Chapter 1

Motivating Examples of the
Power of Analytical Modeling

1.1 Whatis Queueing Theory?

Queueing theory is the theory behind what happens when yei lbgs of jobs,
scarce resources, and subsequently long queues and deisyigerally the “theory
of queues”: what makes queues appear and how to make themago aw

Imagine a computer system, say a web server, where therdyisiomjob. The job

arrives, it uses certain resources (some CPU, some I/OYhandt departs. Given
the job’s resource requirements, it is very easy to prediatity when the job will

depart. There is no delay because there are no queues. yfjelendeed got to run
on its own computer, there would be no need for queueing yhédmfortunately,

that is rarely the case.

Server

Arriving customers ——» Q—»

Figure 1.1:lllustration of a queue, in which customers wait to be senett a
server. The picture shows one customer being served at ther snd five others
waiting in the queue.

Queueing theory applies anywhere that queues come up @eeHi.1). We have
all had the experience of waiting in line at the bank, wonugrvhy there are not
more tellers, or waiting in line at the supermarket, wonugvhy the express lane
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6CHAPTER 1. MOTIVATING EXAMPLES OF THE POWER OF ANALYTICAL M@ELING

is for 8 items or less rather than 15 items or less, or whetheright be best to
actually havewo express lanes, one for 8 items or less and the other for 15 ibem
less. Queues are also at the heart of any computer systemCRiliuses a time-
sharing scheduler to serve a queue of jobs waiting for CP#E.téncomputer disk
serves a queue of jobs waiting to read or write blocks. A maata network serves a
gueue of packets waiting to be routed. The router queue ista Gapacity queue,
in which packets are dropped when demand exceeds the bptees Memory
banks serve queues of threads requesting memory blockab&¥ss sometimes
have lock queues, where transactions wait to acquire thedo@ record. Server
farms consist of many servers, each with its own queue of jobe list of examples
goes on and on.

The goals of a queueing theorist are twofold. The firgbrisdicting the system
performance. Typically this means predicting mean delagladay variability or
the probability that delay exceeds some Service Level Agest (SLA). How-
ever, it can also mean predicting the number of jobs thathelqueueing or the
mean number of servers being utilized (e.g., total powedsk®r any other such
metric. Although prediction is important, an even more imi@ot goal is finding
a superior systerdesignto improve performance. Commonly this takes the form
of capacity planning, where one determines which additioesources to buy to
meet delay goals (e.qg., is it better to buy a faster disk, astef CPU, or to add a
second slow disk). Many times, however, without buying adgi#gonal resources
at all, one can improve performance by just deploying a snacheduling policy
or different routing policy to reduce delays. Given the impoce of smart schedul-
ing in computer systems, all of Part VII of this book is dewbte understanding
scheduling policies.

Queueing theory is built on a much broader area of mathemadited stochastic
modeling and analysis. Stochastic modeling representsdhdce demands of
jobs and the interarrival times of jobs as random variabtes.example, the CPU
requirements of UNIX processes might be modeled using ad disgribution [85],
whereas the arrival process of jobs at a busy web server rbgghtell modeled
by a Poisson process with Exponentially distributed iateival times. Stochastic
models can also be used to model dependencies betweengolis|las anything
else that can be represented as a random variable.

Although it is generally possible to come up with a stoclastiodel that ade-
guately represents the jobs or customers in a system aredvise dynamics, these
stochastic models are not always analytically tractabté vaspect to solving for
performance. As we discuss in Part IMarkovian assumptionsuch as assum-
ing Exponentially distributed service demands or a Poissawal process, greatly
simplify the analysis; hence much of the existing queueiegdture relies on such
Markovian assumptions. In many cases these are a reas@pirieximation. For
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1.2. EXAMPLES OF THE POWER OF QUEUEING THEORY 7

example, the arrival process of book orders on Amazon mighelasonably well
approximated by a Poisson process, given that there are mdegendent users,
each independently submitting requests at a low rate (ain¢his all breaks down
when a new Harry Potter book comes out). However, in somesddsekovian
assumptions are very far from reality; for example, in theeca which service
demands of jobs are highly variable or are correlated.

While many queueing texts downplay the Markovian assumptieing made, this
book does just the opposite. Much of my own research is dévotdemonstrating
the impact of workload assumptions on correctly predicsggtem performance.
I have found many cases where making simplifying assumgtaiout the work-
load can lead to very inaccurate performance results andgystem designs. In
my own research, | therefore put great emphasis on integrateasured workload
distributions into the analysis. Rather than trying to hide assumptions being
made, this boolighlightsall assumptions about workloads. We discuss specifi-
cally whether the workload models are accurate and how outeiressumptions
affect performance and design, as well as look for more atewvorkload models.
In my opinion, a major reason why computer scientists ardosot® adopt queue-
ing theory is that the standard Markovian assumptions aftamit fit. However,
there are often ways to work around these assumptions, nfamlyich are shown
in this book, such as using phase-type distributions andixretalytic methods,
introduced in Chapter 21.

1.2 Examples of the Power of Queueing Theory

The remainder of this chapter is devoted to showing someretmexamples of the
power of queueing theory. Dwotexpect to understand everything in the examples.
The examples are developed in much greater detail latereimdok. Terms like
“Poisson process” that you may not be familiar with are als@kplained later in
the book. These examples are just here to highlight the typlessons covered in
this book.

As stated earlier, one use of queueing theory is@®dictive too] allowing one to
predict the performance of a given system. For example, dghtrhe analyzing
a network, with certain bandwidths, where different classtpackets arrive at
certain rates and follow certain routes throughout the agtwimultaneously. Then
queueing theory can be used to compute quantities such asdha time that
packets spend waiting at a particular routethe distribution on the queue buildup
at routeri, or the mean overall time to get from router A to router B in tie¢work.

We now turn to the usefulness of queueing theory design toolin choosing the
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8CHAPTER 1. MOTIVATING EXAMPLES OF THE POWER OF ANALYTICAL M@ELING

best system design to minimize response time. The exant@éesotlow illustrate
that system design is oftencaunterintuitiveprocess.

Design Example 1 — Doubling Arrival Rate

Consider a system consisting of a single CPU that serveswegqfgobs in First-
Come-First-Served (FCFS) order, as illustrated in FiguBe The jobs arrive ac-
cording to some random process with some average arrielgay\ = 3 jobs per
second. Each job has some CPU service requirement, drawpdndently from
some distribution of job service requirements (we can assany distribution on
the job service requirement for this example). Let's say tha average service
rate isy = 5 jobs per second (i.e., each job on average requifésof a second
of service). Note that the system is not in overload{ 5). Let E [T] denote the
mean response time of this system, where response time igrtedrom when a
job arrives until it completes service, a.k.a. sojourn time

FCFS CPU
If 1 =24,
123 u=5 by howrr}uch
should u increase?

Figure 1.2:A system with a single CPU that serves jobs in FCFS order.

Question: Your boss tells you that starting tomorrow the arrival raié gouble.
You are told to buy a faster CPU to ensure that jobs experitmeesame mean
response timeE [7']. Response time is the time from when a job arrives until it
completes. That is, customers should not notice the effetttecincreased arrival
rate. By how much should you increase the CPU speed? (a) BthublCPU speed,;
(b) More than double the CPU speed; (c) Less than double tihegpPed.

Answer: (c) Less than double.
Question: Why not (a)?

Answer: It turns out that doubling CPU speed together with doublimg arrival
rate will generally result in cutting the mean response timiealf! We prove this
in Chapter 13. Therefore, the CPU speed does not need toedoubl

Question: Can you immediately see a rough argument for this resulidbas not
involve any queueing theory formulas? What happens if wédldotine service rate
and double the arrival rate?
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1.2. EXAMPLES OF THE POWER OF QUEUEING THEORY 9

Answer: Imagine that there are two types of time: Federation time Kintjon
time. Klingon seconds are faster than Federation secomdfact, each Klingon
second is equivalent to a half-second in Federation timev, Moppose that in the
Federation, there is a CPU serving jobs. Jobs arrive with xgobs per second
and are served at some ratgobs per second. The Klingons steal the system specs
and reengineer the same system in the Klingon world. In tlegkih system, the
arrival rate is) jobs per Klingon second, and the service ratg jebs per Klingon
second. Note that both systems have the same mean respomes&til], ex-
cept that the Klingon system response time is measured ng#ti seconds, while
the Federation system response time is measured in Fextesaitonds. Consider
now that Captain Kirk is observing both the Federation sysed the Klingon re-
engineered system. From his perspective, the Klingon syktes twice the arrival
rate and twice the service rate; however, the mean responedrt the Klingon
system has been halved (because Klingon seconds are baifelsein Federation
time).

Question: Suppose the CPU employs time sharing service order (knoWnogessor-
Sharing, or PS for short), instead of FCFS. Does the ansvaatge?

Answer: No. The same basic argument still works.

Design Example 2 — Sometimes “Improvements” Do Nothing

Consider the batch system shown in Figure 1.3.- There areyaliNa= 6 jobs in
this system (this is called the multiprogramming level).sé®n as a job completes
service, a new job is started (this is called a “closed” sy$teEach job must go
through the “service facility.” At the service facility, i probability 1/2 the job
goes to server 1, and with probability2 it goes to server 2. Server 1 services
jobs at an average rate of 1 job every 3 seconds. Server 2aigoes jobs at an
average rate of 1 job every 3 seconds. The distribution osé¢héce times of the
jobs is irrelevant for this problem. Response time is defiagdisual as the time
from when a job first arrives at the service facility (at thekjountil it completes
service.

Question: You replace server 1 with a server that is twice as fast (thesever
services jobs at an average rate of 2 jobs every 3 second®s this “improve-
ment” affect the average response time in the system? Dadfedt the through-
put? (Assume that the routing probabilities remain consiaih/2 and1/2.)

Answer: Not really. Both the average response time and throughguhardly
affected. This is explained in Chapter 7.
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10CHAPTER 1. MOTIVATING EXAMPLES OF THE POWER OF ANALYTICAL MELING

N =6 jobs

Server 1

Figure 1.3:A closed system.

Question: Suppose that the system had a higher multiprogramming, [&vdDoes
the answer change?

Answer: No. The already negligible effect on response time and tjiiput goes
to zero asV increases.

Question: Suppose the system had a lower valuévofDoes the answer change?

Answer: Yes. If N is sufficiently low, then the “improvement” helps. Consider
for example, the cast = 1.

Question: Suppose the system is changed into an open system, rathex thased
system, as shown in Figure 1.4, where arrival times are inldgnt of service
completions. Now does the “improvement” reduce mean resptime?

Server 1

Figure 1.4:An open system.

Answer: Absolutely!

Design Example 3 — One Machine or Many?

You are given a choice between one fast CPU of speedn slow CPUs each of
speeds/n (see Figure 1.5). Your goal is to minimize mean response. tiaetart,
assume that jobs aren-preemptibldi.e., each job must be run to completion).
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1.2. EXAMPLES OF THE POWER OF QUEUEING THEORY 11
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= —

Figure 1.5:Which is better for minimizing mean response time: many sknwers
or one fast server?

Question: Which is the better choice: one fast machine or many slow?nes

Hint: Suppose that | tell you that the answer is, “It depends on theklaad.”
What aspects of the workload do you think the answer depem@s o

Answer: It turns out that the answer depends on the variability ofjtiesize
distribution, as well as on the system load.

Question: Which system do you prefer when job size variability is high?

Answer: When job size variability is high, we prefer many slow sesveecause
we do not want short jobs getting stuck behind long ones.

Question: Which system do you prefer when load is low?

Answer: When load is low, not all servers will be utilized, so it sedvegter to go
with one fast server.

These questions are revisited many times throughout thie boo

Question: Now suppose we ask the same question, but jobg@emptible that
is, they can be stopped and restarted where they left off.Vdbene prefer many
slow machines as compared to a single fast machine?

Answer: If your jobs are preemptible, you could always use a singterfaachine
to simulate the effect af slow machines. Hence a single fast machine is at least as
good.

The question of many slow servers versus a few fast ones s dpplicability
in a wide range of areas, because anything can be viewed asw¢e, including
CPU, power, and bandwidth.
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12CHAPTER 1. MOTIVATING EXAMPLES OF THE POWER OF ANALYTICAL MELING

Host 1

. Dispatcher
Arrivals —| —
(Load Balancer)

Figure 1.6:A distributed server system with a central dispatcher.

For an example involving power management in data centensjaer the problem
from [70] where you have a fixed power buddetand a server farm consisting of
n servers. You have to decide how much power to allocate to sewler, so as
to minimize overall mean response time for jobs arrivinghatderver farm. There
is a function that specifies the relationship between thegp@ilocated to a server
and the speed (frequency) at which it runs — generally, thempower you allocate
to a server, the faster it runs (the higher its frequency)jesil to some maximum
possible frequency and some minimum power level neededqgustn the server
on. To answer the question of how to allocate power, you nedtiihk about
whether you prefer many slow servers (allocate just a lttierer to every server)
or a few fast ones (distribute all the power among a small rermob servers). In
[70], queueing theory is used to optimally answer this qaasinder a wide variety
of parameter settings.

As another example, if bandwidth is the resource, we can &gt pays to par-
tition bandwidth into smaller chunks and when it is better too The problem is
also interesting when performance is combined with price.edxample, it is often
cheaper (financially) to purchase many slow servers thaw dafgt servers. Yetin
some cases, many slow servers can consume more total pamea tew fast ones.
All of these factors can further influence the choice of asttiure.

Design Example 4 — Task Assignment in a Server Farm

Consider a server farm with a central dispatcher and selves#$. Each arriving job
is immediately dispatched to one of the hosts for procesdtigure 1.6 illustrates
such a system.

Server farms like this are found everywhere. Web server Saypically deploy
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1.2. EXAMPLES OF THE POWER OF QUEUEING THEORY 13

a front-end dispatcher like Cisco’s Local Director or IBM&twork Dispatcher.
Supercomputing sites might use LoadLeveler or some otlspattiher to balance
load and assign jobs to hosts.

For the moment, let's assume that all the hosts are ideiftioahogeneous) and that
all jobs only use a single resource. Let’s also assume tle jobs are assigned to
a host they are processed there in FCFS order and are nangiiele.

There are many possibtask assignment policighat can be used for dispatching
jobs to hosts. Here are a few:

Random: Each job flips a fair coin to determine where it is routed.

Round-Robin: Theith job goes to host mod n, wheren is the number of hosts,
and hosts are numberédi, ..., n — 1.

Shortest-Queue: Each job goes to the host with the fewest number of jobs.

Size-Interval-Task-Assignment (SITA): “Short” jobs go to the first host, “medium”
jobs go to the second host, “long” jobs go to the third host, &r some def-
inition of “short,” “medium,” and “long.”

Least-Work-Left (LWL): Each job goes to the host with the least total remaining
work, where the “work” at a host is the sum of the sizes of jdiese.

Central-Queue: Rather than have a queue at each host, jobs are pooled at one
central queue. When a host is done working on a‘job, it gradéirst job in
the central queue to work on.

Question: Which of these task assignment policies yields the lowestmnesponse
time?

Answer: Given the ubiquity of server farms, it is surprising howlditts known
about this question. If job size variability is low, then thé&/L policy is best. If
job size variability is high, then it is important to keep djobs from getting stuck
behind long ones, so a SITA-like policy, which affords shofis isolation from
long ones, can be far better. In fact, for a long time it wasebet that SITA is
always better than LWL when job size variability is high. Haxer, it was recently
discovered (see [91]) that SITA can be far worse than LWL aweder job size
variability tending to infinity. It turns out that other pregies of the workload,
including load and fractional moments of the job size disttion, matter as well.

Question: For the previous question, how important is it that we know sire
of jobs? For example, how does LWL, which requires knowinggae, compare
with Central-Queue, which does not?

(©Mor Harchol-Balter — Do not distribute without permission f rom the copyright holder



14CHAPTER 1. MOTIVATING EXAMPLES OF THE POWER OF ANALYTICAL MELING

Answer: Actually, most task assignment policies do not require kngwhe size

of jobs. For example, it can be proven by induction that LWlelivalent to

Central-Queue. Even policies like SITA, which by definiteme based on knowing
the job size, can be well approximated by other policiesdbatot require knowing
the job size; see [83].

Question: Now consider a different model, in which jobs are preemgptil8pecifi-
cally, suppose that the servers are Processor-SharingéR&)s, which time-share
among all the jobs at the server, rather than serving thenCirS-order. Which
task assignment policy is preferable now? Is the answeraime s that for FCFS
servers?

Answer: The task assignment policies that are best for FCFS serversfien
a disaster under PS servers. In fact, for PS servers, theaeSthQueue policy is
near optimal ([80]), whereas that policy is pretty bad folHSCservers if job size
variability is high.

There are many open questions with respect to task assignqrokiries. The case
of server farms with PS servers, for example, has receivembsil no attention,
and even the case of FCFS servers is still only partly undedst There are also
many other task assignment policies that have not been omexti For example,
cycle stealingtaking advantage of a free host to process jobs in some qtleare)

can be combined with many existing task assignment policieseate improved
policies. There are also other metrics to consider, likeimmizing the variance of
response time, rather than mean response time, or maxgniaimess. Finally,

task assignment can become even more complex, and moretanfparhen the

workload changes over time.

Task assignment is analyzed in great detail in Chapter 2dr afe have had a
chance to study empirical workloads.

Design Example 5 — Scheduling Policies

Suppose you havesngleserver. Jobs arrive according to a Poisson process. As-
sume anything you like about the distribution of job sizelse Tollowing are some
possible service orders (scheduling orders) for servibg:jo

First-Come-First-Served (FCFS): When the server completes a job, it starts work-
ing on the job that arrived earliest.

Non-preemptive Last-Come-First-Served (LCFS):When the server completes
a job, it starts working on the job that arrived last.
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1.2. EXAMPLES OF THE POWER OF QUEUEING THEORY 15
Random: When the server completes a job, it starts working on a ranjdbm

Question: Which of these non-preemptive service orders will resuthim lowest
mean response time?

Answer: Believe it or not, they all have the same mean response time.

Question: Suppose we change the non-preemptive LCFS policy to a Pteemp
LCFS policy (PLCFS), which works as follows: Whenever a nexval enters the
system, it immediately preempts the job in service. How dbesnean response
time of this policy compare with the others?

Answer: It depends on the variability of the job size distributiofthke job size dis-
tribution is at least moderately variable, then PLCFS wallebhuge improvement.
If the job size distribution is hardly variable (basicallgrstant), then PLCFS pol-
icy will be up to a factor of 2 worse.

We study many counterintuitive scheduling theory resutgard the very end of
the book, in Chapters 28 through 33.

More Design Examples

There are many more questions in computer systems desigletitathemselves
to a queueing-theoretic solution.

One example is the notion ok&tup costlt turns out that it can take both significant
time and power to turon a server that ioff.” In designing an efficient power
management policy, we often want to leave seredfr§o save power), but then we
have to pay the setup cost to get them back on when jobs a@iven performance
goals, both with respect to response time and power usagmpmmtant question
is whether it pays to turn a server off. If so, one can then askctyy how many
servers should be left on. These questions are discussethjpté€®s 15 and 27.

There are also questions involving optimal scheduling wjobss have priorities
(e.g., certain users have paid more for their jobs to hawipriover other users’
jobs, or some jobs are inherently more vital than others)aik\gqueueing theory
is very useful in designing the right priority scheme to nmaizie the value of the
work completed.

However, queueing theory (and more generally analyticafletiog) is not cur-
rently all-powerfull There are lots of very simple probleitit we can at best
only analyze approximately. As an example, consider thelginwo-server net-
work shown in Figure 1.7, where job sizes come from a genessiilsition. No
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Figure 1.7:Example of a difficult problem: The M/G/2 queue consists ahgles
gueue and two servers. When a server completes a job, it starking on the job
at the head of the queue. Job sizes follow a general distobutz. Even mean
response time is not well understood for this system.

one knows how to derive mean response time for this netwonppréximations

exist, but they are quite poor, particularly when job sizealality gets high [77].

We mention many such open problems in this book, and we eageueaders to
attempt to solve these!
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