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Chapter 1

Background

1.1 What is Performance Evaluation?

Performance evaluation is concerned with making quantitative statements about the behavior of
computer systems. In practical terms this can mean making predictions about response time,
throughput, or other metrics based on knowledge of CPU, disk, or other resource demands.

To this end we’'ll use three types of tools: analytic (mathematical) models (mainly applied
probability), simulation, and measurement/experimentation.

The goal of this course then is to provide two related sets of skills:

e Practical tools for making predictions about the performance of real or imagined computer
systems; and

¢ Insight into how computer systems behave as we vary their workloads and designs.

The first goal emphasizes sound formulations for calculations and measurement (more often)
and analysis (sometimes). The second goal emphasizes drawing conclusions from calculations
(sometimes) and analysis (more often).

An example of the first goal would be: capacity planning for the upgrade of a banking infor-
mation system. Examples of the second goal would be answering questions like: “What causes
delays in computer systems?;” “Which is better, one fast server or two slower ones?;” and “What
scheduling policy is most fair to all customers?”

Throughout we will usednodels to aid our discussion. We use the term model to apply to
simplified versions of a system under consideration. A model could be a mathematical expression,
or a set of equations that can be solved, or a simulation. Models necessarily leave out some details
of the real system. As such, “all models are wrong, but some are useful.”

3



4 CHAPTER 1. BACKGROUND

1.2 Probability and its Uses

What is probability? First, make sure to distinguish two common uses of the word: 1) subjective
confidence in an event's occurrence; 2) frequency of occurrence of an event. We are concerned
with the latter.

Suppose an experiment under consideration can be repeated any number of times, so
that, in principle at least, we can produce a whole series of “independent trials under
identical conditions” in each of which, depending on chance, a particular event A of
interest either occurs or does not occur. hkebe the total number of experiments

in the whole series of trials, and let A) be the number of experiement in which A
occurs. Then the ratin(A)/n is called the relative frequency of the event A. It turns

out that the relative frequencies observed in different series of trials are virtually the
same for large:, clustering about some constanitd|, which is called the probability

of the event A.

From [R0z69].

This description captures the notion of probability intuitively. Note however that it is only an
intuitive definition: we must use our judgement to verify or decide what is meant by “independent
trials under identical conditions®

1.2.1 TheUseof Modds

There two roles that data models play in computer systems research, and their purposes can be
confused. To get there, let's ask what a model is, actually.

We will refer to a data model as a succinct description of a generative process that gives rise to
an output (ie, a dataset) of interest. We'll just call them “models” in what follows.

We can come up with models two ways, starting from a real computer system or from measured
data. These are “white box” and “black box,” or “constructive” and “descriptive” approaches. In
the first approach, one starts with a real system and simplifies it somehow - for example, one starts
with a real network and constructs assimulation. This then becomes the model. This is often
done, eg, in performance evaluation.

In the second approach, one starts with real data and “fits” a model to it, in the way one “fits”
an story to a set of facts. The idea is that the model “could have” generated the observed data.

1Aside: People tend in general to be good at estimating probabilities of certain kinds of events. It seems that our
cognitive capabilities have been shaped by evolution to provide us with excellent skills at assessing potential dangers
and opportunities. Nonetheless, for the same reasons, these probability estimation skills may be fooled in striking
ways (witness the popularity of various lotteries, and the fact that people fear plane travel more than car travel). For
an interesting discussion, see Chapter 5 of “How the Mind Works,” by Steven Pinker.
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Ususally the model is a random one, and so we can speak quantitatively about whether the model
“could have” generated the observed data. This approach is more often used in “measurement”
papers.

Since it is clear in both cases that model outputs are not exact matches for reality (ie, our
datasets) we can speak of “better” or “worse” models in terms of how closely model outputs agree
with measured data.

Both approaches have drawbacks.

Drawbacks to descriptive approach: such approaches do not explain “why”, “what if system
changes”. They can be difficult to interpret. Such models generally do not use all the available
information (we may know something about how data was generated that is not reflected in model).
As a result we have to choose models carefully, to encourage maximum interpretability.

Drawbacks to constructive approach: generalization is difficult (too many parameters), output
may not match data in important respects.

These two approaches an be used together: working toward the middle.

That is: System— model«+ data. In this case we gain confidence when the two forms of
analysis suggest the same model.

Turning back to the roles models play, the analogy of fitting a story to a set of facts becomes
important. The problem becomes clear when one a#lysa model is desired. Some motivations
are:

¢ the description will be used to generate more data, perhaps by others (one can use a model
as a source of data for testing or evaluating systems).

e the description has parameters that are interpretable (Interpretation: relating effects to causes)

e the description can be used to interpret real data (fitting a model to data results in parameter
values that may be interpretable).

Example parameters that are interpretable: mean, varidnoéan exponential RVy (tail
shape) of a power-law RV. These are interpretable in the sense that as these parameters change, we
understand how something in the real system changes (like performance).

Interpreting data: here we try to understand what is happening in the underlying system by
using the model to constrain the possibilities.

For more details see [SFO3].
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1.2.2 The Useof Probability Models

Probabilistic models are abstractions. We use probabilistic models because, in general, there are
things we don’t want to model, or don’t know how to model.

Quote from Matheron:

In a serious work ... an expression such as “this phenomenon is due to chance” consti-
tutes simply, an elliptic form of speech. ... It really mean “everything occurs as if this
phenomenon were due to chance,” or, to be more precise: “To describe, or interpret or
formalize this phenomenon, only probabilistic models have so far given good results.”

It is important therefore to very sharply distinguish between the properties of a model and the
properties of the data. Data properties are observable quantities by definition. The model may well
contain assumptions that are not operationally testable or directly observable, and therefore cannot
actually be said to apply to the data. For example, mean, variance, stationarity, independence, etc,
are all properties of models, not data. Some of these concepts can be given operational interpreta-
tions, such as the mean, which we can identify with the long-run arithmetic average. However we
must be careful not to assume that the data is “truly” stationary, or “truly” independent, etc. These
are properties that only models can have.

Making a clear distinction between properties of models and data can help avoid much con-
fusion, and for example endless debates about whether data “is stationary.” Rather, a meaningful
statement would be “a stationary model is useful for describing this data” or “this data is consistent
with a stationary model for the problem at hand.”

We use probabilistic models because they help us answer questions. There is no real use, or
even meaning, for a probabilistic model apart from a set of questions that it can help to answer.
(Remember that most of the phenomena we are concerned with are not really random; they are just
incompletely specified.) Thus another class of debates which we seek to avoid surrounds whether
a model is the “correct” one for a set of data. We cannot answer this question as posed. Rather
we should ask: “Does this model give useful answers to the questions for which it is employed?”
Keeping this distinction in mind will also help us avoid another set of endless debates.

For more details see [Mat89].

1.3 Timeand Event Views

There’s a time and the time is now and it’s right for me,
It's right for me, and the time is now.
— Time and a Word, Yes
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Much of what we will study in this course concerns the distinction betvigea and event
views of a system. The central issue is this: the behavior of computer systems is gedefiraty
in terms of events. At the most fundamental level, computers are finite-state machines and their
behavior is defined in terms of transitions between states. Even at higher levels (programming
languages, or applications) a computer system’s behavior is conceived and defined in terms of
events (execution of instructions, execution of lines of a program, etc). And at even higher levels
we generally specify system behavior in terms of events (what happens when a customer arrives
at a queue, how a system responds to a request for service, etc).

But what people experience is thiene view of the system. The time view is the state of the
system at a random time. For most systems, we can treat the “random time” view of the system as
representative of either what one one user sees over a long duration, or what a randomly chosen
user sees at any instant. That is, the “random time” view is essentiallgetfiarmance of the
system.

Aside: The formal notion that links “a random time” with “what a random
customer sees” is callesigodicity. We'll define ergodicity later, but it captures
the idea that observing many separately operating “copies” of a system at any
instant can yield the same answers as observing a single system over a period
of time. We will usually assume that systems are ergodic, and therefore we

will be concerned with the time view as our main way of representing system

performance.

This distinction is often stated as being one=adnt averages versustime averages. This is a
good way to think about it, but not a complete one. We are not just concerned with averages, but
in fact the entire distribution of behaviors.

As explained above, we introduce probability to avoid specifying unimportant details. This
turns our event view of the system (“from state A, if E happens, then go to state B”) ouio a
ditional probability: “from state A, go to state B with probability.” To make the connection
clearer, we would usually state this as :

P] current state is Blast state is A = p.

In contrast, the time view is essentially an unconditioned view. It is represented by a statement
like:
P| current state is B= q.

This tells us “the system spenddraction of its time in stateB” which is a very different and
usually more useful statement than the conditional one.

This translation between the specification of a system in terms of events and the description of
a system in terms of time is at the heart of many aspects of performance evaluation. We will use
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a number of tools to address this challenge, but the two main tools we will ugalan€al culus
andMarkov Chains. Both are sets of techniques that allow us to start with conditional probabilities
(the event view) and derive unconditional probabilities (the time view).

“I just the other day got, an internet was sent by my staff at 10 o’clock in the
morning on Friday and | just got it yesterday. Why?

Because it got tangled up with all these things going on the internet
commercially...

They want to deliver vast amounts of information over the internet. And again,
the internet is not something you just dump something on. It's not a truck.

It's a series of tubes.

And if you don’t understand those tubes can be filled and if they are
filled, when you put your message in, it gets in line and its going to be delayed
by anyone that puts into that tube enormous amounts of material, enormous
amounts of material.”

— U.S. Senator Ted Stevens




Chapter 2

Probability Refresher

2.1 Probability, Formally

Despite the difficulty of working with probability at the intuitive level, we can nonetheless work
with a formal definition of probability that allows us to reason precisely about probabliifiass
formal definition follows.

Definition. For a sample spade a probability measure P is a function defined on all the subsgts
of 2 (the events) such that:

1. P[Q] =1
2. For any eventl C Q, P[A] > 0.

3. Forany eventsl, B C Q whereAN B =0, P[AU B] = P[A] + P|B].

Some things we can immediately conclude are as follows. You should make sure that you can
use the definition to prove that these are true:

Example 1. P[A] =1 — P[A].

Example 2. For any two sets! andB, P[AU B| = P[A| + P[B| — P[AN B|.

LIt can be shown that the framework built up using this definition can capture an intuitive sense of probability; this
fact is called the “law of large numbers”.
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2.2 Conditional Probability

Conditional probability refers to how probability changes if we restrict our attention to a subset of
events. Here’s an example:

Example 1. Let the sample spade be the set of all days on which CS 470
meets. Assume that the probability that | give a test on any day is 0.3, and that
the probability that a day is cloudy is 0.5.

Now, | might never give a test on a cloudy day. Or | might be more likely to give a test if the
day is cloudy. Or the fact that it is cloudy might have no effect on whether | give a test.

We can give precise expressions for these possibilities using the notion of conditional proba-
bility. Let the event of a day with a test lié Let the event of a cloudy day li¢. ThenP|[T'|C] is
“the conditional probability of event T given C”.

How should we defind’[T"|C]? Intuitively, this should be a measure of the number of times
a T event occurs given that a C event occurs ... that is, the proportion of cloudy days on which |
give a test.

So, more generallyP[A|B] is the probability of an event given that only outcomes which
are in eventB are considered. That i$}[A|B] is a probability measure in which the univer3e
has been restricted to evelt

This is a probability measure, $§ B| B] = 1. Now if B is a proper subset 61, thenP[B] < 1.
So we have rescaled our probability measure sof&) B] = 1. This leads to our definition:

Definition. The conditional probability of an evert given that evenB (hav-

ing positive probability) is known to occur, is

P[A&B]
P|B]

P[A|B] = whereP[B] > 0

Continuing our example, let's say that you notice that out of 24 class days, | give a test on 6
cloudy days and 3 clear days. Furthermore, 18 class days are cloudy. Let's assume that the fraction
of cloudy days is equal t®[C] and the fraction of clear days is equalRdC'.
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What isP[T'|C]? Answer: P[C| = 18/24 = .75, and
P[T&C] =6/24 = .25; so
P[T|C] = .33.

What isP[T'|C]? Answer: 3/24/6/24=3/6 = .5

What is the probability of a test on a random day? AnswW&i| =9/24 = 3/8 = .375

One way to think about conditional probability is that, by restricting attention to a subset of
all possible events, you are really adding more information to the setting. That is, a conditional
probability reflects an “updated” estimate of probability given some new information. In our
example, knowing that today is cloudy “decreases” the probability of a test from .375 to .33.
(Actually, it decreases youwsstimate of the probability of a test.) Likewise knowing that today is
sunny “increases” the probability of a test from .375 to .5.

2.2.1 Usesof Conditional Probability

Often the conditional event is easier to calculate than the compound event. In fact, this is one of the
main uses of conditional probability: it is easier to determine a bunch of conditional probabilities
than it is to dctermine a compound probability.

Example 2: a bucket contains two red and three white balls. Calculate the
probability that you would draw, one at a time and without replacement, two
white balls.

Let A be the event of drawing a white ball on first draw, a@the the event of drawing a white
ball on second draw. Then:

P[B|A] = P[A&B]/P|[A]
So:P[B&A] = P[AP[B|A]

Now: P[A] = 3/5
and:P[B|A] = 1/2
So:P[B&A] = 3/10

Consider how you would have solved this problem in a more direct marexgr by enumer-
ating all 120 possible orderings of the 5 balls) and note how much more complicated that approach
is.
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2.3 Independence

Returning to Example 1: notice how the probability of a test changed when we learned something
new (the weather). Of course, this might not always be the case.

Again, considetP[T'|C']. Remember 18/24 days are cloudy. Let’s say | give tests on 6 cloudy
days and 2 sunny days. Then:

P[T|C] = P[T&C]/P[C]=6/18 = .333
and:P[T| = 8/24 = .333

SoP|[T|C] = P[T]. Then for this case, | have not “told you anything” about test likelihood by
telling you today is cloudy. More precisely, the type of weather doesn’t affect the probability of a
test. This is calledndependence. Two eventsA and B are independent iP[A|B] = P[A].

Note that since’[A|B| = P|A&B]/P[B] thenP|A] - P|B] = P[A&B|.

So, we conclude that if two events are independent, the probability of both occurring is the
product of the individual probabilities. These are equivalent definitions of independence.

2.4 Random Variables

So far we've been considering events. In reality we are usually more interested in numeric values

associated with events. When a random event has a numeric value we refer to it as a random
variable. Technically we say that a random variable is a function that assigns a real number to

each possible outcome in a sample space. Note that a single experiment (throwing a dart at a
sheet of paper) may have many random variables associated with it (different measurements of the
outcome).

Notation: Random variables use CAPITALS. Values use lowercase.

Now, we'd like to collect information about what values of the random variable are more
probable than others.

Definition. The cumulative distribution function (CDF) F for a random vari-

able X is equal to the probability measure for the event that consists pf all
possible outcomes with a value of the random variabless than or equal to
z, thatis,F(z) = P[X < z].
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Some facts: the domain of the CDF-isx t0 +00. F(—o0) = 0. F(c0) = 1. F is nonde-
creasing.

Question: What is the range of the CDF?

Exercise: Consider the roll of a die. The obvious random variable here is the
number of points showing. Plot the CDF.

Exercise: Consider throwing a dart at a dartboard, with no “bullseye” sa the
dart hits anywhere on the dartboard with equal likelihood. Let the random
variable be the distance the dart hits from the left edge of the paper. PJot the
CDF.

Random variables can be discrete (taking on a finite or countably infinite set of values) or
continuous (taking on an uncountably infinite set of values). The CDF of a discrete RV is piecewise
linear. The CDF of a continuous RV is everywhere differentiable.

Continuing the example, consider how use the CDF to calculate the probability
of a dart hitting the center third of the dartboard.

Given a set of observations of a random variable, one estimates the shape of the RV’'s CDF
using the Empirical Distribution Function (EDF), which is a plot analagous to the CDF, but con-
structed from the values of the observations.

2.5 Probability Density Functions

Consider a sigmoid shaped CDF. What does it mean that the slope is steep in the middle? Answer:
lots of values are probable there.

The slope tells us how likely values are in a particular range. It's important enough that we
use it very often; it's called thprobability density function (PDF). By definition, the PDF is the

derivative of the CDF: 1F(2)
xr

So note that the CDF can be expressed in terms of the PDF:
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You should be able to derive:

/+oo flz)dzr =1

— 00

f(z) >0

What does the absolute value of the PDF mean? Nothing but the slope of the CDF. Do not
interpret it as a probability.

Now, if an RV is discrete, its CDF is nondifferentiable. Therefore we need a different defini-
tion.

2.5.1 PDFsof discrete RVs
For the PDF of discrete RVs, we simply plot the probability function of each value. That is, we
plot P[X = z] for the various values of.

Another way to think of the PDF is that it consists of impulses at the points of discontinuity of
the CDF.

As an example, plot the PDF and CDF of the roll of two dice.

Be sure you understand the distinction between the discrete PDF and the continuous PDF. They
are different!

2.6 Expected Value

Definition: Theexpected value E[X| of a random variabl& is the weighted sum (integral) of all
possible values of the R.V. For a discrete random variable, this is:

+o0
EK] =) kPIK = k] (2.1)
and for a continuous random variable with pdf p():
+oo
E[K] = / kp(k)dk (2.2)

The expected value is also called the average or the mean, although we prefer to reserve those
terms for empirical statistics (actual measurements, not idealizations like these formulas). The
expected value is in some sense the “center of mass” of the random variable. It is ofterydenote
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1 is an idealized notion, like the random variable itself. If we are dealing with a real dataset,
all we can do isstimate what . might be. For this purpose we use tapirical mean or average,
denotedz, which is (of course):

n
T=1/n)
=1
for observations;, i = 1..n.

The mean may not be very informative, or important. In some cases a random variable may not
ever even take on the mean as a possible value. In other cases the notion of average isn’t useful,
as for the person with their head in the oven and feet in the freezer who claims “on average | feel
fine.” The mean may not be very important when observations are highly variable.

2.7 Variance

In fact, the variability of random processes is a central issue in performance evaluation. To describe
variability we most commonly useariance. Variance is the average squared difference of the
random variable from its mean. It is defined as:

Var(X) = E[(X — E[X])?]
so for a discrete R.V. witl#[ X'| = p this would be:

Var(X) = io (x — p)*P[X = z].

T=—00

The units of variance are the square of the units of the mean. To compare variance and mean,
we take the square root of the variance. This is calledtrelard deviation and is denoted. So
variance is denoted?.

We can form a good estimate blur(X ) for a sample dataset using this formula:
1 n

Z(‘Tl — .i‘)2

=1

And sample standard deviatiof)(is the positive square root 6.

A crucial point is that the importance of variability depends on the magnitude of typical values.
If 1 tell you that a particular species of animal typically varies over a range of plus or minus 10
pounds this is a lot more surprising if the animal weighs 15 pounds on average than if it weighs
150 pounds on average. That is, in the first case some individuals are five times larger than others
(25 vs 5) while in the second case, we would consider most animals to be about the same in size.

Thus, we often need to normalize the standard deviation by the mean. This is called the
Coefficient of Variation (cv) and is defined agu.. Thus is someone tells you that a RV has a cv
of 1/5, you know that the variability is small, while if the cv is 5, variability is large.
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2.8 Probability Laws.

2.8.1 Law of total probability.
Let A, A, ..., A, be events such that
1. ANA =0ifi#j

2. P[A;]>0,i=1,2,..,n.
3. AiUAU..UA, =0

(Such a family of events is calledpartition of €2.)

Then for any event A,

P[A] = P[A,] P[A|A;] + P[As] PIA|A5] + ... + P[A,] P[A|A,]

2.8.2 Law of total expectation.

Conditional expectation is defined as follows:

EX|Y =y;] = 2 P[X = z;|Y = y]

Ty

(Note that this definition follows directly from the definition of expectation we have already
seen.) The the law of total expectation states:

E[X] =} E[X|Y =y] P[Y =y

Yi

Note that the sej; forms a partition over the possible valuesyaf

2.8.3 Bayes Rule.

Suppose thatl;, A,, ..., A, form a partition of2. Then for any evenB with P[B] > 0,

P|[B|A;] P[Aj]
P[A,] P[B|A,] + P[As] P[B|As] + ... + P[A,] P[B|A,]

P[Ai|B] =
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You should be able to see how to derive this; steps are 1) expand into a fraction using the
definition of conditional probability; 2) denominator then follows from law of total probability; 3)

numerator is based on rewritingf A;& B] using definition of conditional probability again.

Note how we are updating our estimate of the probability of egdbased on the new informa-

tion, namely, thaiB is true. This update transforms thgor probabilitiesP[A;] into theposterior
probabilitiesP[A;| B].

This is useful because often the probabilitld3| A;] can be estimated.

therefore that probability of a pair of twins being identical to be 1/3. Now, consider how a ¢
might update this probability after they get an ultrasound that shows that the twins are of th
gender. What is their new estimate of the probability that their twins are identical?

Let I be the event that the twins are identical. Ietbe the event that gender is the same)

posterior probabilitie®[/|G] and P[I|G].
First, we note:
PIG|I] =1

(Surprisingly, people are sometimes confused about that fact!) Also, we assume that if th
are not identical, they are like any two siblingg,, their probability of being same gender is 1

P[G|I|=1/2
identical:
P[I]=1/3

Then:

B P[G|1]P]] _ 1-1/3 !
P = prai P+ PP ~ @173+ (1/2-2/3) 2

So we have updated our estimate of the twins being identical from 1/3 (prior probability)
(posterior probability).

Note how easy it was to determidG|I] and P[G|I], while the other cas®|[I|G] was not so
obvious — hence the utility of Bayes’ rule.

ultrasound. The prior probabilities here aP¢l] and P[I]. What we want to calculate are the

Example. Empirical evidence suggests that amongs sets of twins, about 1/3 are identical. Assume

ouple
e same

via

e twins
2:

And we know from observing the population at large that among all sets of twins, about 1/3 are

to 1/2
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Exercises

Reasoning about M odels

2-1.

2-2.

2-3.

2-4.

2-5.

2-6.

2-7.

For two independent eventsand B, P[A] = 0.2 andP[B] = 0.3. What is the probability
P[AUBJ?

One of the most common assumptions made in performance analysis is that two events (or
more) are independent.

(Rozanov) LetA1 be the event that a card picked at random from a full deck is a spade, and
A2 be the event that it is a queen. Add and A2 independent events?

Marks on the number line.

(a) Draw the number line from 1 to 10. For each integer position, | choose to place a mark
with probabilityp (by flipping a coin which comes up heads with probabitijy Now:
sum the marks from 1 to 5, and from 6 to 10. Are the two sums independent?

(b) Draw the same number line. Now pick an integer at random from 1 to 10. Place a mark
there. Do this (in an independent mann&rjimes. Now construct the same two sums
as before. Are the two sums independent?

(Rozanov) In throwing a pair of dice, Idtl be the event that the first die turns up odd,
the event that the second die turns up odd, A8dhe event that the total number of spots
is odd. AreAl and A2 independent? Arell and A3 independent? Arell, A2, and A3 all
independent?

Consider two mutually exclusive eventsand B, each with positive probability €., P[AU
B] = P[A] + P[B]andP[A] > 0,P[B] > 0). Are A and B independent? Why or why
not?

(Rozanov) A motorist encounters four consecutive traffic lights, each equally likely to be red
or green (and these traffic lights camly be red or green). L&tbe the number of consecutive
green lights passed by the motorist before being stopped by a red light or passing through
all lights. What is the probability distribution @f expressed as a formula?

Prove that itP[A|B] > P[A], thenP[B|A] > P[B].

Reasoning about Data

2-8.

Consider the following situations. Analyze for independence.

At the campus trolley across from Warren towers. Consider the sample space the set of items
that a customer might order (felafel, hummus, tabooli, fajita).
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e Two customers are chosen at random. Is is reasonable to model their orders as being
independent?

e Two customers arrive one after the other. Is it reasonable to treat their orders as inde-
pendent?

e A customer orders two items. Is it reasonable to assume that the first item ordered is
independent of the second item?

e A customer orders an item at 10am. Is reasonable to assume the time the order is made
independent of the item ordered?

e A customer orders items on consecutive days. Is it reasonable to assume the orders
independent?

Working With Data

2-9. You are to write four programs that you will use in subsequent assignments.

(a) mean - calculate the mean of a dataset

(b) vari ance - calculate the variance of a dataset

(c) hi st <nbi ns> - calculate histogram of a dataset usirigy ns bins.
(d) cdf - calculate the CDF of a dataset.

Each program should accept an arbitrary-sized dataset. It should assume all datasets consist
of real numbers separated by linefeeds. The progtanss andcdf should output data in

a form that can immediately be plottedd., by gnupl ot ). This means that the program
outputs should bg, y pairs separated by linefeeds.

In producing a histogram, one must construct some number of equal-sized bins, and then
count how many observations fall in each bin. To do this, calculate the max and min of
the dataset, and divide the difference intoi ns- 1 equal sized bins with cutoff values,

i = 1...nbins — 1. For each bin bounded hy andz;,, count the number of data points

such thatr; < x < z;,. Finally you will have to deal with the “fencepost” problem: there

will be a number of values not allocated to any bin because they are the maximum values in
the dataset. Create one more bin fropg;,. t0 z,uins+1 t0 hold these values.

Also note that if the dataset consists of discrete values (like integers) then you should make
sure your bins each include the same number of discrete values (like, 1 value per bin) and
the bins should be suitably labeled.

In producing the CDF, you should not simply sum up the histogram, because (for a continu-
ous random variable) the histogram is only an approximation to the PDF. Instead, make sure
that each distinct value in the input dataset results in a distinct point on the CDF. That is, for
the case of a continuous-valued dataset, the CDF should be a smooth curve.
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There are three datasets on the course web page nédsded ds2, ds3. Run all four
programs on the datasets and collect the output. Also calculate the coefficient of variation
for each dataset. For the histogram, you must decide (by inspecting the results) on the proper
number of bins to make the output as meaningful as possible.



Chapter 3

| mportant Distributions

3.1 The*Independent Events’ Distributions

Canonical experiment: flipping a weighted coin; coin comes up “heads” (success) with probability
p. Fundamental assumptioniiglependence. These distributions are about independent events.

| | Trials or Time until Success Number of Success in Fixed Time or # Trials
Discrete Trials Geometric Binomial
Continuous Rate Exponential Poisson

3.2 Discrete Distributions

3.2.1 Geometric

Experiment: flip a weighted coin until first success. How many flips does it take to get a success?

Note:qg =1 — p.
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k—1

= pY ¢"
n=0
1—q’lC
1—¢

The mean of this distribution i$/p. Note that the mean number of failures before the first
success is 1 minus this values,, 1/p — 1 = 1 — p/p. Also note that sometimes we will work
with p (prob. of success) and sometimes wijt{prob. of failure); for example, the mean number
of failures before a success, in terms of the probability of failure/1s— q.

Variance:(1 — p)/p?

CV.=1-»p
1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2

012345678910 012345678910 012345678910
p=05 p=0.75 p=0.9

Figure 3.1: Geometric Distributions

3.2.2 Binomial

Experiment: precisely N coin flipg; is the number of successesis the probability of a success.
Plany particular sequence of N trials with k succebsegp)*(1 — p)V=*.
But there are many different such sequencg¥:of them in fact.
So P[# successes= k] = CN (p)*(1 — p)N -+
CDF. F(k) = XF_, P[# successes= n]. Note: no closed form.
Mean =pN
Variance =Np(1 — p)
CVislessthan 1
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7012345678 0910111213141516171819202122232425

7012345678 910111213141516171819202122232425 012345678 910111213141516171819202122232425

p=05 p=025 p=0.05

Figure 3.2: Binomial Distributions wittv = 25

3.2.3 Poisson

Limiting form of binomial, when the number of trials goes to infinity, happening at some\rate

—AT

P[k successes in timg| = ()\T)’“eT

CDF: no closed form

0.1t
0.08¢
0.06+
0.04+

0.02¢

7012345678 910111213141516171819202122232425

Figure 3.3: Poisson Distribution withl’ = 12.5

mean:\7T

variance:\T

cv: 1/V/AT (e, < 1)
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3.3 ContinuousDistributions.

3.3.1 Uniform

On some rangéu, b), the Uniform distribution simply states that all possibilities are equally likely.
So:
plz)=1/(b—a) a<z<b

Exercise: Compute the mean, variance, and CV of this distribution as al func-
tion of « andb.

3.3.2 Exponential

This distribution is the analog of the geometric in the continuous ¢asethe situation in which
a success happens at some pat&his distribution measures the time until a success occurs.

plz) = A
F(z) = /)\e’)‘ydy
0
— e
= 1—e™®

d —Az
Ay (e
d [e%s) e
= ok ¢E
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(Can also solve the expectation using integration by parts, with —e=** andv = z, so
du = Ae™* dz anddv = dz, then following the rule thaf v du = uv — [udv.)

1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
2 4 6 8 2 4 6 8 2 4 6 8
A=0.5 A=0.75 A=0.9

Figure 3.4: Exponental Distributions

So meani/A
Likewise, varianceil/\?

Socv:1

3.3.3 Normal.

Important properties of the normal distribution:

1. The sum of independent normal variates is a normal variate. Thus normal processes remain
normal after passing through linear systenm’s, & a X, + bX3 is normal if X5, X5 are.)

2. The sum of a large number of independent observations from any distribution with finite
variance tends to have a normal distribution. This is the Central Limit theorem.

Thus we can see that one way of thinking of the Normal is that it is the limit of the Binomial
whenn andp are large, that is, the limit of the sum of many Bernoulli trials. However many other
sums of random variables (not just Bernoulli trials) converge to the Normal as well.

Normal is widely used; often asserted to be most common distribution - but it's not so in
computer systems. Gaussian distributions have extremely “light” tails.

For example, under a Gaussian model, the typical deviatianfodm 1 is . However, the
respective probabilities of thatdeviates fromu by more thar2o, 30, 40, andbo are 0.046, 0.003,
6 x10~°, and 6x10~7. Thus deviations from the mean & should not be seen in practice; but
this is actually not uncommon in computer systems data.

From [MacO03, p.312]:
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Figure 3.5: Normal Distribution withh = 0,0 = 1

. if a variable that is modelled with a Gaussian actually has a heavier-tailed distri-
bution, the rest of the model will contort itself to reduce the deviation of the outliers,
like a sheet of paper being crushed by a rubber band.

3.4 Heavy-Tailed Distributions

The “light-tail” assumption is often not true for computer systems.

A particularly important part of a distribution is the shape of its upper tail. Tail shape deter-
mines the likelihood of large observations, which in the case of network measurements can often
dominate system performance.

Many of the most commonly used distributions have tails which decline exponentially or faster.
The Normal distribution, the Exponential distribution, and the Uniform distribution all fall in this
category. For such distributions, the likelihood of an extremely large observamn rhany
standard deviations above the mean) is negligible or zero.

Supplemental Material: In contrast, a distribution whose upper tail declipes
more slowly than any exponential is referred to asilaexponential distribu-
tion [GK98]. This distributions have very high, or even infinite, variance. The

practical result is that samples from such distributions show extremely|large
observations with non-negligible frequency. Formally we define a subexpo-
nential distribution as one for which

(1 —F(z))e*™ — oo asz — oo forall a > 0.
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A special case of the long-tailed (or subexponential) distribution id)¢aey-tailed distribu-
tion. Such distributions have tails that asymptotically approach a hyperbolic (power-law) shape.
Formally these are distributions for which

1—F(z)~z“

wherea(z) ~ b(x) means thatim,_,,.a(z)/b(x) — ¢ for some constant

Heavy tailed distributions behave quite differently from the distributions more commonly used
in performance evaluatiore.¢)., the Exponential). In particular, when sampling random variables
that follow heavy tailed distributions, the probability of very large observations occurring is non-
negligible. In fact, under our definition, heavy tailed distributions hafigite variance, reflecting
the extremely high variability that they capture; and when 1, these distributions havefinite
mean.

Thus the fact that a distribution is subexponential or heavy-tailed depends only on the shape of
the upper tail and not on the body of the distribution.

Note that subexponentiality and heavy tails are properties of models, not data. However a
given dataset may be consistent with a subexponential or heavy tailed distribution, meaning that
for practical purposes we get good answers to engineering questions if we use such distributions
as a model for the data. This phenomenon in data is knowsngsails. The phenomenon is often
generically called “heavy tails” but we will reserve that term specifically for distributions (having
power-law tail shape).

Subexponential distributions and heavy tails are reviewed in [AFT98].
There are many examples of long-tailed data found in computer systems.

The evidence for heavy-tailed distributions in a number of aspects of computer systems is now
quite strong. The broadest evidence concernssittes of data objects stored in and transferred
through computer systems; in particular, there is evidence for heavy tails in the sizes of:

e Files stored on Web servers [AW97, CB97];

Data files transferred through the Internet [CB97, Pax94];

Files stored in general-purpose Unix filesystems [Ir194]; and

I/O traces of filesystem, disk, and tape activity [GNIB, PG95, Pet96, PA96]

Next, measurements @bb service times or process execution times in general-purpose com-
puting environments have been found to exhibit heavy tails [GLR92, HBD97, LO86].
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A third area in which heavy tails have recently been noted is in the distributinodefdegree
of certain graph structures. Faloutsoset al. [FFF99] show that the inter-domain structure of
the Internet, considered as a directed graph, shows a heavy-tailed distribution in the outdegree of
nodes. Another study shows that the same is true (with respect to both indegree and outdegree)
for certain sets of World Wide Web pages which form a graph due to their hyperlinked structure
[AJB99]; this result has been extended to the Web as a whole in [BBOY!

In practice, random variables that follow heavy tailed distributions are characterized as exhibit-
ing many small observations mixed in with a few large observations. In such datasets, most of the
observations are small, but most of the contribution to the sample mean or variance comes from
the rare, large observations. This means that those sample statistics that are defined converge very
slowly. This is particularly problematic for simulations involving heavy tails, which many be very
slow to reach steady state [CL99].

34.1 Zipf'sLaw.

Finally, a phenomenon related to heavy tails is the so-cdllgfds Law [Zip49]. Zipf's Law relates

the “popularity” of an object to its location in a list sorted by popularity. More precisely, consider

a set of objects (such as Web servers, or Web pages) to which repeated references are made. Over
some time interval, count the number of references made to each object, dendtetlbw sort

the objects in order of decreasing number of references made and let an object’s place on this list
be denoted by. Then Zipf’'s Law states that

P=cr°

for some positive constantsanda. In its original formulation, Zipf's Law sev = 1 so that pop-
ularity (P) and rank £) are inversely proportional. In practice, various valuea afe found, with
values often near to or less than 1. Evidence for Zipf's Law in computing systems (especially the
Internet) is widespread [ABCd096, CBC95, Gla94, NH38]; a good overview of such results

is presented in [BCF99].

Thus Zipf’'s Law is an analog of the long tails phenomenon occuring in categorical (non-
numeric) data. One can form an analog of the histogram for categorical data by counting the
number of occurrences of items in each category, and sorting the result in decreasing order.

Note the relationship between Zipf's law and an actual distribution. In Zipf’s Law, if you rank
the objects by popularity (or rate) then the populafity as a function of rank is approximately
Ty = constant or more generally®z () = constant, a > 0.

This then can be used as a distribution by normalizing to unit sum. That is, assuming there are
N possible values:
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This is called thezipf distribution.

Since high variance (indeed, long tails) is a common characteristic of computing systems data,
we often some additional distributions (other than the Zipf) that can be used to model such data.

3.4.2 Pareto

The Pareto distribution is the simplest continuous heavy-tailed distribution. It is the continuous
analog of the Zipf distribution. It declines hyperbolicallye(, polynomially). It is given by:

p(z) =ak®r™* ! k<z,0<a<2

It takes on values in the rangfe oo]. Note that ifa > 2, this is still a distribution, but it is not
heavy-tailed and generally not referred to as a “Pareto” distribution.

Pareto was an Italian economist who studied income distributions. (In fact, income distribu-
tions typically show heavy tails.)

Its CDF is particularly simple:

Flz)=1—(k/x)* k<z,0<a<2.

3.5 Coxian Distributions

A number of distributions can be “constructed” from exponentials. These are useful because often
itis particularly easy to work with exponentials. So, for example, rather than using a polynomially-
tailed distribution, it may be an acceptable model to use a hyperexponential.

3.5.1 Hyperexponential

The Pareto is often a good fit to computer systems data , but it can sometimes be hard to work with
in practice. A distribution that is easier to work with, and yet can be constructed with arbitrarily
large variance is thbyperexponential. It takes three parameterg; > 0, u2 > 0, and0 < ¢ < 1.

is given by:

p(z) = que™® + (1 — q)uge "
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Thus it is amixture of two exponentials. It can be though of as follows: flip a coin with
probability of heads= ¢. If the coin comes up heads, take a sample of an exponential distribution
with parametej:;; otherwise, take sample of an exponential distribution with parameger

The variance of the hyperexponential is:

o

2_@+2(1—Q)_(g 1—q>2

= +
i 13 pr e

Since there are three free parameters, there are many ways to get a distribution with a given
mean and variance. One way is as follows:

Given1/pu (the desired mean) an@® (the desired squared coefficient of variation, 2,
let:

_ 1 1— E%
7= 3 C2+1
P = 2qu
pe = 2(1—qu

This particular choice of, u1, 2 has the property of “balanced means”:

Mixtures of (larger numbers of) exponentials can in fact be used to approxamatéistribu-
tion function. In particular, for approximating a Pareto using mixtures of exponentials see [FW97].

3.5.2 Erlang-k

There are also situations in which we are interested in low-variance distributions. One useful
distribution in this regard is the Erlang-An Erlang4 random variable is the sum bfexponential
random variables each with parameier

As one sums random variables, eventually the Central Limit Theorem takes hold. Thus for
largek, the Erlangk is approximately normal, while fot = 1 it is exponential.

A. K. Erlang was a Danish mathematician who contributed immensely to the design of early
telephone networks and switching systems.
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It has distribution function:

B Me(Mkx)kL .
p(r) = We

xz > 0.

One can think of the Erlang-distribution as the time required by a customer to pass through
k service centers, each of which requires time given by an exponential distribution wittkrate

The mean of this distribution is/A. Thus it has the same mean as an exponential distribution
with rate\.

The variance of this distribution is:

1
2—_
T TN

As can be seen, for a given mean, the variance of the Etadtegreases in inverse proportion
to k.

3.6 Approximations

If n is large andg (= prob success) is small, the poisson is a good approximation for the binomial.

Figure 3.6 shows this. It shows the Binomial with largand smallp compared to the Poisson
with same mean (1). Note how similar the figures look.

0.35 0.35

0.3 0.3
0.25 0.25
0.2 0.2
0.15 0.15
0.1 0.1

0.05 0.05

01234567 8 910111213141516171819202122232425 012345678 910111213141516171819202122232425

Binomial,n = 25,p = 0.04 PoissomT =1

Figure 3.6: Comparing Binomial and Poisson with Small Me&pY] = 1), Large No. of Trials
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Figure 3.7 shows how both distributions change as we increase the mean to 2.5. Note how the
figures both become more symmetric.

In fact, eventually for large mean, they become completely symmetric, and well approximated
by the Normal distribution! Figure 3.8 shows the same two distributions with mean of 5, alongside
the Normal with same mean and variance. In the limit of large number of trials and large mean,
both Poisson and Binomial are well approximated by Normal.

0.25

0.2

0.15 0.15

0.1 01

0.05 0.05

012345678 910111213141516171819202122232425 01234567 8910111213141516171819202122232425

Binomial,n = 25,p = 0.1 Poisson\T = 2.5

Figure 3.7: Comparing Binomial and Poisson with Larger MeBhX(] = 2.5), Large No. of
Trials

02 0.175|
0.125
01

0.075

0.025

7012345678 0910111213141516171819202122232425 012345678 0910111213141516171819202122232425 5 10 15 20 25

Binomial,n = 25,p = 0.2 Poisson\T = 5 Normal,u = 5,0 = 2.

Figure 3.8: Comparing Binomial, Poisson, and Normal with Large MédiX( = 5), Large No.
of Trials

The variance of the Binomial isp(1 — p), so for these values that yields a standard deviation
of 2, which is what is used to find the matching Normal distribution.

However, ifn is small, one cannot do good approximations using the Poisson or the Normal;
in that case, one must use the Binomial itself. See Figure 3.9 for a comparison of Poisson and
Binomial in the case where = 3. Note how bad the match is.
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0.35
0.4
0.3
0.3 0.25
0.2
0.2
0.15
0.1
0.1
0.05
012345678 910111213141516171819202122232425 012345678 910111213141516171819202122232425
Binomial,n = 3,p = 0.33 Poisson\T =1

Figure 3.9: Comparing Binomial and Poisson with Same Mean, Small No. of Trials
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Exercises

Reasoning about M odels

3-1.
3-2.
3-3.

3-4.

3-5.

3-6.

3-7.

Prove the Law of Total Expectation.
If X andY are independent random variables, prove #igf Y| = E[X] E[Y].
Which of these distributions would you use to describe ...

e the number of processors that are up in a multiprocessor system?

e the number of bits successfully transmitted in a row?

e number of requests to a server in a given time intefval

e the number of local requests to a Web page between remote requests to a Web page?
e the number of packets that reach a destination without loss?

¢ the number of queries to a databas&iseconds?

e the number of bits in a packet that are unaffected by noise?

¢ the number of processor failures in an hour?

Given a random variabl¥ that is exponentially distributed with parameferWhat is the
probability that any particular observation &fwill be greater than its mean?

(Allen) A certain airline has found that approximately 5% of all persons holding reservations
on a given flight do not show up. The plane holds 50 passengers and the airline takes
reservations for 53 (this is callexerbooking). What is the probability that every passenger
who arrives on time for the flight will have a seat? (Assume there are no walk-ins.)

(Allen) Personnel of a certain engineering company use an online terminal to make routine
engineering calculations. If the time each engineer spends in a session at a terminal has an
exponential distribution with an average value of 36 minutes, find

(a) The probability that an engineer will spend 30 minutes or less at the terminal,
(b) The probability that an engineer will use it for more than an hour.

(c) If an engineer has already been at the terminal for 30 minutes, what is the probability
that he or she will spend more than another hour at the terminal?

(d) Ninety percent of the sessions end in no more tRaninutes. What i?

A programmer submits jobs to a system as follows: she first submits a job of size 1. With
probability1/2, she is satisfied with the result and stops there; however with probalifity

she is not satisfied, and proceeds to submit a job of size 2. The process then repeats; with
probability 1/2 she stops, and with probability 1/2 she goes on to submit a job of size 4, and
so on. Once the whole process completes, she starts over again with a job of size 1. Let the
random variableX be the size of a job.
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(a) IsX discrete or continuous?
(b) What are the possible valugsmay take on?
(c) What is the probability distribution oX ?
(d) What is the expected size of a job?
3-8. ABernoulli random variable is one that takes on only the values O or 1. Consider a Bernoulli
random variable3 in which the probability of taking on the value 1ps
(a) What is the expected value Bf?
(b) What is the variance aB?
(c) For what value(s) o is the variance o3 maximized?
(d) For what value(s) g is the variance of3 minimized?

Working with Models

3-9. On a single plot, show:

e An exponential pdf withu; = 1
e An exponential pdf withuy = 0.2

A hyperexponential pdf witly = 0.5, u; = 1, us = 0.2.
3-10.

On a single plot, show:

— A pdf (histogram) of the Binomial distribution withh = 40, p = 0.6

— A pdf (continuous curve) of a Normal distribution that you have chosen as a good
approximation to this Binomial.

State the parameters of the Normal that you used and how you got them.

State the parameter(s) of the Poisson distribution you would use to approximate this
Binomial.
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Chapter 4

Exponentials and the Poisson Process

4.1 Stochastic Processes

A stochastic process { X (¢),t € T'} is a collection of random variables. That is, for each T,
X(t) is a random variable. The indexs often interpreted as time, and we referX¢t) as the
state of the process at time

The setl’ is the index set of the process. Wheérns a countable set the stochastic process is
said to be aliscrete-time process. Wheff’ is an interval of the real line, the stochastic process is
said to be aontinuous time process.

So for example we can have the discrete time pro¢éS§sn = 0,1,...} or the continuous
time proces§ X (¢),t > 0}.

An equivalent view of a stochastic process is a seealizations. {x1, z», ...}; each realization
occurs with probability equal to the joint distribution of all individual observations. The set of all
realizations forms aensemble.

The RVs themselvesX(¢)) may be continuous valued or discrete valued. These are called
continuous state space anddiscrete state space systems (or chains).

Relationship between counting process and interarrival process.

Sill to cover: ergodicity, stationarity.

4.2 Memoryless Property of the Geometric Distribution.

Consider the canonical coin-flipping experiment, in which we are counting the number of trials
up to and including the first success. Suppose we are given that there were no successes during
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the firstm trials. We wish to calculate the probability that there will benore trials up to and
including the first success, that B[T' = k + m|T" > m|fork = 1,2, ....

By the definition of conditional probability, we have:

P((T = k4 m)&(T > m)]
P[T > m]

PT =k+m|T >m]=

but
{T=k+m}&{T >m}={T=k+m}

sincek > 0, and

P[T>m]=1—-P[T <m]=q™
SO
B B pqm+k71 B b1 B
PT =k+m|T >m]= =pg° " = P[T =k
qm

This is called the Markov or memoryless property of the geometric distribution. This should
make sense to you if you think about coin flipping as the canonical experiment for the geometric

distribution ... the coin doesn’t know what happened in the past.

4.3 Propertiesof the Exponential RV

4.3.1 Comparing Two Exponential Random Variables

Suppose we have two independent random varialileand X, that are each exponentially dis-
tributed, with respective parametexs and \,. Let us determine the probability thaf; is less
than Xs.

We can attack this problem by conditioning &n:
PIX, < Xa] = / P[X, < Xo| X, = z]p(z)dz
0
= / P[Xl < X2|X1 = l‘])\lei)\lxd.’li
0

= / P[il? < XQ])\lef)‘”dl’
0
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4.3.2 Minimum of n Exponential Random Variables
Suppose thak, X, ..., X,, are independent exponential random variables, \itthaving rate
pi, it =1,...,n. Now let us define a new random variafe= minimum(Xj, ..., X,,).

Make sure you are clear about what is meant h&res a random variable that takes whatever
value happens to be the minimum when we sample each of tlhace.

It turns out that” is also an exponential random variable, with rate equal to the sum @f the
This is shown as follows:

PlY >z] = P[minimum(Xy, ..., X,) > z]
= P[X;>z,Xo>2z,...,X, >z (thisisthe key step; why is it valid?)

= J[P[X:>=z] (byindependence)

=1

n
— H e T
=1

ey e_(Z?:1 'ui)l‘

4.3.3 Poisson Processes

Consider again the canonical experiment which gives rise to the Exponential distribution: we are
flipping a coin infinitely fast, with a probability of success such that the expected time until a
success i3/ . Then the rate of successes\is

Now let us assume that as soon as we get a success, we immidiately start the process all over
again. Then we have a sequence of successes separated by exponentially distributed lengths of
time. This is called &oisson process.
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We have already seen that the number of successes iftiofi@ Poisson process with raie
is described by the Poisson distribution with paramafer

We can denote a Poisson process\Vds) where N counts the number of successes that have
occurred at time. (Counting is assumed to start at time 0).

Superposition of Poisson Processes

Now let us consider two Poisson proces$gst) having rateh; and N»(t) having ratel,.
Suppose wesuperpose the two processes, meaning: at each timeount the total number of
successes that have occurredath N; andN,. That is,Ng(t) = Ny(t) + Na(t).

In this superposed process, a success occurs whenever a success ogties vy, or N,.
How can we describe the proceSg(t)?

Consider an arbitrary point in time, and ask: “what is the distribution of time until a success
occurs inNg?”. Clearly, this time is equal to theinimum of the time to the next success in
either N; or N,. The time to next success N, is distributed exponentially with parametgy,
and correspondingly foN,. So by the minimum-of-exponentials rule above, the time to the next
success inVy is also distributed exponentially, and the parametaris= A; + As.

So aremarkable fact about Poisson processes is that the superposition of two Poisson processes
is also a Poisson process, with rate equal to the sum of the rates of the two components.

Splitting of Poisson Processes

It can be shown as well that probabilissiplitting of a Poisson process yields Poisson pro-
cesses. That is, given a Poisson prockss) having rate), suppose that each time an event
occurs it is classified as either a type | or a type Il event. Suppose further that each event is clas-
sified as a type | event with probabilipyand a type Il event with probability — p independently
of all other events. LeiV,(¢) and N,(t) denote respectively the number of type | and and type
Il events occurring irff0,¢]. Note thatN(t) = Ny(t) + N2(t). ThenN,(t) and)N,(t) are both
Poisson processes having respective rateand (1 — p)\. Furthermore, the two processes are
independent.

4.4 Path tothe Poisson Process

How valid is the Poisson process as an assumption for arrivals? In fact there are some valid reasons
for assuming that arrivals can often be approximated as a Poisson process.

The first evidence is empirical. Lots of random processes have been shown to be well modeled
by a Poisson process. For example, the number of

e Prussian cavalry officer deaths by horsekick
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flying-bomb hits on London in World War 11

accidents on a given stretch of road

newspaper misprints on a page

occurrences of the word "and’ in President Bush'’s state of the union speechés {gee
[ I www. nyt i nmes. cont ref/washi ngt on/ 20070123 _STATEOFUNI ON. ht i )

are all well described as Poisson processes.

The general reason that this occurs is as follows. The limit of a large number of indepen-
dent stationary renewal processes (each with arbitrary distribution of renewal time) will tend to a
Poisson process.

That is, when the arrival process can be thought of as the superposition of a very large number
of processes each occurring at a very low rate, the resulting process tends to a Poisson process.

When does this assumption fail? When finiteness of population is significant. That is, when
the number of superimposed processes is not so large. In this case, the arrival of a customer can
decrease the probability that a new customer will arrive. These are daliesdpopulation or
closed queueing systems.

Poisson Arrivals See Time Averages (PASTA).

The “time average” state of a system means the average one sees if one chooses a time to ob-
serve at random, with uniform probability over some interval. This is distinct from the “arriving
customer average'i.e., what an arriving customer typically sees) which could be very different
from the time average. Consider the case in which customers arrive periodically with some fixed
interarrival time. Then if the system also has some periodicity, it may happen that the arriving
customer consistently sees the system in some “unusual” state. Or, for example, consider what
happens when batches of customers arrive. The later-arriving custbwasis sees other cus-
tomers in the system, even if this is not the typical state of the system.

So, what does observing the “time-average” mean? Pick any intgrval s| out of [0, T7].
Then the probability of the observation falling in the interval should BE. We now show that
the a Poisson process generates events uniformly over the in&eial

Divide the intervall0, T] into k subintervalshy, ha, ..., hx. We will show that the probability
that exactly one Poisson point occurs in each of the subintervals is the same as the probability of
uniformly selectingk points and finding exactly one in each of the subintervals.

The probability that exactly one of therandomly selected points would falling each of the
subintervals; is calculated as follows. The probability that a particular point hits a intérvial
simply h;/T and there aré! ways this could happen, so:

I
P[one point falls in each intervial= %hth...hk
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Now, in the case of the Poisson process, we reason as follows. The Poisson process is mem-
oryless, so each start of a subinterval can be considered a starting point for the Poisson process.
This means that the probability af points in any given interval is simply given by the Poisson
distribution. What happens in each interval is independent, so the probability that precisely one
Poisson arrival occurs in each interval is:

Plone point in each interval = P[one point ink, | - P[one point inky] - ... Plone point inky|

and the probability that precisely one Poisson arrival occurs in each interval givenPlogson
arrivals occurred is:

Plone point in each intervak points in tota]
Plone point ink;] - P[one point inky] - ... P[one point inky]

Pk points inT
B Ahie M1 \hoe= M2 A\hpe= M
B Nee=XTTk /||
k!
- ﬁhlhghk

So we have the same probability assuming Poisson arrivals as we do when we assume random
selection. Since we did not restrict the number of the intervals of their size, the result must be true
for an arbitrary set of intervals positioned in an arbitrary way. So the location of those Poisson
arrivals must be uniformly distributed in the interyaJ 7).

441 Timeseries, Dependence and Autocorrelation; SRD and LRD

TBD.

442 Mean Residual Life

Note: superseded by Palm Calculus approach of PE §11.

It often happens that we want to know the mean value of a random variable, given that we know
the RV is greater than some value. This is a conditional mean, caiéedlial life. For example:
how long do | expect this lightbulb to burn, given that it has already been burning for 100 hours?

Now let us consider the mean residual life; that is, the average residual life, where the average
is taken over all possible starting times. For example, for a set of a large number of lightbulbs that
have all been burning for different (random) times, what is the average time that a bulb will keep
burning? This ismean residual life.

We know how to form the probability distribution of X given that it is greater than some value:
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P X =k+ ]

PIX =k+sX >k = P F

So to determine residual life after tinkewe can write:

Ji wp(z)da

Then the mean residual life is the expectation of this ovet:all

7 = E[E[X|X > K] = /mp(k) <M> dk

Je p(x)dz

—0o0

We can determine that this yields:

That is, the second moment over twice the first moment.
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(not required material)
To see this, we reason as follows: Denote/he total processing-time of the job which the n

[9°)
=

arrival finds in service, and lét be the amount of processing-time remaining for that job at the

instant of arrival. Let us first ask, what is the distribution/&f

Let G(p) be the processing-time distribution function, afgX | be its expectation. Then:

pdG(p)

Pp<J<p+dp) = [P

or alternatively, .
F(z) = 1/E[X]/0 pdG(p)

This can be seen by realizing that the desired probability should be proportional to the lo

portion of time devoted to processing times of lengthThis, in turn, should be proportional to
the product of the processing-timpeand the frequencyG(p), with which such intervals occur.

ng-run

The denominatorF[X] is a normalizing factor required to make the integral of this probahility

equal to one, sinc§™ p dG(p) = E[X].

Now to determine the distribution of, note that the conditional distribution Gf given
thatJ = p, is the uniform distribution. That is, the observation point will fall anywhere within
processing-time interval with equal probability. So:

d
P[y§Y§y+dy|J:p]:—y for0 <y <p
p

The joint probability of landing at spot Y within an interval of length J is then:

d
P[ySYSerdy,pSJSerdp]:% for0<y<p 0<p<oo
The marginal distribution ot is obtained by integrating over the allowable value$0ofThis
yields the density function df as

P[ySYSerdy]:/oo dGp) ., _ 1= Gl)

= dy for0 <y < oo
vy BX] YT TEX] Y ==

the
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To get the expectation &f (our actual goal') we calculate:

EY] = /foyp(y)dyzéwoylg[—i(]wdy

= e[ ;au) da dy

Y

which is integration over a triangular area, so we can interchange the integration order as follows:

BV = 5 / yf _pe)drdy

Example. For the Exponential distribution, the mean residual life would he

2/3 1

2/A A

F=

Does this make sense? Why?




46 CHAPTER 4. EXPONENTIALS AND THE POISSON PROCESS

Exercises

4-1. Prove that the Exponential Distribution is memoryless.

4-2. Given two Pareto random variabl&s and X, with equal location parameteksand corre-
sponding scale parameters andas,

(a) write a simple closed formula for the distributionmafn (X, X5).
(b) What type of distribution doesin(X;, X5) have?



Part ||

Statistical Analysis of Data

47






Chapter 5

Statistical Analysis of Data

“When you can measure what you are speaking about, and express it in num-
bers, you know something about it; but when you cannot express it in numbers,
your knowledge is of a meager and unsatisfactory kind; it may be the hegin-

ning of knowledge, but you have scarcely in your thoughts advanced to the

state of science.”
— Lord Kelvin

5.1 Confidencelntervals

Definitions. Cls for the median and the mean.

5.1.1 Confidencelntervalsfor the Median

Based on LeBoudec.

5.1.2 Confidencelntervalsfor the Mean

Because it is a random variable, we generally try to characterize it using mean and variance. Mean

tells us what to expect, and variance tells us how much variability to expect from run to run.
Assume that there is a true value (some output parameter) that we are trying to find. This could

be average value of waiting time, instantaneous queue length, etc. The metrics that we get out of
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the simulation are samples of a random variable, so they are drawn from some distribution. We
will focus on the mean of that distribution.

We would like to find a range within which we are 90% sure that the true mean lies. What
does this loose phrase “90% sure” mean? It means that we estimate that the probability that the
true mean lies in the interval to be 0.9. This interval is then called the 90% confidence interval.

So based on some measurements of the metrics, we calculate a 90% confidence interval. What
does this mean in practice?

observations from a normal distribution,
mean is unknown

f(x)

et
.
: 90% of the confidence
[ intervalsinclude
: thetrue mean

(after Jain, Fig 13.1)

The true mean could benywhere in the confidence interval range. There is no “more likely”
region in the confidence interval for the mean to fall. Anotherwards, if we did this 100 times, 90
times the mean would be within the range we calculate.

Thus if two confidence intervals overlap, we cannot be sure that the means are different. The
two cases therefore are indistinguishable at the confidence level we are using.

Now, how can we construct confidence intervals? We need to assess the variability of our
measurements of the parameter of interest.

Can you use variance of individual measurements during a simulation run to estimate their
variability? No, because the metrics are correlated over short distances as occur during a simula-
tion run. However if we observe the simulation over long intervals, the metrics for separate long
intervals will be independent. How long is long enough? Long enough for the initial state at the
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beginning of the interval to have little or no effect on the average metric over the interval. That is
to say, long enough for a startup transient to be unimportant. The best way to achieve this is to do
separate runs, each time eliminating the startup transient.

We can form an estimate of the mean of the distribution as the empirical average over all
replications, and can calculate the sample variance of the respective measurements.

Now, the Central Limit Theorem tells us that the sum of a large numleérandom variables,
each with mean and variancer?, yields a normally distributed random variable with mean
and varianceno?. So the distribution of the average would also be normal with meamd
varianceo? /n. That is,

z ~ N(u,0/vn)

We usually assume that the number of samples should be 30 or more for the CLT to hold.
However this is a rather shaky rule of thumb — if the samples have particularly high variance, this
may not be enough.

The standard deviation of the sample mean is called the standard error. The standard error
is different from the population standard deviation. If the population standard deviatonhs
standard error is only/,/n. Because of the relationship en the variability ofz decreases as
we increase the number of samplesThus, it will turn out that using;, we can get increasingly
“tight” estimates ofu as we increase the number of samples

Now, remember that the true means a constant, while the empirical means a random
variable. Let us assume for a moment that we know thetraedo, and that we accept thathas
aN(u,o0/+/n) distribution. Then it is true that

Plp—ko/v/n<ZT < p+ko/yn|=Pl—k<S <k
whereS is the unit normal random variable (having distributiio, 1)).
We write z; /2 t0 be thel — /2 quantile of the unit normal. That is,
Pl—ziap <S8 <ziqap=1-a

So to form a 90% probability interval f&# (centered on zero) we chooke= zj o5. Turning back
to z, the 90% probability interval of would be:

1 — 20950 /N < T < pu+ 20950 /v/n.

(These unit normal quantiles are tabulated in many books, for examplex~ 1.65, zg.975 ~
1.95, andZO_995 ~ 327)

This is pretty straightforward so far. Now comes a tricky step. Note that the following two
expressions define the same events:

p—koyn <z <u+ko/vn
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and
T—koyvn<u<ZT+ko/yn.

What we are saying is, that the sample mean is in some fixed-size interval centered on the true
mean, if and only if the true mean is also in a fixed-size interval (of the same size) centered on the
sample mean. (Envision this geometrically.)

Note however, that in the first case, we are expressing the event that a random quantity falls
between two constant bounds. In the second case we have described the same event in terms of
a constant falling between two random bounds. But they are the same, and their probabilities are
equal, so

l-a = Plu— zl,a/ga/\/ﬁ <T<p+ zl,a/ga/\/ﬁ]
— P[z—koVN < p<Z+ko/VN]

This latter expression defines the- « confidence interval for the mean.

We are done, except for estimatingWe do this directly from the dat#@ = s (wheres is the
sample standard deviation = \/1/(n —1) Y (z; — z)?).

To summarize: by the argument presented here, a 10¥deonfidence interval for the pop-
ulation mean is given by

T+ Zl_a/g S/\/’E

Dealing With a Small Number of Samples

To do this for less than 30 samples, Let us assume that the output means are normally distributed.
We have already shown that they are independent. Then we need to use Student’s t distribution,
which describes how small number of samples from a Normal distribution tends to behave. The
sample mean has a Normal distribution and the sample varianceRedistribution. The result

is thet distribution.

An interval +/-e within which the the true mean would fall with probabilityis given by

t(n —1,p)s

vn

€E =

Again, s/+/n is called thestandard error. It describes how the variance of the sample mean,
as a random variable, behaves (which comes from the fact that variances sum).

In generalyn = 5 or 7 are reasonable for many cases. For homeworky asB and use 90%
confidence intervals.

The web page uses a one-sided table, so you should use the column for 0.05 to get a 90%
confidence interval.
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Remember: to use Student'distribution, you must have (approximately) normally distributed

outputs.

Can check this using histogram ... is it bell-shaped?

Special Topic: Dealing With Autocorrelation A complication in construct

ing confidence intervals is the presence of autocorrelation in system behavior.

Networks and endsystems are not memoryless: they contain buffers an

d con-

trol algorithms that maintain past history in a way that affects current behavior.

For example, when a network link is running at high utilization, routers
build up large queues which take a long time to drain. Thus the departur

may
eofa

packet from the router can be delayed because of events that took place long
in the past. This leads to autocorrelation in system behavior — the system’s

current behavior is very similar to its behavior in the recent past.

The effects of autocorrelation can be good and bad. Autocorrelation makes

the near future more predictable: one can have increased confidence

that if

packet delays were high in recent past, they will still be high at the present
time. However they also decrease the amount of information that is obtained

in measurement. If one is interested in estimating the value of a system
erty that is strongly autocorrelated, confidence intervals will be larger
had the property been uncorrelated. Worse yet, if one constructs conf
intervals using statistical formulas that assume independence of obsery

prop-
than
dence
ations,

the confidence intervals will be misleadingly small leading to a false sense of

precision in the results.

This can be illustrated as follows, based on the exposition in [Rou05] (which

has additional valuable observations and examples). Assume we wish
timate the mean of a process given measuremghifst = 1,2,...,n}. The
expected value of the estimatdf = 1/n 3", X, is the true mearE[X].
However, thevariance of this estimator depends on the correlation prese
the measurements.

The usual Central Limit Theorem concerns independéntand states that:

V(X — E[X]) = N(1,0%)

(where— here means “converges in distribution for lafg§. On this ba-
sis one can form confidence intervals férwhich are proportional te//n.

to es-

nt in

However, whenX; are not independent, the estimator converges to a distribu-

tion with higher variance:
V(X - E[X]) = N(1,[%)

wheres? is the asymptotic variance. The asymptotic variance is larger th
sigma® due to the influence of autocorrelation in thgs. The appropriat
confidence intervals are correspondingly larger, proportionaf {..

an

[¢)
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One can quantify this inflation in estimator variance using the autocorrelation
function (k) of the underlying (continuous) process being sampled. If the
process is being sampled at uniform periodic intervalshen:

s* =o? [1 + ir(két)

k=1

and if the process is samped at Poisson intervals with\:ate

s* = o? {% /Ooo r(u) du]

The autocorrelation present in network measurements can arise from a number
of sources; an instuctive example is queueing delays. For an M/M/1 queue (a
FIFO queue with Poisson arrivals and exponentially distributed service times),
the resulting asymptotic variance is:

wherep is the utilization of the queue (arrival rate times mean service time).

This expression exposes an important principle: autocorrelation, and therefore
asymptotic variance, increases with increasing system load. The relationship to
system load is very sensitive, as shown by the fourth power in the denomjnator.
When load is high, large queues build up, and queueing delays lead to|larger
autocorrelation at greater time lags As a result, esimates of system mean

have higher variance (perhaps much higher) and are less reliable.

5.2 Interpreting Confidence Intevals

From the discussion above it should be clear that the confidence interval states that the mean could
be anywhere within the interval. It isnot necessarily true that the mean is more likely to be in the
middle of the interval than the edges — that depends on the distribution of the estimator, which
may not be symmetric. To see this, look at the figure above.

Now consider the three cases below. In each case we are plotting the output of a simulation on
they axis against some simulation input or parameter orxtpas. We wish to determine whether
there is a trend in the relationshipxandy; i.e., whenx increases doegalso increase?

In Case 1 each point represents a single run of the simulation. In this casanmoeconclude
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Case1l Case?2 Case 3

that there is any relationship betweeandy, because we don’t know how variable thealues
are. To conclude there is a relationship here would be the same as rolling a dice three times,
observing a 1, 2, and 3, and concluding that the next roll will be 4, then 5, etc.

To address this question we add confidence intervals to our data points, resulting in Case 2.
Now is it fair to conclude that there is a relationship betwgemdy? No! Because of the way
the confidence intervals overlap, the mean could in fact be declining just as easily as increasing —
remember, the mean might baywhere in the confidence interval.

Finally we come to Case 3, in which we can in fact conclude there is a relationship. This
is because, no matter where the mean is in each confidence interval, because the intervals don’t
overlap, the mean must be increasing as we increase
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Chapter 6

Palm Calculus

Palm calculus is a set of tools for reconciling the time and event views of a system.

We will cover Palm calculus results for both descrete and continuous time, but we will go into
detail and provide proofs only for the discrete time case.

6.1 Thelnversion Formula

In working with the inversion formula, it is helpful to remember the following fact:

Let N be a random variable assuming positive integer values 1, 2, 3, .Xls¢ a sequence
of independent random variables which are also independentafd with E[X;] = E[X] the
same for alk. Then:

— E[N|E[X]

N
E [Z X,
i=1

6.2 TimeView of a Sequence of Intervals

Also the byte view of a collection of files. Based on LeBoudec.

Introduce the notatiop,, () and F,,(z) for random variableX. Define:

zp(z)

Pel®) = ix]
and: [ uplu)d
o up(u)du

"0 ="
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Perhaps these should be p, and F to avoid 'waiting time’ association.

6.3 Resdual Lifetime

Including Feller’s Paradox.

6.4 Mean Residual Lifetime
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Exercises
Using Palm Calculus

6-1. A TCP-like Protocol. The TCP protocol, among other things, attempts to gradually increase
its sending rate over time to achieve high throughput. A simplified version is the following:
e Packets are sent nounds.
e The first round, one packet is sent.

¢ If no packets are lost in a round, then in the next round the number of packets sent is
increased by 1.

e If any packets are lost in a round, then in the next round one packet is sent.

This algorithm is callecdditive increase.

After sending the packets in a round, the protocol waits for an acknowledgement from the
receiver specifying whether all packets were received (not lost). The time it takes for this
acknowledgement after the first packet is sent is the round-trip time (RTT). We can treat
each round as lasting one RTT since the RTT is generally larger than the time it takes to
send the packets.

Thus we can treat the number of packets in a round as a discrete time stochastic process

{Xi,t=..,—-1,0,1,...} The events in our analysis will be the loss of one or more packets
in a round.

The time instants where one or more losses occuf@gen = ...,—1,0,1,...} with Ty <

0 < Th.

For now, we assume that all of the packets arriving in the window during which a loss takes
place are considered as arriving successfully, i.e., contributing to throughput.

So some of the quantities that we will work with a&X|, E[Ty], E°[X], E°[To], E°[T1],
etc.

Show your work for each answer.
(&) Which of the quantities should be interpreted aghheughput of the protocol?

We’ll denote the average number of rounds until a logs. &hat is, if losses occur in rounds
1,5,9 them = 4.

(b) Which of the quantities should be interpretech.@s

(c) Use the inversion formula to compute the throughput in terms ofou can assume
thatn is an integer here and in what follows.

Assume that packets are lost independently with probability
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(d) Now, treat the packets in the last round that arrive before the loss as arriving success-
fully, while all the packets arriving after the loss as not received successfully, and so
not contributing to throughput. Assume that exactly one packet in the last round is lost.
Adjust the result you obtained in the last question for this correction.

(e) We make the following observation:

losses per unit time
—— = losses per packet
packets per unit time

Use this observation to derive an expressionifan terms ofp.
() What is the throughput of this protocol expressed in terms?of

(g) Plotthe throughput of this protocol in bytes/second as a functipnfof p in the range
of 0.1 to 0.001, withp on a log scale. These are typical loss rates in today’s Internet.
Assume an RTT of 100 ms and an average packet size of 1500 bytes (which are also
typical values for the Internet). How rapidly does throughput increase with decreasing
loss rate? For example, if loss rate is cut by a factor of 10, does throughput increase by
the same factor?

Same problem as the last one, but we will change the protocol. Assume that instead of
adding one to the round size on successful transmission,dable the round size. This

is calledmultiplicative increase. Compute the resulting throughput (no need to make the
last-window correction in this case), plot again as in the last question, and comment on the
differences with the additive case.

Consider a network link carrying traffic for a set of users. Each user makes a request for
a file, which is then sent over the link at a constant rate. Assume that the traffic demands
are much less than the capacity of the link, so that every file is sent at the same Rate of
bytes/second, regardless of the number of files that are simultaneously in transit.

Assume that users make requests for files according to a Poisson process withFige
sizes are drawn from a distribution with dengify:) having mearx bytes.

(a) What is the average time a file spends passing over the link?

Consider the time view of the link, that is, what one would see at a randomly chosen time
t=0.

(b) What is the average number of files in transit at ttnze 0?

(c) State the distribution of file sizes you expect to find passing over the link at tin@

(d) Consider the byte flowing over the link at time 0. What is the probability it comes from
a file of sizes or less?

6-4. Consider a Poisson process with rate
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6-5.

6-6.

(&) What is the most frequent (most likely) interarrival time?

(b) Consider an observation of the process at a random time. What is the most likely size
of the interarrival time during which the observation falls?

(Based on [MSAHBO04].) A particular database system implements task preemption. When
a high priority task arrives, it can interrupt a low priority task. (Tasks in this system corre-
spond to individual database queries, updates, and so forth.)

Measurements show that when a low-priority task is interrupted, the amount of work it has
done is, on average, between 75% and 90% of its service demand.

(a) Explain why this is surprising. What would you have expected?

Upon further investigation, you learn more about the preemption mechanism. It turns out
that tasks acquire locks as they progress, and that a task gets interrupted by a higher priority
task that needs one of its locks.

(b) Assume that tasks acquire locks at a constant (uniform) rate, that all locks are held
until the task completes, and that each lock is equally likely to cause a task interrup-
tion. State the expected fraction of its work that a task will have completed when it is
interrupted.

(c) Compare your answer to the empirically measured value of 75% to 90%. What do you
conclude about how tasks typically acquire locks? That is, are locks more likely to be
acquired toward the beginning or the end of the task?

A crossover statistic is a rule is a rule thap fraction of the mass is contained in the- p

fraction of the largest objects. For example, “80% of the bytes are contained in the largest
20% of the files.” This is sometimes called an “80/20” rule (or “90/10” etc.) It's a convenient
way of expressing the tendency for a dataset to be dominated by large objects. The reason
for selectingp and1 — p as the cutoff values may be that it's not hard to remember: you can
switch the sense and it is still true (i.e., “20% of the bytes are contained in the 80% smallest
files.”)

Find the crossover statistip)(for a set of files if we assume that file sizes are drawn from:

(a) auniform distribution o0, 1] i.e.,

(b) a Pareto distribution withh > 1, i.e.,
plz)=ak®z !t 2>k a>1

Give a solution foiy = 2.
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(c) Using the analytic results of the last part, prepare plots of the cumulative size-weighted
distribution F, (x) vs the regular CDF'(x) for the Pareto distribution with = 2 and
a =15,14,13, 1.2, and 1.1. That is, the plots will show the fractjoof bytes
contained in the fractiom smallest files, with: andy varying from 0 to 1. Use these
plots to estimate the crossover statistics for each distribution.

(d) What happens if the distribution has< 1?

6-7. What is the mean residual lifetime for a Pareto distribution with 2?

6-8. You are given two Pareto random variablesand X,, with equal location parametets
and corresponding scale parameters> 1 anda, > 1. Using the results of Exercises 4-2
and 6-7, what is the mean residual lifetime foim(X;, X,)?
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Chapter 7

Simulation

7.1 Generating random numbers.

int et RandomNumber ()

return Y. // chosen by foir dice roll.
J// quaranteed to be random.

Fromxkcd. http://xkcd. conf c221. ht m

Problem: no real source of randomness in a computer (because that’s the way we like them!).
Solution: Pseudo-random number generation == PRNG.

Goals of a PNRG:

1. fast,
2. long period, and

3. the “appearance” of randomness.

By the “appearance” of randomness we usually mean: the appearance of independence, and
uniform distribution.

Independence is an abstract notion and can never actually be proven. Even the “appearance”
of independence can only be interpreted as the ability to pass some set of statistical tests. Usually

67



68 CHAPTER 7. SIMULATION

the most important test is serial correlation, so we desire our PRNG to show little correlation from
one sample to the next. This is a local property.

Uniform distribution is tested for using a goodness of fit test list chi-square or K-S test. This
is a global property.

The generation of random numbers is too important to be left to chance.
— R. Coveyou, Oak Ridge National Laboratory

7.2 Uniform PRNG

The main approach we consider is tiveear congruential method.
Xni1 = (aX, + b) mod m

a, b, andm are parameters of the PRNG. These are usually chosen quite carefully and it is best
to use values that have been carefully studied. For our purposes we wil as&l48() which
is a linear congruential PRNG with 48 bits of internal state.

Look at the manpages foir and48(), srand48() andseed48().

X, iIs the internal state of the PRNG. It completely determines what the next value output
by the PRNG will be. Thus a PRNG will start repeating itself if it ever happens to return to a
previously visited state.

Sometimes the output of the PRNG is n¥t,,; but some functionX,,,;. For example,
dr and48() outputs a 32 bit value, which is obtained from the internally stored 48 bit value
X1

Period of a PRNG = longest nonrepeating sequence. Maximum possible period of a linear
congruential PRNG is obviously, though it could well be shorter.

Seed-setting (e.gsr and48() ): allows control over sequence of random values used in a
simulation. When debugging, it makes sense to use a particular seed for each run, to obtain
identical behavior from run to run. When using simulation to get answers, need to use a different
seed for each run.

Serial correlations. There is usually some slight correlation between successive values of a
PRNG. A simplistic example would be the function

Tp, = 3T,_1 mod 31



7.3. NONUNIFORM RNG 69

(this is a bad PRNG! don'’t use it!). If you take the output of this PRNG and plot points
consisting of(z,,, z,,+1), you will see that they fall on three staight lines defined by= 3z,,_;,
z, = 3x,_1 — 31, andx,, = 3z,_; — 62. Clearly we should not treat successive values as
completely independent.

This is important because it shows that we need to astoem-splitting. Many times a sim-
ulation will include more that one random quantity: say, a queuing simulation in which both
interarrival times and service times are random. We must not use a single PRNG stream to gen-
erate both sequences of random values, because it would introduce correlations between arrival
times and service times, which would lead to erroneous results.

Another important implication is that we need to use non-overlapping streams for independent
simulations as well. If we were to use overlapping streams, the simulations would repeat each other
identically. So one needs to output the seed at the end of a simulation (e.g.sesdd8() )
and use it as the starting (input) seed for the next simulation run.

The most convenient way to maintain separate random number streams is using the function
erand48() . This function accepts the current state as an argument; so you can keep multiple
states around, and feed whichever state you likertand48() based on the particular stream
you are generating.

7.3 Nonuniform RNG

7.3.1 Thelnversion Method

Consider CDH'(y) for RV Y. What is the distribution of == F(Y")?
G(z) = P[Z < 2] = PIF(Y) < 2]
AssumeF ! exists, then the everdt(y) < z is the same as the eveYit< F1(z), so

G(z) = PIY < F(2)]

Giz)=F(F'(2)=2 0<z<1

Therefore, sincd” is distributed according té&'(y), Z will be uniformly distributed on the
interval (0,1]. So if we wish to generate random numbers with a given distribuki¢s), we
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need only generat uniformly distributed random numbers and apply the inverse funcfign)of
namelyF1(z), to those numbers.

Example: Generating Exponential Variates.

We wish to simulate sampling a random variabldhat is exponentially distributed, that is,
has CDFF (y) =1 —e™.

Invert the CDF.
z = 1l—e™V
e = 1—z
—Ay = In(1-2)
y = —(1/3) (1 -2)
y = —(1/A) Inz
SoF~1(z) = —(1/)) Inz. So we generate uniform random variatesn the interval [0, 1) and

return—(1/A) In z.
Not all distributions have a CDF that can be inverted.

First, if the RV is discrete, there will be flat portions of the CDF. For this case, a convention
suffices: ifzl <= urn < z2, then return x1 as value.

Second, the RV may not have a closed form CDF (like the Poisson, Binomial, and Normal).
For some such cases we can usedbreposition method.

7.3.2 TheRgection Method

Assume that pdf (¢) can be majorized by some function(t) whereg(t) is a pdf of a RV that we
can generate.

For example: normal distribution, which can be (effectively) majorized by a scaled-up uniform
distribution.

Then:

1. generate with densityg(¢) (using known method) (for example, uniform distribution)
2. generates with uniform density on (0,1)

3. ifu < f(y)/(cg(y)) then accept”



7.4. SIMULATION 71

7.3.3 Managing RNGs

In summary:

=

use a good one

N

. do not subdivide a single stream ... can lead to correlations
3. use nonoverlapping streams ... manage your seeds
4. avoid using low-order bits

5. do not use unknown initialization: unknown starting point

7.4 Simulation

In discussing simulation it's important to distinguish between simulation time and run time.

The key idea behind almost all computer-based simulation is the notiordistiate-event
simulation.

In this context, an event is any occurrence that changesdtesof the simulated system. This
begs the question: what is the appropri#te of the simulated system? The state of the simulated
system should clearly be smaller and simpler than the state of the true system. So the answer to
this is a key modeling question, requiring judgement: what aspects of system state are relevant to
the problem at hand? Remember: all models are wrong, but some are useful.

As an example, let us consider modeling a disk drive. The disk drive responds to 1/O requests:
reads and writes. Describing a request, one mightinclude, among other things: the time the request
is made, the location on disk, the nature of the request (read or write), the associated buffer to be
emptied or filled, and in the case of the write, the particular contents of the buffer. Let us assume
one is interested in the performance of the drive, but not the correctness of its operation. Then a
typical modeling decision in this case would exclude the contents of the buffer is being not highly
relevant: the time taken by a write operation is fairly insensitive to the actual data being written.
So, in the discrete event simulation, one would not include the buffer contents as part of the state
of the system being modeled.

The discrete-event appraoch suggests a particular model for organizing a simulation. Since
only certain events change the state of the system, one need not simulate the system’s behavior in
between those events. So the basic operation of a discrete event simulation is to take “jumps” in
time between events. This implies a key invariant: at the end of processing each event, it must be
known exactly what the next event is that will affect the state of the system. It is not generally
possible to process events out of time order.
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This appraoch implies two key organizational components of a discrete event simulation: a
“clock” to maintain the current simulated time, and an event queue to maintain a list of all of the
known future events in time order. In such a scheme, the “firing” (simulated execution) of an event
can cause events to be added or deleted from the event queue. (For an particular application of
course, other data structures may be necessary as well.)

General structure of the control loop of a discrete event simulation:

1. Select the event with smallest time)(
2. Set simulation time ta.
3. Gather any necessary statistics

4. Fire the evenig, change simulation state, possibly adding or deleting other events.

7.5 Startup Transients.

We now need to distinguish between “transient” and “steady” state. Transient: syatenage
behavior is changing; steady state: systeavarage behavior is staying nearly constant. Note:
average behavior is a tricky notion here.

Usually the average statistics of the system will be changing rapidly early in the simulation
run. (One way to think of this is that the system is unlikely to be starting in a “typical” state.) So
metrics may take a while to reach “average” state.

A number of approaches are possible:

1. Startin, or close to, a “typical” state.

2. Wait until system reaches a “typical” state.

Need to plot metrics and decide when they reach steady state.

The problemis that it is not possible to define exactly what constitutes transient state vs. steady
state.

Note that some variability at steady state is still likely, but decreasingly so.

So: need to do an initial run to gauge where steady state arises, and what point is OK to use as
standard measurement. This should be a long run.

Then: decide based on looking at the data where to start steady state. The best simple method
to do this is the truncation method:
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Given a sample ofi observations, the truncation method consists of ignoring thelfobt
servations, and calcaulting the min and max of the remainirg! observations. This step is
repeated fol = 1,2,...n — 1 until the ( + 1)th observation is neither the minimum nor the max
of the remaining observations. The valug at this point gives the length of the transient state.

7.5.1 Perfect Smulation

TBD, based on Hwk2

7.5.2 Independent Runs

Remember, you need to use nonoverlapping PRNG streams from one run to the next if you want
separate runs of the simulation to be independent.

7.5.3 Interpreting Output

The output of a simulation is a random variable. Say this three times: the output of a simulation
is a random variable. The output of a simulation ...

Therefore we must characterize simulation outputs; it is not sufficient or correct to simply
accept the output of a simulation is “the answer” (implying determinism). That is like saying “the
result when | spin a roulette wheel is the number 32.”

7.6 Pseudo-codefor a simplesimulation

Here is pseudocode for a simple simulation. Note that there is no “event queue” for this example
because there are only two possible next events: a departure and an arrival. However in a general
discrete event simulation, you need an event queue to keep track of the set of possible next events.

t hree vari abl es:

current _tine
next _arrival
next departure

[* loop until simulation is done */
whil e(1)
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if (next_arrival < next_departure)

{
/* next event is an arrival */
/* skip forward in tinme to arrival instant */
current _tine = next_arrival
/* determ ne when the next arrival wll take place */
next arrival = current _tinme + exprv(lanbda);
/* handl e the arrival */
if (atask is in service)
put newy arrived task at end of queue
el se
{
pl ace task in service
next departure = current_time + exprv(nu);
}
}
el se
{
/* next event is a departure */
/[* skip forward in tinme to departure instant */
current _tinme = next_departure;
/* handl e the departure */
if (atask is in the queue)
{
renove next task fromfront of queue
place it in service
/[* determne when it wll depart */
next departure = current tinme + exprv(mu)
}
el se
/* there is no task waiting or in service */
next departure = infinity;
}
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Exercises

Generating Random Variates

7-1. Write a program that generates samples of a random variable drawn from an exponential
distribution with parametek. Your program should acceptandn as parameters, and out-
putn values, each separated by a linefeed. You may want to check whether the output looks
right by using youmean, vari ance, hist, andedf functions from Homework 1.

7-2. Modify your program from step 1 to generatens of exponentials (also calledErlang-k
random variables). Lek; be the random variable that is the sumkadxponential random
variables each with parameten. Generate 10,000 samples each fromAheF,, E5, and
E, distributions foru = 2. For each dataset, calculate its mean d variance, and plot its
histogram. Also, plot all the edf’s on a single graph.

7-3. Modify your program from step 1 to generéigerexponential random variables. A two-
stage hyperexponential is constructed as follows: with probabilitya sample is taken
from an exponential distribution with paramejgr, otherwise (.e, with probability 1 — p;)
a sample is taken from an exponential distribution with parameter

Generate 10,000 hyperexponential random variables for each of the following combinations
of parameters:

b1 | M1 H2

05(1/2| 1/2
05| 1/2| 1/4
05| 1/2| 1/8
0.5|1/2| 1/16

For each dataset, calculate its mean and variance, and plot its histogram. Also, plot all the
edf’s on a single graph.

7-4. Comment on the following questions:
(a) For sums of exponentials, how do the mean, variance, and coefficient of variation

change with increasing?

(b) For hyperexponentials, how do the mean, variance, and coefficient of variation of the
random variable change with decreasi@

(c) Tryvarying thep; parameter of the hyperexponential, and watch how the mean changes.
What is the relationship between the mean of the two exponential distributions and the
mean of the resulting hyperexponential?

7-5. Write code to generate points uniformly distributed over a unit disk. Assume that you have
aroutiner and() which generates a random number in the rafige].
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(a) Use polar coordinates and the inversion method. That is, the program should generate
two numbers: a random angle0 < 6 < 27, and a random radius 0 < r < 1. Use
a uniform distribution fo®, and use the inversion method to generaterthariate.

(b) Use cartesian coordinates and the rejection method. That is, the program should gen-
eratez andy such that:?> + y? < 1 and the resulting points are uniformly distributed
in the disk.

(c) Analyze the relative efficiency of the two methods.

Simulation

7-6. Write an discrete-event simulation of a system in which tasks arrive at a server, and are

serviced in first-come-first-served order.

If a task arrives when a task is already in service, the new task is placed at the end of a
service queue. When the task currently in service completes, the first task in the queue is
removed and begins to recieve service immediately.

Task interarrival times are independent and identically distributed. Interarrival times are
drawn from an exponential distribution with parameter Thus, the arrival process is a
Poisson process.

Task service times are independent and identically distributed. Service times are drawn from
any of the distributions above (i.e, exponential, Erldngr hyperexponential). We will use
1/ to denote the mean service time (for whichever distribution is used).

Your program should take and x as input, along with random number seeds for both
streams. You will want to output the random number state at the end of the program in order
to use them in later runs.

Your program should collect the following statistics:

e W, the average time spent by a task waiting in the queue
¢ 1V: the average time spent by a task in the system
Q: the average number of tasks in the queue at arrival instants

p: the fraction of time the server was busy

Make sure that your simulation reaches steady state, and describe what you did to ensure
this.

You must provide 90% confidence intervals on your results. Therefore you will need to run
your simulation multiple times (at least 5) which will provide indepedent estimates of the
parameters. As discussed in lecture, you will need to use Studeligsibution to calculate
confidence intervals, sinceis small. There is a table of the distribution on the courseinfo

page.
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7-7.

7-9.

7-10.

Simulate an M/E1 queue for varying values &f and plot the results. Specifically, simulate
the following queues:

M/E;/1 (Thisis really an M/M/1 queue!) Set mean service time td je = 1/10 and vary
A to obtainp = 0.1,0.2,0.3, ...0.9.

M/E,/1 Set mean service time to be 1/10; this implies that service times are the sum of two
exponentials each with mean 1/20. Vargs before.

M/Es/1 Mean service time of 1/10; vagyas before.
M/Ex/1 Mean service time of 1/10; vagyas before.

For each of the four cases plot mean time in system versus utilization (four plots), using
error bars to show the confidence intervals.

. Simulate an M/KH1 queue, and plot the results. In this queue, service times are drawn from

a two-stage hyperexponential distribution. Simulate three cases:
pr | 1/ | 1/
1/3 | 1/5 | 1/20
3/7 | 1/5 | 1/40
7/15| 1/5 | 1/80
Note that you have already measured the mean of hyperexponentials and determined how
to compute the mean of such a random variable. Using this fact, find valuetaibtain
eachpin 0.1, 0.2, ... 0.9. For each case, simulate the corresponding/Mgteue for these
values ofp. Plot average time in system as a function of system utilization for all three cases
(3 plots), using error bars to show confidence intervals.

Create a summary plot, showing experimental results (all 7 curves for time in system as a
function of utilization.) Label each line with themefficient of variation of the service time.

Modify your M/M/1 simulation so that gtartsin steady state. This is called ‘perfect simu-
lation.” For a good discussion of perfect simulation see [BV05].

The basic idea is that a typical (non-perfect) simulation starts in some fixed state, which is
(1) often an unlikely state (e.g., system is empty) and (2) the same for each independent
trial, which introduces bias. For example, a typical simulation starts with an empty system.
This means that the initial part of each simulation run is influenced by the same (potentially
unlikely) starting condition each time.

The usual response to this situation is to run the simulation for a “long” time, ahopto

that the simulation is then in steady state, after which statistics are taken. However there is a
more elegant and reliable way to address this problem, namely, to start the system in a state
which corresponds to a sample at a random time of its steady-state behavior.

Most simulation parameters are defined in terms of Palm probabilities. For example, the time
between arrivals, the service times, etc, are all given from the event standpoint. However to
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take a sample of a system at a random instant, we must know the steady-state distribution of
its parameters from a time-average standpoint.

Your task is to start your M/M/1 simulation in the steady state (also called the stationary
regime). To do so, answer these questions:

What are the state variables of the M/M/1 simulation?
What are the Palm probabilities of these random variables? (Give formulas).

What are the time-average probabilities of these random variables? (Give formulas).
Clearly explain how you got each of these answers (this is important).

To demonstrate the effects of perfect simulation, proceed as follows. Initialize your
simulation by sampling the state variables from their time-average distributions. Note
that all state variables are independent so we can sample a random simulation state by
sampling the state variables separately.

— Run your original (non-perfect) simulation for 100 arrivals, and compute the four
summary statistics. Do this fgrin 0.1, 0.2, ..., 0.9, as before. Construct confi-
dence intervals and plot the results on a single plot. Also plot the analytic predic-
tions obtained from the classic M/M/1 formula.

— Run your perfect simulation the same way — 100 arrivals, and compute statistics
in the same manner. Plot the results and compare to analytic results as before.

Comment on the differences you see between the two plots.

Finally, assume you wanted to construct a perfect simulation for g lfueue. What
challenges would you face?
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Chapter 8

Open and Closed Systems

Recall the basis for using the Poisson process as a model of arrivals: an effectively infinite popu-
lation each generating renewals at an infinitesmal rate.

When does this assumption fail? When finiteness of population is significant. That is, when
the number of superimposed processes is not so large. In this case, the arrival of a customer can
decrease the probability that a new customer will arrive. These are dalisgipopulation or
closed queueing systems.

8.1 Setting: Networks of Queues

We work at a high level, considering systems that are comprisegltgctions of queues. We
assume the system consists\défqueues numbered 1 1.

Such systems can be closed or open. If they are open, we can refer to the arrivabfate
customers to the system, and we can relate the arrival rate at each)Xquese1,.., M to the
overall systemi.

In contrast, a closed queueing network has no external arrivals or departures, only some fixed
number of customers that circulate through the network. As a result, we usually make some queue
thereference queue and express the arrival rate to all other queues in termsXfdhthe reference
queue.

We will make some assumptions about how customers move between queues. Upon leaving a
gueue, a customer either join anothers queue immediately or leaves the system. Routing between
gueues igrobabilistic, meaning that if a customer has a choice of more than one possible queue
to move to next, that choice is made at random and indendently of all other routing choices.

Another assumption we will make jeb flow balance. This means that over time, the number
of jobs that arrive to the system is equal to the number that depart; furthermore, the same is true
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for each queue in the system. This is equivalent to assuming that the system is in steady state.

8.2 M/M/UK/K

The simplest closed system to analyze is the M/M/1/K/K “machine repair” model. In this system
customers cycle between obtaining service and waiting in a “holding area”. Service is FCFS and
there is a queue for customers waiting for service; service time is exponential with Iy\ean
Customers waiting in the holding area are not queueed; rather, each customer independently waits
some period of tim& which is exponentially distributed with medria.

This is a good model for lots of closed systems: online transaction processing, timesharing a
CPU among a set of processes, and of course “machine repair.” In the machine repair scenario we
imagine that each customer is a machine having mean time to failurénof There is a single
repairperson (the server) and the time it takes to repair a machine had fpean

We can model this with a finite CTMC witlk' + 1 states. The state of the CTMC captures
the number of customers in the queue or obtaining service. Transitions to the left haverate
transitions to the right from statehave ratd K — i)a.

This model is a birth-death model so we can immediately write down the expressions for

and
K n
K! oz) )
Ty = — | =
S
Connection to Fault-Tolerance. Consider the machine repair scenario. Sup-
pose that the multiple machines are redundant. That is, the reason there are
multiple machines is to increase fault-tolerance, by increasing the likel{hood
that at least one machine will be available. What is the probability that at any

point in time there will be no machine available? Answeg. For this reason
1 — 7k is called theavailability of such a system.

Now, at this point we know everything about this system (alltfie) and so we could solve for
the mean number of customers in the queue using the usual approach basedl, (s tHewever
instead of doing that, we will use a new kind of argument that will be very valuable for closed
systems in general, and will shed some insight into how closed systems work. Thisyslthg
customer argument. This argument is only concerned with average values (not entire distributions,
like ther,’s provide).
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8.3 The Cycling Customer Argument

Consider what happens to any given customer. The customer 1) queues for service, 2) obtains
service, 3) goes into “holding”, and then repeats these three steps (forever). Then the average time
it takes to complete one of these cycles is the sum of the averages of the three component steps:

average cycle time- E[O] + E[W,] + E[X] = E[O] + E[W]

where we are using the usual notation tHatis time waiting in the queueX is service time,
andW is total time waiting in the (queue + server) system.

Now, consider any point in this cycle.g., entering the queue, entering the server, or starting
to wait in the holding area). What is thate at which this customer passes any such point? It is

1 1 1

average cycle ime E[O] + EW,)+ E[X] E[O]+ E[W]

cycling rate of a customet

Then what is the arrival rate of customers to the queue? This is the same as the overall rate at
which customers cycle through the system, which is the sum of the component rates:

\ K
~ E[O] + E[W]

From this we can solve for waiting time:

E[W] =

K
~ - E0)

These last two equations are the heart of the “cycling customer” argument.

The point is, at any point in this closed loop, customers are passing at the same rate. If we can
calculate the rate they pass at some particular point, that value applies everywhere.

Note that to use the cycling customer argument, we need to know é&itfiEéf or A to obtain
the other. One way to obtaikhis to go back to our CTMC solution of the system, and note that
the server’s utilization is
p=AE[X]

How can we obtaim? Well, p is justl — 7, (as always for a single server system). So we need to
know 7, to use the cycling customer argument to obt&jml/|.

Note that calculatingr is computationally expensive: it involves summing over/dlktates
of the system an expression that involves a factoriak'in This gets very expensive d§ gets
large, and in general it is true that closed systems get more computationally expensive to evaluate
as the number of customers goes up.



84 CHAPTER 8. OPEN AND CLOSED SYSTEMS

Example ([5.2.6] from Allen). Consider a data entry shop. There are 20 operators, eac
a terminal, sharing a single communication channel that is buffered. The average time ta
entry in is 80 seconds; this is approximately exponential. The average time to transmit @
shared line is 2 seconds (again, exponentially distributed). Calculate the rate at which tran
are processed, and the mean response time (time an operator spends waiting for an er
transmitted).

Answer. The hard part here is calculating:

o= (st ()
- Saoa @)

= 0.521

So we can obtaip = 1 — 1y = 1 — 0.521 = 0.479. Thus transaction rate s = p/E[X] =
0.479/2 = 0.239 entries per second.
Using the cycling customer argument to obtaifil]:

EW) ="~ B0] = .20

— 80 = 3.68 secs

This response time is judged to be adequate by the management, because each ope
spends3.68/(3.68 + 80) = 4.4% of their time idle waiting for order transmission.

Now, your manager tells you that they are considering adding 30 more operators to the s
the manager doesn’t know whether this is a good idea from a productivity standpoint. Mana|
doesn’t want operators spending more than 10% of their time idle.

Let us solve the system fdt = 50:

T = 0.0187
p = 0.981
A = 0490

W = 21.9seconds

So with 50 operators, each operator spends 21.9/(21.9+80) = 21.5% of their time waiting f¢
transmission. Your boss thanks you for saving the company from this productivity pitfall anc
you the rest of the week off.

N with
key an
ver the
sactions
itry to be

rator only

hop, but
gement

or order
1 gives
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8.3.1 Extremes of the Cycling Customer Argument

Let’s think about what happens in the limit cases of very many or very few customers. We can in
fact analyze this without any consideration of service or think time distributions. So, this analysis
applies taall closed single-server systems.

First, very many customers. As the number of customers goes up, the throughputst go
up, but is there a limit? If there is an arbitrarily large number of customers, the server is always
busy. So the rate at which they leave the servéy 15[ X]. This tells us the rate at which customers
enter the queueX = 1/E[X].

What about response time? If we knowwe can solve for it as before:

Ew] =5 go) - ﬁ — E[0] = K E|X] — E[O]

Note what this is saying: the waiting time is proportional to the number of customers in the
system. In fact, it implies that every additional customer adds one mean service time to the wait
experienced by every other customer. So, for a large number of customers, throughput is nearly
constant (saturation) and response time is proportional.to

Next, consider the case of very few customers. In this case, we expect that there is essentially
no queueing taking place: any arriving customer finds the queue empty and immediately gets
service. So therE[W] = E[X]. Solving for throughput:A = K/(E[X]| + E[O]). That is,
throughput is proportional to the number of custon&rsThus, for a small number of customers,
response time is nearly constant and throughput is proportiorfal to

To summarize:

Throughput§) | Response Time{[I]) |
Small No. of Customers K/(E[X] + E[O]) E[X]
Large No. of Customers 1/E[X] K E[X] - E|[O]

Table 8.1: Asymptotes of the closed single-server system.

These relationships are shown graphically in Figure 8.1.

Note the special valu&™. This can be considered to be approximately where the system
becomes “overloaded.”

8.3.2 Example: The Apache Web Server

Figure 8.2 shows the performance of the Apache Web Server. The system studied is a 200 MHz
Pentium Pro PC; the workload is generated by a closed system, with think time chosen to match
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T =

S VE[X] =

S w K E[X] - E[O]

A ©

= E

3 [

£ %

3 K/(E[X]+E[Q]) % E[X]
= &

K K
Number of Customers (K) Number of Customers (K)

Figure 8.1: Asymptotes of the closed single-server system. Left: Throughput; Right: Response
Time

empirical measurements (the workload is described in detail in [BC98]). The data in Figure 8.2 is
from [BC99].

The figures show different curves for systems with varying amounts of main memory (RAM).

The throughput curves (left) show the two asymptote€[X] andK/(E[X]| + E[O]). Con-
sidering the case for 128MB (or 256MB) of RAM, we can estimate that the mean service time for
a Web request in this workload mix using the many-customer asymptote as:

1/E[X] = 250/second

or
E[X] ~ 4ms

Furthermore, we can estimate that the mean “think” time in this workload using the few-customer
asymptote as
slopex~ 1/2 = 1/(E[X] + E|[O])

So
E[O] ~ 2sec

What happens as we decrease the amount of RAM in the system? The mean service time goes
up, because of the decreased buffer space available for file caching, leading to increased number
of disk accesses per file, which increases mean service time. This leads to diiialeeaning
that the server saturates at a smaller population of customers.
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Figure 8.2: Peformance of Apache Web Server. Left: Throughput; Right: Response Time
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Chapter 9

Operational Analysis

“Genius is one percent inspiration and ninety-nine percent perspiration.”]
—Thomas Edison

“If Edison had a needle to find in a haystack, he would proceed at once wijth the
diligence of the bee to examine straw after straw until he found the object of
his search.... | was a sorry witness of such doings, knowing that a little theory
and calculation would have saved him ninety per cent of his labor.”
—Nicola Tesla, on Thomas Edison

To get started analyzing queueing networks, we will explore a very useful method cpdled
erational analysis. The philosophy of operational analysis is that considerable insight into system
behavior can be gained by working only with measurable quantities (as opposed to mathematical
idealizations like probability distributions). This naturally leads to a set of tools that work with
average values (and so don’t concern themselves with complete distributions of system metrics).

Let us assume that we can monitor and measure the system for some period’Bf Dueng
that time we can measure the following quantities for each queue 1, ..., M:

e A, = number of arrivals to queueduring period0, T').

e B; = amount of time serveris busy during periodD, T').
From these measurable quantities we can define some average metrics:

e )\, = A;/T = arrival rate at queug Assuming job flow balance, arrival rate = departure rate
= throughput.

e p; = B;/T = utilization of queue.

89
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e X, = B;/A; = mean service time at quetle

9.1 Operational AnalysisLaws

Based on these definitions we can define and derive a number of useful quantities. These deriva-
tions are usually grouped into so-called “laws.”

9.1.1 TheUtilization L aw

This is a restatement of the familiar principle; however it proceeds directly from our definitions.

9.1.2 TheForced Flow Law

Consider some number of arrivals to the reference queue (in a closed system) or from the external
arrival stream (in an open system). Call this arrival Agt

Then it becomes useful to define thait ratio, which is:
A,

V=2 =1,

M
Ag

’

The visit ratio tells you, for each customer (either external arrival or arrival to queue 0), how
many times it visits queuge

Then

A = AV

A Ay/T

SO

A;

A = d
_ A A
AT
= \V

So we find that arrival rates throughout the system are in constant proportion, as defined by the
visit ratios.
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9.1.3 Bottleneck Analysis
Bottleneck analysis is a very useful way to quickly determine some basic facts about a queueing
network — in particular, the maximum throughput a particular queueing network can achieve.
We start by noting that the expression for utilization
pi = XX

can be rewritten as
pi = A\ViX;

which shows that utilization at any node is proportional to arrival Xat&he constant of propor-
tionality is V; X; which represents the average total demand placed on a particular node by a single
customer. That it, for each arrival to the system (or to the reference queue) a customer requires

D; = VX,
total service from nodé Then we can write
pi = AD;.
This expression shows that increasiwill increase all nodes’ utilizations in proportion. As

we increase\, eventually some node will reach utilization 1. It is not possible to increase that
node’s utilization any more, so the system at that point is saturated.

Which node will reach saturation first? The one with highest demandThat is, nodej
where
J = argmax D;

is thebottleneck node.

What is the throughput of the system when it is saturated? The rate at which customers are
serviced by the bottleneck nodes., 1/D;.

914 LittlesLaw

Little’s Law is an operational law as well. Let us define

e 1V; = average waiting time of a customer at nade average time from when a customer
enters queuéto when it completes service.

e N; = average number of customers at quéuecluding the customer in service if any.

Then for each queug
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9.1.5 Memoryless Service Centers

Our last law applies to memoryless service centers. Strictly speaking this is not an operational
law since the memoryless property can't be directly measured (it's a property of service time
distribution). However it is a simple and useful argument, and it applies to a large set of service
centers.

We will define a memoryless service center as a service center with the following property:
for service centef, the average waiting time of a custonmiéf is X;(1 + N;). This is true for
(among other cases) FCFS queues with exponential service times, and processor-sharing queues
with general service times.

For FCFS, we use a “tagged job” argument to reason as follows. Consider the average waiting
time of a customer at node The customer must wait for the customers in the queue and the
customer in service (if any). The average value of this quantity;isNow, we argue that the
time spent waiting for these customers that are already present upon arfWaisThis is true
because we will have to wait tim&; for each customer in the queusd we will have to wait
time X; for the customer in service because the service center is memoryless. So the total time
between arrival and departure of our tagged customer is

because the tagged customer also requires one average service time.

For PS, the argument is even simpler. After the customer arrives, there afé aréy;)
customers in the system. So the service rate that customer dé{s is V;) and the time it takes
until the customer completes service is

Now let us use this expression along with Little’s Law to solveXgr

N; = \NW; o (Little’s Law)
= XNX;(14 ;) Substituting expression fo¥/;
= pi(1+N;)
Pi
L—0p

So, concerning ourselves only with mean valu€s~= p;/(1 — p;) whenever service centers
are memoryless. Note that this is the same expression as for the M/M/1 queue; however our
assumption here is much more general: only a memoryless service center.
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9.2 Bottleneck Analysisof Closed Systems

Looking at the output of the MVA algorithm (next sectiok)or W as a function of number of
customersV it is clear that for largeV and smallN there are certain asymptotes. In fact, these
asymptotes apply tany closed system, and so are quite useful.

The general style of this analysis is similar to the M/M/1/K/K analysis in which we used the
“cycling customer” argument.

We can formulate this argument as an operational law. Divide the system into two parts: the
part in which there is load-dependent delay (like queueing) and the part in which there is only
load-independent delay (like “think time”). For example, in the BCMP system the load-dependent
service centers would the FCFS, LCFS, and PS centers; and the load-independent part would be
the IS centers.

The mean delay a user encounters is the load-dependent part of the system itlcélied
sponse time”) and in the load-independent part of the system is called

The operational law is called the “interactive response time” law. We start by observing that a
single user cycles once through the system in ti@V + Z). Then theN users are cycling at
rate N/ (W + Z).

9.3 Analyzing Closed Systemswith MVA

The previous techniques for calculating average values of response time apply to open systems in
which the arrival rate of custoemrs is known. However, for closed systems, calculating response
time is more difficult, because circulation rate of customers is not necessarily known (only number
of customers in system is known).

The difficulty in deriving response time in a closed system is due to the fact that response time
is a function of circulation rate, and vice versa. We can analyze the limiting cases of very many
customers, and very few customers, but for intermediate cases the problem is difficult.

There are methods for complete solution of closed systems ¢alculating the joint proba-
bility distribution of the states of each of the queues in the system) but they are beyond our scope.
One issue is that in a system witt customers andv queues the state space is of sizg "
which grows exponentially in K, and so often precludes computational solution.

Fortunately, there is a simply way to build up to the intermediate cases, if we restrict ourselves
to working only with average metrics. The method is caliagn value analysis or MVA.

MVA is concerned with networks of queues that anemoryless. There are four queueing
systems that are memoryless:
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1. exponential service times and FCFS service;
2. exponential service times and LCFS service;
3. general (any) service times and PS service;

4. infinite-server models (pure delay systems) with exponential service times.

This is by no means all the possible queues one might encounter in practice (in particular
M/G/1/FCFS is out) but it is a useful set nonetheless. The most important case is PS, because
PS is a good model for lots of real world systems and in the case of PS, service time distribution
doesn’t matter.

When a queueing network is composed of memoryless service centers and uses probabilistic
routing, it is called groduct form network.

There are two key ideas in MVA:

1. Little’s Law can be applied to each queue in the network, but also to the network as a whole

2. The Mean Value Theorem (due to Lavenberg and Reiser), which states that a customer
arriving to a queue in a product form network sees the same distribution of customers as an
outside oberserver would see if one less customer were circulating in the network.

The idea then of MVA is: to compute the behavior of a system \&ithustomers, start from
the case of an empty system and add customers one by on&. Eiastomers:

1. For each queue, note the average queue length if one less customer were pessaese (
the results from ste’ — 1). Turn this into average waiting time using mean service time.

2. Total waiting time for a customer is then weighted average of waiting times in each queue.
That is, calculate the average throughput (cycling rate) for the system by applying Little’s
Law to the entire network; and

3. Calculate the average number of customers in each queue by applying Little’s Law to the
average throughput and average waiting time from steps 1 and 2.

Here is the MVA algorithm more precisely.
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The Basic MVA Algorithm

Inputs:

e n (the number of customers)
e m (the number of servers)
e for each server:

— &; (mean service time for queug
— V; (visit ratio for queue)
— t; (type of service discipline at queueFCFS, PS, IS or LCFS)

Outputs:

A (throughput whem customers)

R (response time whem customers)

Variables:

l;(n) (the average number of customers at quanben there are customers in the system)

w; (the mean time spent waiting in the queue at njde

Algorithm:
1. Letl;(0) =0foralli
2. Forj =1ton:
(a) For all::
_Jo for IS
Y= #L(j — 1) for FCFS, PS, LCFS

(b)



96

(©)

(d) For alli:

CHAPTER 9. OPERATIONAL ANALYSIS

J
A= 2
R

Li(j) = ViMw; + &)
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Exercises
Operational Analysis

9-1. Consider a queueing network with the following characteristics. The network consists of a
CPU and two disks (Disk A and Disk B). We observe the system for one hour (3600 seconds)
and make the following measurements:

Jobs passing through the system: 10,800

CPU busy time: 1728 seconds
Disk A busy time: 1512 seconds
Disk B busy time: 2592 seconds
I/Os at A: 75,600
I/Os at B: 86,400

Jobs route through the system such that each entering job first visits the CPU; then it visits
one of the two disks. After each visit to a disk, the job returns to the CPU. Jobs leave the
system after one of their visits to the CPU.

Questions to answer about this system:

(a) Basics. What is the throughpit visit ratios V4, Vg, and Vopy; per-job demand at
each node) 4, Dg, and D¢ py; utilization of each node 4, pg, andpcpy; and mean
service time at each nod€,, Xp, and Xcpy?

Assume the CPU scheduling is processor-sharing, and that service at the disks is FCFS with
exponential service times.

(b) Response time. What are the per-node response lihe$Vz, and Wopy and the
system response tiné& ?

We will call this system thdoase case. Now consider three possible modifications of the
base case:

(c) Assume load goes up by 1f3,, A\, = 4/3\. What is the new response time?

(d) What if Disk B were to fail so that all requests go to Disk A? What is the new response
time?

(e) Let us say we add a cache to speed up Disk B. The cache hit rate is 50%. Using the
cache increases CPU time by 30% and increases 1/O time on Disk B by ¥086.
does not change, nor do&s; howeverVyp goes down by 50%. What is the new
response time?
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Part VI

Markov Chains
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Chapter 10

Discrete Time Markov Chains

Now interested in mathematical models of systems that can capture essential behavior. We will
focus on discrete-valued random processes, i.e., chains. Recall definitions in Section 4.1.

The values that the random variables in the chain can take on will be (as usual) denoted in
lower case €9., =, xy, etc.). These values will be referred to siates. Therefore a realization
of a discrete state space process is a sequence of states. We think of a chain as passing through a
sequence of states. Passing from one state to the next is calkedsiion.

What kind of structure can a stochastic process have? A stochastic process is distinguished
from an arbitrary set of RV’s by its ordering, so we should think about the effect of order on the
RVs. The simplest structure is i.i.d. RVs, in which order is irrelevant (why?). However in most
cases, this model is insufficient for capturing essential behavior, because a real system’s evolution
forward in time depends on its current state.

Consider the most general form of stochastic process: complete dependence ey.pést,
a discrete-valued process:

P[Xn+1 = xk|Xn = xiaXz—l = Zj, "'7X1 = ﬁCl]

In this case, to determine the probability of a particular sigtbeing the next state, we would
need to know all of the previous states. This case, while very general, is very hard to work with
analytically.

A common compromise is to consider so-calMdrkov processes. Consider the sequence of
statesr; that the system passes through.

101
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Definition. If the conditional probability
P[Xn+1 = CL'k|Xn = CL'Z',Xn,:[ = .CC]', ---:Xl = CL'[] = P[Xn+1 = xk|Xn = £Ci],

for anyz;, ...z, then{X,} is aMarkov Chain (Markov 1856-1922).
The chain is said to have tiMarkov property.

The Markov property refers to the fact that the next state depemigison the current state.
The Markov property means that the future behavior of the system is independent of the past, and
affected only by current state.

Furthermore, itP[X,, 1, = j|X,, = i{] = P,; does not depend on time it is called ahomo-
geneous Markov chain (or a MC w/ constant transition probabilities). We will restrict ourselves
to this case and s&;; will always be defined. This means that the system “behaves the same”
regardless of what time it is.

Question. What is the difference between homogeneity and stationarity? Is
every homogeneous Markov Chain stationary? Is every stationary Markov
Chain homogeneous?

The model is general enough to handle many interesting things. Why? Because for many
computer sytems, the Markov property is a good approximation to system behavior. Consider a
communication network that is carrying traffic for some number of usgrat timen. It's a
good assumption that knowledge &f, gives some information about the likelihood of possible
values ofK, ;. However, knowledge dboth K, and K,, ; probably doesn’'t give much more
information aboutk,,; than does just knowledge &f,,.

Aside. Informally, such systems are considered to hawenemory (or “very
little” memory). Recall our (earlier) discussion of autocorrelation and mem-

ory. Measurements of a system with little memory will show low levels of

autocorrelation. This makes clear when the Markov property is an inappro-
priate model: when a system shows long memory. For example, consider the
instantaneous utilization of the communication network at timsayR,,. Be-
cause utilization of a communication network often shows long memory (as
explained earlier) the Markovian assumption is probably a bad ong,for

Note that a Markov Chain is defined in terms of the event view. That is, the Markov Chain
is defined in terms of conditional probabilities, where the condition is the arrival in a particular
state (an event). Once again, we will be defining a system in terms of the event view, while the
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fundamental questions we will ask will concern the random or time-average view.

Discrete Time

For discrete time, each transition is a step; transitions can occur back to the same state.

Some examples in graphical representation: vertices and arcs.

Po2

We model evolution of the chain as a series of steps. At eachsst®p transition must occur
therefore}"; Pi; = 1.

Stochastic Matrices

Another representation of a discrete time MC is as a matrix, callelahgtion probability matrix
and denoted’.

—P()() P01 P02 POj e ]
PlO Pll P12 Pl]

pP= :
Po Pa Pao B

This is not an arbitrary matrix:

1. All entries are non-negative.

2. All rows sum to 1. A square matrix in which rows sum to 1 is calletbahastic matrix.

‘ Question. Do the columns sum to 1? Why or why not?




104 CHAPTER 10. DISCRETE TIME MARKOV CHAINS

Note that since all rows sum to 1, so if you were givea 1 columns you could compute the
missing column.

Definition. n-step transition probabilities”; are defined as follows:

Py = Py = X =] >0, i,j>0

Of courseP;; = P;.

Example Markov Chains

Random walk. Set of states is all integers. Probability of moving to the right, ito the left is
qg=1-—np.

Pi,i+1 =Dp; Pi,ifl =9q (Z =0,+1, 42, )

Two representations: as set of states, or as a matrix:

. q
P= 0 g 0 p O
0 0 ¢q O

This matrix is infinite with a particular structure: two nonzero diagonals.

‘Question. Is this Markov Chain stationary? Under what conditions?

Random walk with absorbing barriers. Similar case as before, but the chain is finite. Nates
and—N have self-loops with probability 1. So:

Pivi=p, Pi1=q (1=0,£1,£2,...,£N —1)

Pyy=P. n.n=1

1 0 ... ... ... ... 0]
qg 0 p ... ... ... 0
P=|: Do
O ... ... ....q 0 p
0 ... .0 1]
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—N, N are called absorbing states.

‘Question. Is this Markov Chain stationary? Under what conditions?

Definition. If P; = 1, statei is an absorbing state.

M ore complicated example.

N

I
Bl= O ONFN| -
O O OviFN-
BN = O O
O O O
v O O O

Try drawing this. How does the structure of the matrix relate to the structure of the chain as a
graph?

10.1 Chapman-Kolmogorov Equations

We can calculate the-step transition probabilities using tiapman-Kolmogorov equations:

o]
n+m __ n pm
Pyt =% PyP

k=0

This can be understood by noting thgt P> representse probability that starting in statiee
process will go to statgin n + m transitions through a path which takes it into stat thenth
transition. Hence, summing over all intermediate statgeelds the probability that the process
will be in statej aftern 4 m transitions.

If we let P(*) denote the matrix of-step transition probabilities?, then these equations tell
us that

prtm) _ pn), p(m)

where the dot represents matrix multiplication.
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Example. (Ross) Suppose the chance of rain tomorrow depends on previous weather con
only through whether or not it is raining todayg., past weather conditions do not influer
tomorrow’s weather. Suppose then that if it rains today, then it will rain tomorrow with proba
0.7; and if it does not rain today, then it will rain tomorrow with probability 0.4.

We will let state O represent rain and state 1 represent no rain. Then the associated Mark
looks like:

- 0.7 0.3

P= 04 0.6 ]
Now, calculate the probability that it will rain four days from today, given that it is raining to
By definition,

- 0.7 0.3
W= p=
P P l 04 0.6 ]
So,
0.61 0.39
2 — p), p(1) —
Pe=pr.r l0.52 0.48]

And,

0.5749 0.4257
@ = p . p@) _
PR=pF l0.5668 0.4332]

ditions
1ce
bility

pv Chain

So the desired probabilityo(ff) equals 0.5749.

Numerical Example:

>> P = [[0.7 0.3];[0.4 0.6]]

P =
0. 7000 0. 3000
0. 4000 0. 6000
>> P2
ans =
0. 6100 0. 3900
0. 5200 0. 4800
>> P4

ans =
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0. 5749 0.4251

0. 5668 0. 4332
>> P8
ans =
0.5715 0. 4285
0.5714 0. 4286
>> P16
ans =
0.5714 0. 4286
0.5714 0. 4286

Does this work for any matrix? Let’s try a random stochastic matrix. (Note the steps below;
why do we need the second and third?)

>> R = randn(5, 5)

= abs(R)

ri =15

R(i,:) = R(i,:) I sumR(i,:))

Unconditioning using I nitial State

So far we have been considering only conditional probabilites, £ is the conditional prob-
ability of being in statej at timen given that the initial state at time 0 i We can find the
unconditional probability of being in the state at timgf we know the initial probability of being
in each state at time 0. Let us say the initial probability of being in gtatéime 0 isq;.

The set of states forms a partition of all possible cases at time 0. So by the law of total
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probability,

PlX,=j] = ZP[Xn:j|X0:i]P[X0:i]

For instance, in our previous exampledf = 0.4 anda; = 0.6, then the (unconditional)
probability that it will rain four days after today is

P[X;=0 = 04P¥ +06P

= (0.4)(0.5749) + (0.6)(0.5668)
— 0.5700

Looking at these examples, the question arises, what is the natﬂtfj@ @fsn goes to infinity?
Does it approach some value? Does that value deperi@d dp answer these questions we must
lay more groundwork.

State Classification

Communication; Classes; Irreducibility.

If P > 0for somen > 0, thenj is accessible from :. This implies that statg is accessible
from statei if and only if, starting ini, it is possible that the process will ever enter sjate

If the reverse is true as well, thémnd; communicate.

Communication is a transitive property, so all communicating states form a class. So the
concept of communication divides the state space up into a number of separate classes. If whole
chain forms one class, then it is callededucible.

Recurrence.

For any state we let f; denote the probability that starting in statethe process will ever
re-enter state.

Statei is recurrent if f; = 1 andtransient if f; < 1. Note that if state is recurrent then the
process will re-enter statean infinite number of times.

On the other hand, suppose state transient. Each time the process enters gtatesre will
be a positive probability, namely— f;, that it will never again enter that state. Therefore, starting
in state:, the probability that a process will be in statéor exactlyn future time periods has a
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geometric distribution with parametgy. So if a state is transient then the expected number of
visits to that state is finite.

Finite chains must have some recurrent state. On the other hand, an infinite chain can have all
states transient.

If one state in a class is recurrent, then all must be recurrent (can you prove this?). So recur-
rence/transience is a class property: all states in a class either have it or don't.

Periodicity.

State; is said to haveeriod d if P} = 0 whenevem is not divisible byd, andd is the largest
integer with this property.

For example, starting ify it may be possible for the process to enter stately at times 2, 4,
6, 8, ... in which case statehas period 2.

A state with period 1 is calledperiodic. It can be shown that periodicity is also a class
property. That is if staté has periodd, and stateg and ; communicate, then stagealso has
periodd.

Positive Recurrence.

If state: is recurrent, then is it is said to lp@sitive recurrent if, starting in, the expected
time until the process returns to state finite. It can be shown that positive recurrence is a class

property.

Positive recurrence of staitemeans that, not only do the probabilities of returning to state
sum to 1 (recurrence):

> Plgoing fromi to i in n steps, but no le$s= 1,
n>0

but also that the expected number of steps until the chain returns is finite:

> nP[going fromi to i in n steps, but no le$s< co.

n>0
Informally, if we watch the chain for a fixed duration, we expect it to return to stedene number
of times that is proportional to the duration of observation.

It can be shown that in a finite-state Markov chain all recurrent states are positive recurrent.
Only an infinite state Markov chain can lack this property, and then only if the probability of
returning in exactlyn steps (and not before) declines very slowlyrir— which will not be the
case for any of the chains we consider.

Finally, we can state the key property: positive recurrent, aperiodic states areegbert.
Ergodicity is therefore a class property. If the Markov Chain is irreducible and ergodic, then the
chain itself is ergodic. As we have seen, this means that ensemble properties (properties of a
representative random variable) are the same as properties of a single realization over time. So, to
study time averages of such a chain we can study the averages of representative random variables.
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TheBottom Line. In summary, we are concerned with ergodic Markov chains. These are those
in which one will always eventually go from any given state to any other state (in finite expected
time), and which don’t show any periodic (cyclical) behavior.

10.2 Limiting Probabilities

Now let’s return to the question of in what cases will the rows of a Markov Chain become similar
for a large number of transitions, as seemed to be happening in the rainy / not rainy example.

Theorem. (stated without proof.) For an ergodic Markov chdimy,, .. Pi(j") exists and is inde-
pendent of. Furthermore, letting

m; = lim P, j >0

then; is the unique nonnegative solution of

7=0
This can be expressed as
P = 7TT,
afl=1

Linear Algebraic Refresher: The equationt” P = =7 is called theeigen-
problem. This can be also be written @&’r = 7. The vectorr is called ar
eigenvector of the matrix PT. Associated with each eigenvectgrof PT is a
corresponding eigenvalue such thatP’e; = \e;.

Note that these equations do not uniquely determine the values of the steady-state probability
vectorm. However if we add the constraint thatw = 1 then the set of equations has a unique
solution.
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Aside. The eigenproblem-view is not the only way to look at this. One|can
also think of it as a set of simultaneous linear equations:

(I —P)=0

This view of the Markov Chain at steady state emphasizes thateth@oba-
bility change from any state to the set of all other states is zero. We will return
to this idea in more detail later.

The Numerical View

All of this can be cast in a numerical framework based®3ir = 7. We can construct any finite
m-state DTMC and express it as anx m matrix P. This can then be solved using a numerical
package€.g., matlab, mathematica, octave, Splus, R, ...).

In solving the eigenproblem for the matriX!’, one obtains a full set of. — 1 eigenvectors.
The vectorr is the principal eigenvector, that is the eigenvector corresponding to the largest
eigenvalue. Clearlyt needs to be an eigenvector, but why this particular one? The answer comes
from the action ofP as a linear operator.

Let's take some random starting point € R™. SinceP is of rankm it hasm distinct
eigenvectorg; € R™. Let’s express; in terms of those eigenvectors; = > ;. cie; NOow
take “one step forward” in the Markov chain, ie, sgt = z;P. Now by the action ofP, z,
will be o, = 3~ \;a;e; where); is the eigenvalue corresponding to eigenveeioRepeating this
process will yieldzr,, = z;P™ = ¥ APae;. In this sum, obviously the term with the largest
will dominate as: grows large. (This is the so-call&wer method for constructing the principal
eigenvector).

So the limiting distributionr is the principal eigenvector @?. To obtain this ing.g., matlab
or octave:

P=10[[0.70.3];[0.4 0.6]]
PT = P

[V, Lanbda] = eig(PT)

pi = V(:,1)/sum(V(:,1))

This P matrix corresponds to the rainy / not-rainy example.

One has to transpose P first because these packages define the eigenprdidlem as, ie,
they assume vectors are column vectors. Likewise the columiisoé the resulting eigenvectors.
The last step normalizes the eigenvector to sum igel énforces the law of total probability).
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Note that any square matrix with ramk will have m nonzero eigenvalues. However, it is
only matrices corresponding toreducible ergodic Markov chains that will have angle largest
eigenvalue with value 1.

Example: TCP’sWindow Size

As a first numerical example, let’s consider the following problem. TCP is the transport protocol
used in the Internet; all data flowing reliably in the Interneg.( Web pages) is sent via TCP.

One of TCP’s jobs is to control the rate of data flow, so that if congestion arises, TCP reduces its
sending rate, until the traffic jam clears. On the other hand, TCP tries to send as fast as it can when
there is no congestion. TCP’s sending rate is controlled byifidow size which is the number of
packets that are “in flight” between the sender and receiver at any time.

A (very) simplified view of TCP’s control algorithm to do this is as follows:

1. Start with window size =1
2. Send a window’s size number of packets
3. Did they all arrive at the recipient?

(a) If so, have we reached the maximum window size?

i. If so, keep the window size the same, and go to Step 2.
ii. If not, increase the window size by 1, and go to Step 2.

(b) If not, go to Step 1.

Let’'s assume that the probability that an entire window’s worth of packets mluiegrrive
at the recipient i®. Sop is the probability that at least one packet in a window’s worth is lost.
(Question: is this a good model?) Furthermore, let's assume that these loss events are independent.
Then TCP’s control algorithm can be modeled as a Markov Chain.

The states of the chain correspond to window sizes. Let's assume that the maximum window
size is 6. Here is a picture of the DTMC. Arcs to the right have probalilityp and arcs to the
left have probabilityp.
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The first question we’ll ask is: what is the steady-state distribution of window sizes?

Here is some Matlab/Octave code to answer that questiop,$00.01.

P = makep(0. 1)
[V, lanbda] = eig(P)

% Note that in this case, |anbda==1 shows up in columm 6
pi = V(:,6)/sum(V(:,6))

bar (pi)

Now let’s ask this: what is the average window size?

Answer: Elwindow sizé = >% i - 7

Which in matlab is just:
[1 2345 6] * pi

Now think about this: assume that each window’s worth takes the same amount of time to send
(this is not a bad approximation). Let's call this tinie Typical values ofR are from 0.1 sec to

0.5 sec. Then the rate that TCP is sending is equal to the window size divided\Mhat is the
average rate in packets per second that TCP sendsmaean01 and wherp = 0.107?

Example: Google's Page Rank Algorithm

From [BP98]:

We assume page A has pages T;...T,, which point to it (i.e., are citations). The
parameter d is a damping factor which can be set between 0 and 1. We usually set d
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to 0.85. There are more details about d in the next section. Also C'(A) isdefined asthe
number of links going out of page A. The PageRank of a page A is given as follows:

PR(A)=(1—-d)+d(PR(Ty)/C(Ty) + ...+ PR(T,)/C(T,))

Note that the PageRanks form a probability distribution over web pages, so the
sum of all web pages’ PageRanks will be one.

PageRank or PR(A) can be calculated using a simple iterative algorithm, and
corresponds to the principal eigenvector of the normalized link matrix of the web.
Also, a PageRank for 26 million web pages can be computed in a few hours on a
medium size wor kstation. There are many other details which are beyond the scope of
this paper.

[...]

PageRank can be thought of as a model of user behavior. We assume there is a
“randomsurfer” who isgiven aweb page at random and keeps clicking on links, never
hitting “ back” but eventually gets bored and starts on another random page. The
probability that the random surfer visits a page is its PageRank. And, the d damping
factor isthe probability at each page the “ random surfer” will get bored and request
another random page. One important variation isto only add the damping factor d to
a single page, or a group of pages. This allows for personalization and can make it
nearly impossible to deliberately mislead the systemin order to get a higher ranking.
WE have several other extensions to PageRank, again see [ Page 99].

Another intuitive justification isthat a page can have a high PageRank if there are
many pages that point to it, or if there are some pages that point to it and have a high
PageRank. Intuitively, pages that are well cited from many places around the web are
worth looking at. Also, pages that have perhaps only one citation from something like
the Yahoo! homepage are also generally worth looking at. If a page was not high
quality, or was a broken link, it is quite likely that Yahoo's homepage would not link
to it. PageRank handles both these cases and everything in between by recursively
propagating weights through the link structure of the web.

To interpret this in terms of the language we have been using in this course, please read the
first five pages of [LMO05], available from the courseinfo page.

Example from Deeper Inside PageRank [LM05]:

P=1[[01/21/2 00 0]:
0000 O0];

/3 1/300 1/3 0];
000 1/2 1/2];
001/2 0 1/2];



10.2. LIMITING PROBABILITIES 115

[00 010 0]]
Step 2.

P(2,:) =[1/6 1/6 1/6 1/6 1/6 1/6];

or

P(2,:)

ones(1, 6)/6;
Step 3.

E = ones(6,1)

M=E* F

M= M/ 6

al pha = 0.90

Pbar = alpha * P + (1 - alpha) * M
What is steady state?

[V, |anbda] = eig(Pbar’)

% Note that in this case, |anbda==1 shows up in columm 6
pi = V(:,6)/sum(V(:,6))

>> pi= V(:,1)/sum(V(:,1))
pi =

. 0372
. 0540
. 0415
. 3751
. 2060
. 2862

cNoNeoloNoNe



116 CHAPTER 10. DISCRETE TIME MARKOV CHAINS

10.3 TheReversed Chain

Imagine that you observe a particular realization of an ergodic DTMC. For example, let us say that
the DTMC has states denoted by integers n < 10. After the chain has been running for a long
time (so that its current state is idependent of the starting state, ie, it is in the stationary regime)
you observe a long sequence, eg,:

.,3,9,8,8,1,2,1,7,3,4,3,5, ...

Clearly, one can infeF;; by counting the relative frequency of transitions frono 5 (this is
the case due to the ergodicity of the chain).

Now imagine that you looked at the same sequence in reverse order. Does it always correspond
to a realization of some Markov Chain?

More formally, given a (forward) Markov Chain
oy Xy Xit, X2, Xs, ..
is the reversed stochastic process
oy X, Xy Xy Xon, -

also a Markov Chain?

The answer is yes, and the reason is intuitive: since the current state of the Markov Chain is
independent of the past, the future state of the reversed chain must be independent of the current
state. For the reversed chain, this is a Markov property.

Again, more formally, let’'s establish the Markov property for the reversed chain:
P[Xn - j|Xn+l - i,Xn+2 - k, ] - P[Xn - j|Xn+1 - Z]

Let’s just consider one step in the past:

P[Xn = j|Xn+1 =1, Xpio = k] = P[Xn = j|Xn+1 = z]
P[Xn =7, Xn+1 = i,Xn+2 = k] _ P[Xn =7, Xn+1 = Z]
P[Xnﬂ =1, Xpio = k] P[XnH = z]

Interchanging the top right and bottom left terms:
P[X, =7, Xpn1=1,Xnio=K| _ Pl X1 =1, Xp2 = kK]
P[Xn =17, Xn+1 = Z] P[Xn+1 = Z]
P Xpio=klXpp1=1,Xp,=7] = P[Xnie=FkXn =1
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which is true by the Markov property of the original chain. We can estattisti, = j| X, =
i, Xnio = k,...] = P[X,, = j| X1 = ] for arbitrarily far forward in time the same way.

We denote the reversed chainQy;, = P[X,, = j|X,+1 = i].

What are the transition probabilities of the reversed chain? From the definition:

Qij = P[Xn = j|Xn+1 = Z]
P[XTL = jaXn-i-l = 7’]

P[Xpy1 = 1]
_ P[XrH-l = Z|Xn — ]] P[Xn — ]]
B P[X, 1 = 1]
_ Bumy
R

and indeed we can interpr@t,m; = P;;7; as saying “the rate of transitions fraito j seen when
watching the original chain is equal to the rate of transitions fjaim: seen when watching the
reversed chain.” Note that in generd; # ;. The chain usually behaves differently when
viewed in reverse!

One of the useful aspects of the reversed cldais that it is adifferent chain fromP, but its
steady-state probilities are the same as those.qfThe fraction of time the chain spends in any
state doesn’t change if we view the chain in the reverse direction.)

So, sometimes by thinking backwards, we can either explicitly cons@uair guess at a
possible, and use it to help find the;s. The reason we can do this is the following:

Fact. Consider an irreducible DTMC with transition probabiliti€s. If one can find positive
numbersr;, i > 0, summing to one, and a set of transition probabilifgssuch that

miPij = miQji

for all - andyj, then theQ);; are the transition probabilites of the reversed chain and tlage the
stationary probabilities of both the original and reversed chain.

Example: TCP'sWindow Size, Continued

In our previous study of TCP’s window size, we were forced to study a finite chain in order to
evaluate it numerically. Can we remove the upper limit on the window size, and study the chain
analytically?

Let X,, equali if the window size isi at timen. Let us denote by. the size of the window
when a loss occurs. Then in our examplehas a geometric distribution with paramegerThat
is,

P[L=i=(1-p) 'p.
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In the forward direction, the chain always either increases by 1, or goes back to 1. So in the
reverse direction, when the state is not 1, the chain always decreases by 1. That is:

Qii-1=1 i>1

What about state 1? There are transitions from state 1 to every other state, with probability
P[L =i] (Why?). So:

Qui=1—-p"'p i>1
To determine stationary probabilities, we must see if we can{finl such that

mPij = miQji-

First, forj = 1:
TPy = Tlle
which is
mp = m(l—p)'p
m o= m(l—p)
To find 7y :

2(1_]9)1'—1 = 1/m

l/p = 1/m

Som; = p(1 — p)~! for all 4.
To finish the proof, we have to show that the remaining transition rates are also equal. That is:
7TiPi,i+1 = 7Ti+1Qi+1,i
Which is true because:

p(l=p) - (1—p)=p(l—p)-1
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‘ So what can we say about the average window size? ‘

| Can this be extended to a given maximum size |

1”4

Exercise: Consider more general options for the distributioh.dh that case
p; = P[L =i]/P[L > i]. Note also thak_:°, P[L > i] = E[L].

10.4 Markov Modulated Process

We can use DTMCs to model slightly more complicated situations as follows. Let us define a
functionY (s) for all statess of the DTMC.
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Exercises

DTMCs

10-1. A search for Web pages containing a particular keyword returns 13 pages. The links between
the pages are shown below. Compute the score hakRANK would assign to each page
and rank the pages in order.

0 ® «

O—0Q/ |® G

Figure 10.1: Pages for Exercise 1

10-2. Describethe HITSClever model of Kleinberg. Apply it to the graph in the previous problem
and state how the HITS algorithm would rank the pages. Compare to PageRank and discuss
the differences.

10-3. Consider the TCP modeling example in this chapter. Our modeling assumption that each
window size has the same probability of being delivered intaet ) is obviously a bad
one. A better model is that each packet has the same probability of being lost. Assume
packet loss is independent, and that packets are lost with probability

(a) What probabilities should we assign to the edges of the Markov chain to incorporate
the independent packet loss assumption?

(b) Construct a DTMC for this model and compare the it with the model developed in
Exercise 6-1.

(c) Compare their predictions over the range=0.5 to 0.005. How do the predictions
differ? Explain why there is a difference.

(d) What changes might you make to improve the less-accurate model?
(e) Comment on which model lends morsight into the performance of the protocol.
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Continuous Time Markov Chains

11.1 Definition

We now consider a Markov process that evolves in continuous time.

We say that a processX (t),t > 0} is acontinuous time Markov chain (CTMC) if for all
s,t > 0 and nonnegative integeisj, x(u),0 > u < s,

P X(t+s)=7jX(s) =i,X(u) =2(u),0 <u<s]=PX(t+s)=j|X(s)=1]
That is, this process has the Markovian property that the future depends only on the present

state and is independent of the sequence of past states.

Let us assume that the process enters statsome time. Lef; be the time process stays in
this state before transitioning to a new state (this is calleddjairn time. We can see from the
CTMC definition that

P[T; > s + t|T; > s] = P[T; > t].

Hence the random variablg is memoryless and so must be exponentially distributed (since
the exponential distribution is the only continuous distribution that is memoryless).

Note that the process cannot “transition” directly from one state to the same state since that
would be the same as simply remaining in that state.

Thus we can define the CTMC in another way. Let us call the expected time spent in state
1/v;. Then

1. v; is the rate of leaving stateand the distribution of time spent in stadtis exponential, that

121
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is, itis given by
p(z) = v; e
2. when the process leaves statit goes next to statg with probability ;. As expected,
Pii - Oa

and

Y Pi=1
7

Now it may seem that the CTMC has more parameters than the DTMC because it involves
both thev;s and theP;;s. However let us define

qi; = vibj.

The interpretation of;; is as the rate of transitioning from statéo statej. Then the CTMC is
completely described by thg;s alone, because:

vy = Z%’j:
J

and
Py = gij/vi.
So we think of the CTMC as captured by the matxwhich is a matrix ofrates of transition-

ing from i to j. Note that this is different from the DTMC case, in whi¢hwas a matrix of
probabilities.

11.2 Recall!

Before proceeding with analysis of the CTMC, let us recall some important properties of the
Exponential distribution and of Poisson Processes (from Module 4).

Comparing Two Exponential Random Variables: Suppose we have two independent ran-
dom variablesX; and X, that are each exponentially distributed, with respective paramgters

and),. ThenP[X, < X,| = Alﬁh.

Minimum of n Exponential Random Variables. Suppose thak, X, ..., X,, are indepen-
dent exponential random variables, witih having rateu;,7 = 1,...,n. Now let us define a new
random variabl@” = minimum(X, ..., X,,). ThenY is also an exponential random variable, with
rate equal to the sum of the.

Super position of Poisson Processes: Now let us consider two Poisson proces8gét) having
rate \; and N,(¢) having rate),. Then the superposition of these two processes is a Poisson
process with rates = A\ + \s.
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Splitting of Poisson Processes. Probabilistically split a Poisson process into two substreams.
Then if the splitting is done independently at each step, the two substreams are Poisson processes.

11.3 Limiting Probabilities

Does such a process have limiting probabilites like the discrete case? That is, is there a
lim,_,, P;;(t) that is independent af

The answer is: yes, under the same conditions as for the DTMC case: when the associated
chain is irreducible and ergodic. In this casg exists and has the interpretation of the long-run
proportion of time that the process is in state

To derive a set of equations fat;, let us reason as follows. Assume that the CTMC has a
steady-state occupancy distribution vectorand consider an arbitrary staie Now, over any
interval of time(0, ¢) the number of transitions into statenust be equal to within 1 of the number
of transitions out of stat¢. Hence, in the long run, the rate of transitions into sfateust equal
the rate of transitions out of staje

Now when a process is in stajgit leaves with rate;. Sincer; is the proportion of time that
the process spends in stgtehen

7;v; = rate at which the process leaves state

Similarly, when a process is in statgit enters; at a rateg,;. Sincer, is the proportion of time
in statek, we can see that the rate at which transitions féota j occur ismg;;. So:

Z Trqr; = rate at which process enters state
k#j

So we can derive an equation involving thgs by setting the rate entering each state to the
rate leaving each state. This equation is:

miV; = Z TGk for all states;.
k#j

This is called dlow balance equation.

Now let us form the matrix) as follows. For entrie§, j) with i # j, we setQ);; = ¢;;, that s,
the off-diagonal entries are equal to the rate (when in g)atétransitioning from state to state
j. Let us set the diagonal entri€s; = —v;, namely, the negative of the rate of leaving state
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The structure of) is then:

—Vo 4qo1 qo2 --- Qoj
qio —V1 Q12 ... Qi
Q0 Qqo1 —V2 ... (2
Q = ) . .
90 di G2 ... T

Then we can rearrage the previous equation as follows:

> (mrqrj) — mv; = 0 for all statesy,
ki

which in terms of our matrix) can be expressed as:

mQ =0,

which along with the normalizing equation
Z?Tj =1
j

can be solved for the limiting probabilities.

11.3.1 Numerical View

Again, all of this can be cast in a numerical framework, this time based#= 0 and}_; m; = 1.

We can construct any finite CTMC and express it as a m&rixrhis can then be solved using

a numerical package. A completely linear algebraic approach to queueing theory is called the
“matrix geometric” or “linear algebraic queueing theory” approach. A good book that takes this
tack is [Lip92].

The equationr@ = 0 states thatr is a vector in the nullspace @§; the equatiory-; m; = 1
tells us which one itis. (Note that the rank of the nullspac@ @ 1, for the same reason thais
rank ism — 1 in the DTMC case.) To obtain in, e.g., matlab or octave:

PT = P
S = nul | (PT)
pi = S(:,1)/sumS(:,1))

In what follows we will primarily use analysis rather than numerical solution for two reasons:
we will mainly look at infinite Markov chains, for which it is more accurate to work with analytic
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expressions; and we desiraight which is much more easily obtained from analytic expressions
than numerical results.

However for most actual problems involving performance analysis via Markov Chains, the
numerical approach is more practical. Furthermore, it is arguable whether equations or plots give
more insight in any given situation. In the cases where we are using infinite CTMC models in
a practical application, it is usually sufficient to use a large finite CTMC in place of the infinite
CTMC. We will see that often in infinite CTMCs the probability of occupancy of most states is
infinitesimally small and can be ignored in a practical setting.

11.4 Birth-Death Systems

Definition of a Birth-Death system: State of the system is represented by the number of people
in the system at any time. Suppose that whenever there pemple in the system, new arrivals
enter the system at the exponential rateand leave the system at the exponential rgteThis is
abirth-death system.

The key idea is that all state changes can only occur between adjacent states. That s, in passing
from staten to statem, the system must pass at least once through all intermediate states.

This is a CTMC. What are the ratesand transition probabilities);?

UOZ)\O

’Ui:)\i—f—ﬂi, 1>0

Ai .
B’i+1:)\~-|—u-’ 1 >0

i .
ii-1 = , >0
o Ai + '

Example. Consider a birth-death process for which

=0, i>0
X=X, i>0.

This is the Poisson Process.

Now let us solve the flow balance equatio@ = 0 for the Birth-Death system.
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Sate Rateatwhichleave = Rateat which enter

0 AoTo = 1T

1 (M 4+ p)m = pame + oo

2 (Ao 4 po)ma = psms + Ay

n (>\n + //Ln)ﬂ-n = MUn4+1Tn+1 + >\n—1ﬂ-n—l

We find that we can solve this system in termsrgif

Ao

™ = —Tp
K1
Ao

Ty = T
feph2
AoA1 A

T3 = T
H1feafs
AoA1 - - Any

T, = ——————— T
/’LLLLQ“'/*LTL

Now, to solve forr, the flow balance equations alone are not enough. However we can employ
the fact that",, 7, = 1 to obtain:

o AoAL - Any
1=my+mo —_—
ngl Hipta -«
SO.
1

o —
50 AoALAn-1
1 + Zn:l 142

Note that it is necessary for;2 , 2224221 to be finite in order forr, (and thus all limiting
probabilitiesr;) to exist.
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Exercises

11-1. The Web Server at NetVapor, Inc. has two bugs. When these bugs are encountered, the
Server crashes. Each time the server is rebooted, it remains up for an exponentially dis-
tributed time with rate\. It then crashes, either due to Bug 1 or Bug 2. If it is due to Bug
1, it takes the system staff time to restart the system that is exponential with, rakieit
crashes due to Bug 2, it takes time to restart that is exponential withugateach crash is
due to Bug 1 with probability and due to Bug 2 with probability — p.

(a) What proportion of time is the server down due to Bug 1?
(b) What proportion of time is the server down due to Bug 27?
(c) What proportion of time is the server running?
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Chapter 12
Queueing Theory

We now have the necessary tools to address the performance of queues.

12.1 Definitions

There are many different types of queues, so we taxonomize themHKianagl| notation, which
takes the formA/B/C/D/E, in which the various parts mean:

A Distribution of time between arrivals
B Distribution of time to service a customer
C Number of Servers

D Number of Customers that can wait in the queue (storage size)

E Number of Customers that are available (in system; population size)

When specifyingA andB (this distributions) we use the following symbols:

131
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M Exponential (M is for “Markovian”)
D Deterministic (Constant)

E, Erlang+

H, Hyperexponentiak

G General (no specific distribution; any distribution)

When the last two entries ase we leave them off, so for M/M/bb/oo we just write M/M/1.

Sometimes we also note the service discipline being used by the server, for example, FCFS,
LCFS, Round-Robin, Random, Priority, etc.

12.1.1 System Utilization

Generally we will use\ to denote arrival rate (not necessarily corresponding to exponential inter-
arrivals) andz to denote average service time.

We definesystem utilization p to be fraction of time the server is busy (or probability that the
server is busy at any instant).

Now for the most fundamental fact about any computing system. Given a eindérarrivals
a, and service times,,, we have:

N
Zn:]_ xn
N
1 N
. N anl T
= limy-eToF —

N n=1 On

p = P[serverisbusy = limy_

T
1/
= Az

That is, we have the basic identjpy= 7.

12.1.2 LittlesLaw

We will now derive the most useful fact in all of queueing theory.
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For a system with arrival rate, and mean time in systeffi, the mean number in systemis
given by:

N =\T

This is true for any work-conserving queuegardless of the distribution of service times, the
distribution of interarrival times, and the service discipline. Thus this law has amazingly general
applicability.

Here is an intuitive look at why this might be the case. Consider a drive-up Margarita stand.
Let us observe a “typical” customer. The typical customer joins the end of the line, and in time
T eventually makes it to the front of the line. During this tim\d; customers have arrived, and
AT customers have departed. Also, there are no customers in the system who arrived before our
special customer. So clearly there wefE customers in the system when our customer arrived
(and departed).

Of course, this simple example only seems to work when service is FCFS. The amazing thing
about Little’s Law is that it works foany service discipline.

122 M/M/1

We begin by analyzing the simplest (and yet incredibly useful) queueing system, the M/M/1 queue.

We will model this queue with a CTMC, in which each state models the corresponding number
of customers in the system. That is, state O corresponds to an empty system, state 1 to a single
customer (in service), state 2 to a customer in service and one in the queue, etc.

This CTMC is clearly a birth-death system. In this system= X\ andy,, = p. So the system
is particularly simple:
AoAL A1 = A"
and

n

Hipl2 == fp = [

So using these facts and the Birth-Death equations we can solwg: for

1

T —
]‘ + En:l W12 fhn

1
L+, o
1
14+ 3505, o7
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— =
_l’_
‘m

| Question: Why should it be intuitively obvious thaty = 1 — p?

Next, now that knowr,, we can solve for the othet,’s:

A
m = —mp=p(l—p
v= mo=pl=p)
A 2
my, = —m=p(l—0p
2 = o m=p(l-p)
A

3
T3 = —my=p°(l—p)
1

. and so on. From the pattern here, we can seerthat (1 — p)p*. This is the geometric
distribution withp = 1 — p.

Well, actually, this isalmost the geometric distribution. As we defined it in Module 3, the
geometric distribution took on valuds > 0. (Recall that the geometric distribution X =
k] = p(1 — p)* 1, with k£ > 0, and thatE[X] = 1/p.) Here, we havé: > 0. For that reason, the
formula form, here differs from the one given in Module 3 by a factopof

At this point, we should pause and consider. We have found the steady-state distribation
the underlying CTMC for the M/M/1 queue. We have all the information we need to obtain any
performance measure we want at this point.
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Question: What if p had been greater that 1? How would this have changed
the analysis?

You can answer this question two ways: First,pif > 1, then}> >, p"
would beoco, somy would be zero. This leads to the conclusion thatrglt are
zero, an obvious impossibility. You can see that it was essentiaptkal in
order for this sum to be finite, given that Markov Chain itself is of infinite sjze.

Another way to look at it is to ask whether steady state even exists if
p > 1. In fact, it does not: the CTMC would not be ergodic, because it
would not berecurrent. (Why not?) This explains the impossibility in the last
paragraph — the assumptions underlying the use of the CTMC are violated
whenp > 1.

Note how these observations depend on the infinite size of the CTMC.
If the CTMC had been finite, then steady state could exispforl.

12.2.1 Mean Number of Customersin System

The number of customers in the system when the CTMC is in Btase:. SoE[k]| is the expected
number of customers in the system — including the customer in the queue.

What is the mean of this distribution (remembering that it's not exactly geometric, having
k > 0)? Suppose welid have a RV X distributed geometrically wifh= 1 — p. Thennm, =
P[X = (k+1)]for k > 0. So

— S RPX = (k+1)]

o0

= S (k- 1)P[X =

k=1

1
= ——1
1—p
p
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SoE[k] = p/(1 — p). This is theaverage number of customersin the system.

12.2.2 Waiting Time

Immediately then by Little’s Law we have the mean time spent in the system:

pIN _ T

W =
1—p 1-—0p

N
A

We can see this another way, using the “tagged customer” argument (covered in the next chap-
ter). Since Poisson arrivals see time averages, the state of the system that an arriving customer sees
is the same as the time average. So an arriving customepggles p) customers in the system
when it arrives. Then the time the customer spends in the system, on average, is:

time spent for customers in system on arrivatustomer s own service time

which is:

12.2.3 Mean Number in Queue

Now, the probability a customer is in service can also be seen as the average number of customes
in service (since this is a Bernoulli RV). So:

E[number in quede= E[number in system- E[number in service

that is:

Question: What is the utilization of an M/M/1 queue that has 4 customers in the queue on ayverage?

PP+4p—4=0
p=2V2—-2~0.82
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12.3 What “Causes’ Queueing?

Now, we start to ask a fundamental question: why does the queue build up as utilization increases?
What causes queueing, anyway?

Consider a D/D/1 queue. Assume< T Thenn; = AT = p. What ism,? Clearly, zero. So
me =0 k>2.Somy=1—m; =1— p. SOno queueing ever occurs, regardless of the valye of

124 M/M/UK

A more realistic model of a real system would include the fact that queue space is finite: the
M/M/1/K queue models this.

There are at mosk customers in system: 1 in service, and K-1 waiting. Wheare present,
arriving customers are turned awag,, lost.

Then:
A =012 K-1
" 10 n>K

and
_ H ’I’L:].,2,"',K
=0 n>K

Note thatp # Az because system i®t work conserving. So instead we will define symbol
a=\p.
This is a Birth-Death system. So, using the B-D formulas:

Tp = | — Tp = a Ty
M

What ismy?
K
1= Z Tn
n=0
So:

1 = m(l+a+a*+---+d")
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K .
= T Z a’
i=0

1_ak+l
= T
0 1—a
So
_ l1—a
7T0_1—a"“r1

Note the above equations do not hold whes 1. However using the B-D equations we can
find that in this caser,, = 1/(K + 1) forn =0,1, ..., K.

So

- _{ SO N p
K+1

So, we have the complete state probability distribution for this queue. Now, so far we have not
assumed thak < p. Is this OK? In the case of the M/M/1 queue, we had to assme y in

order for the underlying CTMC to be ergodic, because the system would not be positive recurrent
if A > p. (Thatis, the system state would tend to increase without limit.)

In the case of the M/M/1/K queue, the situation is different because the queue is finite. Re-
member that any finite CTMC must have at least one recurrent state (and therefore class). Since
this chain is irreducible, the entire chain is recurrent and so ergodic. So a steady state exists for
any values of\ andy, even whem > .

Now: what is the rate at which customers are lost? This is the rate at which customers arrive
when the system is full. So the loss rate\is,.

What is the average number in systeffij/V|?

E[N] = Z%mrn

1—a K

n

= —_— na
_ aK+1 Z
1 a n=1

a (K +1)af!

l1—a 1 — X+l

Soif A < u, (thatis,a < 1), thenE[N] is less than in the M/M/1 case, which makes sense,
since some arriving customers were lost.
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What about mean waiting tim&[I#]? The usual approach we have taken is to calculate the
mean number of customers in the system and then use Little’'s Law. However we have to be careful
here, because Little’'s Law only applies to a work-conserving system. Since some customers are
turned away, this system is not work conserving.

However, we can imagine a work-conserving system “inside” this system. If we were to only
consider those arriving customers witmreceive service, and imagine the system as if only those
customers arrived, the system performance (thd[i&]]) would be exactly the same. That system
would be work-conserving, and so we could apply Little’s Law.

To do this we need the arrival rate of customers tltateceive service. This is clearly(1 —
Tk ). SO we can calculate the mean waiting time for this queue as:

EW] = E[N]/(A1 = 7))

Note how importantrg is. This value is called thioss probability of the system. It tells us
how often the system loses incoming customers.

Example: Loss Rate at a Router. Assume we have a router serving packets that are arriving as

a Poisson process, and assume that packet service time is exponentially distributed. We|/measure
the router and note that the arrival rate times mean service time is 0.80 (where arrival rate [ncludes
also those packets that are dropped.) How many packet buffers should we allocate to limit the
packet loss to 1/2%?

To solve this, we want the loss probability to be 0.005, and to solv&fdBo:

a®(1—a)
1 — gE+1
(1 —0.8)0.8%
1 —0.85+1
(0.8)% = 0.005/(1 — 0.8 4 0.8 % 0.005) = 0.0245

0.005 =

This yieldsK = 16.6, so buffer space for 17 packets will be sufficient to keep the loss rate below
1/2%.

125 M/M/c

Now we consider the case in which there are multiple servers, fed by a single queue. Some
example applications include multiprocessors, cluster based servers, bank tellers.
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The number of servers is When there are up tocustomers in the system, there is no queue.
If there aren customers in the system, and> ¢, thenn — ¢ customers are in the queue.

We will definep = ﬁ As before, we will use the symbalto mean) /.

This is a birth-death system witbad-dependent service rate.
In this system,
An = A

) np n=1,2,...,c
Hn = ¢ n>c

Plugging these into to our birth-death formulas yields:

n—ca’

a” —
o — ) o n=12..c¢
" PTG Ty m>c

To solve formy:
1 = m+ Z Tn
n=1
= 7To(1 + Z 7Tn/7'('0)
n=1

7'('0_1 = 1—|—Z7Tn/71'0
n=1

2 3 c—1 c

— ltat ot gt
- ol 3l c—1) TP

c—1 a™ a

c o0
= 2 Gt 20
n—0 n. C. n—0

c—1 n c

¢, _a
! c(1-p)

c—1 n c -1
o = —+ —
n=0 n! C'(]' - p)

Thus we have completely solved the M/M/c system. We can now proceed to calculate statistics
of interest: mean waiting time, mean number of customers in system, mean queue length.

So

First, however we start with a simple question: What is the probability that an arriving cus-
tomer will have to wait for service? This is call&dlang’'s C formula: C|c, a].
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Cle,al = PN > (]

S
- ¥,
n=c
c—1
-~ 1-Yon,
n=0
c—1 n
a
-1y Y
n=0 Tl'
—1 a™
2 n=0 nt

c—1 an at
En:O n! + c(1—p)

C

= 1-

a
c!

l-p) oo +%

Next we note thaP[Q = 0] = 1 — Clc, a.

Now, to get started on performance measures, we start with the average number of customers
in the queue:

(e

E[Q] = Q - Z(n_c)ﬂ-n

n—=c

(3]
= Z kﬂ-c—{—k
k=0

aC o0 &
= o7 > kp
C: k=0

noting that: > kp* = P e get:
k=0 L—=p
I
— a =)
= Cle,d] P
IL—p
Now we can apply Little’s law to the queue itself:
Cle,a)z
E[W,] = E[Q]/\ =
W) = ERIA = ;1= 5

And, finally, we can observe that the total expected waiting time of a customer is the expected
waiting time in the queue plus the expected service time:

E[W] = E[W,] + E[W,] = CC(EC’_“]S
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upgrade an existing system, and have three options: we can double the service rate of th
both servers draw from a single, shared queue, or we could have the servers each draw fi
own, private queue. Quantitatively speaking, which of the three options is best? (Ignoring
of cost).

In this scenario, we haye= \/2u, anda = 2p.

To start, let us find’'[2, a].

C2,a i £
al = : =
’ (1—p)(14+a)+a2/2!  1+p
Then .
ElQ] = pC[2,a] _ P _ 2p3
1—0p 1—p 1—p2
So 08 )
p p
ENl=1— a2 =1"5
So
E[N] 7
EW] = A 1—p2

Now let us compare three cases. For clarity, in each case we will consider a total arrival2a
and a total service rate af..

Two M/M/1 queues. In this case, there are two separate queues, each with its own server,
at rateu. The customers arriving with rate\ are split equally (probabilistically) betwe
the two queues, such that each queue has an input rateTdfus we can analyze just o
of the queues, as any particular customer only encounters one queue.

M/M/2. In this case, there are two servers, each serving withs,adeawing from a single share
gueue. Customers arrive at rate.

Single M/M/1, fast server. In this case, customers arrive to a single server queue a2 xaded
are served at ratzy.

Example: One queue or two? One server or two?. Consider the case in which we are going to

e queue,

or double the number of servers. Furthermore, if we double the number of servers, we could have

om their
issues

te of

serving

Let us consider the corresponding expressions for mean waiting time in each case.
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Case E[W]

Two M/M/1 queues| %
M/M/2 queue £
Faster M/M/1 queue -*—

So we see that the difference between these cases depends on the load on the system. The
worst case is Case 1, in which one server may be idle even when there is work to be done,

because it cannot draw from the other server’s queue. Case 2 is faster than Case 1 by a|factor of
E[W,]/E[W,] = 1+ p, and Case 3 is faster than Case 1 by a factor of 2. Wtiesmall, Case 2
is about like Case 1; gsgets bigger (closer to 1), Case 2 becomes like Case 3.

Why is Case 2 worse than Case 3? Case 3 is faster than Case 2 by a factor of
E[Ws|/E[Ws] = 2/(1 + p). When there are many customers in the systemgz( 1) both
systems are about the same, serving at 2ate However, when there is only one customer in

the system, Case 2 serves at ratehile Case 3 serves at ra2@. So when system load is lgw

(p =~ 0), Case 3 spends much of its time serving twice as fast as Case 2. This is the difference
between the two.

The idea that a single queue is better than two queues is called multiplexing efficiency. In Case
2, two servers are “multiplexing” or sharing the queue, avoiding the problems of Case 1 in which
work exists but cannot be serviced because it is in a queue that is not accessible to an idle server.
This notion underlies the idea of packet-switched networks like the Internet, in which channels
(queues) araot pre-allocated to connection. Each link in the network is free to serve a packet
from any connection, leading to mulitplexing gains over the case in which each connection has
pre-allocated resources.

126 M/M/oo

Let us now consider (mainly for later use, and for modeling insight) a system withfiarte

number of servers. Each arriving customer gets their own server right away! Clearly there is no
gueue at all here. This is calledpare delay system. It is useful for modeling cases where there

is a finite customer population, and a server for each customer. For example, consider a bunch of
users sitting at terminals, reading email or chatting online. Each time a new message arrives, a
user reads the message, then replies. Each user is having only one conversation, so there is never
a message waiting.

This is a birth-death system. Let's construct the Markov Chain. Let arrival rate doed
service time be exponential with meayw. Thus if there aré: customers in the system, service
rate iskpu.

Under what conditions is the system ergodic? And, since mean delay in system is just equal
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to mean service time, the interesting question is: what is the mean number of customers in the
system?

By B-D equations:

)\k
T = Wﬂ'o

and

1 1
TSR RV pE T S (/R ()

Now, using the identity:

we obtain:

To = e M#
So

RCYDnY
k!

That is, the number of customers in the system is distributed according to the Poisson distribu-
tion, with expected valug/ .

Time in system: using Little’s lawk. = AW
W =1/

of course.

12.7 MJ/E,/1

We have already mentioned the question “what causes queueing?” The issue can be highlighted
as follows. Consider a D/D/1 system wijth< 1. How many customers are in the queue?
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Now, as a comparison case we have the M/M/1 system in which we know that thefé @re
p) customers in the queue on average.

So queueing could be caused by variability in service times, or interarrival times, or both.

To understand and separate the effects of these two things, we’d like to study the M/D/1 queue.
However it doesn't lend itself to simple representation as a CTMC since service times don’'t have
the memoryless property.

However we can study the M/E queue. This is useful because as we vatie coefficient of
variation changes. The Central Limit Theorem tells us that for laytfee CV of the E distribution
goes likel/y/r. In the limit of » — oo the CV is zero, and the distribution is a constant (which is
what we want to get to M/D/1).

Customers arrive with rat® and have mean service timi¢.. Thus the mean service time for
a stage id /ru and the service rate for a stage-js

The E. distribution is not memoryless, but is the sum of memoryless “stages”. So we will
build a CTMC in which the states correspond to stages rather than customers in the system. We
will think of each customer arrival as bringimgstages for service.

In this CTMC, transitions to the left are at ratg. Transitions to the right jump states and
are at rate\.

This is not a birth-death system, since there are jumps to states that are not immediately adja-
cent. So we can't use the B-D equations. However, as for all CTMCs, the key equatigns 0
and7’1 = 1 still hold. So we will build flow balance equations based on flow in to a state = flow
out of a state.

These are:

ATy = rum
A+ru)me = rumg; 0<k<r
A+ rp)me = TpTg + AT, K 2>T

Rearraging as usual, to solve in termsrgf

A
™ = —T
rH
A
Th+1 = +ruﬂ'k O<k<r
T
A A
Tht1 = +r,u7Tk:__7kar k>r
Y r
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Note that the last equation is an r-th order difference equation. Such equations can be solved
using advanced methods (thdransform). Using those methods, we find the following:

(r+1)p
2(1-p)
which tells us the expected number of stages in the system. This quantity is composed of two

things: the expected number of stages in service, and the expected number of stages corresponding
to customers in the queue. That is:

E[K] =

E[K] = E[C] + TN,

We can findE[C] as:

B[] =Y epfr ="t

c=1

So
N _ EIKI-E[C] _p*(r+1)
T 2r(1 — p)

This tells us what we wanted to know. When= 1 service times are exponential and the
expression agrees with the M/M/1 queue. Wher> oo, service times are constant and the
epression tells us:

pP(r+1) P’

li =
e or(1—p)  2(1—p)

In other words, half of the queueing in the M/M/1 case is due to variability in service times. So
we can “assign blame” for queueing delays in the M/M/1 system equally to service time variability
and interarrival time variability.

A general conclusion from this analysis is that “smoothing” out interarrival times can reduce
delays. This doneg.g., on some highways systems in California, and various versions of it are
frequently proposed for dealing with congestion-related delays in Internet traffic.

12.8 M/G/1

We now turn to the study of queues with general service times: the M/G/1 system. In this case,
service time can be drawn from any distribution.

The M/G/1 system is much harder to analyze than M/M/1, so instead of fully analyzing the
system using CTMCs, we’ll focus exclusively on tinverage behavior of the system (mean wait-
ing time, mean queue length, etc.). In order to do this kind of analysis, we will use the PASTA
principle.
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Review “PASTA” from Module 4.
Review “Mean Residual Life” from Module 4.

M/G/1. Now we can analyze the M/G/1 queue. This is a much more general queue than any
we have seen before. It allows any kind of service time distribution, so we won't be able to solve
this using a Markov Chain approach. As a result we won'’t be able to derive,th¢hat would
completely characterize the system. Instead we’ll only be able to sohavédoage statistics.

The first thing to realize is that if we are interested in the average case, then what an arriving
customer experiences is the same as the time-average behavior of the system. This is because
customers arrive according to a Poisson process, so we rely on the PASTA principle.

This means that we can consider what happens to a “typical” customer, who we will call the
“tagged” customer. That is, we can calculate the average values a typical customer would see as
equal to the time-average values of the system.

The time a customer spends in the queue has two parts: a) waiting time for the customer that is
in service when the tagged customer arrives, and b) waiting time for the customers that are ahead
in the queue.

Considering b) first, this can be written as
N, E[z]

whereN, is the time-average number of customers in the queue. Each customer in the queue will
take aF[x] = z time to be served (on average), so that much time must elapse before the “tagged”
customer can start service.

Considering a), the expected service time remaining for the customer currently in service when
the tagged customer arrives is just the mean residual life of the service time distribution, times the
probability that a customer is in fact in service. That is,

(1 —p) -0+ p(mean residual life

So
E[x?]

W, = NoElz] + pQE[:U]

We can then apply Little’s Law to the queue to determine:

N, = W,

So
E[2?]
2E[z]

W, =W AE[z] +p
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So Bl
So Bl
So A2

" a—)

This is the famous Pollaczek-Kinchin (P-K) equation.

Then total waiting time in system is

_ - AE[z?]
EW|=W,+ W, = E[z] + 30— )
and, by Little’'s Law (again!) we have
N2 E[2?]
E[N]|=XE[W]=p+
NI = ABW) = p+ 5

Note that queueing time is proportional to the second moment of service time. That is, in-
creased service time variability causes increased queueing even for constant

Example: (Check) M/M/1: Exponential Service Times. E[X] = 1/u, E[X?] = 2/u?.

Example: (Check) M/D/1: Constant Service Times. E[X]| = 1/u, E[X?] = 1/u>.
In this case,
AE[z?] N p? 1
W, = = =Kz
"oi-p) 21-p) 2o
This agrees with our previous analysis of the MAEqueue in the limit of large. Once again,
compare to queue in M/M/1.:

L—0p

I—p

Which “confirms” that half of the delay in the M/M/1 system can be said to be due to variability
in service times.
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Exercises

Queues

12-1. M/Gko queue. It is known that, regardless of the service time distribution, the number of
customers in service in the M/&/ system has a Poisson distribution. In particular, if mean
service time ist and arrival rate is\, the number of customers in servigeis given by:

(A\2)* s

KOS
Use this fact and the results of Exercise 6-3 to describe how you would initialize a perfect
simulation of an M/Géo queue.

PIN = k] =

12-2. One queue or two. (Uses results from Exercises 4-2 and 6-8). You are in the grocery
store and you notice that while most customers carts are nearly empty, a small number of
customers have very full carts. You decide to model the number of items in a cart (and
therefore the checkout time) by a Pareto random variable with paranedecy > 2.

(a) When you arrive at the checkout, you notice that there are two clerks, and each clerk
IS serving a customer. There are no customers in line and you can’t see the contents of
either customer’s cart. Assume you have to pick one of the two lines to stand in, as is
usual at the grocery store, and that you can’t switch lines once you've chosen. Plot a
graph of the time you expect to wait as a functiomdfetween 2 and 3.

(b) Now assume that instead, the grocery store has organized things so that you can stand
in a single line and wait for whichever clerk becomes free first. On the same graph as
before, plot the amount of time you expect to wait.

(c) What if1 < a < 2? Compare the two-line case to the single-line case qualitatively.
How are they different?

12-3. Given an M/M/1 queue at steady state, with mean interarrival time of 0.25 seconds and mean
service time of 0.20 seconds. answer the following questions:

(a) What is the probability that an arriving customer will be able to begin service immedi-
ately after arriving?

(b) What is the probability that an arriving customer will find more than 5 customers al-
ready in the system?

(c) What probabilitydistribution would you use to model the waiting time for a customer
that arrives to find exactly 5 customers already in the system?

12-4. Traffic to a network router arrives according to a Poisson process with rate of 14400 packets
per second. The router can transmit 22 Mbits/second. Packet sizes are exponentially dis-
tributed with a mean of 176 bytes. Assume that a very large number of packet buffers is
provided, and the packets are processed in FCFS order. Calculate:
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12-5.

12-6.

12-7.

CHAPTER 12. QUEUEING THEORY

e the average number of packets in the router,
¢ the average number of packets in buffers, and
¢ the average delay experienced by a packet passing through the router, and

¢ the fraction of time that the router is busy.

Using the analytic results we have developed for he\//1 queue, plot the predicted
values ofl¥ and(@ as a function op for 0 < p < 1. To do this, perform the calculations for
finely spaced values g@fso as to create visually “smooth” curves.

Plot the analytic results and the results you obtained via simulation in Exercise ** on the
same set of axes. Does the analysis agree with simulation?

Requests arrive to the Microsomething Web Server as a Poisson process at a rate of one
arrival per 20 seconds. The Web server can only accept a request if there are no more than
two requests already present (this is bug that is expected to be fixed in the upcoming release,
scheduled for late next year). Requests are served in first-come-first-served ergdend

request is completely served before the next one begins to get service. Suppose that the
amount of time required to service a request is exponentially distributed with mean of five
seconds.

(&) What fraction of the server’s time will it be busy satisfying requests?
(b) What fraction of Web requests are rejected?

(c) For requests that are accepted, how long must they wait on average before they are
completed?

Now suppose that the amount of time required to service a request is exponentially dis-
tributed with mean of twenty seconds. Answer the same three questions as before.

On your first day as capacity planner at Random Engineering Ltd., you are presented with
the following problem. Engineers at Random rely on an expensive visualization system to
inspect the quality of their designs for next generation Internet-ready toasters (the system
is called “ToasterViz”). Only one engineer can use the ToasterViz system at a time, and
engineers wait in line for the system if it is busy when they need it.

It appears that engineers arrive at the system at a Poisson raterfals per second, and
the amount of time each engineer spends on the system is exponentially distributed with
meanl/u seconds.

Lately demand for the ToasterViz system has been growing. Your boss claims that engineers
now have to wait too long and so is considering buying another system if it will make a big
difference to the engineers. To best allocate her scarce computer budget, she poses a number
of questions and asks for the solutions.
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(&) Assume we decide to put the new system in the same room as the existing system.
Now engineers will wait in one line that feeds both ToasterViz systems. In answering
these questions let= \/2u be the utilization of the entire system.

i. Using Kendall notation, what sort of queueing system is this?
ii. Draw a picture of the Markov Chain that models this system.

iii. Is this any special kind of Markov Chain? Give an expressionzipm terms of
o andp.

iv. Solve form, in terms ofp. (Note that since there are two servers# 1 — p).

v. Now solve for the steady state number of engineers in the systenusing the
system, or waiting in line). In doing so, remember that

= D
kpt = .
;;) (1—p)?

Also solve for the average number of engineers in line.

vi. Now solve for the average time an engineer spends in the new system as a function

of p andW, (W, = 1/u). Also solve for the amount of time an engineer waits in
line.

vii. On one plot, show the average time an engineer will wait in line for the old system,
and the new system, as a functiongofor the old system. Note that for the old
systemp = \/u while for the new system = A\/2u. Your plot should in units of
mean service time,e., you should normalize the results byu before plotting.

(b) Engineers claim that currently they wait in line 70 minutes on average, and that they
use the system for 30 minutes on average.

i. What is the percent of time the current (old) system is being used?
ii. What will the utilization be of the new system?
iii. How long will engineers have to wait in line on average for the new system?
(c) The engineers make a suggestion: if there are going to be two systems, why not put
them on opposite sides of the plant? Then, engineers could go to the system closest
to their desk and they wouldn’t have to walk as much. They figure that they can save

15 minutes of walking time this way for each time they use the system. Assume the
placement is such that half of the engineers use each system.

i. On one plot, show the average time an engineer will wait in line under the central-
ized system and the decentralized system, as a functipn of

ii. Given current utilization, how long will engineers have to wait in line on average
under this scheme?

iii. Under what circumstances it this a good idea? Consider the case in which utiliza-
tion may increase over time.
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12-8. Using the analytic results we have developed fofth&: /1 queue, plot the analytic results
and the results you obtained via simulation in Exercise ** (ftfE;, /1 andM / Hy /1 queus)
on the same set of axes. Does the analysis agree with simulation?



Chapter 13
Service Disciplines

It's considered good manners to let someone ahead of you in line if they have only a few items, and
you have many; why? Now consider that many operating systems distinguish (or try to distinguish)
between interactive and batch jobs; why?

These questions relate $ervice order. We will now consider what happens when customers
arenot served in FCFS order.

In our analysis so far, we have only considered FCFS service. However queueing theory can
also shed a lot of light on the performance of other service disciplines.

For all of our examples we will study the M/G/1 queue. This is a very useful model, which
applies (to varying degrees) to a wide range of systems and settings. In keeping with our M/G/1
analyses so far, we will focus only on average performance measures.

Note that in this chapter, waiting time will refer to waiting tinrequeue, ie.,
what we have been calling’, elsewhere.

13.1 Priorities

The simplest case to consider in one in which each customer has some priority; lower number
priorities are given preferential service.

We can distinguish two cases: preemptive and non-preemptive scheduling. In non-preemptive
scheduling, each task, once begun, continuously receives service until it is completed. In preemp-
tive scheduling, an incoming task of higher priorgyspends the current task and immediately
begins service. In what follows, we will always assume nonpreemptive scheduling. (It is only a

153
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little more difficult to analyze preemptive scheduling.)

We define a set of priorities, 2, ..., P with 1 the highest (more preferred) priority. We as-
sume that customers of each priority form classes that have different arrival rates and service time
distributions, so we havg;, F[z;|, andE[z?],i = 1,2, ..., P.

Each class has an associated system utilization that describes how much of the service capacity
of the system is being used for jobs of this claggs= )\, E[z;],i = 1,2, ..., P.

As we did with M/G/1 FCFS, we will take advantage of the fact that Poisson arrivals see the
same average behavior as the time average behavior of the system, so we will use a “tagged”
customer argument as we did for M/G/1 FCFS. Furthermore, we will assume that each job class
arrives as a Poisson process; then the merger of all job classes clearly is also a Poisson process.

As a warmup, we’ll start by noting that highest priority customers are not affected by lower
priority customers in the queue. In addition, an arriving priority 1 customer has to wait for a
whatever customer is in service to finish service before it can begin service.

So priority 1 customers see an M/G/1 queue, with the residual lifetime of the customer in
service equal to the average residual lifetime of the mixture of all jobs.

What about lower priority customers? In this case, there is an additional source of delays:
customer of higher priority that arrive after the tagged customer, but before the tagged customer
either starts service (non-preemptive) or leaves the system (preemptive).

We will now derive the mean waiting time in the queue for a customer of ela@4,,,), under
nonpreemptive scheduling.

From the arguments above it is clear that in general there are three comporiépjs to

1. The mean residual lifetime of the customer currently in service.

2. Service times for customers of equal or higher priority tham the queue. Note that for
each class, N; = \;IW; by Little’s Law.

3. Service times for customers of higher priority tharthat arrive during?,,,. Note that the
number of customers of clasarriving duringW,,, is \;W,,,.

We will then setiV/,,, to be the sum of these three components.

Component 1. We denote by, the average delay to our tagged customer due to the customer
in service. Since this system is nonpreemptive, the class of the tagged customer does not matter.
We simply use the law of total expectation, over the set of all classes. The probability that the

customer in service is of clagss p;; and the mean residual lifetime of a customer of class
Blz?] .
2F[z;]"

7. Ela]]
Wy = szm

=1
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=Lﬂi&ﬂﬁ

Component 2.  There arelN; customers of classin the queue when our tagged customer
arrives, so the total number of customers in the queue that our tagged customer must wait for is:

and the time our tagged customer spends waiting for them is

=1

Component 3. Our customer is waiting in the queue for tig,,. So during this time, on
average\;IW,, customers of classarrive. So the customers that arrive while our customer is in
the queue (and so that jump ahead of our customer in line) is:

and the time our customer must wait for them is

m—1

i=1

Finally, we can develop an expression Vaaiting time in the queue for a customer of class
as:

W time for (customer in service- customers in queue at arrivat higher pri arrivals)

m—1

zlﬂi&ﬂﬂ+iNmﬂM+z&m£W

i=1 i=1

This equation is recursive im. So to solve it, let us start from the base case= 1 (that is,
the highest priority class). Also, for simplicity, we will continue to U&g for 1/2 -7 | A, E[22].

Wy = Wo+pWy
W

1—p
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Now we can solve fobV,:

Wy = Wo+ pi Wi+ poWo + piWo

Wall —p1—p2] = Wo+piWh
Wi
_ Wo-i-pl 0
]_—,01
1—p
Wi
W, = 4

Repeating this process for larger, we find that the general solution is:

Wo B 1/257 N E[z?)

W, = =
(L=Pp) (1= 0) (1 =SPp) (-7 01)

For simplicity we denote:,,, = > 1", p; = the fraction of time the system works on jobs of
sizem or less. Then:

Wo Y2 NEa?]
=1/2
/ (1 — ) (1 —Upm_1)

Thus we have the waiting time in the queue for each class. To get the average waiting time in
the system over all classes, we simply use the law of total expectatiop; £ek;/ >, \,. Then:

i (W + Elzp])
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Example. Consider a priority queueing system with 2 job classes:

Class Arrival Rate Service Time Distribution
Priority 1 | A\; = 10tps | Erlang-2 withE[X] = 0.04 sec  E[X?] = 0.0024 se¢
Priority 2 | X\ = 0.5 tps | Exponential withE[X] = 0.1 sec (calculate! F[X?] = 0.02 se¢

(N.B Var, =0.0008,C% = 0.02; Vap = 0.01;C% = 1)
This system hag = 0.45.
Using the above formulas, we find that in this system:

W, = 0.0283 seconds
W, = 0.0515 seconds
W = 0.0722 seconds

Now let us add a third job type, at a lower priority than the others:

Class Arrival Rate Service Time Distribution
Priority 3 | A3 = 0.01tps | H, with E[X] = 10.0 sec E[X?] = 500 se¢

(N.B. Variance = 4000? = 4)
The new system hgs= 0.55.
Then we find:

W, = 4.195 seconds
W, = 7.627 seconds
W3 = 10.17 seconds
W = 4.41 seconds

13.2 Size Based Service

Let’'s say we know amount of processing time required by a customer when she arrives. Then what
is the best possible service discipline? Here, ‘best’ will mean the service discipline with lowest
expected time in system.

We saw in the previous section that different classes of customers experienced different waiting
times, and that the overall waiting time was a weighted average of what each class experienced.
We can see that a good way to assign priorities is to do so in decreasing order of class processing-
time mean. Doing this will tend to minimize the averagend therefore minimiz&’. In fact this
can be shown to be the optimal assignment of priorities to classes (by an interchange argument).

This suggests that if we know the processing time required by customers, we should assign
customers to classes according to their processing demands, with customers requiring less service
being assigned to higher priority classes. Clearly, this should reduce the average time in system as
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compared to a discipline that does not use knowledge of processing demands (such as FCFS).

13.21 SIF

Assume that the processing demands of jobs has EQff, z > 0.

So we are talking about a priority system based on ‘cutoff’ points
0=dy<d; <..<d,

with d, so large thatf'(d,) = 1. In this system, a customer having processing denyars
assigned to clasgsuch thatl; ; < P < d;. This is a kind of size-based service discipline.

Based on results in last section, overall mean waiting time is
AE[X?] & pj
E[W] = J

= AT w0

j=1

Clearly we can improve performance (mean time in system) by increasing the number of
classes, since that will make finer distinctions between customers of different sizes.

When we take the limit of this approach for— oo we get theShortest Job First! discipline.
This is a non-preemptive discipline in which, upon completion of each job, the next job chosen for
service is the one with the least service demand.

Since we are working in the limit of — oo we need to switch to PDFs. We denote the pdf of
service demand ggx). We assume the pdf is continuous, and get

EW] =

AE[X? /°° p(z)
2 Jomo (1= X [Ztp(t) db)?

or, usingFy,:

_M oo p(z) T
BV ==

For example. Working with uniform distributiop(z) = 1,0 < = < 1. For this distribution,
F,(z) = z* E[X] =1/2,andE[X?] = 1/3.

Muni f. m
function y = Minif(x,rho)
y= 1./ ((1-rho .* (x.72))."72);

Lor Shortest Processing Time
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Figure 13.1: SJF and FCFS for Uniform Service Demands

WEJF. m
function y = WBJF(fn,l o, hi,rho, firstnonment, secnonent)
y = (0.5 * rho * secnonent / firstrmonent) * quad(fn,lo,hi,[],[],rho);

Forp =10.7:

WBJF(@wuni f,0,1,0.7,1/ 2,1/ 3)
ans = 0.2788

The performance of SJF is compared to FCFS (where waiting time[$2]/2(1 — p) in
Figure 13.1.

Add another example here showing how results are different for a high-variance distribution.

13.2.2 SRPT

One problem with SJF is that when a “long” customer is being serviced, “short” customers that
arrive have to wait. We can improve the mean time in system even more if we allow short jobs to
pre-empt long jobs.

Two kinds of preemptive disciplines exist: preemptive resume and preemptive repeat. In the
first case, when a preempted customer returns to service, work starts where it left off. That is, work



160 CHAPTER 13. SERVICE DISCIPLINES

performed is never re-done. In the second case, when a preempted customer returns to service, the
customer’s task must be restarted from the beginning.

Preemptive resume is more common in computer systems and so we will focus on that. The
modifications for preemptive repeat are relatively straightforward.

We will still be concerned with the delay experienced by a customer, apart from its service
demand. This includes waiting time, the time until a customer begins service. However, since
a customer can be interrupted while in service, there is additional component of delay that is
important. Residence time is the time between when a customer begins service and completes
service. We are concerned with total delay, that is, waiting time plus residence time minus service
time.

To achieve our goal of minimizing average response time, we must be careful about when we
allow preemptions. In general we want the system to be working at all times with the goal that a
customer can leave the system as soon as possible. Thus, if we implement a size-based preemption
policy, for the customer in service it should be based onréh@ining demand (rather than, say,
the customer’s original demand before it began service). Thus we want a preemptive resume policy
in which a customer’s class is based on its remaining processing time. This lead<Shorttest
Remaining Processing Time First (SRPT) discipline.

As with SJF, we will approach this by defining a set of cutoff points
0=dy<di <..<d,

with d, so large that'(d,) = 1. Under SRPT, a customer havingmaining processing demand

P is assigned to clagssuch thatl;_, < P < d;. Then a new-arriving customer will preempt the
customer in service if the new customer has lower demand than the remaining processing for the
customer in service.

Among preemptive policies making use of knowledge of service demand, SRPT is optimal.
This can again be proved by an interchange argument.

We will consider mean waiting time and mean residence time separately.

Mean Waiting Time The class of a customer cannot change during its waiting time. Thus only
difference between SJF and SRPT with respect to waiting time is that in some cases, the arriving
job will preempt the job in service.

However, once a clags customer begins waiting, the waiting time is the same whether the
system is preemptive or non-preemptive. That is because all jobs of class legsntuest leave
the system before the tagged job can run in both systems.

Recalling the expression for mean waiting time of customer of dlagsder a nonpreemptive
policy:
% i MEla]]

BWd = 0 e =)
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the numerator represents the mean residual lifetime of the customer in service when a customer
of classk arrives times the utilization of the system — in other words, the expected mean residual
lifetime of the customer in service, as seen by an arriving customer of klag&enoting this
guantity byM,, we can rearrange:

" Elaf]
Mi = 2 Pispl

i=1

O > N> N> N
. . < . .
[\

How should we adapt this expression for premption?

Now, as already mentioned the interference experienced by a customer of ¢tags cus-
tomers of classes lower tha@n(higher priority customers) is the same for both preemptive and
nonpreemptive policies. This is because in both cases, an customer of classot go into ser-
vice unless all customers of classes less thapius all previous clask customers, have left the
system. So the first integral in the above equation is unchanged for SRPT.

However, since the system is preemptive, customers with remaining processing time greater
thand,, will be preempted, and there will be no waiting. So the only time that a customer of class
lower thank will not be preempted is when its remaining processing time has been redugged to
or less. That is, for a customer of class lower thhamnly d;. of its processing time will not be
preemptible by a class customer. So from the standpoint of a customer of clagsis as if all
jobs of class lower thah arrived with demand,.

Thus, for these classes the second integral becomes:

A

S [ peyde =521~ Fla)

Thus, for waiting time of a job of clagswe obtain:

A S 2 pla) do + AdE (1 - F(dy))

E[Wy] = 2(1 — p Fy(dr))?
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Mean Residence Time The second difference between preemptive and nonpreemptive policies

is that under a preemptive policy, once a customer begins service there may be interruptions before
the customer leaves the system. To compute the mean residence time, we consider how often a
customer is interrupted in each class.

Assume that a customer requinesinits of processing time while it is in clas$efore it can
move to class — 1. While the job is in classit is interrupted by all jobs of higher priority. So the
time it spends in classis p/(1 — u;_1).

The total residence time of a customer that arrives in dlasghe sum of the residence times
for1 <i<k. Thisis:
Elxy| — di—1 n Mld —diy

I —up i—1 T —uy

E[Ry] =

Taking the limit as the number of classes goesd@andd, — d;, ; goes to zero yields:

dy, dz dy, dz
(B o 1—=XAfytp(t)dt Jo 1—pF,(x)

Puttingit Together The resulting mean delay experienced by a random customer is the weighted
average of the values for each class. When fully expanded, the result is:
© X[y *p(t)dt +a? (1 - F(z)) / dt
0o 2 (1 —pF,(x))? 0o 1—pF,(t)
E[W,] E[R,]

EW] = p(z)dx

Continuing our example for the uniform distributiafi, (z) = 2 and f; 2? p(z) dz = s3/3....

13.3 Processor Sharing

A commonly used scheduling strategy is caltednd-robin. Round-robin works as follows: Cus-
tomers are kept in a queue. The customer at the head of the queue begins service, @tichgets

units of service (or else completes service and leaves). If the customer has not left the system at
the end of its quantum, it goes back to the rear of the queue. Then the customer that is now at the
head of the queue enters service, and the process repeats.

Processor Sharing is an idealization of round-robin scheduling, in which the server switches
between customers infinitely fast. Processor sharing is important because its properties are re-
markably simple, and so it is a good approximation for the many situations in which round-robin
is encountered.

Kleinrock’s Theorem: Let 6 — 0. (This is called a Processor Sharing system.) Then if
there arek customers in the system on average, each customet getsf the server’s capacity.
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Furthermore, the departure process from the queue is Poisson, and the following equations hold:

m = (1=p)p*

N = P

1—p

wo_ Bl

L—0p

t

Wi = ——
IL—p

That is, the average system characteristics are exactly the same as for M/M/1! {INotés
the time spent in the system for a job of size

The proof is based on constructing a discrete time Markov Chain, in which each time step
corresponds to a single quantum of durationNext we construct the reversed chain, in which
arrivals correspond to departures in the forward chain. For the proper arrival process to the reversed
chain, the reversed chain should have the same steady state distribution as the forward chain (as
discussed in Section 10.3).

In fact, we show that if arrivals to the reversed chain are Bernoulli (which will become Poisson
in the limit of smalls), then the reversed chain has the same steady state distribution as the forward
chain. We can construct flow equations that refatéo =, , by setting equal corresponding flows
in the forward and reversed chain, allowing us to solverforWe confirm that these steady state
probabilities are the same for both forward and reversed chains, proving that departures from the
gueue are Poisson and establishing the expression, foelow in the limit ofd — 0.

Proof. Split time into timestep (or quantum) of size Our DTMC will make a transition on
each timestep.

The probability of an arrival in any timestep }d. Because) will eventually go to O, the
probability of more than one arrival in a timestep is 0. When a new customer arrives, itimmediately
receives a quantum of service. Tith customer arrives with service demang, which is an
integer multiple ob. All X;s are i.i.d. according to distributiaf(z).

The state of the DTMC will be a vectof = (m, 21, 29, ..., z,). Customerz; is currently
receiving servicez, is next to receive service, and so forth. On each transition, if no new customer
arrives, then thes rotate to the left.

Notation. f(j) = P[X; = j0].F(j) = P[X; > j]. We useg(j) to denote he probability that
a customer will depart after 1 more quantum, given that the customer has regegunadta so far;
ie.,

9(j) = f(3 +1)/F(j)

Forward Chain. First, we construct the forward chain to model round-robin. Wkiea 0,
s can experience one of four things: (1) no arrival, no departire:(r(3)); (2) one arrival, no
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departure £ — a(53)); (3) an arrival and a departurg nchanged); (4) no arrival, just a departure
(85— d(3)).
Fors = (m, 21, 22, ..., zm ), these are defined as:

r(5) = (m,z9,...;Zm,21 + 1)
d(g) = (m_ ]-7Z27"'7Zm)
a(8) = (m+1,21,29,...,2m,1)

The case wher& is unchanged occurs when a customer arrives with service demand of
recieves service, and leaves.
Whens = (), there are three possibilities:
— a(8) = (1,1) anarrival
— ( anarrival and a departure
— @ no arrival

Ly 0 Wy

Assumings # (), the probabilities of the forward chain are as follows:

Py = (1=29)(1—g(21))
Pasy = (1=2A8)g(z1)
Poaisy = A5(1—f(1))

P,s = Mof(1)

These compound probabilities arise becag(sg) is the probability that the current customer
departs,f(1) is the probability that an arriving customer has service demand 1\é&iis the

probability that a customer arrives.

Whens = (),

Poais) = A(1— f(1))
P,y = Mf(1)+(1—X0)

Reversed Chain. Now we construct the reversed chain. The key here is thaguess the
transition probabilities of the reversed chain, andguess the nature of the departure process,
which is the arrival process for the reversed chain. We will guess that the reversed chain has
Bernoulli arrivals with probability\é of having an arrival during a timestep.

Here are our guesses:
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e P, s corresponds to the case where there is no arrival in the backward chain. So the forward
chain just served the customer at the head of the queue. So the probability that, if the chain is

in a given state, that it came from the state corresponding to servicing a custoimer\és
P*(s),s - ]_ - )\6

i P;(S),S
i P:(s),s

o Pr

8,8

Example, Continued. Let’s continue to consider the three-class case. In this sygtem(.55
andE[z] = 0.07105 soW = 0.157 sec.

Also note:W[1] = 0.0889 sec;W[2] = 0.222 sec;W[3] = 22.22 sec.

Also, for comparison, let us calculat® under FCFS.

E[X’] = Y pE[X}] = 0.479

and
E[X] = ZpiE[Xi] = 0.0523
S0 AE[2?] 10.51 x 0.479
T . X U.
W=F ——— < =10.023 4+ ———————— = 5.64 seconds
ST 0= 55)
So we have:

FCFS Priorities | Processor Sharing
Wi + E[X;] | 5.63 sec | 4.23 sec | 0.0889 sec
Wy + E[X5] | 5.69sec | 7.72 sec | 0.222 sec
W3 + E[X3] | 15.59 sec 20.2 sec | 22.22 sec
w 5.64 sec | 4.41 sec | 0.157 sec

Note that Priority based queueing does better for Class 1 than FCFS, and that mean waiting
time for Priority queueing is better than for FCFS. Mean time will always be improved over FCFS
if priorities are assigned in order of increasing job size. (Why?)

Note that Class 3 does slightly worse under PS than under Priority queueing, while the other
two classes do better. This is an example of Kleinrock’s Conservation Law: improvement in
waiting time for one set of customers must come at the expense of another set of customers. This

rule is usually written:
Z piW; = a constant, regardless of schedule
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You may also want to consider what would have happened if priorities had been assigned in
reverse order above. Where would that policy fit in the table?

Finally, it is often felt that this kind of priority based scheduling is “unfair” because it penalizes
the large customers to benefit the small customers. However, this comparison is usually implicitly
made with respect to FCFS. (Somewhere along the line many of us were taught that FCFS is
“fair’). However, when one asks what “fairness” really means, it is not so clear. If job size is
known, it’s not clear why FCFS is considered fair. Perhaps a better definition of “fair” is in terms
of slowdown, which is defined as

S[t] =W]t]/t

wher S[t] is slowdown of a job of size, andW/[¢] is the total time in system for a job of size
If all jobs had equal slowdown, this would mean that large jobs and small jobs both a delayed in
constant proportion to their service demand.

Let us calculate slowdown for the three scheduling schemes above:

FCES| Priorities | Processor Sharing
S; | 140 | 105 2.22
Sy | 56.9 | 77.2 2.22
Sz | 1.55 | 2.02 2.22
S | 135 | 103 2.22

This gives us a very different picture of “fairness.” In this light, Priority scheduling is more fair
than FCFS, because FCFS dramaticpbiyalizes small jobs. Most fair of all (“perfectly fair”) is

PS, which slows all jobs sizes down equally. Perhaps this is why we allow shoppers with nearly
empty shopping baskets ahead of us in line at the grocery store!
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EXxercises
Queues

13-1. No exercises as of yet.



168 CHAPTER 13. SERVICE DISCIPLINES



Appendix

Student’st Distribution

Forn degrees of freedom. The values below are one-sided. Thus for a 90% confidence interval,
you want to use the value in the 95% column below.

90%

95%

97.5%

99.5%

Wk Ol WNPEPL S

3.07766
1.88562
1.63774
1.53321
1.47588
1.37218
1.31042

6.31371
2.91999
2.35336
2.13185
2.01505
1.81246
1.69726

12.7062
4.30265
3.18243
2.77644
2.57058
2.22814
2.04227

63.656

9.92482
5.84089
4.60393
4.03212
3.16922
2.74999
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