumed that the arrival processes at the queues are
Poisson. This assumption can easily be relaxed to renewal arrivals. Following a well-
established line of argumentation (see [51; 52; 114]), one may conjecture that results
presented in Section 3.3 to 3.8 are still valid when o2 defined in (3.4) is replaced
by

N
O renewal Z Va’r + CA E[BF) 9 (347)
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as was also defined earlier in (2.33).

Finally, we address a number of topics for further research. First, the heavy-traffic
results proven in this chapter demonstrate convergence in distribution by demonstra-
ting point-wise convergence of the LST’s to their limiting regimes, and application
of Levy’s Continuity Theorem. An interesting question is whether the results can be
extended to other types of convergence, and under what assumptions. For example,
convergence in distribution does not necessarily imply moment-wise convergence; the
latter requires the finiteness of higher moments of the service times and switch-over
times. We refer to [136] (Section 3.3) for more detailed discussion about moment-wise
convergence. In the case of PS service at queue ¢ we made the additional assumption
that the service times are exponentially distributed. Under this assumption, we pro-
ved the correctness of Theorem 3.4 by using the results in [12] (Section 5) which, in
turn, rely on the classical results by Coffmann et al. [50] for the M/M/1 PS queue
(without vacations). It is an open question how the results for PS can be extended
to the case of generally distributed service times.






Chapter 4

Transient analysis of cycle times in polling systems

4.1 Introduction

In Chapters 2 and 3, we derived the waiting time distribution in heavy traffic for
polling models with various scheduling and service disciplines. In this chapter, we
study cyclic polling models with Poisson arrivals, general service and switch-over
times and gated or globally gated service. We focus on the transient behavior of
the successive cycle times. Our goal is to gain an understanding in the dependency
structure between the different cycles. This study is motivated by our interest in
systems where disruptions or breakdowns may occur, often leading to excessive cycle
lengths. In this context, we are interested in the following questions:

1. If the system encounters an excessively long cycle time (e.g., due to a disruption
or a breakdown), then how will that influence the durations of the subsequent
cycle times? What is the time needed to recover from excessive cycle times?

2. What is the dependency structure between various residence and cycle times?
More specifically, what is the correlation between the successive cycle (and re-
sidence) times?

A primary motivation for the second question is that the dependency structure makes
polling models challenging to analyze. Insights into the dependency between cycles
and residence times might pave the way for approximation methods. For instance, for
polling models in tandem, the output of some queues may feed into another queue.
The output of a specific queue in a polling system is essentially driven by an on-
off source with dependent on and off times (‘on’ representing visit times and ‘off’
representing intervisit times). Similar relations have also motivated the study of some
vacation models, see e.g. [39; 41; 47]. Finally, we note that waiting-time and queue-
length distributions can be expressed in terms of the marginal cycle-time distribution
for polling models with (globally) gated and exhaustive service.

In this chapter, we assume that the distribution of the first cycle (in case of globally
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gated service) or N residence times (in case of gated service), where N is the number
of queues, is known and that the arrivals are Poisson. Using this, we show how the
joint LST of all = subsequent cycles (globally gated) can be expressed in terms of the
LST of the first cycle. Moreover, for the case of gated service we show how all z > N
subsequent residence times can be expressed in terms of the LST of the first cycle.
From these joint LST’s, we derive the first two moments and correlation coefficients
between different cycles. Lastly, we analyze a heavy-tailed first cycle length, due to
disruptions or breakdown, or the heavy-traffic regime to provide new fundamental
insights into the time-dependent behavior.

The remainder of this chapter is organized as follows. In Section 4.2 the models are
described and the method and goals of the chapter are outlined. In Section 4.3 we
study the case of globally-gated service, whereas we study the case of gated service
in Section 4.4. Both sections contain asymptotic results, such as heavy-tailed initial
cycle lengths and heavy traffic, and numerical illustrations.

4.2 Model description

We consider a system of N > 2 infinite-buffer queues, @1, ...,Qy, and a single server
that visits and serves the queues in cyclic order. Customers arrive at ; according
to a Poisson process {N;(t), t € R} with rate A;. These customers are referred to as
type-i customers. The total arrival rate is denoted by A = Zfil ;. The service time
of a type-i customer is a random variable B;, with LST B (), and kth moment E[BF],
k =1,2,..., when it is finite. The kth moment of the service time of an arbitrary
customer is denoted by E[B*] = Zi\; N E[BF]/A, k =1,2,.... The load offered to
Q; is p; = N\, E[B;] and the total load offered to the system is equal to p = Zi\; Di-
The switch-over time required by the server to proceed from @; to ;41 is a random
variable S; with mean E [S;] and LST S7(-). Let S = Zf\il S;, with LST S*(-), denote
the total switch-over time in a cycle. We define d;(s) := \;(1 — B (s)) and let e; be
a unit vector with 1 in the ith position and 0 in the other positions.

We consider the gated and globally gated service disciplines. When the service dis-
cipline is gated, a gate at @; closes when the server arrives at @);. Every customer
standing in front of the gate is served, while customers arriving at @; during service
of Q; must wait for the next cycle, this holds for all i = 1,..., N. When the ser-
vice discipline is globally gated, a gate closes at all queues when the server arrives
at 1. During the following cycle, every customer standing in front of the gate is
served.
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Method and goals

Throughout this chapter we assume that the distribution of the length of the first cycle
is known. For the gated service discipline, this requires that the joint distribution of
the first NV residence times is known, where a residence time is a visit time plus the
subsequent switch-over time. When the probabilistic behavior of the first cycle is
known, the next residence time can be expressed in terms of the first cycle, as it
consists of a visit time to serve all the work that arrived at the queue during the first
cycle plus the switch-over time. For globally gated, this is true for every queue, as
the gate closes at the start of a cycle. For gated, the length of a visit time is always
determined by the work that arrived at the corresponding queue during the last N
residence times. It can be seen that the second cycle is completely determined in
terms of the first cycle. Consequently, the third cycle can be expressed in terms of
the second cycle and so also in terms of the first cycle. As a result, every cycle can
recursively be expressed in terms of the first cycle. We use this fact to derive the
joint LST of = consecutive cycles or residence times in terms of the LST of the first
cycle.

Let us first consider the globally gated case. Our goal is to determine the joint LST
of z consecutive cycle times, denoted by ~,(z). The vector z of length x contains
the variables z1,...,z,, corresponding to cycles 1,...,z, with the LST of the first
cycle, v1(z), assumed to be given. Choosing the z; in specific ways, enables us to
calculate all kinds of useful performance measures. For example, when z; = z for all
1€ JC{l,...,z} and 0 otherwise, we obtain the LST of the sum of cycles of set J.
Such a choice is especially convenient to calculate moments, which are then obtained
by differentiating with respect to z and taking z = 0.

Also, the covariance between cycle 1 and cycle = can be calculated using the following
property of the covariance: if X; and X5 are random variables, then Var(X; + X5) =
Var(X;) + Var(Xsz) + 2Cov(X1, X3), with the variance of a random variable X being
Var(X) = E[X?] — E[X]?. To calculate the covariance between cycle x and cycle y
(y > x), we define 3 vectors of length y: a = z(e; + €,), b = ze, and ¢ = ze,.
Let C; denote the ith cycle. The first vector is then used to calculate the variance of
C; + Cy, the other two vectors are used for the variance of C,, and Cj, respectively.
The covariance is then given by

Cov(Cy, C,) = % (Var(Cy + C,) — Var(Cy) — Var(C,)) (4.1)

If, due to some external event or disaster, the first cycle is very long, we can easily
derive the duration of the effect by calculating the duration of subsequent cycles,
until it converges to the expected duration of E[S]/(1 — p), if p < 1. In addition,
the recursive relations allow us to derive exact asymptotic transient results for some
limiting regimes, such as heavy traffic and heavy-tailed initial cycle times.

For gated, the same methods can be applied, for residence times instead of cycle times.
By choosing N consecutive z; equal to z, it is also possible to look at cycles. Note
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that the state description for gated in terms of residence times can also be applied to
the globally gated case to obtain information about the residence times.

4.3 Analysis of globally gated service

In this section we consider the joint LST of z cycles for a globally gated service
discipline. This result is used to derive various moments and asymptotic properties.
We suppose that the distribution of the first cycle, C, is known, and that its LST
is given by 71 (z) := E[e~*1]. Because of the globally gated service discipline, the
length of a cycle determines the number of customers that are served during the next
cycle. The number of customers that are served during a cycle plus the switch-over
times together determine the length of that cycle. As such every cycle length can be
expressed in the length of the previous cycle, and it is possible to express every cycle
length recursively in terms of the first cycle. If we want to give the joint LST of C;
and C5, in terms of the LST of Cy, we can first condition on the value of C; and then
integrate over the density of C, as follows:

o0

E[e—zlclszCb} :/ ]E[eizlclizQCQ] dP(Cl S Cl)
61:0

= / ]E[e—zwl—Eiv:l M(l—BZ(n))m} E[e‘”s} dP(Cy < ¢1)
c1=0
N
=C <z1 +y 5k(22)> S*(22), (4.2)
k=1

where C7(+) is the LST of C, which we defined as 4 (). More generally, we can write
the joint LST of the first & cycles, denoted by ~.(-), in terms of the LST of the first
cycle. Here, z is a vector of length x, with z; corresponding to cycle .

Theorem 4.1. The joint transform of the x cycle lengths is given by

xz—1
Yo (z) = Ble™ Zim 5G] = 4 (21 + (7 (2)) [] 5*(zi51 + (517 (), (4.3)

j=1
with

. . 4.4
(O a) = TN G(onss + D (2)). (4

Note that Q(li) can be interpreted as the amount of work that arrived during the nth
cycle and recursively contains the amount of work that arrives during the next (i —1)
cycles, i.e., in some sense it defines a descendant set (see also Remark 4.1 below). In
the proof of Theorem 4.1, we use the following lemma (with the proof deferred to
Section 4.5.1).
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Lemma 4.1. Fori=2,3,... andn=1,2,..., we have
(@) = ¢ (@), (4.5)

with z’ = z + C,r(LzJZ,L 1( ) €n4i—1-

Proof of Theorem 4.1. We use induction to prove the theorem. It evidently holds for
2 = 1. Now assume that Equation (4.3) holds for k < x. Taking k = x 4 1 gives

N

’Y(z+1)(z) = Yo(21, 22,000, 22 + Z 0k (2241))5" (2241)
k=1

= o2, 22, 20 <<2><z>>5*<zx+1 +¢(2)

=i+ (7 (2 HS* 21+ G (@) (2o + Y (2)
j=1

= (21 + ¢ (z) HS (21 + (2 (@) 5 (21 + () (2)
= (21 + ¢ (z) HS (z3+1 + 577 (@),

For the first equality, we use a reasoning similar to Equation (4.2), then we rewrite
the result using (4.4). For the third equality, the induction hypotheses is used. For
the fourth equality, we use Lemma 4.1, completing the proof. O

Remark 4.1 (Link with the Descendant Set Approach). The expression in Theo-
rem 4.1 can be explained along the lines of the Descendant Set Approach (DSA) [97].
The DSA considers original customers (originators) and non-original customers, where
an original customer arrives during a switch-over period, and a non-original customer
arrives during the service of another customer; The children of a customer T arrive
during the service of T. The descendant set of T is recursively defined to consist of
T, its children and the descendants of its children. In our case, the first cycle and the
x — 1 switch-over times can be interpreted as originators and the recursive definition
of C,(f) (z) represents the descendant sets. We note that in this case all quantities are
expressed in time (or amount of work), while in the DSA this is typically in terms of
number of customers.

By choosing specific values for z;, ¢ = 1,...,x, many performance measures can be
determined, see also Section 4.2. Below, we focus on the first two moments and the
correlation coefficient. Here we assume that z; is either z or 0 (depending on whether
cycle i is included). Let J C {1,2,...,2} be the set of cycles that is included, i.e.,
z; = z if and only if ¢ € J. Taking the derivative of ,, with respect to z,, taking
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z = 0 and multiplying by —1, gives the expected length of cycle x. The derivative of
Y, With respect z, then becomes

d d z -
£ = o + 7@ (e + 4 )1_1 (2141 + €537 (2)
—d d
t(a+ G (@) Y 8 (w5 + (1 () (n{me]} + = c;iﬂ%z))
j=1

(4.6)

X H S*(2hg1 + Ckilk)( )
k#j

with %Cg)(z) recursively defined as

N

d d 1 .
=3 FotnConea + e (Lo + i) 122 @)
k=1

and %Q(f)(z) = 0if i = 1. Here £5,(2) = —AeBj(2). Taking z = 0 gives
%5;C (2)|2=0 = pr, and filling in z = 0 in Equation (4.7) gives the next property:

Property 4.1. We have, fori=2,3,... andn=1,2,...,

1—1

d
@C )(2)] =0 = ZP Liniresy- (4.8)
k=1

Proof. Equation (4.8) can be proved by induction. First, take i = 2, yielding

N
d
Z df Zn+1 ]]-{n-‘,-lEJ}

If z = 0, this equals Eszl Prlintiesy = plinsiesy, which agrees with (4.8). Now
assume (4.8) is true for all k¥ <. Taking k =14+ 1 gives

Nod
C‘”l ZCT (znt1 + ¢ (2) (1{n+1eJ}+ L (a ))
k=1
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according to (4.7), and for z = 0, we obtain

N i—1
d .
adﬁl)(z)\zzo => <]1{n+1eJ} + Zpl]l{n+1+zeJ}>
k=1 =1
1—1

= plinyieny + Z P s tieny
=1

i i
= plintieny + Z P lnpiery = Z P nriesys
=2 k=1

where the first equality holds due to the induction hypotheses, completing the proof.
O

Combining the above yields the following proposition, for the expectation of the sum-
mation of the lengths of cycles i € J.

Proposition 4.1 (First moments). The expected total length of all cycles in set J is

z—1 j
E Z Cj| =Em] Z pkl{k+leJ} + E[5] Pl]l{j+z+1eJ}7 (4.9)
jeJ k=0 Jj=1 1=0

where E[y1] is the expected length of the initial cycle.

To calculate the variances of specific cycles, or covariances between two cycles, we
also need the second moments. To this end, we take the derivative of Equation (4.6),
resulting in Equation (4.19) in Section 4.5.2. The derivative of (4.7) is given by
Equation (4.20) in Section 4.5.2. Taking z = 0 leads to the following property:

Property 4.2. We have, fori=2,3,... andn=1,2,...,

&2 i i—k—2
@Cﬁ)(zﬂz:o =-AEBY o[ Y P lnrjrntien
k

=0 j=0

The proof is by induction and is similar to the proof of Property 4.1.

Proposition 4.2 (Second moments). Let E[yZ] be the second moment of the initial
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cycle. The second moment of the total cycle length of all cycles in J is

2

EYc) |=Eni (Zpkn{HleJ}) (4.10)

jeJ k=0

rz—1 z—1lz—75—1
+E[n]| 2E[S] (Zpk]l{kJrleJ}) D A lgiiren

k=0 j=1 k=0
2
x—2 r—k—2
+AEBY o DD P rkreen
k=0 §=0
z—1a—j—2 T—j—k—2 2
E[S]AE[B?] Z Z P ( Z pll{j+l+k+2€J}>
j=1 k=0 1=0
w,1 rz—j—1 2
( pk]l{jJrkJrleJ})
]:1 k=0
z—1laz—j—1 21 ja—j1 2
o157 (£ Hienen ) -5 (5 #pernen)
j=1 k=0 Jj=1 \ k=0

Using Equation (4.1) and the moments derived above, we can calculate the covariance
between cycles 1 and z. This gives

(E['Yw(a)ﬂ - IE[’)@(&)]Q
— (E[2(b)?] = Ela(0)]?) = (Elv2(c)?] — E[yz(c)]))
= (Ehi] - El?) p* (4.11)

where the second equality is obtained by filling in Equations (4.9) and (4.10). Inte-
restingly, we see that the covariance between the first cycle and cycle x only depends
on the variance of the first cycle and the load of the complete system.

Cov(C1,Cy) =

N | =

Remark 4.2 (Steady-state distribution). In polling models, it is common to relate
the length of a cycle to the length of the previous cycle. Assuming the system to be
in steady state, this provides an equation for the LST of the steady-state cycle length
(see e.g. [158]). In fact Equation (27) of [158] is equivalent to (4.2) if we take z; = 0.
A similar recursive scheme can also be found in [38]. The distinguishing feature is
that [38; 158] focus on steady-state results, whereas our aim is to derive transient
performance.

Alternatively, putting z, = z and z; equal to zero for i < x, gives information about
cycle z. Taking x — oo, also gives information about a cycle in steady state. This
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limit in Equation (4.8) gives exactly E[S]/(1 — p), if p < 1. Doing the same with
Equation (4.10), gives exactly the second moment of a steady state cycle. This shows
that our expressions are in line with known results (see again [38; 158]).

4.3.1 Asymptotic properties

From Theorem 4.1 and Equation (4.11) we may derive more explicit results for the
different asymptotic regimes, such as light and heavy traffic and large switch-over
times. Moreover, we consider the case in which the first cycle has a heavy-tailed dis-
tribution, representing the situation that this cycle is affected by an external event.

Light and heavy traffic In heavy traffic, when p 1 1, we directly obtain that the
coefficient of correlation between cycles 1 and = tends to 1, see (4.11). Hence, the
distribution of C,, is identical to the distribution of Cy in heavy traffic.

For light traffic, we observe from Equation (4.11) that when the load tends to zero,
the covariance between the first cycle and any other cycle is equal to zero, which
also holds for the correlation coefficient. For approximations based on light and he-
avy traffic interpolations, the derivative of the light-traffic regime with respect to the
load is useful. Remarkable is that the derivative of the covariance is zero for cycles
x =3,4,..., but it is strictly positive for the second cycle.

Large switch-over times Another common asymptotic regime is the situation of
large switch-over times, see [131]. Let the switch-over times be deterministic with
length 7, i.e. S*(z) = e~"*. We scale the cycle times by dividing by r and let r — oco.
This gives

x—1
. . T —(z =D (2 /e
i a(a/r) = lim (a4 17 /) [] e /el
J:

x—1
—i—1 &
_ H e~ (ZRZ0 T P i rkt)
=1

implying that the scaled cycle lengths become deterministic and are simple expressi-
ons in terms of the system load p.

Heavy-tailed initial cycle length Let us assume that the first cycle is regularly
varying of index —v (denoted as C; € R_,; and with m < v < m + 1), whereas the
service and switch-over times have a lighter tail. This situation is of interest in cases
where a disaster or external events leads to a long cycle. Of primary interest is how
this initial cycle affects future cycle lengths.

More specifically, we assume that P(Cy > y) ~ L(y)y~, v > 1, with L(y) some slowly
varying function. We use the notation f(y) ~ g(y) to indicate that f(y)/g(y) — 1 as
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y — 00. A function L(+) is called slowly varying if L(ny) ~ L(y), for all n > 1. For
the service and switch-over times, we assume the following:

Assumption 4.1. P(B; > y) = o(P(Cy > y)) and P(S; > y) = o(P(C1 > y))
(¢=1,...,N), where f(y) = 0(g(y)) is equivalent to lim, . f(y)/g(y) = 0.

Proposition 4.3. Suppose that Cy € R_,, and Assumption 4.1 is satisfied. Then,
form=1,2,...,

P(Cn>y)~]P’<C'1> >, as y — 0o

n—1

The result of Proposition 4.3 can be intuitively explained and is related to the fact
that rare events tend to occur due to a single most probable cause in systems with
heavy-tailed characteristics. More precisely, the most likely way for a large n-th
cycle time is a large initial cycle time, whereas the system shows average behavior
otherwise. As traffic arrives at rate p, the amount of traffic arriving during the first
cycle is about pC1; this means cycle 1 needs to be larger than y/p for cycle 2 to be
at least of length y.

The proof of the above proposition relies on the relation between the asymptotic
behavior of regularly varying distributions and the behavior of the LST near the
origin. For clearness of exposition, we restate that result (see [26; 27; 36]).

Theorem 4.2. Let X be a non-negative random wvariable, L(-) a slowly varying
function, v € (m,m + 1), and D > 0. Then the following statements are equiva-
lent:

P(X>y) = (D+o(1)y "L(y), asy— oo,
E[e™**] =) E[X] (;)J = (-1)"T(A=v)(D+o(1))2"L(1/2), asz]0.

To derive Proposition 4.3, we use the series expansion of E [e‘zc"] and rely on

Lemma 3 of [58] stating the series expansion of iterated functions that are regularly
varying.

Proof of Proposition 4.3. We first show that P(Cy > y) ~ P(Cy > y/p). The result
for C,, then follows by induction. Now, first assume that the switch-over time at the
end of the second cycle can be neglected, and let the corresponding cycle length be
Cp. Let t(z) = 3, 0k(2). Then Ee=*C2 = v, (#(2)), which is precisely an iterated
function of the type considered in [58, Lemma 3]. Using the definition of dx(-), we
obtain t(z) = pz 4+ o(z), when y — co. In the notation of [58], we have 1, = 0 (due
to Assumption 4.1), ¢, = (—1)™T'(1 — v) (due to Theorem 4.2), and ¥ = p (due to
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the series expansion of ¢(z) above). Using [58, Lemma 3], yields
E [e—z@} = m(t(z) = 302"+ (-1)"T(1 — ) + o(1))p" 2" L(1/2).
=0

Another application of Theorem 4.2 provides the desired asymptotic tail probability of
C5 in the case of zero switch-over times. From Feller [67], p. 271, and Assumption 4.1
it follows that P(Cy + 3, S; > y) ~ P(Cy > y). Hence, the switch-over times are
negligible and the proof is completed. O

4.3.2 Numerical results

In this section we show the impact of the first cycle on the succeeding cycles by
plotting mean cycle lengths, standard deviations and correlations between different
cycles. The parameters that are needed, are the first two moments of the total
switch-over times, the total arrival rate and the overall load, the second moment of
the service distribution of an arbitrary customer and the first two moments of the first
cycle length. Let us consider the following system; switch-over times are exponentially
distributed, with parameters E[S] = 5 and E[S?] = 50. The total arrival rate to the
system is A = 3, the service times have an exponential distribution with E[B?] = % P2
The first cycle is deterministic, with length uif[s], so it is 10 times longer than an
average cycle. The means and standard deviations of the cycle lengths for different
values of p are plotted in Figure 4.1. Figure 4.1a shows that the mean cycle length
decreases to the length of an average cycle, for lower loads this decrease is faster than
for higher loads. Figure 4.1b illustrates that the standard deviation first increases
and then decreases, until it converges to the standard deviation of an average cycle.
The low standard deviation in the beginning is explained by the fact that the first
cycle is deterministic.

The correlation between cycles 1 and z is given by the covariance between cycles 1 and
z, Equation (4.11), divided by the standard deviation of cycle 1 times the standard
deviation of cycle . Suppose that the first cycle is an average cycle, then both
standard deviations are equal, so the covariance is divided by the variance of an
average cycle. It is immediately clear that the correlation between cycles 1 and x
is then given by p® !. This is plotted in Figure 4.2. Figure 4.2a shows that the
correlation between cycles 1 and 2 is equal to p; for cycles that are further apart the
correlation decreases rapidly unless the systems load is considerable. For instance,
the correlation between cycles 1 and 50 is only significant if the load well exceeds 0.9.
Figure 4.2b illustrates how the correlation decreases for fixed p by letting the distance
between cycles increase. Note that when the load is equal to 1, the correlation does
not decrease, which would give a horizontal line.
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4.4 Analysis of gated service

First, we note that the structure and methods of proof in this section are similar to
those for the globally gated case of Section 4.3. Recall that with the gated service
policy, the server only serves the customers that were present at the queue, the mo-
ment the server arrived. Analogously to the globally gated case, we again assume
that the probabilistic behavior of the first cycle is known. But for gated it is not suf-
ficient to have information about the length of the cycle, we need information about
the lengths of the first N visits and switch-overs. The visit time plus the following
switch-over time, i.e. V; + 5;, is called the residence time. Assuming the first N re-
sidence times are probabilistically known, we can write down the joint LST of the
first « residence times, for 2 > N. This LST is denoted by #.(z), and is given in the
following theorem:

Theorem 4.3. For x > N, we have

Yz(z) = Ele” 2 zi(V,;-i-S,;)]

z—N
=dn(a+d7 (@), o +dSTV @) [ Silevin +diin P (2),
k=1
with T = x mod N and
) N+n )
dEj)(z) = Z o7, (2 + dl(cz+n_k)(z))]l{N<k§n+i}~
k=n-+1

Note that the vector z has length x, and every element z; of the vector now corresponds
to the ith residence time for 4 = 1,...,2. The recursive term sy (z) is similar to the
¢ of the globally gated case. In order to prove Theorem 4.3, we first establish the
following lemma (with the proof deferred to Section 4.5.1).

Lemma 4.2. Forn=1,2,... fited and x > n and x > N, we have
(z) +d==(2)) = z, + dT" D (z), (4.12)
with z' =z + d5" (z) > e N41€i

Proof of Theorem 4.3. For the proof of Theorem 4.3, we use induction. First we take
the case x = N, giving

0
in(z) = An(a +dN V@), ey +dG TV (@) T Steven + di i ()
k=1

:rAYN(Zly"'aZN))
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because d¥ ™) (z) = 0 for all n, and the product of switch-overs is empty and thus
equals 1. Next we assume that Theorem 4.3 holds for all k£ < z, then for k = x + 1,
we have

Yot+1(2) = Y (21, -+ - s 22— Ns Za—N41 + dﬁf), sy 2zt d;l))S%_T_T(sz)

x—N
= (wza +d" V@), dSTV @) [T St S M (@ )))

k=1
X §2—(z041)

x—N
= vz +di7 (@), .. av +dy V(@) [] Sileven +dion T (2))
k=1
X St (zat1)
x—N+1
=in(a +d (@), .. an +dy V@) T Siewver +diin ().
k=1

For the first equality, we use the same reasoning that was used for Equation (4.2).
For the second equality, the induction hypothesis is used. The third equality uses
Lemma 4.2. For the last equality, note that x +1 = z + 1 mod N, which equals

T—-N+tl=2—N+1 mod N. This completes the proof. O
As in Section 4.3, we define J C {0,1,2,...,z} as the set of residence times we wish

to include. Specifically, we take z; equal to z if j € J, and 0 otherwise. For example,
if we want to calculate the distribution of the length of the first residence time in the
second cycle we set zy11 = 2z and all other z; equal to 0. Moments can now again
be derived by differentiating with respect to z. The derivative of 4, with respect to
z (with z; either z or 0) is then given by:

N
~(7 xr— x— d r—7
=>4V +d" V@), ey +dTV () (1{]@} + od J)(z)>
j=1

* x—N—k
< [ StCener +d5 (@)
k=1

+ A (2 d‘“”( sy an +dy N (2)) (4.13)

X Z 5 H(onag +dyi (@) (n{Nﬂer d§v+J J>(z)>

XHS zN+k—|—d1$+,iV k)(Z)),
k#j

where ’yj(\?) (+) is the partial derivative of 4y (-), with respect to the jth parameter. The
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derivative of d‘gw_j ) (z) is recursively defined as

N+j

d r— d x—k d z—k
dzd§ Nay=Y" @51;(Zk+dz(c (2)) (]l{keJ}""dZdEC )(Z)) I N<k<a}-
k=j+1
(4.14)
For convenience, we define «o; = d%dg»x_j)(zﬂ{zzo}. The expected length of resi-

dence times under consideration (that is, in set J) is given by the following proposi-
tion.

Proposition 4.4 (First moments). The ezpected total residence time for set J is

E|D_Vi+Si| =
=
N x—N
(E[VJ] + E[Sj]) (]l{jEJ} + Oéj) + E[Sj] (]1{N+j€J} + O‘N—s—j) ,
j=1 j=1
with
N+j
4= Z P (Lgresy + on) Ln<k<ay- (4.15)

k=j+1

Example 4.1. An interesting special case is where we are only interested in two
subsequent cycles, i.e. x = 2N. Take J = {N +1,...,2}. From (4.15) it may be
easily verified that

N+
= > pite; Z Pi H (14 pp). (4.16)
j=N+1 k=j+1 I=j+1

For the second moment we need to differentiate Equation (4.13), the result can
be found in Section 4.5.2, Equation (4.21). Taking z = 0 yields the second mo-
ments.

Proposition 4.5 (Second moments). The second moment of the total residence time
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for set J is
2
N N ) ) ) )
E|[DVi+S)] [ =D D ElV;+S5)(Vi+8)] (Luesy + ) (Lyjesy +ay)
JjeJ j=11=1
N
o d?
=D _EW; + 5)] 54 (@) o)
j=1
N A A —
+2 ZE[(VJ‘ +9)] (Lyjeny + o) Z Si] (Mntresy + anir)
j=1 k=1
~ 2 & (e-N—j)
+ D ESE) (Lvpjen +anyy) — ElS;loadny 7 (@)l=0)
j=1

+E[S;] (Lintseny + anves) O EISH] (Linires + aNHC)} ,
py

with o given by (4.15) and - zd(x ])( z)|(.—0y recursively given by

& @)

@dj ! (Z)\{z:o} =
N+j P2
> [A;; E[B2] (1{kesy +ay)’ trigad (2 )|{z—0}:| 1N <k<a}-
k=j+1

Remark 4.3 (Comparison with globally gated). For globally gated we are able to
find closed-form expressions for both the mean and the second moment. For gated
this turned out to be involved, so the recursive terms are left intact. Assuming the
initial cycle to be in steady-state, the relations between the residence times of the
second cycle expressed in terms of the first cycle give rise to a system of equations.
We refer to e.g. Takagi [125] for such an approach for the analysis of the number of
customers at polling instants.

By adding more parameters to the joint LST of the residence times, the visit times
and switch-over times can be tracked separately. Analogously to the gated case, the
globally gated case can be extended to also record the visit and switch-over times per
cycle. This can be useful, for example, for determining the output process.

4.4.1 Asymptotic properties

The asymptotic results are similar to those for the globally gated case. However, the
expressions are more involved and concern iteratively defined functions. Below, we
focus on the two most interesting cases: heavy traffic and heavy-tailed initial cycle
length.
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Heavy traffic For the heavy-traffic regime, we consider the usual scaling of resi-
dence times R; := V; +5; = (1 — p)(V; + S;). For each variable z that is a function
of p, we denote its value evaluated at p =1 by Z.
Proposition 4.6. For the joint LST of scaled residence times, we have

13?11%(2(1 —p)) =AN (21 +a1,..., 25 + an),

with 47T (+) the joint transform of scaled initial residence times, and & given by the

TECUTsion
N+j

b= Piler + )l (ncrsa)- (4.17)
k=j+1

Proof. The heavy-traffic limit follows from
lim 4, (z(1 — =
lim 4 (2(1 = p))
lim A (21 (1 p) + i (a1 = p)), 2w (1= p) -y~ (a(1 - )

r—N

< TT Silenin(1=p) +dS5 0 (201 - p))).
k=1

Using Theorem 4.3 and by applying I’Hopital’s rule, we obtain

4 (z(1 - Y -
tim ) g S5 (1 )+ P (1 - )
pr p 0 v
d (i+n—k)
—d 1-— 1 i
X <Zk T (=( P))) {N<k<n-i}
The recursion (4.17) then follows by letting é&; = lim ay (z(1=p))/(1 = p). Com-
bining the above provides the result. O

Proposition 4.6 shows that in heavy traffic, the joint LST of residence times is fully
characterized by the LST of the initial cycle. As such, we see that an ‘averaging
principle’ applies to our transient results, as the future evolution of residence times
are specified by average input values. However, we note that, depending on the
composition of the first cycle, the scaled cycle lengths may either increase or decrease;
see Example 4.2 for an illustration.

Example 4.2. For simplicity, take N = 2 and z = 4. Similar to (4.16), we may
obtain that &3 = p123 + p1p224 and G = p123 + (1 + pAl)ﬁQZgl, yielding

lim 4, (z(1 — p)) =
lim % (z(1—p))

E eXp{—z1R1 — ZQRQ — Zgﬁl(Rl + ]‘:L’g) — Z4,52(,51R1 + (1 + ﬁl)ég)} .
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Addressing expected values, it holds in equilibrium that (1 — p) E[R}] = p1 E[Rj].
If we assume that the initial residence time of queue 1 is relatively short, i.e., that
(1 — p1) E[R}] < 1 E[R], then it may be verified that E[Rs] > E[R;] and E[R,] <
E[R,]. Moreover, for the total cycle length we have E[R3 + Ry] > E[R; + R,]. This
means that the residence times converge to their equilibrium value, whereas the overall
cycle length is increasing. For a relatively long initial residence time of queue 1, i.e.,
(1 — 1) E[R}] > p1 E[R3), all inequalities are reversed.

Heavy-tailed initial cycle length Clearly, an excessively long residence time af-
fects subsequent residence times. For convenience, we assume here that queue N
(which may be arbitrary) has a heavy-tailed residence time. When the residence time
of queue i < N would have a heavy tail, this would affect the tail behavior of queues
i+ 1,...,N as well, which is precisely the effect we aim to study. More precisely,
we assume that the residence time of queue N is regular varying of index —v (with
m < v < m + 1) and asymptotically dominates the tail of the residence times at
queues 1,..., N — 1, that is

P(Vi+S1>my,....,VN_1+Sv-1 > nv-1y, Vv + Snv > y) ~P(Va + Sy > ).

This leads to the following assumption.

Assumption 4.2. The initial cycle length is asymptotically dominated by the resi-
dence time of queue N, giving

An(fi(2),.. ., [n-1(2),2) = Zaizi + (-1 —v)(1+o0(1))2"L(1/z).
i=0

As in the globally gated case, it holds that an excessively long n-th residence time is
most likely due to an excessively long initial visit of queue N, while the system shows
average behavior otherwise. The average behavior is specified by a similar recursive
scheme as for the mean residence times and heavy-traffic asymptotics.

Proposition 4.7. Suppose that Viy € R_, and Assumptions 4.1 and 4.2 are satisfied.
Then,
P(V,+ S: >y) ~P(Vy >y/an),

with &, = 1 and ay given by the recursion

N+j

aj = Z Pk LN <k<a}- (4.18)
k=j+1

Proof. The proof is along the same line as the proof of Proposition 4.3. Consider the
visit of queue z, i.e., take z, = z and z; = 0 fori =1,...,z—1. First, we assume that
all switch-over times equal zero, represented by V; in the notation for the visit time
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of the j-th queue. From Theorem 4.3, we obtain Ee~ Vs = AAyN(dgw_l), e dg\”;_N)).
We thus need to consider the series expansion of the terms dg-x_] ), which are in fact
iterated functions. In view of [58, Lemma 3] and Assumption 4.1, we have ¢, = 0
(in the notation of [58]; see also the proof of Proposition 4.3) and we only need to
)

consider the first term of the series expansion of d§w7 . Using Theorem 4.3, it easily

follows that dg-x_j) = &,z +o(z) where &; follows from the recursion (4.18). Applying
the same arguments as in [58, Lemma 3] combined with Assumption 4.2, we obtain

E [e*”w} = A (d®Y Ny = ;02 +((=1)™T(1 = v) + o(1))@% 2" L(1/2).

Using Theorem 4.2 yields P(V, > y) ~ P(Vy > y/an). Again, under Assumption 4.1,
it is straightforward to show that the contribution of switch-over times and the contri-
bution of work arriving during these switch-over times are negligible. This completes
the proof. O

4.4.2 Numerical results

In this section we use a numerical example to illustrate the properties of a gated
system. Consider a symmetric system with N = 4 queues, A\, = 1, E[B;] = p;,
E[B?] = 2p?, p; = p/N, E[S;] = 3, and E[S?] = 22, for all i. Because of a disaster, all
visit times take ten times longer than average, but switch-over times are not affected,
so E[(V; 4+ ;)] = 10%‘%] + E[S;]. We take the residence times deterministic, giving
E[(Vi + Si)(V; + 5;)] = E[(V; + 8;)]?, for i, j = 1,2,3,4.

The mean and standard deviation of the cycle lengths of this system are plotted in
Figure 4.3. We see that the figures look very similar to the globally gated case in
Figure 4.1. Figure 4.4 shows the correlation between cycle 1 and various other cycles,
where the first cycle is distributed as an average cycle. These figures also look similar
to the globally gated case in Figure 4.2. Recall that the correlation between cycle 1
and 2 was equal to p in the globally gated system, Figure 4.4a shows that this is not
the case for the gated system, however, the difference is small.

4.5 Appendix

4.5.1 Proofs

Proof of Lemma 4.1. We prove Lemma 4.1 by induction. First we show that the
lemma holds for ¢ = 2:

=

(D) =3 6lznir + (@) + (1 (2) = (P (a).
k=1
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Figure 4.3: Mean and standard deviation per cycle, for different values of p, if the
first cycle is ten times normal length and deterministic.
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Both equalities follow from the definition of {, given in Equation (4.4). Now assume
that (4.5) is true for all &k <i. We have for k =i+ 1:

N

V@) = 3 Glzngs + ¢y (2)

k=1
N
i+1 7
=Y ol + V@) = ().
k=1

The first and the last equality use the definition of ¢, and for the second equality, the
induction hypotheses is used. This completes the proof. O

Proof of Lemma 4.2. We prove Lemma 4.2 using induction. First we show that the
lemma holds for n = x, because then x — n = 0, providing

(2 +dP(2) = 2, + d{M () + 0.

This follows from the fact that z, is the last element of z and dg(co) = 0. Now assume
that Equation (4.12) holds for all k < z —n. For k + 1 = 2 — n, we need to consider
two cases: (i) the case where z,_;_1 is not one of the last N elements of z and (ii)
the case where it is. For case (i) we have vt —k —1 <2 — N 4+ 1, thus k > N — 2,

giving

Fropa + A @) =2+ Y G+ A7)
l=z—k
Ntz—k—1
= Zg_k—1+ Z 0(z + dl(z_lﬂ)(z))ﬂ{zvdgm}
l=z—k

= Zg—k—1+ d$7k71(z).

For the first equality, the definition of d% ) (z) is used, the second equality uses the
induction hypotheses and the final equality uses the definition again. Note that
N+2x—k—1<zand thus also N+x—k—1 < x4+ 1, so the last equality is indeed
true. For the second case, we have

N4xz—k—1
(g A0 (@) = 2o +dD @)+ Y e+ AT (@) L vcizay
l=x—k
N+4z—k—1 .
=z k1 0z AL @)+ Y Ga+dT T (@) I vazay
l=x—k

=Zz_ -1+ Z 0p(z1 + dl(ziHl)(Z))]l{ngxH} = Zp—k—1+ d;kji)l(z)
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The first equality uses the definition of dg )(z), whereas the second equality also uses
the induction hypothesis. For the third equality we use the fact that the indicator
function determines the end of the summation at z and the extra term contains the
case were k = x + 1. The final equality follows again from the definition, completing
the proof. O

4.5.2 Second-order derivatives

For globally gated, the second derivative of ~,(z) given in Equation (4.3), is given
by

d2 d2 (=) d 2zxz—1
() = e+ 676 (Lnen + 167@) T] 8"+ (57 @)
j=1
d - d («
+ 2d771(21 + Cf )(Z)) (]I{IEJ} + aé )(Z))
rx—1 d d rx—1
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The second derivative of Q(li)(z)7 given in (4.4), is equal to
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For gated, the second derivative of 4,(z), given in Theorem 4.3, is given by

~(J z— r— d z—
SN A0+ d TV (@), ey dTY () (11{16J}+dzd§ l)(z)>

r—N
d r— * T—IN—
< (1gen + a7 @) TT Sienon+ a5 e

k=1
N d2 rx—N
~ (7 rz—1 x—N r—7 * r—N—k
3 G+ ATV ), e+ AV @) S ) TT g een + Y @)
j=1 k=1
al d
~ z—1 z—N r—7
+23 40+ d" (@), ey +dTV () <n{j€J}+dzd§ ”(z)>
j=1
x—N d d
% x—N—k z—N—k
X pRCH O +d5 NP (2) (1{N+W} + @dgw )(z)>
k=1
* x—N—1
< J1 87 Genvsr + 55 " (2))
1£k
+An(z +dT V), . ey 4+ dE N (2)) (4.21)
D a2 . (z—N—3j) d (a—N-j) ’
X Z @53 (ZNH + dN+j (z)) LiNtjery + @dwﬂ‘ (z)
j=1
< [ SiCener +dS T (=)
k#j
d g JE-N=9) d? JE-N=9) g JE-N=F)
+ a2 3(ZN+J‘ tany; (Z))dzg N+j (z) H ;;(ZN+k+ N+k (z))
k#j

d ., j d (z-N-j)
+ $Sj (eN+j + dN+j (z)) (]l{NHEJ} + dZdN+j (z)

>

k#3j

< [T Gy + a7 (z))] ,
14k

d o o—N— d (s-n_
dZS]}(ZN-i-k""dgVJrIiV k)(z)) (1{N+k€J}+dZd§V+I]cV k)(z)>



100 CHAPTER 4. TRANSIENT ANALYSIS OF CYCLE TIMES

with %dyﬁj )(z), being the derivative of (4.14), recursively given by

& o) [ (3—k) d wr, \°
dz2 dj (z) = k_%;l d22 o7, (2k + dj, (z)) (l{keJ} + %dk (Z)>
d x—k d2 rx—k

Note that d%dgxfj )(z) is also recursively defined and given in (4.14).



Chapter 5

Queue-length distributions in DPS queues with
batch arrivals

5.1 Introduction

In this chapter, we study a queueing model with the Discriminatory Processor Sharing
(DPS) service policy. In contrast to the polling models from the previous chapters
(Chapters 2, 3 and 4), where the server only serves one job type, the server now
serves all job types simultaneously regardless of their type. The customer classes are
assigned with different weights indicating their relative priority (see Chapter 1 for a
more elaborate description). The majority of papers on DPS only considers single
arrivals, i.e., whenever an arrival occurs, only one new customer joins the system.
In some applications it is possible that multiple customers arrive at the same time,
where these customers could possibly belong to different classes. Such an arrival
pattern is captured by allowing multi-class batch arrivals. Our result gives insight
in the relation between the simultaneity of arrivals and the joint queue length in the
DPS model.

The possibility of simultaneous arrivals of batches of different types strongly enhances
the modeling capabilities of DPS models. Examples are found in communication
networks. For instance, consider a Web server that needs to respond to numerous
document-retrieval requests initiated by the end users. A Web document generally
consists of a number of files (e.g., pieces of text, in-line images, audio or video files),
each of which generates a separate file-retrieval request to the Web server. Each of
these requests generates one or more data flows to be transferred via a multitude
of connections (typically TCP-based connections with different characteristics) that
compete for access to a shared medium. This way, a document request can be seen
as a batch of flows that arrive simultaneously to a DPS node. Other examples can
be found in computer systems where threads compete for access to shared processors
in a processor sharing fashion. Efficient thread-spawning algorithms create batches
of additional threads to reduce congestion during temporary overload situations, and
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vice versa, can terminate threads when no longer needed. At the operating system
level, different thread types may have different priorities. This way, the creation of
threads can be seen as a batch of jobs arriving to a DPS node.

DPS models have received much attention in the literature; we refer to Altman et
al. [7] for a survey on DPS queues. The (conditional) moments of the response
times and number of customers in a DPS queue and their finiteness are studied in
[11; 66; 82]. Analysis of overloaded regimes in PS and DPS models can be found in
[6; 21; 64; 88]. DPS models in the heavy-traffic (HT) regime have been studied in
[120; 141]. These papers assume single arrivals and the approach they follow differs
from our approach. The analysis we follow builds on the study of Verloop et al. [145],
who analyze a DPS queue with phase-type service time distributions by considering
a Markovian framework. Their main result is the joint distribution of the scaled
number of customers in the system in the HT regime. Grishechkin [75] allows for
batch arrivals and explored the relationship between Processor Sharing models and
Crump-Mode-Jagers branching processes. Recently, Izagirre et al. [87] proposed an
approximation for the mean sojourn time in a DPS queue with Poisson arrivals and
general service times by interpolating between heavy traffic and light traffic.

The motivation for this chapter is two-fold. First, it is of a fundamental interest
to explicitly quantify the impact of correlations between the arrival processes of the
different customers classes on the number of each type in the system. Using a specific
class of correlation structures, we take a significant step in that direction. In fact, our
results explicitly quantify the impact of the simultaneity of the arrivals on the joint
distribution of the number of jobs in DPS systems in HT. Moreover, the result also
leads to sharp approximations of the impact of batched arrivals for stable systems
(i-e., with load strictly less than 1), providing new insight in the performance of DPS
systems, a class of models that is notoriously hard to analyze in an exact manner.
Second, in several applications of DPS models the arrival processes of the different job
types are correlated (see the examples above). In view of those applications it is im-
portant to be able to predict the queueing behavior accurately, in particular when the
system load is significant. The effectiveness of the existing numerical techniques (like
simulations) tends to degrade strongly when the system is heavily loaded. This raises
the need for the development of simple and fast approximations for the delay incurred
at each of the queues, explicitly capturing the impact of correlated arrivals.

We study a DPS queue with batch arrivals that occur according to a Poisson process
and exponential service times. Each arriving batch may contain customers of multiple
types and the number of customers per type can be larger than one. The size of a batch
is according to a general joint batch-size distribution. We are interested when the
system is in HT. To obtain this, we scale the arrival rate and let the total load of the
system go to 1. We analyze the scaled joint queue-length distribution and show that
a state-space collapse occurs in the HT limit. More specifically, the joint distribution
of the scaled number of customers is given by a vector of constants multiplied by an
exponential distribution. This result is similar to the result of Verloop et al. [145] for
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Poisson arrivals of single customers, where the authors find the same constant vector
times an exponential distribution. The difference with [145] is in the parameter of
the exponential distribution, which now contains the second moments and correlation
structure of the batches. In the HT regime, the batch arrivals only affect the mean of
the scaled joint queue-length distribution. For polling models a similar phenomenon
is observed in, e.g., [135].

The remainder of this chapter is organized as follows. In Section 5.2 the model is
described in detail and we introduce the notation. In Section 5.3, we state the main
result and include some intuition. The proof of the main result is given in Section 5.4.
Finally, in Section 5.5, we discuss numerical results.

5.2 Model description

We consider a system with N classes. Arrivals occur according to a Poisson process
with rate A. Each arrival consists of a batch of size K = (K7,..., Ky), where K;
stands for the number of class-i customers. Denote the joint batch-size distribution
by p(ki,...,kn) = p(k) := P(K; = ki1,..., Ky = ky) and let the corresponding
probability generating function (PGF) of K be K(z), where z = (z1,...,2n) and
|z;| < 1, for ¢ = 1,...,N. The arrival rate of class-i customers is denoted by \; :=
AE[K;]. Customers of type 7 have an exponentially distributed service requirement
with mean 1/p;. The N customer types share a common resource of capacity 1.

Associated with every class 4, there is a strictly positive weight w;, ¢ = 1,..., N.
When there are q := (q1, . . ., qn) customers present in the system, with ¢; the number
of type-i customers, each type-i customer is served at rate
ws
Nil, Z - 1, ey N
Z]‘:1 w;q;

We denote the random variable of the number of type-i customers in the system
by @; and denote its joint steady-state distribution by w(q) := P(Q = q), with
Q=(Q1,...,Qn). The load of type-i is given by

and the load of the system is

N
pi=AY EK;] _
=1 1

] =

Pj-
1 =
We analyze the system when it is near saturation, i.e., for p 1 1. To obtain this regime
we scale the arrival rate by letting

AT A= (Z M) , (5.1)

= M
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while keeping p;, ¢ = 1,..., N, and the batch-size distribution p(k) fixed. In HT, the
load per customer type is given by

s
ﬁi:Ja ’i:l,...,N,
i

with \; = XE[KJ The total load is equal to p = Zfil p; = 1. We let e; denote the
ith unit vector.

5.3 Main result

In this section we state the main result. The proof of this result can be found in
Section 5.4.

Theorem 5.1. As p 11, the joint distribution of the scaled queue lengths is given by

UJ17WQ, ’wN

(1—p)(Q1,Q2,...,QN) =4 (Q1,Qa,...,QN) =4 ([)1 L pN) X, (52)
where X is exponentially distributed with mean

N . (N N
Ej:l pj,%j + Ao Zj:l E[KlKJ],%;Tl]

E|X]| =
- 2570 (g /wy)

The intuition behind the result is as follows. Observe that the total amount of work
is the same for any work-conserving M/G/1 queue and is exponentially distributed
in HT. Hence, the total amount of work in a DPS queue in HT is also an exponential
random variable X. From the theorem above, we see that there is balance in how
the total amount of work is distributed among the N classes. This is reflected by
the fact that the exponential random variable is multiplied by a constant vector;
the different customer types all have their own portion of the exponential random
variable equal to p;/w;, ¢ = 1,..., N. The number of type-i customers grows with

rate \; and is depleted with rate w;q; (Z;\le quj) _1. Due to the balance of type-i
customers for a certain realization of X, these two rates should be equal. We can
solve this equation for ¢; to get: ¢; = (p;/w;) Z;\Ll wjq;. We see that Zf;l wjgq; is
a constant common to all ¢;, ¢ = 1,..., N, giving relative portions according to the
vector (,(31/11}1, . ,ﬁN/wN).

Observe that the joint batch arrivals only influence the deterministic vector in The-
orem 5.1 through the load. Also, the random variable X remains exponential; the
effect of the joint batch arrivals only appears in the mean of X. In case of single-class
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arrival processes, it holds that E[K;K,] = 0 if ¢ # j. Rewriting E[X] for single and
single-class arrivals, respectively, yields

> higs
E[X] = N];J’“l (for single arrivals)
Zj:l(ﬂj/wj)jj
St by (1+EIKD)/ E[K;)
E[X] = = L g ( J ) (for single-type batch arrivals).

2375 (P /wy) o

Analogous to the derivation of Verloop et al. [145], we can extend our main result
to phase type service-time distributions and even to a more general Markovian fra-
mework. In this framework, after service completion a customer of type i becomes
a customer of type j with probability p;;, or the customer leaves the system with
probability p;o. The service duration of a type-i customer is still exponential with
rate u;, but now a customer has to complete multiple services with different service
rates (because the customer changes type after a service completion).

Conjecture 5.1. Consider the general Markovian framework described in [145]. The
joint distribution of the scaled queue length (Q1,...,QnN) is given by

(le"'aQN) —d <m7p277W> X7
w1 W2 WN

with p;, i1 =1,..., N the load corresponding to type-i customers and X exponentially
distributed with mean

SN A ER) + AN, S BIK K (R E[R;)

E[X]| =
Ry 250 (p/w;) B[R]

)

where R; is the remaining service durations of customers of type i, i =1,..., N.

5.4 Analysis

In this section we derive the limiting distribution of the number of customers in the
queue in HT (i.e., when p 1 1). To this end, we start by formulating the balance
equations for the limiting distribution 7(q); these balance equations will be used to
derive the functional equation. When we have the functional equations, we scale it
with a factor (1 — p) and take the limit p 1+ 1. This leads to a partial differential
equation. The solution to this equation gives the desired distribution up to a single
random variable. The final step is finding this random variable.
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5.4.1 Balance equations and functional equation

In this subsection, we derive the functional equation. First, we introduce a transfor-
mation that leads to more convenient expressions. Define

m(q)

r(0)=0, and r(q)= ~
Zj:l Wjdqj

, forq#0. (5.3)

Let P(z) and R(z) denote the generating functions of m(q) and r(q), respectively.
That is

P(z):E{z?l...zgh’}zi---izfl ----- 2N w(q),

and

o o
R(z) = E _ 2 EN _ Z Z S0 21 p(q).

>iz1 wiQi]l{Z_?’:l Q;>0} @1=0  gn=0

The following lemma formulates a functional equation for R(z):

Lemma 5.1. For p < 1, a functional equation for R(z) is given by

al 0
M1 —p)(1— =3 (Azi(K(z) — 1) + p(1 — z)) wiaZR(z). (5.4)

i=1

Proof. Assuming p < 1, the equilibrium distribution 7(q) satisfies the following ba-
lance equations

N
= Zum(ei), (55)
i=1

and, for q # 0,
ZN Wy i i q1 aN
<A+ 7&) @ =AY Y pkr(q-k)
> im1 Wils k1=0  kn=0

+Z S r(ate)

] 1“’1‘13 + w;
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Now we take the generating function, yielding

- = ZAL Wi i q;
DD by gAY (A R | (@)

@1=0  gn=0 Zi:l w;q;
oo

=N N2y S pk)n(a - k)

q1=0 qn=0 k1=0 kn=0
N oo oo
wi(q; + 1)
LD DD D I T S e e C R )]
i=1 q1=0  qn=0 ' Zj:l wjiq; + w;

To get rid of the indicator functions, we add Equation (5.5), change the order of
summation in the second line and start the corresponding summations at 0 by a
change of variable. This leads to

0o 0o N
E E 1 N i—=1 Wilkiq;
Aﬂ-(o)‘i’ e ]]'{Ej\;l qj>0}zg e .Z]qV <>\+ Z:]\[l> ﬂ-(q)

q1=0 qgn=0 Zi:1 w;q;

s

oo

oo o0
zfl-u--zﬁ,Np(k)Zm Z 20 (q)
=0

k1=0 kN q1=0 qn=0
N oo e3¢}
wi(q; + 1
Y zgl.....zngmjvz(z—>ﬂ(q+ei)_
i1 1=0  qn=0 D j=1 Widj + w;

We now apply the transformation from (5.3). Note that for the first term on the
right-hand side, we have to take into account that r(0) = 0, but 7(0) # 0. Hence, we
obtain

fe'e) oo N N
Am(0) + Z Z 2t 2y (Azwi%JrZwim%) r(q)
=1 i=1

q1=0 gn=0

00 00 N
= \K(2) (7‘((0) + Z Z 2 ---~z}1VNr(q)Zwiqi>
i=1

q1=0 gn=0

N oo
+ Z Sy A 2 wiwi(gs + 1)r(q + e;).
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Using this, we can rewrite the functional equation as

N
9] 9]

Am(0) + Z (Awiziaz_ R(q) + piWiZi R(q))
i=1 v v

(2

al 9 > 9
= \K(z) <7r(0) + Zwlzzale(q)> + ZuzwlaR(q)

Rearranging the terms and using 7(0) = 1 — p completes the proof. O

5.4.2 Heavy-traffic limit

For convenience we use the change of variables z; = e, with s;, > 0,i=1,...,N.
We use the notation s = (s1,...,sy) and e~ (17P)8 = (e=(=p)s1 o=(1=P)sn) For
the heavy-traffic limit, we define

. 1 e 51Q1..... e SNQN
fits) = S Quw; Lz, @m0 - (56)
j=

Now we can formulate the following lemma.

Lemma 5.2. If lim 1y P(e=(1=P)%) egists, then the function R(s) satisfies the follo-
wing partial differential equation:

with X as defined in (5.1).

Proof. We divide both sides of (5.4) by (1 — p) and apply the change of variables.
Note that lim1(1 — K(e=(1=7%))/(1 — p) = Zjvzl s; E[K;]. Taking the limit p 1 1
gives the partial differential equation

N

N
i=1 j=1 v

This completes the proof. O
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The lemma above is similar to Lemma 2 in [145]; in our case p;; = 0 if 7 > 0 and
it turns out that pp; = E[K;] due to batch arrivals. The next step is to establish
the state-space collapse. Due to the similarity between our functional equation in
Lemma 5.2 and the functional equation in [145, Lemma 2], we can rely on Lemma 3
of [145]. Specifically, [145, Lemma 3] gives that R(s) is constant on an (N — 1)-
dimensional hyperplane, see [145] for a geometric interpretation. Essentially, this
provides that the N-dimensional random vector of queue lengths reduces to a de-
terministic vector times a single random variable in heavy traffic. Applying [145,
Lemma 3] and the subsequent analysis, we get

~ ~ ~ D D D W1 A
(QlaQQ»"')QN) =d <p17p27apjv) %le (58)
w1 w2 wN /) P1
Note that [145, Lemma 3] holds in our case, as its proof does not depend on the fact
that the po; add up to 1, and we take po; equal to E[K;], j = 1,..., N. Equation

(5.8) is now equivalent to (5.2), with X distributed as %Ql. It remains to find the
distribution of X.

5.4.3 Specifying the common distribution

The distribution of X is given in the following lemma.
Lemma 5.3. X s exponentially distributed with mean
N ~ 1 , 3N N 1
Zj:l Piy; +A Zi:1 Zj:l E[Ksz]iE
N .
2 Zj:1(ﬂj/wj)u%

E[X] =

Proof. Denote by B the total amount of work that an arbitrary arriving batch brings
into the system. From Kingman [94] we have that the total amount of work in the
system W in the GI/GI/1 queue, when scaled by (1 — p), has a proper distribution
as p T 1. In particular,

(1=p)W =4 W,

where W is exponentially distributed with mean

. E[B?
Ew] = 2E[B]

For our DPS model, we can represent the total workload as

N Qj

W = Z Z Rjn,

j=1h=1

where R;} is the remaining service requirement of the hth type-j customer. Since
we have exponential service requirements, the remaining service requirements are
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in distribution equal to the original service requirements: R;; =q Bj, with Bjp
exponentially distributed with mean E[B;] = 1/u;. Using the representation of the
total workload, we may write

N Qj

L=pW =) (1-pQ;x
g Z Q3h1

Jj=1

Bjp.

Observe that (1 — p)Q; — Xp;/w; according to Theorem 5.1 and Q% g;l Bjn —
E[B;] due to the strong law of large numbers. This suggests that

N .
i Pj
w=Xx5» — i
> Zigip
J=1
This equation is formally shown in [145, Equation (17)].

Combining the two expressions for E[IV] above gives

and thus

ppx) - _EIBY/CELB)
Z] 1(pj/w;) E [BJ]

Note that B can be rewritten as

K

N
B= ZZBM.

j=11i=1
Using the law of total expectation, we derive the moments of B:

N K;

E[B] =EEBIK]] =E | Y > E[B;i] ZE

j=11:=1

>/>‘ _

and

E[B% =E [E[B[K]] =E [Var [BIK] + (E[B|K])2]

= ZiVar[Bj,i] + ZZK’in ]E[Bl] ]E[Bj]

j=11i=1 i=1 j=1

11
1j=1 Hi 1
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Substituting the above in the equation for E[X] completes the proof. O

Proof of Theorem 5.1. The proof of Theorem 5.1 follows directly from combining
Lemma 5.2 and [145, Lemma 3], leading to Equation (5.8), and Lemma 5.3 for the
distribution of the remaining random variable. O

5.5 Numerical results

In this section we perform some numerical experiments and compare simulation results
with the closed-form expressions from the HT limit. In Subsection 5.5.1, we plot the
queue-length distribution obtained from simulation, to demonstrate the state-space
collapse. In Subsection 5.5.2, we present the scaled mean queue lengths for different
loads and show that the mean queue lengths indeed converge to their HT limit. We
will use the heavy-traffic result as an approximation for smaller loads and show the
errors in a table. Finally, in Subsection 5.5.3, we compare the mean queue lengths
in the system with joint batch arrivals to the mean queue lengths in a system with
batch arrivals of one customer class and a system with single arrivals.

5.5.1 State-space collapse

The basic DPS queue that we use for our experiments is a system with two customer
classes and batches of at most 2 arrivals per class. We use the batch-size distribution
p(0,1) =p(1,0) = p(1,1) = p(1,2) = p(0,2) = 1/5, i.e., there are five possible batches
that have the same probability of occurrence. We take wy = 2, wo = 1, up = 0.75
and po = 1. The arrival rate \ is varied to allow for different loads. In Figure 5.1,
we plot the joint queue-length distribution obtained by simulation for three different
loads: p = 0.8 (5.1a), p = 0.9 (5.1b) and p = 0.99 (5.1c). For every point (Q1, @2),
the color of the point represents the density. We see that for higher loads, the density
is more concentrated on a single line, demonstrating the state-space collapse.

5.5.2 Convergence and approximation of moments

We use the same model instances as in Subsection 5.5.1. In Figure 5.2, the scaled
mean queue lengths (1 — p) E[Q;] are plotted for loads of p = 0.7 and larger. The
dashed lines are the simulation results, the solid lines correspond to the HT limit
without any further modification. Observe that the scaled simulated queue lengths
converge to the HT limit.

The HT result also provides the following for the scaled marginal queue length dis-
tribution: (1 — p)Q; —a (pi/wi)X, with X an exponential random variable. This
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Figure 5.1: Joint queue-length distribution for different values of p.
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E[Q1] E[Q7]
p Sim App A% Sim App A%
0.70 1.06 1.33  25.79 3.30 3.56  7.80
0.80 1.76 2.00 13.90 7.88 8.00 1.58

0.90 | 3.79 4.00 5.60 32.27 32.00 0.85
095 | 7.82 800 235 | 12948 128.00 1.15
0.99 | 40.19 40.00 0.48 | 3212.30 3200.00 0.38

Table 5.1: Comparison between simulation and heavy-traffic approximation for type-1
customers.

provides the basis for an approximation of the number of type-i customers in a sy-
stem with p < 1. Specifically, @; is then approximately exponentially distributed

with mean s ) EIX
E[Qi] = (pz/f):)p[ ]

and with second moment

We compare the approximations above with simulation results for different values of
p (by changing \) using the absolute percentual error, given by

i=1,...,N.

A% = 100% x [App —Siml

Sim
From Table 5.1 we see that the approximation works better for higher loads. This
is to be expected, since the approximation is exact in HT. For loads around 0.9,
the approximation is reasonable, for lower loads the error increases substantially.
Note that we only studied one specific setting, but we expect similar results in other
settings.

5.5.3 The impact of batch arrivals

Finally, we experiment with the impact of batch arrivals on the (scaled) mean queue
length. To do so, we consider a system with joint batch arrivals to similar systems with
single-class batch arrivals and systems with single arrivals only. The arrivals process
is modified such that the systems have as many features in common as possible, like
the load per class. In the system with joint batch arrivals we again take: p(0,1) =
p(1,0) = p(1,1) = p(1,2) = p(0,2) = 1/5. In the system with batch arrivals of a
single type we have: p(1,0) = 3/7, p(0,1) = 2/7 and p(0,2) = 2/7, and in the system
with single arrivals: p(1,0) = 1/3 and p(0,1) = 2/3. We simulate the mean queue
lengths of type-1 customers for different loads. The results are scaled by a factor
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Figure 5.3: Scaled mean queue lengths of type-1 customers in systems with different

arrival types.

(1 — p) and plotted in Figure 5.3 (dashed lines). We see that the scaled mean queue
length is smaller if the batches are of a single type and smallest if there are only
single arrivals. This can be explained by the variability in the arrival process, where
an arrival process consisting of only single customers has the smallest variation. This
also explains why the convergence to the HT limits (solid lines) is faster in case of

single arrivals.

We conclude that the influence on the queue-length distributions of the joint batch ar-
rivals is significant and that the HT approximation works reasonably well for systems

with high loads.
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Chapter 6

Access times in appointment-driven systems and level-
dependent MAP/G/1 queues

6.1 Introduction

This chapter is motivated by a real health care application. We consider a single-server
queue with two types of customers. The number of type-2 customers in the system
is infinite, so with queue length we refer to the queue length of type-1 customers.
Type-2 customers are only taken into service when the queue length is short enough,
taking away resources from type-1. As soon as the queue length of type-1 customers
becomes too long, type-2 customers are preempted. We are interested in the waiting
time of type-1 customers and the fraction of time that type 2 cannot receive service.
In the remainder of this chapter we omit any reference to type 2 or multi-class queues
and we only consider type 1. The model is motivated by the actual dynamics of a
health care appointment system, therefore, this section contains relevant information
and literature on health care and appointment systems.

Specifically, this chapter finds its motivation from problems of long access to ambu-
latory care. In [42], the authors describe various aspects and issues with respect to
waiting in the US health care domain, including the imbalance between supply and
demand; see also [111], [117], and references therein. Using programs as ‘Advanced
Access’ [111] and the Dutch program ‘Sneller Beter’ [14], health organizations aim to
improve the access to elective care. The impact of such programs is often temporary.
It is much more common that access times are stable through time and are in the
order of several weeks; see e.g., [42] and the Dutch article [130].

When designing waiting time standards, a natural question is the amount of capacity
required to meet such standards, viz. the desired utilization. This question is at
the realm of queueing theory, due to the randomness in the number of care requests
and available capacity [110]. In practice, we observe quite lengthy, but rather stable
waiting lists. The classical models suffer from their capability to display such behavior.
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For instance, using the Pollaczek-Khinchine formula for the M/D/1 queue, we may see
that the load has to be close to the critical region to give expected waiting times in the
order of weeks for an appointment system with daily operations (see also Subs. 6.5.1).
It is quite unlikely that so many health organizations operate just in this small region
of the load. Moreover, a consistent (but small) backlog is efficient for planning of
follow-up health activities. For example, scheduling of surgeries can be performed
efficiently when there is a manageable pool of surgeries to schedule from.

In our experience with Dutch hospitals, we have observed that the capacity is often
adapted to the current status of the waiting list. When the waiting list tends to
be (too) long, patients are scheduled in overtime or are squeezed in between other
appointments; we refer to this as overbooking, as patients are booked in excess of
the available time. Of course, this is at the cost of the tardiness and waiting time
on the day itself. Essentially, the capacity can be interpreted to be flexible and to
be adapted based on the level of congestion. It is even not uncommon that the
utilization of the outpatient capacity is over 100% for a prolonged period, resulting
from a structural deficit in capacity with respect to demand [22]. Overbookings have
been addressed from the domain of appointment scheduling as well [102; 105; 160],
where overbookings are used to counter no-shows.

The goal of this chapter is to develop queueing models that produce waiting-time
results that may be recognized in practice, i.e. provide considerable waiting for a
wider range of the load. We accomplish this by considering queues with queue-length
dependent features, e.g., the capacity, leading to level-dependent M/G/1 or MAP/G/1
queues. Although the motivation of our queueing model stems from health systems
with flexible capacity, the model also captures level-dependent arrivals reflecting the
decision to join the waiting list or not depending on its length. To the best of our
knowledge, waiting-list dependent overbookings in the context of access times have
not been considered before.

The aim of the current chapter is three-fold. First, we provide macro-scopic models
that describe access times in appointment systems. In these models, we take many
relevant features into account, including randomness in available capacity (e.g., due to
partial absence of the medical staff) and overbookings. Second, we derive exact and
intuitively appealing results for the level-dependent M/G/1 and MAP/G/1 queue.
We exploit that the queueing dynamics are level independent above some threshold.
And third, using some numerical experiments, we identify that these level-dependent
queues yield waiting times that may be observed in practice. In fact, these expe-
riments indicate that it is efficient for appointment systems to operate close to or
just above their level of stability, provided that some extra flexible capacity can be
used.

The literature on appointment systems and ambulatory care is primarily focused on
appointment scheduling rather than controlling access times; see e.g. [85; 117] for
an overview of advanced scheduling problems, and [77] for an excellent treatment of
appointment systems in health care. In [77] the authors distinguish between indirect
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and direct waiting; indirect waiting refers to the time between making an appointment
and the time of appointment, whereas direct waiting is the time between arrival and
the moment the actual appointment starts. In [111] the authors note that direct
waiting is an inconvenience for the patient, whereas indirect waiting involves patient
safety. This chapter focuses on indirect waiting.

We first discuss some related literature on access times (or indirect waiting) for am-
bulatory care and appointment systems. One of the pioneering papers on queueing
models for hospital waiting lists is [156]. The model in [156] assumes an M/G/s
queue with a linearly decreasing state-dependent arrival rate; the latter reflects a
feedback mechanism where patients are discouraged when they encounter a longer
waiting list. An interesting approach is the provision of a waiting time guarantee for
elective treatment, inspired by its introduction in Denmark; see [101]. The analysis
in [101] is based on CTMC in combination with discrete-event simulation. In our nu-
merical experiments, we see that the combination of appropriate capacity levels and
some flexible capacity can be effective in providing waiting-time guarantees.

An intuitive approach to model access times is to use discrete-time bulk service queues,
as in [86; 99]. A problem occurs when deriving access times in case of variable capacity
and overbookings. In [99], the available capacity is deterministic; Izady [86] considers
a model with random available capacity, but does not provide the access (or waiting)
time. Applying overbookings further complicates this issue. In [54; 55], advanced
queueing models are considered for the access time in appointment-driven systems.
Due to its structure of arrival and service sessions, the size of the waiting list is
analyzed using vacation models. These models do also not include variability in
available capacity and overbookings.

The authors in [65] study the reduction in access time by temporarily allowing extra
capacity to (partly) clear waiting lists. Adaptive allocation of capacity is studied in
[146] based on an extensive case analysis. Both papers rely on simulation. Also, in
[74; 89; 105; 160], access times (or indirect waiting) has been evaluated using queueing
models, typically of the M/D/1 type. Common in [74; 105; 160] is the role of no shows.
In [74; 105], the focus is on the panel size and in [160] the focus is on the relation
between the no-show probability and the corresponding access time. These papers do
not consider the control of the access time.

Second, state-dependent M/G/1 queues are studied in [2; 37; 152]. The paper [152]
considers a switch-over policy with two threshold levels, whereas the authors in [2]
focus on the general M,,/G,,/1 queue. Although the M/G/1 variant of our model is
a special case of [2], the representation of the results are considerably different. We
find the results in [37] most related to our M/G/1 case; the set-up in [37] is a one-
dimensional random walk having a similar structure as our level-dependent M/G/1
queue.

Moreover, there are some studies related to our level-dependent MAP/G/1 model.
In fact our model is a special case of [84], as we restrict ourselves to the case that
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the queueing dynamics are level-independent above some finite threshold. As a conse-
quence, we are able to obtain more explicit and intuitive results than those in [84]. The
model in [124] is also related to ours; the main difference is in the interpretation of the
model and intuitive presentation of the results. The author in [140] considers a multi-
type MMAP/PH/1 queue with adaptive arrivals, yielding level-dependent dynamics
as well. Finally, we mention [43] as a key paper on level-dependent QBD’s.

The organization of the chapter is now as follows. In Section 6.2 we propose two
models for studying the access time for appointment systems, yielding level-dependent
M/G/1 and MAP/G/1 queues. The former is analyzed in Section 6.3, whereas the
latter is analyzed in Section 6.4. The results for both queues follow a similar structure.
Some experiments in Section 6.5 give insight in the behavior of the system as a function
of the load.

6.2 Model description

We relate the access time for appointment systems to the dynamics of state-dependent
M/G/1 and MAP/G/1 queues. In Subsection 6.2.1 we describe the characteristics
of appointment systems and the elements that should be captured by the model.
Measuring the access time in slots, we propose a first model (model I) based on
M/D/1 queues in Subsection 6.2.2. In Subsection 6.2.3 we allow for a richer, but
more involved, model (model IT) based on MAP/D/1 queues.

6.2.1 Characteristics of appointment systems

Most appointment systems have daily operations, meaning that a natural time unit
is days. In this chapter, we adhere to this situation. However, the modeling and
results carry over to other settings; e.g., by defining all quantities at the time scale of
weeks.

Arrivals Patients arrive randomly in time to make an appointment. In particular,
we assume that the requests for appointments arrive according to a Poisson process
with rate A per day. The detailed scheduling of appointment requests in practice is
complicated by many (often personal) factors, such as preferences for certain times
or days. In the model, we abstract from these small scale details and assume that
arriving requests are scheduled on a FCFS basis; i.e. patients are assigned to the
first place available. Such a scheduling mechanism also represents the backlog in
slots.

Slots In the basic setting, patients are served in slots of deterministic length. Alt-
hough the actual duration of an appointment is random, the scheduled time for an
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appointment is known and deterministic. The length of the waiting list is not affected
by the randomness in service time, as possible overtime does not carry over to the
next day. Allowing for differences in scheduled service time can be accomplished by
assigning multiple slots to a single patient.

Capacity For outpatient departments, the available capacity is typically recorded in
a so-called blueprint (or basic capacity). The blueprint describes the number of slots
available for each day and is often drawn on a yearly basis. As such, unavailability
of staff is generally not taken into account, which usually adds up to 20% - 25%
of the capacity of the blueprint. Cancellation of the basic capacity is thus quite
common; in fact, we often encounter that the available capacity per day fluctuates,
leading to a random number of available slots. We define m; as the number of
slots per day according to the blueprint, and assume that independently on each
day i slots are available with probability sgl), i =1,...,mq, with > sz(-l) = 1.
Let sV = 2?21 isgl), such that s(!) represents the average offered basic capacity.
In periods of excessive congestion, overbooking occurs; this implies that additional
capacity is made available. Let m be the potential extra capacity, yielding capacity

mgy = my +m during such periods. The availability of capacity in case of overbooking
(2)

iss;”,1=1,...,mg, with 52 defined accordingly.

Access time The time between the appointment request and the day the actual
appointment takes place is called the backlog or access time and is measured in days
to weeks. In [77] this is also referred to as indirect waiting time, as opposed to direct
waiting time which refers to physical waiting in the waiting room, and is measured
in minutes to hours. To control the access time, we assume a simple threshold type
of control; when the access time is at or below L, the system operates in the usual
mode, whereas overbooking is used when the access time exceeds L.

We assume that the system with extra capacity is stable, i.e. A < s). The sy-
stem operating with basic capacity is not necessarily stable; we allow for A > s,
In practice, we encounter both doctors and specialisms that achieve utilizations of
the basic capacity exceeding 100%, implying that overbooking happens on a more
structural basis.

6.2.2 Model I: backlog in slots

To model the appointment system with a queue in continuous time, the intervals
during which the system is closed are cut out and the hours of operation are glued
together. Customers then arrive according to a continuous time Poisson process and
require a single slot as service time. Access time in appointment systems have been
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modeled using the M/D/1 queue, see e.g., [74; 105]. The state is
X (t) = backlog in slots for patients arriving at time ¢.

Equivalently, X (¢) is the access time or number of slots at the waiting list for a
patient arriving at time t. Due this interpretation, the arrival rate is measured in
terms of slots. Hence, in basic capacity mode, the arrival rate is Ay = A/my. With
extra capacity, the slots should be considered to be squeezed such that ms slots now
represent a single day instead of my. The arrival rate when the backlog exceeds L is
thus Ao = A/ma.

With this interpretation we see that the backlog in the appointment system { X (¢),t >
0} can be modeled with an M/D/1 (or M/G/1) queue with state-dependent arrival
rates that continuously depend on the backlog. This model is analyzed in Section 6.3,
leading to intuitive results. When the backlog is small, appointment requests are
scheduled on a short notice leading to same day appointments. For outpatient de-
partments, this is not always realistic; for ambulatory services with a more urgent
character this is more common. We should note that (almost) empty waiting lists are
rather uncommon for outpatient departments in the Netherlands, and the impact of
this assumption seems limited.

One of the main disadvantages of the M/D/1 interpretation is that it remains unclear
how to incorporate the fluctuation in capacity. Moreover, the backlog is now measured
in slots whereas actual access times are measured in days. Although there evidently is
one-to-one relation, one should be careful with the interpretation due to the difference
in time scale of the process below and above level L.

6.2.3 Model II: backlog in days

An alternative way of modeling the access time is by considering the backlog in days
directly. As we also need the available number of slots at the first available day
to maintain the Markov property, we consider the two-dimensional Markov process
{(X(),J(1)),t = 0}, with

X (t) = backlog in days for patients arriving at time ¢,
J(t) = number of patients scheduled on the first available day when arriving at

time t¢.

We have X (¢t) € {0,1,...} and J(t) € {1,...,m} with m the maximum available
capacity per day. For this process, we have the following dynamics. A service time
corresponds to the elapsing of a day, and is thus deterministic. When a new patient
arrives and the state before an arrival is (z, j), then there are two possible transitions
of the Markov process. Let i = 1+ 1(x > L) denote whether the system uses the

basic capacity (i = 1) or the extra capacity (¢ = 2). First, with probability p§21 the
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patient took the last available slot on that day and the next patient will be placed on
the next day; the Markov process moves to state (z + 1,0). Second, with probability
P\ =1-p%

Jj+1 Jj+1
state (z,j +1). The probabilities p;Z) are linked to the availability of slots s
relation

there are more available slots left and the Markov process moves to
;i) via the
_ s
*E?):Ji(i) for i=1,2, and j=1,...,m — L.
Ekzj Sk

This implies that the access time can be modeled with a level-dependent MAP/D/1
(or MAP/G/1) queue. The arrival process is then defined by the m x m matrices
D,(;), k=0,1and i = 1,2, where D(()l) gives the phase transitions and Dgl) represents
the arrival rate leading to an additional day of backlog. For the model as described
above, we have

N Apf) 0
| A A o 0
Dy = LoD =1
A A Aipl)
—A; Ai

The matrices above imply that the interarrival times for an additional day of backlog
follow a mixed Erlang distribution. We allow for a more flexible setup, where these
matrices are just special cases. In particular, we allow for general level-dependent
matrices D(()Z) and DY), with ¢ = 0,1, ..., L, which become level-independent D, and
Dy above level L. Such a more general level-dependent MAP/G/1 queue is analyzed
in Section 6.4, where the results lead to similar intuitive findings as for the M/G/1
case.

Finally, we note that this model allows for many other features to be incorporated.
For example, we can model heterogeneous customer classes requiring multiple slots
by assuming that the phase can increase by more than one. Also, the arrival rate \;
may be level-dependent reflecting that customers balk when access times tend to be
longer. Such features will typically be reflected in the matrices D(()l) and DY).

6.3 State-dependent M/G/1 queue

6.3.1 Model and method outline

We have an M/G/1 queue, where the arrival rate is Ay when the number of customers
in the system is at most L, and the arrival rate is Ay when there are more than L
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customers present. Note that this notation differs from the other chapters, where \;
typically refers to the arrival rate of class i. The arrival rate is continuously adjusted,
i.e. may change upon arrival and departure instants. We denote the service time
distribution by H(-) and its LST by H*(-). We assume that A\ E[H| = p2 < 1.

The analysis now proceeds along similar lines as in [17] for the workload process in
Lévy-driven queues. Let z,, be the steady-state probability that n customers are left
behind by a departing customer. We then set up a set of equations using balancing
principles, which are utilized in the following procedure:

Step 1 Determine the distribution x,, for n < L up to a constant, which is indepen-
dent of z,, for n > L.

Step 2 Using z,, for n < L, the generating function (GF) is completely determined
upto a constant. Rewriting the GF and applying inversion, we determine z,, for
n > L.

Step 3 Find the remaining constant x(; this step can be included at the end of Step 1
(MAP/G/1) or Step 2 (M/G/1).

The method above typically leads to intuitively appealing results, where x, has a
clear interpretation both for n < L as well as n > L. The derivation in Section 6.4
for the level-dependent MAP/G/1 queue is much along the same lines. We note that
in the subsequent analysis we do not treat Step 3 separately.

6.3.2 Performance analysis

We analyze the queueing model, embedded at departure instants; we refer to Theo-
rem 6.3 for the relation between queue lengths at arbitrary and departure instants.

Then,
n+1

= inag_l_i eroa;l), (6.1)
i=1

where agn) is the probability of i arrivals during a service time when the number

of customers just after the previous service completion is n. These probabilities are
given by

fto:OO ()qt)i e Mt dH(t) — oy ifnti<L
(n) fD:Qo (/\Zt) e Nt dH(t) = G ifn>1"L
e = t )\L n+l,L-n “au
=0 Ju=o T (@—ny_ ¢

< el T 0020 u dH (1) 0 < Lonti > L

As the first two cases do not depend on n, we drop the n from the notation there.
The third case follows from conditioning on the moment that level L + 1 is hit, when
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we start at level n, which follows an Erlang distribution consisting of L —n + 1 phases
with rate \;.

Step 1. We first determine x,, for n < L. Observe that Equation (6.1) reads z,, =
Z;jll ZiQnt1—i + Toy, corresponding to the dynamics of an M/G/1/L queue with
arrival rate ;. Intuitively, this naturally follows from the fact that at downcrossings
of level L the time until the next arrival is again exponential due to the lack-of-
memory property of the arrival process. Hence, restricting to the periods that there
are no more than L customers present, the sample path is indistinguishable from the
sample path in an isolated M/G/1/L queue. In particular, let X@! be the steady-
state number of customers in the M/G/1/L queue with arrival rate A; and service
time H, such that z,, oc P(X%! = n). This gives the following lemma.

Lemma 6.1. The number of customers left behind by a departing customer is, for
n=0,1,...,L—1,

P(X? = n)

P(XQ1 =0)’

Ipn = 2o

Remark 6.1. The analysis can be adapted to the case that the arrival rate at or below
L would be state-dependent as well. In that case, z,, for n = 0,1,..., L — 1 would
follow from a set of equations similar to the MAP/G/1 case analyzed in Section 6.4.
Moreover, from an up- and downcrossing argument, we may see that x; can be
obtained similar to z;, ¢ = 0,...,L — 1 using the M/G/1/L + 1 queue.

Step 2. Using the above and taking GF in (6.1), we may directly obtain the GF
of the number of customers left behind at service completions: X*(z) = Y07 z,2™.
To obtain intuitively appealing results for z,,, we first consider the time between the
moment that the number of customers hits L + 1 until the first service completion.
Let T; be the time between hitting L+ 1 from below until the next service completion,
given that ¢ customers were present at the moment that this service started; this is
depicted in Figure 6.1. T; is equal to zero if this service ended before the number of
customers reached L + 1. Moreover, let T, 7 = T; | T; > 0 be the random variable T;
conditioned that it is positive and denote T7*(z) = E[e~*T*] as its LST. Let P(s,z) be
the regularized gamma function, i.e.,

1 xz
P(s,x) = / t5lemt dt. (6.2)
(s = D! Jizo
Lemma 6.2. The conditional first time above L starting from i = 0,1,..., L until

the first service completion T; has LST

. 1 [e'e) o )\1 L—i+1 b
Ti(z):m/tzoe ()\12> P(L—i+41,t(A —2)) dH(?),



124 CHAPTER 6. ANALYSIS OF LEVEL-DEPENDENT MAP/G/1 QUEUES

T;
—

L —
f

Figure 6.1: Graphical representation of Tj.

H

where

co L— z
—0) / LS 0) (6.3)
t OTL 0 '

Proof. Let i = 0,1,..., L be the starting level. Note that the probability that T; is
0 is equal to the probability that at most L — i customers arrived during the service
time. Conditioning on the service time yields (6.3).

Now consider the LST of T;. The conditional LST of T} then follows straightforwardly.
Let the service time be fixed at ¢; at the end we integrate over the service time.
Conditioning on the moment when level L + 1 is hit, the density of T;, for u €
(0,t), reads fr,(u) = %e"\l(““). This follows from the fact that the
corresponding hitting time has an Erlang distribution consisting of L — ¢ + 1 phases
with rate A;. The LST of T; for fixed service time ¢ then equals

t )L

Eje=*T] = (T, = 0) +/ o= =i (t—u) A (A (t U?) du
u=0 (L - 7’)'

)\L*’Hrl

(L =)
t(A1—2) v L—i \L—itl
— IP) E — O —zt —v d 1
( )+€ /U:O ¢ <)\1—Z> )\1—2: U(L—i)!
A1
/\1 —Z

¢
=P(T; =0)+ e_Zt/ e~ u=2)y L=t gy
u=0

L—i+1
=P(T; :0)+e_2t< ) P(L—i+1,t(A\ — 2)). (6.4)

For the third equality we use the substitution v = u(A; — z) and in the fourth equality
we use (6.2). Finally, integrating over the service time and using the conditional
expectation completes the proof. O

Remark 6.2. In special cases, the expression for the LST of 7} can be considerably
simplified depending on the service time distribution. When H is a mixture of expo-
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nentials, it is possible to work out all integrals and summations. If H is deterministic,
then the outer integral vanishes.

Since we already determined z, for n < L, we present the GF of the number of
customers as follows.

Theorem 6.1. The GF of the number of customers at departure moments is given

by
L—1 A
()= z,2" + 2Le H*(M\o(1 = 2)) — 2TF (Aa2(1 — 2))
X (Z)_nz::o n + OP(T1>O) (H*(A2(1—Z))—z)
L - —2)) = 2T (M1 -2
+ zL ;xi P(Ti > O)H (/\2((11{*()\221 ~ Z;z)(i i)l ))’ (6_5)
with

o =P(X? = 0)(1 - p2)

L—-1

X ((1 —p2) Y _P(XQ =n) +P(X = 0) (T} > 0)(A E[T1] + 1 — p2)
i n=0 .

+) P(XO =) P(T; > 0)(AE[T}] +1 - p2)> :

i=1

The proof can be found in Subsection 6.6.1 and follows by taking the GF in (6.1) and
some tedious rewriting. Here, we interpret the specific form of X*(z). Specifically, the
first term at the rhs of (6.5) corresponds to the GF on the set {0,1, ..., L—1} which we
already obtained. The second and third term correspond to the GF on {L,L+1,...},
as those terms can be interpreted as the convolution of L (corresponding to z%) with
a non-negative random variable; hence, the convolution only has probability mass at
or above L. The quantity

H*(A\o(1 = 2)) — 2T (Ma(1 — 2))
(H*(A2(1 = 2)) — 2)

corresponds to an M/G/1 queue with arrival rate A, service time H, and exceptional
first service time T; in a busy period, see Takagi [126, p. 129]. Let X(%Q be the
steady-state number of customers in such a queue.

Now, the second term at the right-hand side of (6.5) represents the probability that
the set {L+1, L+2,...} is entered from level 0 with probability xo P(77 > 0), in which

case the process above L behaves as X g?, i.e., an M/G/1 queue with exceptional first

service time 7} in a busy period. Similarly, the third term provides the possibilities
of entering the set {L + 1, L +2,...} starting a service time from level . Combining
the above and inverting the GF in Theorem 6.1, yields the following corollary.
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Corollary 6.1. For the distribution of the number of customers at departure epochs,
we have, forn=0,1,..., L —1,

P(X@l =n)

= P pXe =)

and, forn=0,1,..., with ¢; = (1 — pa + A ET}) /(1 — p2),

L

Trpn = woct P(T1 > 0)P(X() =n) + > 2 P(T; > 0)P(X(} = n).
=1

6.4 Level-dependent MAP/G/1 queue

We consider the LD-MAP/G/1 queue. While analyzing this model, we will use the
standard queueing terminology. For our application, recall that an arriving patient
causes a change in the phase of the arrival process of the queueing model. An arrival
in the queueing model means that a new day is filled with appointments. The service
duration represents one day.

6.4.1 The arrival process

As described in Subsection 6.2.3, we have m x m matrices fo), n=20,1and k € Ny.
The matrix generating function is given by D®*)(z) = Dék) + ng)z, for |z] < 1. Since
the matrices D,(Lk ) are level-independent for k > L, we drop the superscript form the
notation when the level is above L. Let 7 be the stationary probability vector of
Do + D; such that the arrival rate above L is given by Ay = wD;e, with e a column

vector of ones. Again, denote ps = My E[H] < 1.

The generator matrix @ is defined as follows, with empty entries representing ze-

ros:
D(()O) DgO)
D(()l) Dgl)

L L
DO D1

Dy

Let PP (t) be the matrix whose entries Pékz)j(t) denote the conditional probability
that n arrivals occur in the interval (0, ¢] and the arrival phase at time ¢ is j, given that
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the arrival phase at time 0 was 7 (and the number of customers present at time 0 was
k). According to Hofmann [84, Theorem 2.1], we have piP (t) = (th)k ik Where

(-);; denotes the (4, j)th block of the matrix. Note that the matrix @ has infinite
size, so we cannot compute the matrix exponential. To work around this, define, for
k=0,1,..., L, the finite matrix

D(()k) ng)
D((Jk-‘rl) ng-ﬁ—l)

Q¥ = .
D((JLA) DgLfl)

D§M

We have PM () = (eQ(k)t) — (eQ(O)t)k . forn < L —k. Forn > L —k we
0,n n+

condition on the moment that there are L + 1 customers in the system, starting from
level k:

P () / PP @)DV P, k1)t —v) dv, n>L—k. (6.6)

The matrix P,_(_x41)(t) can be calculated using the standard method as described
by, e.g., Lucantoni [106], since the arrival process is level independent above L.

The matrix A% ), with entries A; Zj, contains the probabilities of having n arrivals

during a service, and at the end of the service duration the arrival process is in phase j,
given that the arrival process started in phase ¢ and the number of customers was k

at the beginning of the service. Using the definition of P,Sk) (t), we see that
AR — / P (t) dH(t), k> 0. (6.7)
t=0

Note that in case of deterministic service durations of length b we have AP = p{P (d).
The matrix transform of the matrix A% is given by AR (z2) =3 AP,

Using Equation (6.6) we get after some rewriting, for 0 < k < L,
[e%¢) t
A(k) / (Z z"P(k) / szkHPgi)k(U)DgL)e(tfv)D(z) dv) dH(t).
v=0

When k = 0, we have A (z) = —D(()O)_lDEO)A(l)(z)7 because there has to be an
arrival before there can be a service. On the other hand, when k > L, we can use
the expression given in Lucantoni [106]: A(z) = [~ eP®* dH(t). The matrix A®)
is equal to A®)(1).
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We will need the vector a®)| the mean number of arrivals during a service period,
given that the number of customers at the start of the service is k > 1; we drop the
superscript again when k > L. For a*)| we take the derivative of A®*) (z) with respect
to z and evaluate at z = 1, then multiply by e:

—D{" ' DVa® k=0
a®) _ J 2 AB(2) e 0<k<L
L [Z,ePPtdH ()| e k>L
z=1

6.4.2 Performance analysis

We derive the stationary distribution of the number of customers at departure instants
x = (Xg,X1,X2,...). The derivation of x; at or below the threshold L is similar to
Shin and Pearce [124].

Starting point is the balance equation (note the similarity with (6.1))

k+1
X = X0A1(€O) + ZXiAECZJ)rlfi' (68)

i=1
Defining the vector generating function X*(z) = 37 ; x,,2"™, we obtain with standard
techniques that the GF satisfies

X*(2) [ - A(2)] = x0AP () (z — 1) + Y x;2* [A(i)(z) - A(z)} . (6.9)

=0

see also Equation (3.1) in [124].

Step 1. The matrix G is defined as in Lucantoni [106]; the entries G, ; are the
probabilities to enter level n — 1 in phase j, given that the process started in level n
and phase ¢ for n > L. The matrix can be computed iteratively using

G=> AG = / Pl dH (1),
v=0 t=0
with -
D[G] = ZDjGi = Do + D;G.
§=0

The probabilities x,, for n = 0,1,...,L — 1 are given in the following lemma, based
on [124, Lemma 1]; the difference with [124] are the matrices at the boundary /_120)
and A(Lli-l—w i=1,..., L. The first moment of X is given in Subsection 6.6.3.
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Lemma 6.3. Let (X*,J*) = {(X},J}), n > 0} denote the censored Markov chain
obtained by embedding {(X:, J%), n > 0} at the epochs when it visits the set of states
{(i,7) : 0<i <L, 1<j<m}. Then the transition probability matriz Q* of
(X*,J*) is given by

0 0 0 0 7(0
e A
B A A e
0" = 0 Ay A A, ‘L_lL—1
o R R N |
o o0 0 ... AP 4D
with
B 0 i
AP, = /t ) / Ong_’k(v)ngeD[GJ(t—”) dvdH(t), 0<k<L, (6.10)
= v
and

AO — _pO-1p® g0,

If the invariant probability vector of Q* is, in partitioned form, p = [po,P1, - ,PL];
where p; s an m-vector, then the vectors x; take the form

xX; =cp;, 0<i< L,
where
L .
c=(1-py)/ (Up(l)(l —Ater) latpoe+ Y pi(a? - a))
i=0
and U,(1) = ZiL:O pi(AD) — A).
Proof. The matrix A% is given by A% = S AP H;’;g_l GU+v=1-3) with G

the level-dependent version of G, see [84]. This matrix contains the probabilities to
go from level k to kK 4+ n — 1 during a service with n or more arrivals, with respect

to the arrival phases. The specific matrices we need are A(L) k+1) k> 1; using the
definition we have

[e9) v—1
—(k & L
A(le+1 = ZAI(/JZL—kH H GUHE=d)
k
ZAiﬁL e

Z/to/v P DRt =) dv dH )G,
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For the second equality, we use the fact that v + L — j > L + 1. Rearranging terms
and using the equality 00 ) P, (t — v)G¥ = ePICI=) gives the final result. O

Step 2. The generating function X*(z) for the distribution of x, as derived by Shin
and Pearce [124], is given in Equation (6.9). Our goal is to obtain an intuitively more
appealing form analogous to the M/G/1 case, for the distribution of x. To do so,
we use the following representation of its GF (see Subsection 6.6.2 for the derivation
using tedious calculus):

Theorem 6.2. The GF of the number of customers at departure instants is

L—1
X*(z) = Z xp2" + zonzZlg)) [zB(O)(z) - A(z)} [2] — A(2)] "
n=0

+ Y AP [zBU‘)(z) - A(z)} (2] — A(z)]""

i=1

with A(Lzrl given in Equation (6.10) and
BOG) = (49, ) / / (0) DB PEE) 4y A (1),

t=0 Jv=0

ASLO) and BO)(2) are defined similarly.

The expression in Theorem 6.2 can be interpreted similar to the M/G/1 case. The
corresponding GF can be decomposed into two parts. The first term 25;3 X 2"
contains all stationary probabilities with less than L customers. The other terms at
the rhs correspond to situations with at least L customers. This follows from the
term 2% times the GF of a specific MAP/G/1 queue, similar as in Equation (20)
from Lucantoni [106], which only has probability mass on the non-negative real line.
Using this interpretation we obtain the following corollary.

Corollary 6.2. Let x() be the stationary probability vector of the number of cu-
stomers at departure instants in an MAP/G/l queve with B(z) = BW(z), for

i =0,1,...,L, XE)O) = xofl(LO), and x( = XZA(L)+1 i fori=1,...,L. Then, for
n=1, 2 s

L
XL4n = E X,SL)
=0

Hence, the stationary probability vector above L is a mizture of stationary probabilities
of MAP/G/1 queues with exceptional first service times.
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6.4.3 Queue length at arbitrary moments

The queue length at arbitrary moments is typically determined using the key rene-
wal theorem, followed by lengthy calculations, see e.g., [84] for the level-dependent
MAP/G/1 queue. Here, we use a more direct derivation based on Palm theory to re-
late functionals of the queue length at arbitrary moments to that of the queue length
upon service completions. A similar approach has been used for the state-dependent
G/G/1 queue [16] to relate the virtual waiting time at arbitrary moments to those at
arrival epochs. Let Y denote the queue length at an arbitrary moment and let f(-)
be some positive function such that E[f(Y")] is well defined; for convenience we here

assume that f(0) = 0. Moreover, let H" be the stationary excess random variable of
H.

Theorem 6.3. Suppose that E[f(Y)] is well defined. Then,

_ ElH R ) "e
H*Z[f(Y)}—E[m_XDO)1 (; I;P (H")ef(l+ k)

—xoDy" DI " P (H e f (k + 1)) :
k=0

The choice of f(-) depends on the performance measure of interest. For instance,
for the marginal distribution of the number of customers, take f(z) = 1(z = k)
with £ = 1,2,.... Using this function, we may readily rederive the distribution of ¥’
according to Hofmann [84]. We note that in [84], the author considers both the level
and the phase, whereas Theorem 6.3 only provides the level. To determine the nth
moment, take f(x) = 2™. In particular, let the vector of the phase-dependent mean
number of arrivals in time ¢, starting from level k, be defined by (see [84])

n(®) (¢ Z nP® ()

The first moment of Y in terms of E[X] and the mean number of arrivals is presented
in the following corollary.

Corollary 6.3. The expected number of customers at arbitrary moments is given by

E[H] S (0)-1 () (1 (1

E[Y] = EX]+ > xn®@H") —xD "D M (H) +1) .
E[H] - xoD{ e ( > b

Proof of Theorem 6.3. The proof is based on Palm theory, relating time averages to

event averages. Let the events be the departures of customers from the queue and let

I denote a generic interdeparture time. Note that interdeparture times correspond to
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service times in case the level is positive, whereas an additional arrival is required in
case the level is zero. Hence, we have E[I] = E[H] — XOD(()O)_le.

Now, the key identity that we exploit is (see, e.g., [13, Section 1.3]),

I
E[f(Y)] = ﬁE [ / (X)) dt] ,

where X is the number of customers at time ¢ and time 0 is a departure epoch. In
case Xg > 0, then I corresponds to a service time. Conditioning on the service time,

we have
H
E X)) d
l/o F(X0) dt

_E [ / ioo :O F(X0) dt dH(:c)}

=E [/too P(H > t)f(X;) dt} = E[H]E[f(Xur)],

=0

where the second equality follows from interchanging integrals. Noting that X; only
increases between (0, I) by arrivals, we have

E[f(X): Xo > 0] =3 x P (t)ef(I+ k).

=1 k=0

For the case that Xy = 0, note that the (¢, j)th element of —XOD((JO)*ngo) corresponds
to the probability that starting at level 0 in phase 4, the first arrival occurs when the
process moves to state j. Thus,

E[f(X.); Xo = 0] = —xoD ' D" 3" PV (t)ef(k + 1).
k=0

Combining the above completes the proof. O

6.5 Numerical experiments

We consider an outpatient department and study the impact of varying the load of
the system for various scenarios. Our interest is in the expected waiting time and the
probability that extra capacity is used. For all experiments, we fix the service time
at exactly 1 (representing one slot or one day) and vary A yielding different traffic
loads expressed in terms of the basic capacity s(*); this means we express the load as
A/sM) x 100%. The performance measures are at the beginning of the day, i.e., at
departure instants in the corresponding queueing model.
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6.5.1 Level-independent case

First assume that an outpatient department does not use overbooking of capacity,
i.e. m = m; = my. In the first set of experiments, the capacity ezactly equals five
(and six, see Subs 6.5.2, respectively). For this case, the M/D/1 queue (model I)
should give a good approximation. For model II, this means that the arrival process
actually follows an Erlang distribution with m phases. Since, the service time are
deterministic, the variability in the offered traffic is relatively small. This implies
that the system can operate at relatively large values of the load with acceptable
waiting times. This can also be seen in Figure 6.2a, where the expected waiting time
is plotted against the load )\/s(l) x 100% by varying \. We see that the expected
waiting time is small for low loads and increases slowly with the load until a load of
about 90%. When the load gets close to 100%, the expected waiting time increases
sharply. Once the load reaches 100% (or more), the available capacity is not sufficient
to handle all patients in the long run and the waiting time will explode. We see that
the difference between having a capacity of five or six is small, the waiting time in
the case of m = 5 is only slightly higher than for the case m = 6. Also, the M/D/1
approximation fits nicely.

The second experiment is the situation in which the available capacity is random, e.g.,
due to unavailability of staff. We assume a maximum capacity of nine, whereas the
mean number of slots available per day, E[m], is equal to five (and six, respectively).
The arrival process for model II (the time for filling a day) is then based on a Coxian
(or mixed-Erlang) distribution. In Figure 6.2b, we see that the shape of the expected
waiting time as a function of the load is similar as in Figure 6.2a (and for the Pollaczek-
Khinchine formula); however, the expected waiting time is considerably larger for
loads above 90% compared to the situation without randomness in the capacity. We
also see that the M/D/1 approximation is not able to capture the variability in the
capacity available. Note that the effect of having one extra slot available (E[m] = 6)
decreases the expected waiting time somewhat.

From these two experiments, we observe that M/D/1 queues severely underestimate
the waiting time when the capacity is random. Moreover, the range of load values
where the expected waiting time is in the order of several weeks (say, between 10 and
30 days) is small, showing that level-dependent features are required to model access
times in actual appointment systems.

6.5.2 Level-dependent case

We analyze the level-dependent case using similar experiments as in Subsection 6.5.1.
The basic capacity is again equal to five; when the waiting time is more than ten, the
capacity is increased to either six or seven. This is denoted by (5,6) and (5,7) in the
legends of Figures 6.3 and 6.4. First, we consider the case that the basic capcity is
always used and is thus deterministic. This situation can be well approximated with
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Figure 6.2: Expected waiting times for different loads in the level-independent case.

model T (M/D/1 type of system), as shown in Figures 6.3a and 6.4a. The second
experiment is for the case with variability in the basic capacity, i.e. where some slots
might be unavailable. The results for this case are depicted in Figures 6.3b and
6.4b.

Figure 6.3 illustrates the effect of the load on the expected waiting time. When the
load is roughly between 90% and 100%, the waiting time increases sharply. However,
the expected waiting time then stabilizes for loads above 100%, in contrast with the
level-independent situation. Hence, there is a much larger range of loads leading to
expected waiting times in the order of several weeks, as we also observe in practice.
Of course, when the load approaches A/s(?) x 100% the system becomes unstable and
the waiting time tends to explode. With more extra capacity (ms is 7 compared to
6), this will happen for higher load values.

Comparing the situations with and without randomness in available capacity, i.e.
Figures 6.3a and 6.3b, then we see that the expected waiting time is (somewhat) larger
in case of random capacity. Also, the behavior of the expected waiting time around
100% evolves more gradually for random capacity compared to fixed capacity. For
random capacity, we omitted the comparison with model I due to the poor fit.

Another interesting performance measure is the probability that extra capacity is
used; these probabilities can be found in Figure 6.4. We see that the extra capacity
is only used if the load is close to 100%, or higher. When the available capacity is
deterministic, the extra capacity is typically always used or not used at all (depending
on the load); there is only a small range of loads where the probability of using extra
capacity is between 0 and 1 (Figure 6.4a). With more variability in the capacity,
the probability of using extra capacity is less steep, especially if there is more extra
capacity available (Figure 6.4b).
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Figure 6.3: Expected waiting times for different loads in the level-dependent case.
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Figure 6.4: Probability of overbooking for different loads in the level-dependent case.
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Costs
L my my SCV1 SCV2 E[X] P(X>L) ¢c=1 =15
7 0.45 0.25 5.62 0.89 6.79 7.68
5 8 0.45 0.21 5.03 0.84 7.53 8.79
9 0.45 0.17 4.88 0.82 8.30 9.95
10 0.45 0.15 4.82 0.82 9.08 11.12
7 0.40 0.30 5.40 0.69 6.69 7.03
5 6 8 0.40 0.24 4.28 0.53 7.06 7.59
9 0.40 0.20 4.08 0.48 7.44 8.17
10 0.40 0.17  4.01 0.46 7.86 8.78
7 0.37 0.37 4.13 0.34 7.00 7.00
7 8 0.37 0.29 2.40 0.14 7.14 7.21
9 0.37 0.23 2.27 0.11 7.22 7.34
10 0.37 0.19 2.22 0.10 7.31 7.46
7 0.45 0.25 10.62 0.89 6.79 7.68
5 8 0.45 0.21  10.03 0.84 7.53 8.79
9 0.45 0.17  9.88 0.82 8.30 9.95
10 0.45 0.15 9.82 0.82 9.08 11.12
7 0.40 0.30 10.23 0.67 6.67 7.01
10 6 8 0.40 0.24 9.07 0.51 7.02 7.52
9 0.40 0.20 8.85 0.46 7.38 8.07
10 0.40 0.17 8.78 0.44 7.77 8.66
7 0.37 037  4.13 0.10 7.00 7.00
7 8 0.37 0.29 3.38 0.03 7.03 7.05
9 0.37 0.23 3.31 0.03 7.05 7.08
10 0.37 0.19 3.29 0.02 7.07 7.10

Table 6.1: Performance measures and costs for different scenarios.

6.5.3 Optimization

The experiments above indicate that outpatient departments can operate at high load
while maintaining acceptable waiting times. Now, we set up an experiment for finding
an optimal capacity configuration. To capture some variability in capacity, we assume
here that 75% of the base capacity m; will be available on average. For example, if
the base capacity is 5, there are on average 3.75 slots available per day. The extra
capacity, (ms —m1), is always used, so the expected number of available slots above
L is given by 0.75mq + (mg —my) = mg — 0.25m;. We are interested in the expected
waiting time E[X] and the probability that extra capacity is used P(X > L). Suppose
that every unit of basic capacity has cost ¢; = 1, and extra capacity costs co if it is
used. The total costs are then equal to my + ca(ma — my)P(X > L). These costs
are calculated for different values of L, mq, mo and cs. The results can be found in
Table 6.1.

From Table 6.1 it can be seen that E[X] lies around L, so if we have a constraint
E[X] < 6, we can set L = 5. If ¢; = 1, the cheapest option is to have a basic capacity
of six and add one extra slot if the waiting time exceeds L. If L is chosen higher, extra
capacity is used less often, reducing the costs, but increasing the expected waiting
time. If co = 1.5, we see that the cheapest solution is not to use overbookings. With
a basic capacity of seven, it holds that A\/s(!) = 5/(0.75 x 7) = 20/21 ~ 95.2%. In
this case, roughly 5% of the slots will remain unfilled. Using a lower basic capacity
and adding extra capacity if needed reduces this idle time and could be a reasonable
choice.
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6.6 Appendix

6.6.1 Proof of Theorem 6.1

Using the balance equations (6.1) and taking GF’s, we may write

n+1
Z Tp2" + Z (Z :riasg_l_i + xg&fﬁ) z

n=L+1 \i=1
'] n+1
_anz + Z ZxanH Zz + Z Z X, n+1 i%
n=L+1 i=1 n=L+1i=L+1
+ x Z all) zn
n=L+1
L 1 00 00
:anz”—&—f Z xiziZzldl—zLxLHdo
n=0 ? =Ly 1=0
o] 00 L )
+ 20 Z 2ol + Z anxiasllfi
n=L+1 n=L+1 =1
L 1 K ‘
Z w2+ X () H*(No(1 = 2)) = = Y @iz H* (a1 - 2))
n=0 Zn:O
00 L 00
sz:cL_,_lngr:z:O Z z”ag)Jeri Z Z”afw)rl i
n=L+1 i=1 n=L+1

Rearranging terms gives
1 L 1
X*(2) (1 — ;H*()\Q(l — z))> = Zznz” <1 — ;H*()\g(l — z))) — e

+ 2o Z z ozl)—l-Zx Z " ;J)rl ;- (6.11)

n=L+1 = n=L+1

We now rewrite the final term of (6.11) using probabilistic arguments. Note that
the a;_)H ; in the final term of (6.11) is the probability of going from ¢ < L to
n+1 > L+ 1 customers during a service time. This is equal to the probability of
having n — L arrivals during T;, given that T; is positive, i.e.,

o)y =P(A0, H) =n+1—i|X(0) =)
P(A(0,T;) =n — L|X(0) =4,T; > 0)P(T; > 0),
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where A(0,t) denotes the number of arrivals during (0,¢). Using the above, we may
write

S oemall, = 3T 2"P(A(O,T;) = n — LIT; > 0)P(T; > 0)
n=L+1 n=L+1

LHZZ P(A(0,T;) = n+ 1|T; > 0)P(T; > 0)

P(T; > 0) (Zz P(A(0,T;) = n|T; > 0) — P(A(0,T}) = 0|T; >0)> .
For the term with the summation, we obtain

(Aat)™
Zz]}” (0,T;) = n|T; > 0) = /Zz"‘m 2 AP(T; < t|T, > 0)
tOnO

:/ e =20-2) QB(T; < t|T; > 0)
t=0
=T (a1~ 2)).
Based on these probabilistic arguments, we can rewrite (6.11) as
1, 1, L .
X*(2) (1= H" (a1 = 2)) an L= —H*(\o(1=2)) ) = 25211160

+ 2Eag P(Ty > 0) (Tl*()\g(l —2)) — P(A(0,T1) = O[T} > 0))

L
+28 5 e (T > 0) (Ti*()\g(l —2)) = P(A(0,T}) = O[T} > 0)) . (6.12)
=1

Rearranging terms in (6.1) yields the relation

xp =2xp4100 + Xo ]P(Tl > 0) P(A(O,Tl) = O‘Tl > 0)
L
+> @ P(T, > 0)P(A(0,T;) = O|T; > 0).
Using this in Equation (6.12) and multiplying by —z, gives
X*(2) (H*(A2(1 — 2)) Z:z:n (H*(Ma(1 — 2)) — 2) + 252y
— Z ,To P(Tl > O) Af()\g(l — Z))

L
=N T P(T > 00T (\a(1 - 2). (6.13)

i=1
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Finally, we use another type of level crossing argument; the rate of moving from L+ 1
to L (that is 1) should be equal to the rate of moving from L to L + 1,

L
vp =xoP(Ty > 0) + Y ; P(T; > 0). (6.14)
=1

We add zFH*(M\2(1 — 2)) (2o P(Ty > 0) + Zle z; P(T; > 0)) to Equation (6.13)
and subtract 2L H*(\y(1 — 2))xy, which is equal by (6.14). Rearranging terms gives
Equation (6.5).

Now it remains to determine xg, because the generating function in Equation (6.5)
is completely determined in terms of xy, due to Corollary 6.1. Using the fact that
X*(1) =1, we see that

(X@ =n)
1= ;xOP(XQl —0)
- (Aol — 2 *ZAl* 2(1 -2
S P(XQ =)  H Ou(l—2)) = 2T (Ma(1 — 2))
+;xomﬂ”(ﬂ > 0) lim C il
L—1 A
B ﬁ (ng() P(XQ = n) + P(X = 0) P(T} > 0) 2 +1)\2_]Ep[2T1] +1
L A
+ 3 P9 = i) B(T; > 0) 2 +1A2_Ep[2Tﬂ + 1>.

For the limit we use I’Hopital’s rule . Some rewriting gives the result for g, completing
the proof.

6.6.2 Proof of Theorem 6.2

Using (6.8) and similar steps as for the M/G/1 case, we obtain

X*(2) [zI — A(z an [2] — A(2)] — 25T 11 Ag (6.15)

+ 2X¢ Z A n —i—sz Z A(+1 2

n=L+1 =1 n=L+1

For an intuitively appealing form, it is now crucial to rewrite 3 3>° /., Z”Agiki for

i=20,1,..., L. To do this, we focus on the final three terms at the right-hand side of
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(6.15). First, rearranging terms in (6.8), yields

XL+1A0 = X7, — XoA(O Z AL+1 i

Using the above to rewrite the final three terms at the rhs of (6.15), we have

-t XL+1A0+ZX0 Z A(OZ +ZZX Z An+1 i z"

n=L+1 i=1 n=L+1

_ZL+1XL + ZL+1XO <A(L?) + Z A%O)Zn_L>

n=L-+1

L
+ZL+1ZX1' (A(Li-l z+ Z An+1 zZnL>

n=L+1

= —I x4+ 25k, E AL+n2 —|—zL+1E E AL it14n?

n=0

Now, we use the level-dependent version of the equation at the bottom of page 186
of Ramaswami [119]:

xp, = xo A +ZXAL+1 N (6.16)
i=1

where A(Li_l i D AY Gr=(k+1-1) gee also [84, Theorem 5.1]. Right multi-
ply Equation (6.16) with A(z) and with 2, and combining the above, we obtain

X*(2)[2] — Az an [2] — A(2)] — 2Fxp [2] — A(2)] (6.17)

L
+ ZLXOA(l?) {ZB(O)(Z) — A(z)} JrzLZXZA(L}H i |:ZB(i) —A(2)],
with BO)(2) = (A) =152 (AP 2mand BO)(2) = (AF, )7t 5000 ( AV L e

Now, rewriting (6.17) yields the result. Conditioning on the moment that the process
hits level L + 1 twice yields more explicit expressions for B(®) (2).

6.6.3 Mean queue length for LD-MAP/G/1

The stationary mean queue length at departure epochs is (cf. [124]),

1

T

[p(1)A"e + U"(1)e +2[U"(1) = p(1)(I — A)] (I - A’ +em) " al,
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where we define A'(F) = 4 AB)(2) A" ; AB)(z) and
z=1 z=1
:(ﬂ—!—Zzo, ))(I A+en)!
U'(1) = xqA© —|—sz¢ (AW — —|—Zx (A0 —
i=1
L
U’ ( )—2XOA(O —1-21 i—1)x A(Z —|—2sz Al
=2






Chapter 7

Waiting-time distributions in call blending models
with abandonments

7.1 Introduction

In this chapter we consider a multi-server queue with two types of customers. Just
like in the previous chapter, the server can handle both types of customers and there
is an infinite supply of the second type. Here type-2 customers are only taken into
service if there are no type-1 customers waiting and there are enough free servers
to handle incoming type-1 jobs immediately. This chapter is motivated from a call
center perspective. We refer to the system as a blended system, where homogeneous
servers handle two classes of customers: urgent and best effort. The question is to
determine the performance of such a blended system. Such a performance analysis is
key to determine appropriate staffing levels as well as the control of assigning servers
to customers. Motivated by practice and theoretical optimality results, we use a
threshold structure for the number of servers that should always be kept available
for the ‘urgent’ class. We derive the probability to abandon and the waiting-time
distribution by considering the waiting time process of the first customer in line.
Herewith, we extend the method in [18] by incorporating elements of the so-called
system-point method due to Brill and Posner [45; 44]. As such, we avoid to analyze
quantities involving the number of customers, which are typically less relevant for the
management of the system.

The idea of studying the waiting time of the first customer in line directly was addres-
sed in [18], but is now more involved as the total service rate depends on the types of
customers in service and due to abandonments. The method in this chapter is thus
an extension of the method followed in [18]. We see a dichotomy in results depending
on the service rates of the urgent and best effort class. If these are the same, the
performance measures have a similar structure as for the M/M/s+G model. If the
service rates are different, the waiting time distribution of the first customer in line
can iteratively be found as solutions of second-order differential equations. In the case
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of infinite patience, the waiting times can be expressed as a mixture of exponential
terms. The required constants follow from a set of linear equations.

We envisage two streams of related literature: (1) queueing models for blended call
centers, and (2) multi-server queues with setup and/or vacation times. Regarding
(1), the literature related to queueing models for multi-class call centers is extensive;
we will only highlight the literature that is most closely connected to the current
chapter. The performance of a blended call center has been analyzed in [23; 60; 118];
[23; 118] use simulation, whereas [60] developed approximative models using Markov
chains. Blending policies have been considered in [25; 72; 104]; the models in those
papers are related to ours. In their analysis, both [25; 72] use a Markov decision
process framework to determine the structure of effective routing policies. They
both conclude that threshold control is optimal when the expected service times
are identical for the two classes, but this is no longer necessarily true if the expected
service times are different. In [104], the authors assume a threshold policy. They first
obtain the steady-state number of customers in the system and exploit that result to
give involved expressions for the waiting time. Note that these papers all assume that
customers do not abandon.

In the call center literature, many papers haven been devoted to an asymptotic ana-
lysis of multi-server queues, often in the many-server heavy-traffic regime. Here, we
only refer to settings with homogeneous servers. In that case, the models in [8; 9]
consider a system with call backs, i.e., the customer is given the opportunity to be
called back, which is advantageous for customers that do not need a swift response
(and are essentially best effort customers). In addition to the asymptotic analysis,
the callback option also leads to a modified model with state-dependent arrival ra-
tes. The papers [78; 109] consider service-level differentiation in queues with fully
flexible (or homogeneous) servers; in [78] the authors derive asymptotically optimal
staffing and scheduling schemes, whereas [109] considers minimal staffing subject to
SL constraints. The authors in [116] consider a system that is closely related to ours;
the model only differs with respect to the patience distribution, as [116] requires ex-
ponential patience. The key difference with [116], however, is that they consider a
many-server heavy traffic scaling, whereas we focus on exact analysis of the waiting
time.

Using the analysis of the waiting time of the first customer in line does not occur
frequently in the literature. The method in this chapter builds on [18], where a consi-
derably different model is studied. Another example is the working paper [103], where
the authors use a similar idea to study a multi-server queue with generally distribu-
ted abandonment times. The latter paper however is geared towards optimization by
considering a discrete state space. Moreover, there is only a single class of customers,
whereas they do not obtain any closed-form results for performance measures.

For (2), we note that the dynamics of the urgent class show similarities with M/M/s
(or actually M/M/s+G) queues with setup times or vacations; if an urgent customer
arrives and the server has to switch between classes, this could be interpreted as
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a setup time or vacation. The literature on multi-server queues with vacations is
limited; see [92] for a short survey. Moreover, these systems do typically assume that
customers do not abandon. The authors of [161] study a vacation queue, where the
server that completes a service will take a vacation, but only if there are less than d
servers already on vacation. This model is closely related to our blended system, albeit
without abandonments. The authors find the waiting time in terms of its Laplace-
Stieltjes transform by analyzing the number of customers first. Models with different
vacation scenarios, less relevant to our model, can be found in [128; 24; 157]. A study
where abandoments do occur is [5], which considers an M/M/s model with server
vacations and abandonments; a key assumption in [5] is though that abandonments
only occur when the server is absent.

Finally, there is also little literature on multi-server queues with set-up times. In [10]
the number of customers and the waiting-time distributions are derived, but their
model assumptions are somewhat restrictive. In [70; 71], M/M/s queues with set-up
times are analyzed, but the performance is either approximate or not closed-form. We
refer to [71] for additional references, also related to multi-server queues with vacati-
ons. Moreover, all these papers assume that customers have infinite patience.

The remainder of the chapter is organized as follows. The model for blending of traffic
is introduced in Section 7.2. For the analysis we distinguish two cases depending on
the average service times of both classes; when they are equal the analysis is much
simpler and can be found in Section 7.3, the analysis in case of unequal mean service
times can be found in Section 7.4.

7.2 Model description

We consider a multi-server queue with two types of traffic, type 1 and type 2, see
Figure 1.4. We refer to traffic as jobs, but they may equivalently be interpreted as
customers, calls, or patients, depending on the specific application. Jobs of type ¢
have independent exponentially distributed service requirements with rate ;. Type-1
jobs arrive according to a Poisson process with rate A\, and there is an infinite supply
of type-2 jobs. There are s identical servers and there is an infinite waiting room for
type 1. Let p = A/(su1). Type-1 jobs have general patience of length G, which is
a random variable with cumulative distribution function G(-) and hazard rate hg(:).
The hazard rate function is assumed to be continuous. If the waiting time in the
queue of a type-1 job exceeds its patience, the job abandons the queue and will not
receive service. In case customers have infinite patience, we let G(-) = 0 and hg(-) =0
and assume that p < 1 for stability of type 1.

Type 1 represents the class of ‘urgent’ jobs. They typically have to meet a traditional
service level (SL) target in terms of the waiting time distribution. Let W denote the
stationary waiting time for type-1 jobs. Then the objective is to evaluate P(W > t)
for some constant ¢t indicating whether the SL is met. The probability to abandon is
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another performance measure of interest. For type 2 the performance measure is its
throughput, i.e., the long-term average number of type-2 jobs that are served. This
may be equivalently interpreted as the long-term average amount of time available
for type 2.

To benefit from blending the two traffic classes, we consider a simple threshold type of
control. Let N € {0,1,...,s} denote the threshold specifying the number of servers
that we keep available for type 1. This is in contrast to Chapters 2-5, where N
denotes the number of queues. Since N servers are always kept available for type 1,
at most s — IV type-2 jobs can be simultaneously in service. The threshold policy
takes the following actions:

e Type-1 jobs are taken into service as soon as a server is available.

e When the type-1 queue is empty and there are no more than s — N type-1 jobs
in service, as many type-2 jobs are taken into service such that IV servers remain
idle (to handle future type-1 traffic); type-2 traffic only starts to be served after
the (N + 1)-th server becomes available. The number of type-1 jobs in service
does not play a role (as long as this does not exceed s—N). If [ =0,1,...,s—N
type 1 jobs are in service, s — N — [ type-2 jobs are taken into service.

e Preemption of service is not allowed; if preemption would be allowed it would
always be preferred to serve a type-2 job over being idle.

Type 1 is protected from type 2 by N > 0, whereas the utilization of the service
facility is increased compared to a single type-1 system by letting N < s. Finally,
we note that optimal control for this system has been investigated in [25] in case the
target for type 1 is in terms of the average waiting time instead of the tail distribution
(the latter being considerably more involved). For p; = po, the authors show that
threshold control is optimal in that setting, whereas numerical experiments indicate
that threshold control is near optimal for unequal service requirements; the authors
do not consider abandonments in their model.

7.3 Analysis for equal service requirements

In this section we assume that pu := p; = po, which considerably simplifies the
analysis. In this case, the analysis could follow the lines of the M/M/s+G model.
However, we propose a more direct approach by directly considering the waiting time,
or more specifically, the waiting time of the first type-1 job in line (FIL), see, e.g.,
[18]. This approach turns out to be extremely valuable in the next section as well,
where 11 # uo. Now, we first give a description of the process in Subsection 7.3.1.
Then we give the analysis of the FIL distribution in Subsection 7.3.2 and we conclude
the section with our performance measures in Subsection 7.3.3.
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Figure 7.1: Sample path of V;.

7.3.1 Process description

Let V; denote the waiting time of the first job in line at time ¢ (e.g. with V; = 0
if the queue is empty) and let N; denote the number of free servers. The process
(Viy Ny)i>o is then a piecewise deterministic Markov process as considered in [56].
Note that V; > 0 if and only if N; = 0, i.e. free servers only occur when there are no
type-1 jobs waiting. For convenience, we omit N; and extend V; to the non-positive
integers, where V; < 0 denotes that the queue is empty and —V; servers are free. The
state space then consists of all negative integers not smaller than —N and all positive
real numbers

{=N,-N+1,...,—1,0} U (0, 00).

A sample path of the process (V;);>o is depicted in Figure 7.1 for the case N = 2;
the black dots represent jobs that abandoned before they became the first job in line.
For V4 > 0, the process increases linearly at rate 1 until the first job in line leaves the
queue; this can either be due to a service completion, occurring with rate sy, or due
to this job becoming impatient. If the first job in line leaves the queue, the next job
that did not abandon (if any) moves to the first position.

For this situation, suppose that at time ¢, the n-th arrival leaves the first position in
the queue and thus the (n+ 1)-th arrival is the next candidate to become first in line.
Note that the interarrival time between jobs n and n + 1 is exponentially distributed
and let Ay denote an exponentially distributed random variable with rate A. Now,
different situations may occur. First, with probability P(Ay > V;-) the (n+ 1)-th job
has not arrived at time ¢, meaning that at time ¢t the queue is empty whereas all
servers are occupied, i.e. V(¢T) = 0. Second, if job n + 1 has arrived his accumulated
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waiting time would be V;- — A). With probability 1 — G(V;- — A)), this time does
not exceed his patience and job n + 1 becomes first in line. Finally, with probability
G(V;- — Ay) customer n + 1 abandoned and customer n 4 2 is the next candidate
to become first in line. Now, the scenarios above apply for customer n + 2 and this
procedure repeats.

Consequently, when the first job in line leaves the queue at time ¢, it holds that
Vi+ = max{V;- — ;1,\,0}, (7.1)

with Ay the jump size, a sum of one or more interarrival times depending on the num-
ber of customers that abandoned. The distribution of A, is considered in Lemma 7.1
below. As indicated, if there are no arrivals before ¢ that did not abandon, the process
moves to state 0; the fact that at time ¢~ a customer is waiting implies that all servers
are occupied. In the boundary case that V; = 0 an arrival may occur with rate A, in
which case V; starts to increase linearly again. The other boundary transitions are
standard; in state —I, Il = 1,..., N, jobs arrive with rate A\ moving the process to
state —1 + 1, and in state —I, [ = 0,..., N — 1, jobs depart at rate (s — [)u moving
the process to state — — 1.

Since interarrival times and service times are exponentially distributed, the process
(Vi)t>0 has the Markov property. In addition, it is a regenerative process and thus
has a steady-state distribution. We will use the abbreviation ‘FIL’ for ‘first in line’.
Let WFIL(z) = lim;_,o, P(V; < ) be the steady-state distribution with density
wf (). For the boundary states we write: wF(—1) = limy_,o, P(V; = —I), for
l=0,...,N.

In Lemma 7.1 we present the distribution function of the jump size Ay. Specifically,
let F,(y) be the probability that the FIL process is smaller than y € [0, ], when right
before the jump the process was at x and a jump occurred.

Lemma 7.1. The distribution function F,(y), 0 < y < x, of the jump size with
starting position x is given by

Fo(y) = exp {—A/j G(u) du} ,

Proof. Define W, as the FIL process just after a jump, when the FIL process right
before the jump is equal to x. We are interested in

Fu(y) =P(W, <y).
Conditioning gives

Foly) = e M0+ / Ae MG (u)Fy (y) du
Yy

x
= e AMemy) 4 6_’\1/\/ e)\uG(u)Fu(y) du.

Y
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Now we take the derivative with respect to z, leading to

S Ruy) = A ey / UG () Fuly) du+ Ae 7Gx Fy (y)
= AE,(y) + AG(2)Fy
= _)‘é( )Fa:( )7

where G(z) = 1 — G(x). We now have a first-order ordinary differential equation

(DE), with solution
F,.(y) = Cexp {/ AG (u) du} .
0

Using the boundary condition Fy(y) = 1, we can determine the constant C. This
gives C' = exp { fo AG(u du} completlng the proof. O

7.3.2 Analysis of FIL distribution

For convenience, define p; = A/((s —4)p), i = 0,1,..., N, and let an empty product
be equal to 1. The next theorem provides the steady-state distribution of the FIL
process.

Proposition 7.1. The density of the FIL process is, for x > 0,

WFTE () = AP (0)G (x) exp { / " \G(u) du — s,ua:} ,

0
where
-1
o) T N k-1
wFIL(0) = / AG(z) exp {/ AG(u) du — sum} dz + Z H — ,
0 0 k=0 j=0 Pi
For the boundary states, we have, k=1,... N,
k=1
w(—k) =" 0) ] = (7.2)
o Pi
J
Proof. For x > 0, it follows from level crossings that
oo
W) = [ Fy@)u-+ haw)eH ) dy. (7.3
x

The left-hand side corresponds to upcrossings of level x and the right-hand side corre-
sponds to the long-run average number of downcrossings through level z. Observe that
we have continuous upcrossings of waiting-time levels and downcrossings by jumps,
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where the jump sizes correspond to (multiple) interarrival times between successive
customers (in contrast to workloads in single-server queues). Filling in Fy(x) as given
in Lemma 7.1 and some rewriting, we get

wfF () = exp {/\/0:E G(u) du} /woo exp {)\ /Oy G(u) du} (sp+ha(y)wE(y) dy.

Taking derivatives with respect to x yields

WO e /G du}
ol [ s
—exp{)\/o G(u) du}exp{ )\/ G(u du} (sp + ha(z))wf L (x)

= AG(z)w " (z) = (sp + ha(2))w™ (2)
= (\G(z) = sn — hg(@)w" ().

This is a first-order differential equation, which is easily solved as

FIL(

sp+ha(y y) dy

wFTE(z) = Dexp { /O " AG(u) — s — he(u) du} . (7.4)

Now we find the constant D. Balancing the transitions in and out of (0, co) results in
MF1E0) = [ By (O)(su-+ ha(w)u () dy. (7.5
0

From (7.3) and (7.5) we get lim, o wfL(z) = MwfTE(0) and from we get (7.4)
limg o w2 (z) = D. Hence, D = AwTL(0), implying

wf M (2) = M E(0) exp {/ AG(u) — sp — ha(u) du} .
0
Due to properties of the hazard rate, this can be rewritten using f; hg(u) du =
—log G(x).

Moreover, for the boundary states (with free servers), we have the well-known balance
equations, for i =1,... N,

Mot TE (i) = (s — i + )pw™E (=i + 1),

Expressing the constants in terms of w7 (0) yields Equation (7.2). The result follows
by normalization. O
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7.3.3 Performance measures

From the FIL process we may obtain the actual performance measures of interest: the
waiting time W of served customers, the probability to abandon, and the throughput
of the best-effort class. The derivation of the waiting-time distribution from the FIL
process follows from a generalization of PASTA; the actual waiting time of a served
customer corresponds to the value of the FIL process embedded at moments when a
new customer is taken into service. In particular, the waiting time is zero when there
are idle agents available upon arrival such that a customer can be directly taken into
service. Using the PASTA property, we have

N N k-1 1
— ZwFIL(_k) — wFIL(O) Z H -
k=1 k=1 j=0 P

We define the empty sum to be equal to 0 for the case N = 0.

Given that a served customer has to wait, the waiting time is the value of the FIL
process at epochs just before a downward jump due to a service completion. Before
addressing these positive waiting times, we first consider the probability to receive
service (and thus also the probability to abandon).

Corollary 7.1 (Probability of service). The probability that a customer receives ser-
vice 1s given by

N k-1
P(service) = w L (0 Z H — —l—su/ G(z exp{/ AG(u du—s,ux} dz |,

kleJ

with wFTE(0) given in Proposition 7.1.

Proof. If we divide the rate at which customers are taken into service by the total
arrival rate, we can calculate the probability that a customer receives service. The
rate at which customers are taken into service is given by:

oo
A =AP(W =0) +/ spwTE (z) da
0

N k-1
wFIL( Z H = + su/ G(x) exp {/ MG (u) du — sux} dz | . (7.6)
k=1 j= 0
Dividing by A completes the proof. O

The stationary waiting time distribution is given in the following theoreom.
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Theorem 7.1 (Waiting time type 1). The tail of the steady-state waiting time dis-
tribution of a job that received service is

sp [ G(v)exp { [y AG(u) du — spv} dv

P(W > «l|service) = — o — .
PO H?:(} p% + s [y Gz) exp { [; AG(u) du — spz} da

Proof. We denote with N(a,b) the number of customers taken into service between
moments a and b. Let us consider the infinitesimal interval (¢,t 4+ h], where h > 0.
Note that

P(V;>v,N(t,t+h)=1) = / sphwt L (z) dz + o(h).
v
In addition, limy, o P(N(t,t+h) = 1)/h = A*, in stationarity, since the rate at which

customers are taken into service is equal to the arrival rate of customers that are
served for a stable system. Then, we may compute

. . . P(V;>a,N(t,t+h)=1)
P = lim P N =1)=1
(W > alservice) Lim (Vi > a|N(t,t+h)=1) Lim PIN(LE+h) = 1)

1
= /.

= FIL 1 < PIL
dv = ——— dv.
spw = (v) dv pIP’(service)/a wh T (v) dv

Using Proposition 7.1, we obtain the result. O

Remark 7.1. If N = s, our model represents a regular M/M/s+G queue with no
blending, as studied by Zeltyn and Mandelbaum [159]. In this case, we can rewrite
P(service) to equal their expression for the same probability. In [90], more performance
measures for this model are derived, including P(W > «afservice), which coincides with
our expression in the case N = s.

The throughput of type 2 may also be obtained from Proposition 7.1 after some
straightforward calculations; see [25] for the case of infinite patience.

Corollary 7.2 (Throughput type 2). The throughput for type-2 traffic is

e N - - k—li
TH = w1 0) | 32~ k= W] o |

k=1 j=0"J

with wiE(0) given in Proposition 7.1.

Proof. First, observe that the fraction of time that all servers are busy is

wFIL(O) —l—/ wFIL(y)dy.
0
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Now, the throughput of type 2 is the total throughput minus the type-1 throughput.
The long-run average service rate is

N

> (s~ R ) + s 1) 4 s [ wPIHG) dy.
k=1 0

Using (7.2), the fact that the type-1 throughput is A*, cf. (7.6), and some rewriting,
we obtain the result. O

7.4 Analysis for different service requirements

In this section, we consider the much more involved case p1 # p2. We describe
the model and derive the level crossing equations in Subsection 7.4.1. Our aim is
to derive the type-1 waiting-time distribution (Theorem 7.2) and the throughput of
type 2 (Corollary 7.4); both results can be found in Subsection 7.4.5. We do this by
directly considering the waiting time of the first job in line, as in the previous section.
In Subsections 7.4.2 and 7.4.3, we derive the steady state distribution of the FIL
process, for general and infinite impatience, respectively. Situations with idle servers
are addressed in Subsection 7.4.4 providing a linear set of equations for obtaining the
remaining constants. With this approach, we avoid the analysis of the number of
customers in the system. Note that it is a non-trivial step to obtain the waiting-time
distribution from the number of customers present.

7.4.1 Level crossings

Let us define the stochastic process (X;),-, as the vector of two stochastic processes
(Vi Y1) y50; for a fixed t, X; = (V4,Y;) where (V}),, is the waiting time of the first
in line customer or the number of free servers when the queue is empty, as in Sub-
section 7.3.1, and (Y}),~, is the number of type-2 jobs in service. Again, for (V;),~,
we denote the number of empty servers as non-positive integers: 0,—1,—-2,...,—N.
The two-dimensional state space is given by

({=N,—=N +1,...,—1,0} U (0,00)) x {0, ..., s — N}.

The process (X¢),~ is again a piecewise-deterministic Markov process as in [56]. We
will refer to the state of Y; as “page”. If Y; = k during some interval, the sample
path of the FIL process evolves as in Section 7.3 (see Figure 7.1 for an example).
As soon as Y; changes, the FIL process jumps to a different page, implying that the
overall service rate changes. This is in line with the ‘System Point’ method of Brill
and Posner [45; 44].

We introduce the steady-state version of the FIL process with k type-2 jobs in ser-
vice as WL (v, k) = limy_oo P(V; < v,Y; = k). The joint steady-state density is
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wfTE (v, k), for v > 0. For cases when there are no customers waiting, wf /% (—1, k)
denotes the steady-state probability that there are [ idle servers and k type-2 jobs in
service, [ € {0,1,...,N} and k € {0,1,...,s — N}. Also, let & = lim;_,o P(Y; = k).
The total service rate is determined by the number of type-2 jobs in service. For
convenience, define

T = (s — k)pa + kpe
as the total service rate at page k if all servers are occupied.

The analysis proceeds as follows. First, we derive level-crossing equations for the
FIL process. Using these equations we recursively determine the FIL distribution in
Subsections 7.4.2 and 7.4.3.

Lemma 7.2. We consider the level-crossing equations at page k with upcrossings of
level v on the left-hand side and downcrossings on the right-hand for two different
cases.

(¢1) Forke{0,1,...,s =N —1} and v >0
wFIL(v,k)+(k—|—1)u2/ (1—F,(v) wfE (u, k + 1)du

= kpa (G — W (0, k) + / WP, k)((5 — B + b () Fu(v)du

v

(it) Fork=s—N andv >0
w (v, s — N) =(s — N)pa (§s—n — W E(v, s — N))

+ /OO w ' (u, s — N)(Npy 4 ha(uw))Fy(v)du.

Proof. Consider case (i) and fix page &k € {0,1,...,s — N — 1}. Using standard
infinitesimal arguments and (7.1) gives us, for A > 0 small,

P(Vign >v+h, Y =k) =
0= B = s = Ry — ) 4BV < wY; = )
4 [ bl = R+ () B < u— v) dB(V: £ 0,¥i = )
+ h(k + D)poP(Vy — Ay > 0, Y, =k + 1) + o(h).

Subtracting P(V; > v + h,Y; = k) from both sides, dividing by h, and letting & | 0,
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we obtain:

d d
&IP(Vt >0,Y; =k) :—EP(Vt >0, Y =k)

o0

(kpo + (s — k)pr + hag(u)) dP(V: < u,Y; = k)

+ | ((s=k)p+hau)(1 = Fu(v)) dP(V; <u,Y; = k)

J
/UOO
+ (k+ DpaP(V; — Ay > 0, Y; =k +1).
Now, let t — oo and note that, for [ =k + 1,
P(V — Ay <0, Y =1) = WEL(y,1) + /OO o (v)w!™ ™ (u, 1)du.
The above yields
0 =wfE (v, k) - /Oo(kug + (s = k)p1 + hg(u)w(u, k) du
+ /oo((s —k)p1 + he(u)(1 — Fy(v))w(u, k) du

+ (k+1)po <§k+1 —~WHE(p k+1) - /Oo Fu()wE (u, ke + 1) du> .

Using the fact that
[ k) du =g - W),

and some rewriting, gives

wFIL(U’ k) = kpo (fk _ WFIL(U’ k)) " /‘X’((S et hg(u))U/FIL(ua k)F, (v)du
— (k+ Do (&pgr — W (v, k+ 1))

+ (k+ 1),112/ wfTE (u, k + 1) F, (v)du.

v

Rewriting &1 — W (v, k + 1) in terms of its density provides the level crossing
equation for case (i). For case (ii), the term involving page k + 1 disappears. O

7.4.2 General impatience

In this subsection, we show that the steady-state distribution of the FIL process can
be iteratively solved and written as the solution of linear second-order differential
equations; this is next presented in Proposition 7.2. We exclude the case that N = s,
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as no type-2 traffic is taken into service in that case. In fact, this case can be directly
obtained from the results in Section 7.3.

Before we present the result, we define, for k € {1,...,s — N},
ax(v) = 7+ ha(v) — AG(v),
be(v) = —AG(v)uzk.

For the FIL distribution, we need solutions of linear second-order DE’s. Let w(v) be
the solution of the homogeneous second-order DE

w” (v) + ax(v)w' (v) + b (v)w(v) = 0, with w(0) = 1, w(c0) = 0. (7.7)
Let, for j=k+1,...,5s— N, ﬁ)g,ajrt(v) be a particular solution of
w” (v) + ar(vV)w' (v) + by (V)w(v) = =AG(v)(k + 1)u2w,§f1t,j(v), (7.8)
where we define LD;);” (v) = w;j(v).

In specific cases, the second-order DE’s may be solved analytically. A primary ex-
ample is the case of infinite patience, see Subsection 7.4.3. In general, there are
no closed-form solutions of linear second-order DE’s, but packages are available for
numerical solutions. An alternative representation can be obtained by rewriting a
linear second-order DE with boundary condition as a Fredholm integral equation of
the second kind, see e.g. [100]. Such a Fredholm integral equation may be solved
by successive substitutions leading to solutions of an infinite sum of iterated kernels.
As such a solution does not provide any additional insight, we present our results in
terms of solutions of DE’s.

Proposition 7.2. The tail distribution of the FIL process at page k € {1,...,s— N}
18

s—N
W (0, k) = Cribr(v) + Y Cyii(v),
j=k+1

with Wk (+) and @g?jﬁ(') as defined according to (7.7) and (71.8), respectively. At page
0, the FIL density is

wfE(v,0) = CoG(v)exp {/OU AG(u) du — smv}

+ G (v) exp {/ AG(u) du — sy (v — t)} M WHEIE (1) dt.
t=0 t

Here Cj, j = 0,...,5s — N, are constants that are determined in Subsection 7.4.4

below.

Observe that the proposition provides an iterative scheme to determine the FIL dis-
tribution. Starting at page s — N, the tail of the FIL distribution can be iteratively
solved at page k using the analysis at pages K+ 1,...,s — IV.
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Proof. To derive the FIL distribution, we start at page s — N and then iteratively
determine the FIL distribution at page k given its tail distribution at page k + 1.

Page s — N: Let us start with page s — N, for which we need the solution of
case (ii) in Lemma 7.2. Using Lemma 7.1 for the distribution of the jumps, taking
the derivative with respect to v in (ii) of Lemma 7.2 and applying similar arguments
as in the proof of Proposition 7.1, yields

%wFIL(v,S—N) = —(s = N)pow™ (v, s = N) — (N1 + ha()w! 't (v,s — N)

+ AG(v) U:O(Nm + ha(u)wE (u, s — N) exp {—A [ G(z) dz} du} .

Observe that the terms in square brackets may be rewritten using the equation in (ii)
of Lemma 7.2, from which we obtain

diuwFIL(v,s —N)+ (re—n + ha(v) — )\G(v))wFIL(v,s —N)

= AG(v)(s — N)uaWH E (v, s — N) = AG(v)(s — N)pobs_n. (7.9)

As wfTl (v, s — N) is the derivative of W1 (v, s — N), we have a linear second-order
differential equation. For convenience, we consider the tail of the FIL distribution
WFEIL(y k) = & —WFIE (v, k). Using the fact that d/dv(WE (v, k)) = —wfTE (v, k),
Equation (7.9) may be written as the following linear second-order differential equa-
tion:

d? - d - -
ﬁWFIL(U,S—N) —l—as,N(v)d—WFIL(v,s — N) 4+ be_n ()WL (y,5 — N) = 0.
v v

If customers have infinite patience, the coefficients are constant and there is a direct
way to solve these equations; this case will be treated separately in the next subsection.
For the boundary conditions, it should hold that lim,_,., W¥¥ (v, k) = 0. The second
boundary condition (at v = 0) is determined later in Subsection 7.4.4 as the solution
of a linear system of equations. Hence, the general solution of the above DE is

WFIL(U, k) = C’S,N’J)S,N(’U)7

where Cs_ y is the remaining unknown constant. This completes the FIL distribution
at page s — .
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Page k € {1,...,s — N — 1}: The approach is similar to the approach for page
s — N. First we rewrite (i) of Lemma 7.2, yielding

w (v, k) + (k + 1)@2/ wi T (u, k + 1) du

v

(k+1)uzexp{)\/OUG(z) dz} /:oexp{)\/ouG(z) dz}w”L(u,k+1) du

= k(& — WHIE (v, k)) 4 exp {/\/v G(2) dz}

></ exp{ / G(z } — k) + he(u) w1 (u, k) du.

Again, we take the derivative with respect to v and use the level crossing equation of
Lemma 7.2 to rewrite the remaining integrals, providing (after some tedious rewriting)

%wFIL(U, k) + (e + ha(v) — AG(v)w (v, k) — A\G(0)kpa W (v, k)
= “AG(V)kpa& + AG()pa(k + 1) (§pyr — WH (v, k + 1)) . (7.10)

Note that the above corresponds to a linear second-order differential equation again,
but now involving an inhomogeneous term due to page k + 1. As at page s — N,
the coefficients are constant for the appealing special case in which customers have
infinite patience, see Subsection 7.4.3. For the case of impatient customers, we follow
the procedure at page s — N. Considering the tail of the FIL distribution WL (v, k)
again, Equation (7.10) may be written as the following linear second-order differential
equation:

d® = rir d wrrr TFIL
@W (v, k) —|—ak(v)£W (v, k) 4+ b (V)W (v, k)
= - AG() o (k + W (v, k + 1), (7.11)

We now show by induction that the tail of the FIL distribution can be iteratively
determined by

WHIE(y, k) = Crivg(v Z CwE™ " (v (7.12)
j=k+1

with wy(-) and wp‘m( ) as defined in (7.7) and (7.8), respectively. For k = s — N the
result follows dlrectly from the analysis at page s — N above. Assuming that (7.12)
is valid for k + 1, we show that WL (v, k) also satisfies (7.12).

Observe that WL (v k) satisfies an inhomogeneous second-order DE, cf. (7.11).
Using (7.7), the general solution of the complementary homogeneous DE is Cyy ().
For the particular solution we rely on the iterative scheme of calculating the tail of
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the FIL distribution. Due to the induction hypothesis, we need particular solutions
of

w” (v) + ag (V)W (v) + by (v)w(v) =

= AG()pa(k +1) [ Cryrpqa(v Z Cripiy ;(v)
j=k+2

Now, using that w1 (v) = w};if{ ka1 (V) ﬁ)ga,:H( ) is a particular solution of

w' (v) + ax (V)W (v) + b (V)w(v) = =AG(V)pa(k + D@L 41 (v).

Also, for j=k+2,...,s— N, wpa;t() is a particular solution of

w” (v) + ag (V)W (v) + b (V)w(v) = =AG(v) 2 (k + l)wgff](v)

Using standard arguments about DE’s, it follows that a particular solution of (7.11)

is given by Z;;l]fﬂ oh ~pdft( ). Combining the above, the induction step is shown.

Page 0: We use the same approach as for page k, for k € {1,...,s— N —1}, yielding
Equation (7.10). As k = 0 in this case, we now obtain a first-order inhomogeneous
DE for the FIL-density (instead of the FIL-distribution),

%wFIL(U, k) + (sp1 + ha(v) = AG())wf T (v, k) = (7.13)
AG () (& = WH (v, 1))

The solution to the corresponding homogeneous equation is equivalent to the situation
of Section 7.3. Specifically, the solution to the homogeneous equation is, cf. (7.4),

Co exp {/O AG(u) — spr — he(u) du} ,

corresponding to the FIL waiting time in a corresponding M/M/s+G system. Using
standard analysis, the general solution to (7.13) is

wF " (v,0) = Cpexp { /0 " AG(u) = spn — he(u) du}
+ /t; exp {/t“ AG(u) — spy — ha(u) du} NG (£) s WFIL (2, 1) dt.

Using that — [ hg(u) du = log(G(v)/G(t)) and some rewriting completes the proof.
U
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7.4.3 Infinite patience

The steady-state distribution of the FIL process can be found explicitly in terms of
the mixture of exponential terms in case customers have infinite patience, as pre-
sented in Proposition 7.3. Define ¢, as the negative root of the following quadratic
equation

H* + (1 — N — Mepg = 0, (7.14)

that is,

A =7 —/(rk — N)2 + 40k po
O = 5 .

For convenience, we assume that A # s(u; — pe), such that all ¢y are different, for
different k’s, see also Remark 7.2.

(7.15)

Proposition 7.3. The distribution of the FIL process at page k is

fk-f-Z;;z]cV Cjre®”, for ke {l,...,s— N};
WFIL (o, k) =
§o — 73,&01’0_,,) emsmll=plv 4 Zj;f[ Cjoe??, for k=0,

where, for j €{k+1,...,8s— N},

j—1
Cip=(-1)Y"FC, 7.16
s ( ) J7]gc¢?+(rl_)\)¢j_)\lﬂ'2 ( )
and CN’O’() = Co7o¢0.
We note that ¢9 = A — sy = —sp1(1 — p). For convenience, we may write Cp o =

Co,0/ .

Proof. Again, for the derivation we start at page s — NV and then iteratively determine
the FIL distribution at page k given its distribution at page k + 1.

Page s — N: Using the infinite patience assumption, it holds that ax(v) = rg — A
and by = —Akps. Thus (7.7) is a second-order differential equation with constant
coefficients. Using standard calculus, the general solution for the FIL distribution is

m @)
Ss—N + Cs(i)Ne‘lﬁst“ + ngf)Ne‘ﬁst”y

where (;Sgle and (;Si)N are the negative and positive root of Equation (7.14) with
@)
k = s— N. Since e?s-¥" — 00, as v — oo (due to (]522_)1\, being positive), and

WHIL(y, s — N) is a distribution function, it should hold that 08(2_)1\, = 0. This
completes the FIL distribution at page s — V.
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Page k € {1,...,s — N — 1}: For infinite patience, the second-order differential
equation of (7.10) can be written as

d
awFIL(v, E) + (ri — Nw T E (v, k) — MNepoWETE (v, k)
= —Mepoly + Mk + Dpa (Gpr — WHH (0, k+1)). (7.17)

We now show by induction that the FIL distribution is a mixture of exponentials:

s—N
WHEIL (v, k) = & + Z C;pet”,
j=k

with C;  given by (7.16). Note that the result holds for k = s — N from the analysis
of page s — N above. Assuming the above FIL-distribution for page k + 1, we show
that this provides the FIL-distribution for page k.

Note that (7.17) is again an inhomogeneous second-order DE with constant coeffi-
cients, where the homogeneous part is similar to that of page s — N. Hence, the
solution of the complementary homogeneous DE is

@,

e 4 oD o

with qb,(:) and qb,(f) the negative and positive root of Equation (7.14). As for page

s — N, it should hold that C,(f) =0, as WFIL (v, k) is a distribution function, leaving
Ck.1; exp(érv) as solution to the homogeneous DE.

For the particular solution, we rely on the iterative scheme of calculating the FIL
distribution, i.e., the induction assumption. Trying particular solutions of the type
W;IL(v,k) =& + Z‘;;,ivﬂ Aje®i®, gives expressions for A; (representing C;j) in
terms of Cj ;:

Ak 4+ 1)peo
Aj = —C;
7 PRHLGT L (re — M)y — Mk

AL+ 1)ps " Ak +1)pa
O+ (11— Npj — Mpz ¢ + (1 — \)gj — Mepa”

= (=1) x (=1 75710y, ﬁ

I=k+1

where the second equality follows from the induction hypothesis. The general solution
of (7.17) is then

s—N
WFIL(U, k) =&, —I—Ck’ke(b"v + Z Cj’keqﬁm’
j=k+1

where, for j € {k+1,...,s — N}, Cj is given by Equation (7.16). This shows the
results for WL (v, k).
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Page 0: For infinite patience, Equation (7.13) reads

%MFIL(U,O) + (s — N (v, k) = Apo (& — WHE(v, 1))

The solution to the corresponding homogeneous equation is directly seen to be
C’O 06(/\75#1)1)’

corresponding to the waiting time density in a corresponding Erlang delay model. For
the particular solution, we use the FIL-distribution at page 1. Hence, we look for a
solution of the type wr " (v,0) = SN Aje?V, showing that

j=1
Afiz

Aj =—C; .

J J71¢j+8'u1_/\

The general solution of the FIL-density then is

s—N
wFIL(U,O) _ éo7oe—sltl(1—p)v + Z Aje%'u-

j=1

We now obtain the distribution function from the density:
WEILE@,0) = & — / wh T (u, 0)du

= s—N
N 0 msmO-p | N A biv
spa (1l —p) ;::1 j
Finally, note that the constant C;q := A;/¢;, for j € {1,...,5s — N}, also follows
from the recursion (7.16). O

Remark 7.2. We note that for A = s(u; — p2), it holds that all ¢y are identical to ¢p.
In that case, the FIL distribution W¥!E (v, k) is of the form Zj;,iv Cj s~ N—igbov
instead of a mixture of exponential terms.

7.4.4 Constants and boundary conditions

To complete the FIL distribution, we consider the ‘boundary’ case in which there are
no type 1 customers waiting. In particular, we present the boundary equations in the
lemma below, which are essentially flow balance equations. These equations are used
to construct a set of linear equations to find the full FIL distribution.

Lemma 7.3. We consider the boundary equations for state (=1, k), with I the number
of idle servers.
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Figure 7.2: System dynamics in case of idle servers.

(i) Forl=0and k € {0,1,...,s — N}
A+ kpz + (s — k)p) w (0, k) (7.18)

= wfTE(—1,k) + /000((8 — k) + ha(w)wE (u, k) F,(0)du

+ Lypes—ny (b + 1)u2/ wh T (u, k + 1) F,(0)du.
0

(#4) Forle{l,...,N—1} and k€ {0,1,...,s — N}

AN+ Epg + (s — k — Dy wF (=1, k) (7.19)
=M TE (A =1Lk + (s —k— 1+ Dpw T E (=1 +1,k)
+ Lpes—ny (b 4+ Dpow™H (=1 + 1,k + 1).

(t9t) Forl= N and k € {0,1,...,s— N}

A+ (s = N = k)pp) wfE (=N, k) (7.20)
=(s=N—k+ D [Lgsoyw™ (=N, k= 1) + w"H (=N + 1,k)]
+ Lpes—ny (b + Dpow™ (=N + 1,k + 1).

Proof. The flow balance equations for the states (-, k) € {1,...,N} x{0,...,s—N}
follow directly from Figure 7.2. Now consider states (0, k) with k € {0,...,s— N —1}.
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Using infinitesimal arguments, we obtain
P(Vign =0,Yi4n = k) = (1 = Ah — kpgh — (s — k) h)P(V; = 0,Y; = k)

+ /000 h((s — k)1 + ha(w)P(Ay > u) dP(V; < u,Y; = k)
+ (k + DuahP(V; < Ay, Y; =k +1) + o(h).

Note that P(Ay > u) = F,(0). Subtracting P(V; = 0,Y; = k), dividing by h and
taking the limits h — 0 and ¢ — oo, yields the result. For state (0,s — N), the final
term vanishes. O

Note that the terms w? /¥ (u, k) appear in the integrals; this can be obtained as the
derivative of the solutions to the differential equations. Now, it remains to determine
the (s — N 4+ 1)(N + 3) unknowns: Cy, & and wf Il (—1, k), with k =0,1,...,s = N
and [ =0,1,..., N. The required number of (s — N 4+ 1)(N + 3) equations to find the
unknowns are then as follows:

1. (s = N+ 1)(N + 1) boundary equations in Lemma 7.3;
2. Letting v | 0 in Proposition 7.2 and using w(0) = 1, yields the following
(s — N + 1) equations:

N s—N
&=y w(=Lk)=Cet D CufY0), k=1,2,...,s—N, (7.21)

1=0 j=k+1
and, with wf?L(u,0) a linear function of Cj, j =0,...,s — N,
N 00
- > wH1,0) = [ WM (w,0) dus
1=0 0

3. (s — N) set balance equations for page k € {0,1,...,s— N —1}:
W (=N k) (s = N = k) + Lgesoy (& — 0™ (=N, k) ks =
(&h1 — W (=N k+ 1)) (k+ Dpo (7.22)
+ Lgsoyw™ (=N k= 1)(s = N — k + D)pug;

4. Normalization equation

s—N
doG=1 (7.23)
k=0
Remark 7.3 (Constants and equations for infinite patience). When the patience of
the jobs is infinite, we have unknown constants CY, 1, instead of Cy, k = 0,1,...,5s—N.

Equation (7.18) can be more explicit, by writing out the integrals using the form of
WHIL(y, k) given in Proposition 7.3.
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7.4.5 Performance measures

The waiting-time distribution follows from the FIL process by considering specific
epochs, i.e., moments of service completions. Our main result is presented in Theo-
rem 7.2 and gives the tail of the steady-state waiting-time distribution, for customers
that do not abandon. The constants follow from a system of linear equations repre-
senting the boundary conditions.

Theorem 7.2 (Waiting time type 1). The tail of the steady-state waiting-time dis-
tribution is

S I WEIL (o, k)

AP(W = 0) + Y5 Ny WFIL(0, k)

P(W > «|service) =

where WHIE (a, k) follows from Proposition 7.2, and an atom in 0,
s—N N
P(W =0) = wt T (—1, k). (7.24)
k=0 =1
Here, WFIL(0, k) and wF E(—1,k) follow from Proposition 7.2 and the system of
linear equations (7.18)—(7.23).

Proof. We use the same method as in the proof of Theorem 7.1. Specifically, the
waiting time is zero when there are idle servers upon arrival. The PASTA property
yields (7.24). The arrival rate of customers that are taken into service is given by

s—N
A= AP(W =0)+ > reWH (0, k). (7.25)
k=0
For positive waiting times, we consider the moments at which jobs are taken into
service:

7
=z

P(V;>a,Nt,t+h)=1)=> PV;>a,Y, =k N(t,t+h)=1)

i
Z o

= rehWHIL (o, k) + o(h).

=~
Il
=]

Now,

o B> o N(t k) = 1)
P = lim P N =1)=1
(W > alservice) lim (Vi > alN(t,t+h)=1) pam P(N(t,t+h) = 1)

»

1 -N
== > nW"(a,k).

k=0

Filling in A* (into Equation (7.25)) completes the proof. O
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We also directly have another relevant performance measure, the probability that a
customer receives service.

Corollary 7.3 (Probability of service). The probability that a customer receives ser-
vice is given by
P(service) = A\*/ A,

with X* given in (7.25).
The throughput of type 2 follows directly from the analysis of the FIL process.
Corollary 7.4 (Throughput type 2). The throughput for type-2 traffic is

s—N

TH =Y &kpo.

k=0

This formula for the throughput also holds if the patience of type-1 jobs is infinite.
The following corollary gives the waiting-time distribution for type-1 jobs in the case
of infinite patience, leading to more explicit expressions.

Corollary 7.5 (Waiting time for infinite patience). The tail of the steady-state
waiting-time distribution of type 1 jobs is

s—N j )
P(W > a) = e—sm(l=pla o —Cop + Z P % — k=0 chj,k’
0 A
7j=1
with Cj i and ¢y given in (7.16) and (7.15), respectively, and an atom in 0 given in
Equation (7.24). See also Remark 7.3.

Remark 7.4 (Numerical results). We did some numerical experiments for the model
with infinite patience. Figure 7.3 shows the tail probability of the waiting time and
the throughput of type-2 jobs for a specific set of parameters. On the left axis, the
probability of waiting less than 1/3, the required service level (SL) can be found,
where the dotted line gives the required SL. The throughput of type-2 jobs is plotted
on the right axis. We see that the SL increases with N and the throughput of type-2
jobs decreases. As N increases, the ascent in SL decreases, i.e., the SL increases in a
concave manner. The decrease in throughput is for intermediate values of N roughly
linear. If P(WW < «) is above the dotted line, the 80-20 service level is met, 80% of
the jobs is served within 20 seconds (1/3 minutes). For N = 3, the SL requirement is
met and the throughput of type-2 jobs is equal to 1.42.
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Figure 7.3: Blended system with A =7, u3 =1, us = 0.8, s = 10, and oo = 1/3.
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Summary

Queueing models are typically used to analyze stochastic systems where congestion
occurs. Prominent examples are grocery stores, amusement parks and road networks
(visible queues), and call centers, communication networks, manufacturing and com-
puter systems (at a more abstract level). In this thesis, we study multi-class queues,
or more specifically, we consider a single queueing node that is used by multiple cus-
tomer classes. Three common types of multi-class queues are: priority queues, polling
models, and Processor Sharing queues. In priority queues, the customer classes are
subject to a priority structure in which high priority classes have preferential treat-
ment over lower priority classes. In polling models, customers of different classes arrive
in different queues. There is a single server that can serve only one queue at a time
and then switches to a different queue. Finally, Processor Sharing queues are cha-
racterized by the fact that all customers receive service simultaneously. Nonetheless,
high priority customers may receive a larger share of the server. Following this hier-
archy, priority queues are found in Chapters 6 and 7, polling models in Chapters 2—4,
and Process Sharing queues in Chapter 5.

In Chapter 2 we analyze polling models with gated and globally gated service disci-
plines. We consider the following five local scheduling policies: FCFS, LCFS, ROS,
PS and SJF (see Table 1.1 for a description). For each configuration, we derive the
distribution of the waiting time in the heavy-traffic (HT) regime, i.e., when the load
tends to 1. We show that the waiting-time distribution in HT is the product of two
random variables. The first random variable captures the impact of the local sche-
duling policy, whereas the second random variable has a gamma distribution with
known parameters and is the same for all local scheduling policies. These asymptotic
results, combined with low-traffic results, are used to derive closed-form approxima-
tions for the waiting-time distributions in polling models with arbitrary load. The
performance of these approximations is evaluated with simulations. The numerical
results show that the approximations are accurate for all possible load values.

The model and type of results of Chapter 3 are similar to those in Chapter 2, but
now the service discipline is exhaustive. This policy is more challenging to analyze
than the gated policies, since we now have to deal with customers arriving during
the service of the queue. We derive new closed-form expressions for the asymptotic
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waiting-time distribution under exhaustive service. The waiting-time distribution in
HT is the product of two random variables, where the first random variable captures
the impact of the local scheduling policy. The second random variable has a gamma
distribution and is the same for all local scheduling policies. The difference with the
gated case is the fact that the first random variables are generally more complicated.
The results lead again to closed-form approximations for the waiting-time distribu-
tions in polling models with arbitrary loads, which are evaluated using simulations.
The approximations are accurate for all systems with reasonable loads.

In Chapter 4 we study polling systems with globally gated or gated service disciplines
and FCFS as local scheduling policy. We are interested in the transient behavior of
the cycle lengths. By deriving the joint LST of = cycles in terms of the first cycle,
we are able to analyze the dependency structure between the different cycles. This is
useful in, e.g., systems where breakdowns or other disruptions might occur, leading
to long cycle lengths. The time to recover from such events is a primary performance
measure. From the joint LST, we derive first and second moments and correlation
coefficients between different cycles. Numerical results show the influence of cycle
lengths on subsequent cycle lengths.

In Chapter 5 we analyze a Discriminatory Processor Sharing (DPS) queue. This is
a queue, where all jobs that are present are served simultaneously. The different job
types are assigned different weights and, depending on those weights, each job receives
a share of the server’s capacity. Jobs with higher weights receive more server capacity
than jobs with lower weights and thus are served relatively fast. We assume that the
service times are exponential and batches of jobs of various types arrive according to
a Poisson process. We are interested in the joint queue-length distribution. We show
that, in the HT regime, the scaled distribution is given by a vector of known con-
stants multiplied by a single exponentially distributed random variable (with known
parameter), also referred to as a state-space collapse. This simple result can be used
to approximate the joint queue-length distribution in stable DPS systems. Numerical
results show the usefulness of the asymptotic results for stable systems.

In Chapter 6 we study a specific single-server priority queue with two types of jobs.
This chapter is motivated by a health-care application, more specifically, by access
times for an appointment at a hospital’s outpatient department. The type-1 jobs are
patients arriving according to a Poisson process and the type-2 jobs are other tasks
(e.g., administration tasks). We assume that there is an infinite number of type-2 jobs.
If the queue length of type-1 jobs is above a certain threshold level, then more type-1
jobs are taken into service, by doing less type-2 jobs. This causes type-1 to be served
faster. If the queue length of type-1 jobs drops below the threshold, more type-2 jobs
will be taken into service again. We are interested in the waiting-time distribution of
type-1 jobs and the fraction of time that less type-2 jobs can be done. To this end,
we develop two different models, where the second model also allows for randomness
in the number of type-2 jobs that can be done. Based on numerical experiments, we
see that such systems may efficiently operate at high loads of type 1.
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In Chapter 7 we study a specific multi-server priority queue with two types of jobs.
This chapter is motivated by a call center application. Type-1 jobs (e.g., inbound calls)
arrive according to a Poisson process and have non-preemptive priority over type-2
jobs (e.g., emails, outbound calls). We assume again an infinite number of type-2 jobs
and the service-time distribution is exponential, with different means for the different
job types. Type-1 jobs have a general patience distribution, they abandon the queue
if their patience is smaller than their waiting time. If there is no queue of type-1 jobs,
some of the servers will be kept idle, so that they are able to immediately handle
arriving type-1 jobs. For the type-1 jobs, we derive the waiting-time distribution and
the probability to abandon. The waiting-time distribution is given by the solution
of second-order differential equations. When customers have infinite patience, the
waiting-time distribution can be written as a mixture of exponentials. For the type-2
jobs, we determine the throughput.
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