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The Three Hour Tour Through Automata Theory

Analyzing Problems as Opposed to Algorithms

In CS336 you learned to analyze algorithms. This semester, we're going to analyze problems.
WEe're going to see that there is a hierarchy of problems: easy, hard, impossible.

For each of thefirst two, we'll see that for any problem, there are infinitely many programsto
solve the problem.

By the way, thisistrivial. Take one program and add any number of junk steps. Well
formalize this later once we have some formalisms to work with.

Some may be better than others. But in some cases, we can show some sort of boundary on how
good an algorithm we can attempt to find for a particular problem.

Let's Look at Some Problems

Let'slook at a collection of problems, all which could arise in considering one piece of C++
code. [dlide- Let'sLook at Some Problems]

Aswe move from problem 1 to problem 5, things get harder in two key ways. Thefirstisthat it
seems we'll need more complicated, harder to write and design programs. In other words, it's
going to take more time to write the programs. The second is that the programs are going to take
alot longer to run. Aswe get to problems 4 and 5, it's not even clear there is a program that will
do thejob. Infact, in general for problem 4 thereisn't. For problem 5, in general we can't even
get aformal statement of the problem, much less an agorithmic solution.

Languages

Characterizing Problems as Language Recognition Tasks
In order to create aformal theory of problems (as opposed to algorithms), we need a single,

relatively straightforward framework that we can use to describe any kind of possibly computable
function. The onewe'll useislanguage recognition.

What is a Language?

A languageis a set of strings over an aphabet, which can be any finite collection of symbols.
[Slide - Languages]

Defining a Problem as a Language Recognition Task

We can define any problem as a language recognition task. In other words, we can output just a
boolean, True or False. Some problems seem naturally to be described as recognition tasks. For
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example, accept grammatical English sentences and reject bad ones. (Although the truth is that
Englishis so squishy it's nearly impossible to formalize this. So let's pick another example --
accept the syntactically valid C programs and reject the others.)

Problems that you think of more naturally as functions can also be described thisway. We define
the set of input strings to consist of strings that are formed by concatenating an input to an

output. Then we only accept strings that have the correct output concatenated to each input.
[Slide - Encoding Output]

Branching Out -- Allowing for Actual Output

Although it is ssimpler to characterize problems simply as recognition problems and it is possible
to reformulate functional problems as recognition problems, we will see that we can augment the
formalisms welll develop to allow for output as well.

Defining Languages Using Grammars

Now what we need is a general mechanism for defining languages. Of course, if we have afinite
language, we can just enumerate all the stringsinit. But most interesting languages are infinite.
What we need is afinite mechanism for specifying infinite languages. Grammars can do this.

The standard way to write a grammar is as a production system, composed of rules with a left
hand side and aright hand side. Each side contains a sequence of symbols. Some of these
symbols are terminal symboals, i.e., symbolsin the language we're defining. Others are drawn
from afinite set of nonterminal symbols, which are internal symbols that we use just to help us
define the language. Of these nonterminal symbols, oneis special -- we'll cal it the start symbol.
[Slide- Grammars1]

If thereisagrammar that defines alanguage, then there is an infinite number of such grammars.
Some may be better, from various points of view than others. Consider the grammar for odd
integers. What different grammars could we write? One thing we could do would be to introduce
the idea of odd and even digits. [Slide - Grammar s 2]

Sometimes we use single characters, digoint from the characters of the target language, in our
rules. But sometimes we need more symbols. Then we often use < and > to mark multiple
character nonterminal symbols. [Slide - Grammar s 3]

Notice that we've also introduced a notation for OR so that we don't have to write as many
separate rules. By the way, there are lots of ways of writing a grammar of arithmetic expressions.
Thisoneissimple but it's not very good. It doesn't help us at al to determine the precedence of
operators. Later we'll see other grammars that do that.

Grammars as Generators and as Acceptors

So far, we've defined problems as language recognition tasks. But when you look at the
grammars we've considered, you see that there's a sense in which they seem more naturally to be
generators than recognizers. If you start with S, you can generate all the strings in the language
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defined by the grammar. We'l see later that we'll use the idea of a grammar as a generator (or an
enumerator) as one way to define some interesting classes of languages.

But you can aso use grammars as acceptors, as we've suggested. There are two ways to do that.
Oneistop-down. By that we mean that you start with S, and apply rules. [work thisout for a
simple expression for the Language of Simple Arithmetic Expressions] At some point, you'll
generate a string without any nonterminals (i.e., a string in the language). Check and seeiif it's
the one you want. If so accept. If not, try again. If you do this systematicaly, then if the string is
in the language, you'll eventually generate it. If it isn't, you may or may not know when you
should give up. More on that later.

The other approach is bottom up. In this approach, we simply apply the rules sort of backwards,
i.e., we run them from right to left, matching the string to the right hand sides of the rules and
continuing until we generate S and nothing else. [work thisout for a ssmple expression for the
Language of Simple Arithmetic Expressions| Again, there are lots of possibilities to consider
and there's no guarantee that you'll know when to stop if the string isn't in the language.
Actualy, for this simple grammar there is, but we can't assure that for all kinds of grammars.

The Language Hierarchy

Remember that our whole goal in this exercise is to describe classes of problems, characterize
them as easy or hard, and define computational mechanisms for solving them. Since we've
decided to characterize problems as languages to be recognized, what we need to do isto create a
language hierarchy, in which we start with very simple languages and move toward more
complex ones.

Regular Languages

Regular languages are very simple languages that can be defined by a very restricted kind of
grammar. Inthese grammars, the left side of every ruleis a single nonterminal and the right side
isasingle terminal optionally followed by asingle nonterminal. [dlide - Regular Grammarg] If
you look at what's going on with these simple grammars, you can see that as you apply rules,
starting with S, you generate aterminal symbol and (optionally) have a new nonterminal to work
with. But you can never end up with multiple nonterminals at once. (Recall our first grammar for
Odd Integers [dlide - Grammars 1]).

Of course, we also had another grammar for that same language that didn't satisfy this restriction.
But that's okay. If it is possible to define the language using the restricted formalism, then it falls
into the restricted class. The fact that there are other, less restricted ways to define it doesn't
matter.

It turns out that there is an equivalent, often useful, way to describe this same class of languages,
using regular expressions. [Slide Regular Expressions and L anguages] Regular expressions
don't look like grammars, in the sense that there are no production rules, but they can be used to
define exactly the same set of languages that the restricted class of regular grammars can define.
Here's aregular expression for the language that consists of odd integers, and one for the
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language of identifiers. We can try to write aregular expression for the language of matched
parenthesis, but we won't succeed.

Intuitively, regular languages are ones that can be defined without keeping track of more than a
finite number of things at once. S0, looking back at some of our example languages [dlide
L anguages], thefirst isregular and none of the othersis.

Context Free Languages

To get more power in how we define languages, we need to return to the more general production
rule structure.

Suppose we allow rules where the left hand side is composed of a single symbol and the right
hand side can be anything. We then have the class of context-free grammars. We define the
class of context-free languages to include any language that can be generated by a context-free
grammar.

The context-free grammar formalism allows us to define many useful languages, including the
languages of matched parentheses and of equal numbers of parentheses but in any order [slide -
Context-Free Grammars]. We can aso describe the language of simple arithmetic expressions
[slide- Grammars 3].

Although this system is alot more powerful (and useful) than regular languages are, it is not
adequate for everything. We'll see some quite ssmple artificial language it won't work for in a
minute. But it's also inadequate for things like ordinary English. [slide- English Isn't Context-
Free].

Recursively Enumerable Languages

Now suppose we remove all restrictions from the form of our grammars. Any combination of
symbols can appear on the left hand side and any combination of symbols can appear on the
right. Theonly real restriction isthat there can be only a finite number of rules. For example, we
can write agrammar for the language that contains strings of the form a"b"c". [dlide-
Unrestricted Grammar |

Once we remove all restrictions, we clearly have the largest set of languages that can be
generated by any finite grammar. We'll call the languages that can be generated in this way the
class of recursively enumerable languages. This means that, for any recursively enumerable
language, it is possible, using the associated grammar, to generate all the strings in the language.
Of course, it may take an infinite amount of time if the language contains an infinite number of
strings. But any given string, if it isenumerated at all, will be enumerated in a finite amount of
time. So | guesswe could sit and wait. Unfortunately, of course, we don't know how long to
wait, which is aproblem if we're trying to decide whether a string is in the language by
generating al the strings and seeing if the one we care about shows up.
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Recursive Languages

Thereis one remaining set of languages that it is useful to consider. What about the recursively
enumerable languages where we could guarantee that, after afinite amount of time, either agiven
string would be generated or we would know that it isn't going to be. For example, if we could
generate all the strings of length 1, then all the strings of length 2, and so forth, we'd either
generate the string we want or we'd just wait until we'd gone past the length we cared about and
then report failure. From apractical point of view, this classis very useful since we like to deal
with solutions to problems that are guaranteed to halt. We'll call this class of languages the
recursive languages. This means that we can not only generate the strings in the language, we
can actually, via some algorithm, decide whether a string isin the language and halt, with an
answer, either way.

Clearly the class of recursive languagesis a subset of the class of recursively enumerable ones.
But, unfortunately, this time we're not going to be able to define our new class by placing
syntactic restrictions on the form of the grammars we use. There are some useful languages,

such, as a"b"c", that are recursive. There are some others, unfortunately, that are not.

The Whole Picture

[Slide - The Language Hierarchy]

Computational Devices

Formal Models of Computational Devices

If we want to make formal statements about the kinds of computing power required to solve
various kinds of problems, then we need simple, precise models of computation.

We're looking for models that make it easy to talk about what can be computed -- we're not
worrying about efficiency at this point.

When we described languages and grammars, we saw that we could introduce several different
structures, each with different computational power. We can do the same thing with machines.
Let's start with really ssmple devices and see what they can do. When we find limitations, we can
expand their power.

Finite State Machines

The only memory consists of the ability to be in one of afinite number of states. The machine
operates by reading an input symbol and moving to a new state that is determined solely by the
stateit isin and the input that it reads. Thereis aunique start state and one or more final states.
If the input is exhausted and the machineisin afina state, then it accepts the input. Otherwise it
regjectsit.
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Example: An FSM to accept odd integers. [Slide - Finite State M achines 1]
Example: An FSM to accept valid identifiers. [Slide - Finite State Machines 2]
Example: How about an FSM to accept strings with balanced parentheses?

Notice one nice feature of every finite state machine -- it will always halt and it will always
provide an answer, one way or another. Aswe'll seelater, not all computational systems offer
these guarantees.

But we've got thisat aprice. Thereisonly afinite amount of memory. So, for example, we can't
count anything. We need a stronger device.

Push Down Automata

Deterministic PDAs

Add asingle stack to an FSM. Now the action of the machine is afunction of its state, the input
it reads, and the values at the top of the stack.

Example: A PDA to accept strings with balanced parentheses. [Slide - Push Down Automata]
Notice that this really simple machine only has one state. It's not using the states to remember
anything. All itsmemory isin the stack.

Example: A PDA to accept strings of the form w#w®, wherew O {a,b} * [slide - Pushdown
Automaton 2].

Example: How about a PDA to accept strings with some number of a's, followed by the same
number of b's, followed by the same number of c's? [slide- PDA 3] It turns out that thisisn't
possible. The problem isthat we could count the as on the stack, then pop for b's. But how
could we tell if there isthe right number of c's. Well seein abit that we shouldn't be too
surprised about this result. We can create PDA's to accept precisely those languages that we can
generate with CFGs. And remember that we had to use an unrestricted grammar to generate this
language.

Nondeterministic PDAs

Example: How about a PDA to accept strings of the form w w?? We can do this one if we
expand our notion of a PDA to allow it to be nondeterministic. The problem isthat we don't
know when to imagine that the reversal starts. What we need to do isto guess. In particular, we
need to try it at every point. We can do this by adding an epsilon transition from the start state
(in which we're pushing w) to the final state in which we're popping as we read wR [dlide - A
Nondeter ministic PDA] Adding this kind of nondeterminism actually adds power to the PDA
notion. And actually, it is the class of nondeterministic PDA's that is equivalent to the class of
context-free languages. No surprise, since we were able to write a context free grammar for this
language
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By the way, it also makes sense to talk about nondeterministic finite state machines. But it turns
out that adding nondeterminism to finite state machines doesn't increase the class of things they
can compute. It just makesit easier to describe some machines. Intuitively, the reason that
nondeterminism doesn't buy you anything with finite state machinesis that we can simulate a
nondeterministic machine with a deterministic machine. We just make states that represent sets
of states in the nondeterministic machine. So in essence, we follow all paths. If one of them
accepts, we accept.

Then why can't we do that with PDA's? For finite state machines, there must be a finite number
of states. DAH. So thereisafinite number of subsets of states and we can just make them the
states of our new machine. Clunky but finite. Once we add the stack, however, thereis no
longer afinite number of states of the total machine. So thereis not afinite number of subsets of
states. So we can't simulate being in several states at once just using states. And we only have
one stack. Which branch would get it? That's why adding nondeterminism actually adds power
for PDAS.

Turing Machines

Clearly there are still some things we cannot do with PDAs. All we haveisasingle stack. We
can count one thing. If we need to count more than one thing (such as as and b'sin the case of
languages defined by a"b"c"), we'rein trouble.

So we need to define a more powerful computing device. The formalism we'll useis called the
Turing Machine, after itsinventor, Alan Turing. There are many different (and equivalent) ways
to write descriptions of Turing Machines, but the basic ideais the same for all of them [dlide -
Turing Machines]. In this new formalism, we allow our machines to write onto the input tape.
They can write on top of the input. They can also write past the input. This makesit easier to
define computation that actually outputs something besides yes or no if we want to. But, most
importantly, because we view the tape as being of infinite length, al limitations of finiteness or
limited storage have been removed, even though we continue to retain the core idea of afinite
number of statesin the controller itself.

Notice, though, that Turing Machines are not guaranteed to halt. Our example one always does.
But we could certainly build one that scans right until it finds a blank (writing nothing) and then
scans left until it finds the start symbol and then scans right again and so forth. That'salegal (if
stupid) Turing Machine. Unfortunately, (see below) it's not always possibleto tell, given a
Turning Machine, whether it is guaranteed to halt. Thisisthe biggest difference between Turing
Machines and the FSMs and PDAS, both of which will always halt.

Extensions to Turing Machines

Y ou may be thinking, wow, this Turing Machine idea sure is restrictive. For example, suppose
we want to accept all stringsin the simple language {w #w "}. We saw that this was easy to do
in one pass with a pushdown automaton. But to do this with the sort of Turing Machine we've
got so far would be really clunky. [work thisout on a dlide] We'd have to start at the left of the
string, mark a character, move all the way to the right to find the corresponding character, mark
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it, scan back left, do it again, and so forth. We've just transformed alinear process into an n?
one.

But suppose we had a Turing Machine with 2 tapes. The first thing we'll do is to copy the input
onto the second tape. Now start the read head of the first tape at the left end of the input and the
read head of the second tape at the right end. At each step in the operation of the machine, we
check to make sure that the characters being read on the two tapes are the same. And we move
the head on tape 1 right and the head on tape 2 to the left. We run out of input on both machines
at the same time, we accept. [slide-A Two Head Turing Machine]

The big question now is, "Have we created a new notational device, one that makes it easier to
describe how amachine will operate, or have we actually created a new kind of device with more
power than the old one? The answer isthe former. We can prove that by showing that we can
simulate a Turing Machine with any finite number of tapes by a machine that computes the same
thing but only has one tape. [dlide - Simulating k Heads with One] The key idea hereisto use
the one tape but to think of it has having some larger number of tracks. Since thereisafinite
tape alphabet, we know that we can encode any finite number of symbolsin afinite (but larger)
symbol aphabet. For example, to simulate our two headed machine with atape alphabet of 3
symbols plus start and blank, we will need 2* 2*5*5 or 100 tape symbols. So to do this
simulation, we must do two main things. Encode all the information from the old, multi-tape
machine on the new, single tape machine and redesign the finite state controller so that it
simulates, in several moves, each move of the old machine.

It turns out that any "reasonable" addition you can think of to our idea of a Turing Machineis
implementable with the ssmple machine we already have. For example, any nondeterministic
Turing Machine can be simulated by adeterministic one. Thisisrealy significant. Inthis, in
some ways trivial, machine, we have captured the idea of computability.

Okay, so our Turing Machines can do everything any other machine can do. It also goesthe
other way. We can propose alternative structures that can do everything our Turing Machines
can do. For example, we can simulate any Turing Machine with a deterministic PDA that has
two stacks rather than one. What this machine will do isread its input tape once, copying onto
the first stack all the nonblank symbols. Then it will pop all those symbols off, one at atime, and
move them to the second stack. Now it can move aong its simulated tape by transfering symbols
from one stack to the other. [slide- Simulating a Turing Machine with Two Stacks|

The Universal Turing Machine

So now, having shown that we can simulate anything on a simple Turing Machine, it should
come as no surprise that we can design a Turing Machine that takes as its input the definition of
another Turing Machine, along with an input for that machine. What our machine doesis to
simulate the behavior of the machineit is given, on the given input.

Remember that to simulate a k-tape machine by a 1 tape machine we had first to state how to

encode the multiple tapes. Then we had to state how the machine would operate on the
encoding. We have to do the same thing here. First we need to decide how to encode the states
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and the tape symbols of the input machine, which well call M. There's no upper bound on how
many states or tape symbols there will be. So we can't encode them with single symbols. Instead
welll encode states as strings that start with a"g" and then have a binary encoding of the state
number (with enough leading zeros so all such encodings take the same number of digits). Well
encode tape symbolsas an "a" followed by a binary encoding of the count of the symbol. And
we'll encode "move left”" as 10, "moveright” as 01, and stay put as 00. We'l use # as adelimiter
between transitions. [slide - Encoding States, Symbols, and Transitions]

Next, we need a way to encode the simulation of the operation of M. Well use athree tape
machine as our Universal Turing Machine. (Remember, we can always implement it on aone
tape machine, but thisisalot easier to describe.) WEell use one tape to encode the tape of M, the
second tape contains the encoding of M, and the third tape encodes the current state of M during
the ssimulation. [slide - The Universal Turing Machine]

A Hierarchy of Computational Devices

These various machines that we have just defined, fall into an inclusion hierarchy, in the sense
that the simpler machines can always be simulate by the more powerful ones. [Slide- A
Machine Hierar chy]

The Equivalence of the Language Hierarchy and the Computational
Hierarchy

Okay, this probably comes as no surprise. The machine hierarchy we've just examined exactly
mirrors the language hierarchy. [Slide - L anguages and Machines]

Actually, thisis an amazing result. It seems to suggest that there's something quite natural about
these categories.

Church's Thesis

If we really want to talk about naturalness, can we say anything about whether we've captured
what it means to be computable? Church's Thesis (also sometimes called the Church-Turing
Thesis) asserts that the precise concept of the Turing Machine that halts on all inputs corresponds
to the intuitive notion of an algorithm. Think about it. Clearly a Turing Machine that halts
defines an algorithm. But what about the other way around? Could there be something that is
computable by some kind of algorithm that is not computable by a Turing Machine that halts?
From what we've seen so far, it may seem unlikely, since every extension we can propose to the
Turing Machine model turns out possibly to make things more convenient, but it never extends
the formal power. It turns out that people have proposed various other formalisms over the last
50 years or so, and they aso turn out to be no more powerful than the Turing Machine. Of
course, something could turn up, but it seems unlikely.
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Technigues for Showing that a Problem (or Language) Is Not in a
Particular Circle in the Hierarchy

Counting
a"b" isnot regular.

Closure Properties

L={a"b™c’: m#n or m# p} isnot deterministic context-free. [slide- Using Closure

Properties| Noticethat L' containsall strings that violate at least one of the requirementsfor L.
So they may be strings that aren't composed of a string of as, followed by a string of b's,
followed by a string of c's. Or they may have that property but they violate the rule that m, n, and
p cannot all be the same. In other words, they are all the same. So if we intersect L' with the
regular expression a* b*c*, we throw away everything that isn't astring of asthen b'sthenc's,
and we're left with strings of n as, followed, by n b's, followed by nc's.

Diagonalization

Remember the proof that the power set of the integersisn't countable. If it were, there would be
away of enumerating the sets, thus setting them in one to one correspondence with the integers.
But suppose there is such away [dlide - Diagonalization]. Then we could represent it in atable
where element (i, j) is 1 precisely in case the number j is present in the set i. But now construct a
new set, represented as a new row of thetable. In thisnew row, element i will be 1 if element
(i,i) of the original table was 0, and vice versa. Thisrow represents anew set that couldn't have
been in the previous enumeration. Thus we get a contradiction and the power set of the integers
must not be countable.

We can use this technique for perhaps the most important result in the theory of computing.

The Unsolvability of the Halting Problem

There are recursively enumerable languages that are not recursive. In other words, there are sets
that can be enumerated, but there is no decision procedure for them. Any program that attempts
to decide whether a string isin the language may not halt.

One of the most interesting such setsisthe following. Consider sets of ordered pairs where the
first element isadescription of a Turing Machine. The second element is an input to the
machine. We want to include only those ordered pairs where the machine halts on the input.
This set is not recursively enumerable. In other words, there's no way to write an algorithm that,
given amachine and an input, determines whether or not the machine halts on the input. [slide -
The Unsolvability of the Halting Problem]

Suppose there were such amachine. Let'scall it HALTS. HALTS(M,x) returnstrue if Turing
machine M haltson input x. Otherwiseit returnsfalse. Now we write a Turing Machine
program that implements the TROUBLE algorithm. Now what happensif we invoke
HALTS(TROUBLE,TROUBLE)? If HALTS says true, namely that TROUBLE will halt on
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itself, then TROUBLE loops (i.e., it doesn't halt, thus contradicting our assumption that HALTS
could do thejob). But if HALTS says FALSE, namely that TROUBLE will not halt on itself,
then TROUBLE promptly halts, thus again proving our supposed oracle HALTS wrong. Thus
HALTS cannot exist.

We've used a sort of stripped down version of diagonalization here [slide - Viewing the Halting
Problem as Diagonalization] in which we don't care about the whole row of the item that
creates the contradiction. We're only invoking HALTS with two identical inputs. It's just the
single element that we care about and that causes the problem.

Let's Revisit Some Problems

Let'slook again at the collection of problems that we started this whole process with. [dlide -
Let's Revisit Some Problems|

Problem 1 can be solved with afinite state machine.

Problem 2 can be solved with a PDA.

Problem 3 can be solved with a Turing Machine.

Problem 4 can be semi solved with a Turning Machine, but it isn't guaranteed to halt.
Problem 5 can't even be stated.

So What's Left?
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Review of Mathematical Concepts

1 Sets

1.1 What is a Set?

A set issimply a collection of objects. The objects (which we call the elements or members of the set) can be anything:
numbers, people, fruits, whatever. For example, all of the following are sets:

A ={13,11, 8,23}

B ={8, 23,11, 13}

C={8§,8, 23,23 11, 11, 13, 13}

D = {apple, pear, banana, grape}

E = {January, February, March, April, May, June, July, August, September, October, November, December}
F={x:x 0OEand x has 31 days}

G = {January, March, May, July, August, October, December}

N = the nonnegative integers (We will generally call this set N, the natural numbers.)
H={i:xONandi=2x}

1={0,2,4,6,8, ...}

J = the even natural numbers

K =the syntactically valid C programs

L ={x:x 0K and x never getsinto an infinite loop}

Z =theintegers( ... -3,-2,-1,0,1, 2,3, ...)

In the definitions of F and H, we have used the colon notation. Read it as "such that". We've aso used the standard
symbol O for "element of". We will also use O for "not an element of". So, for example, 17 0 A istrue.

Remember that a set is simply a collection of elements. So if two sets contain precisely the same elements (regardless of
the way we actually defined the sets), then they areidentical. ThusF and G are the same set, asare H, |, and J.

An important aside: Zero isan even number. This falls out of any reasonable definition we can give for even numbers.
For example, the one we used to define set H above. Or consider: 2 is even and any number that can be derived by
adding or subtracting 2 from an even number is also even. In order to construct a definition for even numbers that does
not include zero, we'd have to make a special case. That would make for an inelegant definition, which we hate. And, as
we'll see down the road, we'd also have to make corresponding special cases for zero in awide variety of algorithms.

Since a set is defined only by what elements it contains, it does not matter what order we list the elementsin. Thus A and
B are the same set.

Our definition of a set considers only whether or not an element is contained within the set. It does not consider how
many times the element is mentioned. In other words, duplicates don't count. So A, B, and C are all equal.

Whenever we define a set, it would be useful if we could also specify a decision procedure for it. A decision procedure
for aset Sisan agorithm that, when presented with an object O, returns True if O [0 S and False otherwise. Consider set
K above (the set of all syntactically valid C programs). We can easily decide whether or not an object is an element of K.
First, of course, it hasto be a string. If you bring me an apple, | immediately say no. If itisastring, then| canfeedittoa
C compiler and let it tell me whether or not the object isin K. But now consider the set L (C programs that are guaranteed
to halt on all inputs). Again, | can reject apples and anything else that isn't even in K. | can also reject some programs
that clearly do loop forever. And | can accept some C programs, for example ones that don't contain any loops at all. But
what about the general problem. Can | find away to look at an arbitrary C program and tell whether or not it belongsin L.
It turns out, as we'll see later, that the answer to thisis no. We can prove that no program to solve this problem can exist.

But that doesn’t mean that the set L doesn't exist. It's a perfectly fine set. There just isn't a decision procedure for it.
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The smallest set is the set that contains no elements. It is called the empty set, and iswritten O or {}.

When you are working with sets, it is very important to keep in mind the difference between a set and the elements of a
set. Given a set that contains more than one element, this not usually tricky. It'sclear that {1, 2} is distinct from either the
number 1 or the number 2. It sometimes becomes a bit trickier though with singleton sets (sets that contain only a single
element). But it is equally true here. So, for example, {1} is distinct from the number 1. As another example, consider
{0}. Thisisaset that contains one element. That element isin turn a set that contains no elements (i.e., the empty set).

1.2 Relating Sets to Each Other

We say that A is a subset of B (which we write as A O B) if every element of A isalso an element of B. The symbol we
use for subset ((0) looks somewhat like <. Thisis no accident. If A 00 B, then there is a sense in which the set A is"less
than or equal to" the set B, since all the elements of A must be in B, but there may be elements of B that are not in A.

Given this definition, notice that every set is a subset of itself. This fact turns out to offer us a useful way to prove that
two sets A and B are equal: First prove that A isasubset of B. Then prove that B isa subset of A. Well have more to say
about this later in Section 6.2.

We say that A is proper subset of B (written A 00 B) if A 0 B and A # B. The following Venn diagram illustrates the
proper subset relationship between A and B:

()

Notice that the empty set is a subset of every set (since, trivially, every element of [, all hone of them, is also an element
of every other set). And the empty set isaproper subset of every set other than itself.

It is useful to define some basic operations that can be performed on sets:

The union of two sets A and B (written A [0 B) contains all elements that are contained in A or B (or both). We can
easily visualize union using aVenn diagram. The union of sets A and B is the entire hatched area:

The intersection of two sets A and B (written A n B) contains all elements that are contained in both A and B. In the
Venn diagram shown above, the intersection of A and B is the double hatched areain the middle.

The difference of two sets A and B (written A - B) contains all elements that are contained in A but not in B. In both of
the following Venn diagrams, the hatched region represents A - B.
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The complement of a set A with respect to a specific domain D (written as A or = A) contains all elements of D that are
not contained in A (i.e, A =D - A). For example, if D isthe set of residents of Austin and A isthe set of Austin residents
who like barbeque, then A is the set of Austin residents who don't like barbeque. The complement of A is shown as the
hatched region of the following Venn diagram:

9/

Two sets are digoint if they have no elements in common (i.e, their intersection is empty). In the following Venn

diagram, A and B are digoint:

So far, we've talked about operations on pairs of sets. But just aswe can extend binary addition and sum up awhole set of
numbers, we can extend the binary operations on sets and perform then on sets of sets. Recall that for summation, we
have the notation

DA

Similarly, welll introduce
UA and NA

to indicate the union of a set of sets and the intersection of a set of sets, respectively.

Now consider aset A. For example, let A = {1, 2, 3}. Next, let'senumerate the set of all subsets of A:

{0.{1}. {2}, {3}.{1. 2. {1, 3},{2,3},{1, 2 3}}
We call this set the power set of A, and we write it 2*. The power set of A is interesting because, if we're working with
the elements of A, we may well care about all the ways in which we can combine those elements.

Now for one final property of sets. Again consider the set A above. But this time, rather than looking for all possible
subsets, let's just ook for a single way to carve A up into subsets such that each element of A isin precisely one subset.
For example, we might choose any of the following sets of subsets:
{1.{23} or {{1.3}.2 or {{1.2 3}}

We call any such set of subsets a partition of A. Partitions are very useful. For example, suppose we have a set S of
students in a school. We need for every student to be assigned to precisely one lunch period. Thus we must construct a
partition of S: a set of subsets, one for each lunch period, such that each student isin precisely one subset. More formally,
we say that M is a partition of a set A if and only if (@) no element of M is empty; (b) al members of M are digoint
(alternatively, each element of A is in only one element of M); and (c¢) UM = A (alternatively, each element of A isin

some element of N and no element not in A isin any element of ).
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This notion of partitioning a set is fundamental to programming. Every time you analyze the set of possible inputs to your
program and consider the various cases that must be dealt with, you're forming a partition of the set of inputs: each input
must fall through precisely one path in your program. So it should come as no surprise that, as we build formal models of
computational devices, we'll rely heavily on the idea of a partition on a set of inputs as an analytical technique.

2 Relations and Functions

In the last section, we introduced some simple relations that can hold between sets (subset and proper subset) and we
defined some operations (functions) on sets (union, intersection, difference, and complement). But we haven't yet defined
formally what we mean by arelation or afunction. Let's do that now. (By the way, the reason we introduced relations and
functions on sets in the last section is that we're going to use sets as the basis for our formal definitions of relations and
functions and we will need the simple operations we just described as part of our definitions.)

2.1 Relations

An ordered pair is a sequence of two objects. Given any two objects, x and y, there are two ordered pairs that can be
formed. We write them as (X, y) and (y, X). Asthe name implies, in an ordered pair (as opposed to in a set), order matters
(unless x and y happen to be equal).

The Cartesian product of two sets A and B (written A x B) isthe set of all ordered pairs (a, b) such that a1 A and b [ B.
For example, let A be a set of people { Dave, Sue, Billy} and let B be a set of desserts { cake, pie, ice cream}. Then
A x B ={ (Dave, cake), (Dave, pi€), (Dave, ice cream),
(Sue, cake), (Sue, pi€), (Sue, ice cream),
(Billy, cake), (Billy, pie), (Billy, ice cream)}
As you can see from this example, the Cartesian product of two sets contains elements that represent all the ways of
pairing someone from the first set with someone from the second. Note that A x B is not the same as B x A. In our
example,
B x A ={ (cake, Dave), (pie, Dave), (ice cream, Dave),
(cake, Sue), (pie, Sue), (ice cream, Sue),
(cake, Billy), (pie, Billy), (ice cream, Billy)}

WEe'll have more to say about the cardinality (size) of sets later, but for now, let's make one simple observation about the
cardinality of a Cartesian product. If A and B are finite and if there are p elementsin A and q elements in B, then there
are p*q elementsin AxB (and in BxA).

We're going to use Cartesian product a lot. It's our basic tool for constructing complex objects out of simpler ones. For

example, we 're going to define the class of Finite State Machines as the Cartesian product of five sets. Each individual

finite state machine then will be afivetuple (K, Z , §, s, F) drawn from that Cartesian product. The setswill be:

1. Thesetof al possible sets of states: {{ql}, {ql, g2}, {ql, 92, g3}, ...}. Wemust draw K from this set.

2. The set of al possible input alphabets: {{a}, {a b, c}, {a, B, v}, {1, 2, 3, 4}, {1, w, h, j, k}, {q, a f}, {a B, 3, ],
f}...}. Wemust draw X from this set.

3. The set of all possible transition functions, which tell us how to move from one state to the next. We must draw o
from this set.

4. Theset of dl possible start states. We must draw s from this set.

5. The set of all possible sets of final states. (If we land in one of these when we've finished processing an input string,
then we accept the string, otherwise we reject.) We must draw F from this set.

Let's return now to the simpler problem of choosing dessert. Suppose we want to define a relation that tells us, for each
person, what desserts he or she likes. We might write the Dessert relation, for example as

{(Dave, cake), (Dave, ice cream), (Sue, pi€), (Sue, ice cream)}
In other words, Dave likes cake and ice cream, Sue likes pie and ice cream, and Billy hates desserts.

We can now define formally what arelationis. A binary relation over two sets A and B isa subset of A x B. Our dessert
relation clearly satisfies this definition. So do lots of other relations, including common ones defined on the integers. For
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example, Less than (written <) is a binary relation on the integers. It contains an infinite number of elements drawn from
the Cartesian product of the set of integers with itself. It includes, for example:
{(1,2),(23), (3, 9), ...}

Notice several important properties of relations as we have defined them. First, arelation may be equal to the empty set.
For example, if Dave, Sue, and Billy all hate dessert, then the dessert relation would be {} or O.

Second, there are no constraints on how many times a particular element of A or B may occur in the relation. In the
dessert example, Dave occurs twice, Sue occurs twice, Billy doesn't occur at al, cake occurs once, pie occurs once, and
ice cream occurs twice.

If we have two or more binary relations, we may be able combine them via an operation we'll call composition. For
example, if we knew the number of fat grams in a serving of each kind of dessert, we could ask for the number of fat
grams in a particular person's dessert choices. To compute this, we first use the Dessert relation to find all the desserts
each person likes. Next we get the bad news from the FatGrams relation, which probably looks something like this:
{(cake, 25), (pie, 15), (ice cream, 20)

Finally, we see that the composed relation that relates people to fat grams is {(Dave, 25), (Dave, 20), (Sue, 15), (Sue,
20)}. Of course, this only worked because when we applied the first relation, we got back desserts, and our second
relation has desserts asiits first component. We couldn't have composed Dessert with Less than, for example.

Formally, we say that the composition of two relationsR; 0 A x B and R, 0 B x C, written R, ° Ry is{(ac) : O(a b) O
R; and (b, ¢) O Ry}. Note that in this definition, we've said that to compute R, ° Ry, we first apply Ry, then R,. In other
words we go right to left. Some definitions go the other way. Obviously we can define it either way, but it's important to
check carefully what definition people are using and to be consistent in what you do. Using this notation, we'd represent
the people to fat grams composition described above as FatGrams ° Dessert.

Now let's generalize a bit. An ordered pair is a sequence (where order counts) of two elements. We could also define an
ordered triple as a sequence of three elements, an ordered quadruple as a sequence of four elements, and so forth. More
generaly, if nisany positive integer, then an ordered n-tuple is a sequence of n elements. For example, (Ann, Joe, Mark)
isa3-tuple.

We defined binary relation using our definition of an ordered pair. Now that we've extended our definition of an ordered
pair to an ordered n-tuple, we can extend our notion of a relation to allow for an arbitrary number of elements to be
related. We define an n-ary relation over sets Aj, A,, ... Ay asasubset of A; x A, x ... x A, The n sets may be
different, or they may be the same. For example, let A be a set of people:
A ={Dave, Sue, Billy, Ann, Joe, Mark, Cathy, Pete}
Now suppose that Ann and Dave are the parents of Billy, Ann and Joe are the parents of Mark, and Mark and Sue are the
parents of Cathy. Then we could define a 3-ary (or ternary) relation Child-of as the following subset of A x A x A:
{(Ann, Dave, Billy), (Ann, Joe, Mark), (Mark, Sue, Cathy)}

2.2 Functions

Relations are very general. They allow an object to be related to any number of other objects at the same time (as we did
in the dessert example above). Sometimes, we want a more restricted notion, in which each object is related to a unique
other object. For example, (at least in an ideal world without criminals or incompetent bureaucrats) each American
resident is related to a unique social security number. To capture thisideawe need functions. A function from aset A to
aset B isaspecia kind of a binary relation over A and B in which each element of A occurs precisely once. The dessert
relation we defined earlier is not a function since Dave and Sue each occur twice and Billy doesn't occur at al. We
haven't restricted each person to precisely one dessert. A simple relation that is a function is the successor function Succ
defined on the integers:
Succ(n) =n+ 1.
Of course, we cannot write out all the elements of Succ (since there are an infinite number of them), but Succ includes:
{....(-3,-2), (-2,-1), (-1, 0), (0, 1), (1, 2), (2, 3), ...}
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It's useful to define some additional terms to make it easy to talk about functions. We start by writing

f:A 5 B,
which means that f is a function from the set A to the set B. We call A the domain of f and B the codomain or range. We
may also say that f isafunction from A to B. If all A, then we write

f(a),
which weread as"f of &' to indicate the element of B to which aisrelated. We call this element the image of a under f or
the value of f for a. Note that, given our definition of afunction, there must be exactly one such element. Well also call a
the argument of f. For example we have that

Succ(1) = 2, Succ (2) = 3, and so forth.
Thus 2 isthe image (or the value) of the argument 1 under Succ.

Succ is a unary function. It maps from a single element (a number) to another number. But there are lots of interesting
functions that map from ordered pairs of elements to a value. We call such functions binary functions. For example,
integer addition is a binary function:

+(Zx2) - Z
Thus + includes elements such as ((2, 3), 5), since 2 + 3is5. We could also write

+((23)) =5
We have double parentheses here because we're using the outer set to indicate function application (as we did above
without confusion for Succ) and the inner set to define the ordered pair to which the function is being applied. But thisis
confusing. So, generally, when the domain of afunction is the Cartesian product of two or more sets, asit is here, we drop
the inner set of parentheses and simply write

+(2,3) =5.
Alternatively, many common binary functions are written in infix notation rather than the prefix notation that is standard
for all kinds of function. Thisallows usto write

2+3=5
So far, we've had unary functions and binary functions. But just as we could define n-ary relations for arbitrary values of
n, we can define n-ary functions. For any positive integer n, an n-ary function f isafunction is defined as

F: (Dlx D,...x Dn) - R
For example, let Z be the set of integers. Then

QuadraticEquation: (ZxZ x Z) - F
is a function whose domain is an ordered triple of integers and whose domain is a set of functions. The definition of
Quadratic Equation is:

QuadraticEquation(a, b, ¢) (x) = ax* + bx + ¢

What we did here is typical of function definition. First we specify the domain and the range of the function. Then we
define how the function is to compute its value (an element of the range) given its arguments (an element of the domain).
QuadraticEquation may seem a bit unusual since its range is a set of functions, but both the domain and the range of a
function can be any set of objects, so sets of functions qualify.

Recall that in the last section we said that we could compose binary relations to derive new relations. Clearly, since
functions are just special kinds of binary relations, if we can compose binary relations we can certainly compose binary
functions. Because a function returns a unique value for each argument, it generally makes a lot more sense to compose
functions than it does relations, and you'll see that although we rarely compose relations that aren't functions, we compose
functions all the time. So, following our definition above for relations, we define the composition of two functions F, [
AxBandF, 0B x C, written F, ° Fy is{(ac) : [b (a b) O F, and (b, ¢) O F;}. Notice that the composition of two
functions must necessarily also be a function. We mentioned above that there is sometimes confusion about the order in
which relations (and now functions) should be applied when they are composed. To avoid this problem, let's introduce a
new notation F(G(x)). We use the parentheses here to indicate function application, just as we did above. So this notation
is clear. Apply F to the result of first applying G to X. This notation reads right to left as does our definition of the °
notation.

A function is a special kind of arelation (one in which each element of the domain occurs precisely once). There are also
special kinds of functions:
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A functionf : D - Ristotal if it isdefined for every element of D (i.e., every element of D isrelated to some element of
R). The standard mathematical definition of a function requires totality. The reason we haven't done that here is that, as
we pursue the idea of "computable functions', we'll see that there are total functions whose domains cannot be effectively
defined (for example, the set of C programs that always halt). Thusit is useful to expand the definition of the function's
domain (e.g., to the set of al C programs) and acknowledge that if the function is applied to certain elements of the
domain (e.g., programs that don't halt), its value will be undefined. We call this broader class of functions (which does
include the total functions as a subset) the set of partial functions. For the rest of our discussion in this introductory unit,
we will consider only total functions, but be prepared for the introduction of partial functions later.

A functionf: D - Risonetooneif no element of the range occurs more than once. In other words, no two elements of
the domain map to the same element of the range. Succ is one to one. For example, the only number to which we can
apply Succ and derive 2 is 1. QuadraticEquation is also one to one. But + isn't. For example, both +(2,3) and +(4,1)
equal 5.

A functionf: D - R isonto if every element of R is the value of some element of D. Another way to think of thisisthat
afunction is onto if al of the elements of the range are "covered" by the function. As we defined it above, Succ is onto.
But let's define a different function Succ' on the natural numbers (rather than the integers). So we define

Succ': N - N.
Succ' is not onto because there is no natural number i such that Succ'(i) = 0.

The easiest way to envision the differences between an arbitrary relation, a function, a one to one function and an onto
function is to make two columns (the first for the domain and the second for the range) and think about the sort of
matching problems you probably had on tests in elementary school.

Let's consider the following five matching problems and let's look at various ways of relating the elements of column 1
(the domain) to the elements of column 2 (the range):

1 2 3 4 5
A X A;; X A—Pp X A><IX A><x
B y B B—»y B y B y
C z C\z C;;z C—»z

q D

The relationship in example 1 is a relation but it is not a function, since there are three values associated A. The second
example is a function since, for each object in the first column, there is a single value in the second column. But this
function is neither one to one (because x is derived from both A and B) nor onto (because z can't be derived from
anything). The third example is a function that is one to one (because no element of the second column is related to more
than one element of the first column). But it still isn't onto because z has been skipped: nothing in the first column derives
it. The fourth example is a function that is onto (since every element of column two has an arrow coming into it), but it
isn't oneto one, since z is derived from both C and D. The fifth and final example is afunction that is both one to one and
onto. By the way, see if you can modify either example 3 or example 4 to make them both one to one and onto. You're
not allowed to change the number of elementsin either column, just the arrows. You'll notice that you can't do it. In order
for afunction to be both one to one and onto, there must be equal numbers of elements in the domain and the range.

The inverse of a binary relation R is simply the set of ordered pairs in R with the elements of each pair reversed.
Formally, if RO A xB,thenR* 0B x A ={(b, a): (a b) O R}. If arelationisaway of associating with each element of
A a corresponding element of B, then think of its inverse as a way of associating with elements of B their corresponding
elements in A. Every relation has an inverse. Every function also has an inverse, but that inverse may not also be a
function. For example, look again at example two of the matching problems above. Although it is a function, its inverse
is not. Given the argument x, should we return the value A or B? Now consider example 3. Itsinverse is aso not a
(total) function, since there is no value to be returned for the argument z. Example four has the same problem example
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two does. Now look at example five. Its inverse is a function. Whenever a function is both one to one and onto, its
inverse will also be afunction and that function will be both one to one and onto.

Inverses are useful. When a function has an inverse, it means that we can move back and forth between columns one and
two without loss of information. Look again at example five. We can think of ourselves as operating in the {A, B, C}
universe or inthe {x, y, z} universe interchangeably since we have a well defined way to move from one to the other. And
if we move from column one to column two and then back, we'll be exactly where we started. Functions with inverses
(alternatively, functions that are both one to one and onto) are called bijections. And they may be used to define
isomorphisms between sets, i.e., formal correspondences between the elements of two sets, often with the additional
requirement that some key structure be preserved. We'll use thisidea alot. For example, there exists an isomorphism
between the set of states of a finite state machine and a particular set of sets of input strings that could be fed to the
machine. In thisisomorphism, each state is associated with precisely the set of stringsthat drive the machine to that state.

3 Binary Relations on a Single Set

Although it makes sense to talk about n-ary relations, for arbitrary values of n (and we have), it turns out that the most
useful relations are often binary ones -- ones where nistwo. In fact, we can make a further claim about some of the most
useful relations we'll work with: they involve just asingle set. So instead of being subsets of A x B, for arbitrary values of
A and B, they are subsets of A x A, for some particular set of A of interest. So let's spend some additional time looking at
thisrestricted class of relations.

3.1 Representing Binary Relations on a Single Set

If were going to work with some binary relation R, and, in particular, if we are going to compute with it, we need some
way to represent the relation. We have several choices. We could:
1) List the elementsof R.
2) Encode R as a computational procedure. There are at least two ways in which a computational procedure can define
R. It may:
a) enumerate the elements of R, or
b) return aboolean value, when given an ordered pair. True meansthat the pair isin R; False meansit is not.
3) Encode R as adirected graph.
4) Encode R as an incidence matrix.

For example, consider the mother-of relation M in a family in which Doreen is the mother of Ann, Ann is the mother of
Catherine, and Catherine is the mother of Allison. To exploit approach 1, we just write

M = {(Doreen, Ann), (Ann, Catherine), (Catherine, Allison)}.
Clearly, this approach only works for finite relations.

The second approach simply requires code appropriate to the particular relation we're dealing with. One appeal of this
approach is that it works for both finite and infinite relations, although, of course, a program that enumerates elements of
an infinite relation will never halt.

Next we consider approach 3. Assuming that we are working with a finite relation R 0 A x A, we can build a directed
graph to represent R as follows:

1) Construct a set of nodes, one for each element of A that appearsin any element of R.

2) For each ordered pair in R, draw an edge from the first element of the pair to the second.

The following directed graph represents our example relation M defined above:

Gom > Cam > Cae CAlen
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And, finally, approach 4: Again assuming afinite relation R 0 A x A, we can build an incidence matrix to represent R as

follows:

1) Construct a square boolean matrix S whose number of rows and columns equals the number of elements of A that
appear in any element of R.

2) Label one row and one column for each such element of A.

3) For each element (p, q) of R, set S(p, q) to 1(or True). Set all other elements of Sto 0 (or False).

The following boolean matrix represents our example relation M defined above:

Doreen | Ann | Catherine | Allison
Doreen 0 1 0 0
Ann 0 0 1 0
Catherine | 0 0 0 1
Allison 0 0 0 0

3.2 Properties of Relations

Many useful binary relations have some kind of structure. For example, it might be the case that every element of the
underlying set is related to itself. Or it might happen that if a is related to b, then b must necessarily be related to a
There's one special kind of relation, called an equivalence relation that is particularly useful. But before we can define it,
we need first to define each of the individual properties that egquivalence relations possess.

A relation R O A x A isreflexive if, for eacha O A, (a, @ O R. In other words arelation R on the set A is reflexive if
every element of A isrelated to itself. For example, consider the relation Address defined as "lives at same address as”.
Addressis arelation over a set of people. Clearly every person lives at the same address as him or herself, so Addressis
reflexive. So is the Less than or equal to relation on the integers. Every integer is Less than or equal to itself. But the
Less than relation is not reflexive: in fact no number is Less than itself. Both the directed graph and the matrix
representations make it easy to tell if arelation is reflexive. In the graph representation, every node will have an edge
looping back to itself. In the graph representation, there will be ones along the major diagonal:

DEBRS 1

1

A relation R 0 A x A is symmetric if, whenever (a, b) O R, so is (b, 8. In other words, if aisrelated to b, then b is
related to a. The Address relation we described above is symmetric. If Joe lives with Ann, then Ann lives with Joe. The
Less than or equal relation is not symmetric (since, for example, 2 < 3, but it is not true that 3 < 2). The graph
representation of a symmetric relation has the property that between any two nodes, either there is an arrow going in both
directions or there is an arrow going in neither direction. So we get graphs with components that ook like this:

L N

If we choose the matrix representation, we will end up with a symmetric matrix (i.e., if you flip it on its major diagonal,
you'll get the same matrix back again). In other words, if we have a matrix with 1's wherever there is a number in the
following matrix, then there must also be 1'sin all the squares marked with an *:
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A relation R O A x A is antisymmetric if, whenever (a, b) 0 R and a # b, then (b, @ O R The Mother-of relation we
described above is antisymmetric: if Ann isthe mother of Catherine, then one thing we know for sure is that Catherineis
not also the mother of Ann. Our Address relation is clearly not antisymmetric, since it is symmetric. There are, however,
relations that are neither symmetric nor antisymmetric. For example, the Likes relation on the set of people: If Joe likes
Bob, then it is possible that Bob likes Joe, but it is also possible that he doesn't.

A relation R O A x A istransitive if, whenever (a, b) D Rand (b, c) O R, (a ¢) O R. A simple example of atransitive
relation is Less than. Address is another one: if Joe lives with Ann and Ann lives with Mark, then Joe lives with Mark.
Mother-of is not transitive. But if we change it slightly to Ancestor-of, then we get a transitive relation. If Doreen is an
ancestor of Ann and Ann is an ancestor of Catherine, then Doreen is an ancestor of Catherine.

The three properties of reflexivity, symmetry, and transitivity are ailmost logically independent of each other. We can find
simple, possibly useful relationships with seven of the eight possible combinations of these properties:

Domain Example
None of the properties people M other-of
Just reflexive people W ould-recognize-picture-of
Just symmetric people Has-ever-been-married-to
Just transitive people Ancestor-of
Reflexive and symmetric | people Hangs-out-with (assuming we can say one hangs out with oneself)

Reflexive and transitive numbers | Lessthan or equal to
Symmetric and transitive
All three numbers | Equality
people Address

To see why we can't find a good example of arelation that is symmetric and transitive but not reflexive, consider asimple
relation Ron {1, 2, 3, 4}. Assoon asR contains asingle element that relates two unequal objects (e.g., (1, 2)), it must, for
symmetry, contain the matching element (2, 1). So now we have R ={(1, 2), (2, 1)}. To make R transitive, we must add
(1, 1). But that also makes R reflexive.

3.3 Equivalence Relations

Although all the combinations we just described are possible, one combination is of such great importance that we give it
a special name. A relation is an equivalence relation if it is reflexive, symmetric and transitive. Equality (for numbers,
strings, or whatever) is an equivalence relation (what a surprise, given the name). So is our Address (lives at same
address) relation.

Equality is a very specia sort of equivalence relation because it relates an object only to itself. It doesn't help us much to

carve up alarge set into useful subsets. But in fact, equivalence relations are an incredibly useful way to carve up a set.
Why? Let'slook at aset P, with five elements, which we can draw as a set of nodes as follows:
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Now let's build an equivalence relation E on P. The first thing we have to do is to relate each node to itself, in order to
make the relation reflexive. So we've now got:

“ O

2

o Y9

Now let's add one additional element (1,2). As soon as we do that, we must also add (2,1), since E must be symmetric. So
now we've got:

“L0
= O
O ‘)

Suppose we now add (2,3). We must also add (3,2) to maintain symmetry. In addition, because we have (1, 2) and (2, 3),
we must create (1,3) for transitivity. And then we need (3, 1) to restore symmetry. That gives us

*\) <)

Notice what happened here. As soon aswe related 3 to 2, we were also forced to relate 3to 1. If we hadn't, we would no
longer have had an equivalence relation. See what happens now if you add (3, 4) to E.

What we've seen in this example is that an egquivalence relation R on aset S carves S up into a set of clusters, which we'll
call equivalence classes. This set of equivalence classes has the following key property:
Forany s, t [0S, if sOClass and (s, t) O R, thent [0 Class.

In other words, all elements of S that are related under R are in the same equivalence class. To describe equivalence
classes, we'll use the notation [a] to mean the equivalence class to which a belongs. Or we may just write [description],
where description is some clear property shared by all the members of the class. Notice that in general there may be lots
of different ways to describe the same equivalence class. In our example, for instance, [1], [2], and [3] are different names
for the same equivalence class, which includes the elements 1, 2, and 3. In this example, there are two other equivalence
classes aswell: [4] and [5].

It is possible to prove that if R is an equivalence relation on a nonempty set A then the equivalence classes of R constitute
a partition of A. Recall that N is a partition of a set A if and only if () no element of N is empty; (b) al members of I
are digoint; and (c) UM = A. In other words, if we want to take a set A and carve it up into a set of subsets, an
equivalence relation is a good way to do it.

For example, our Address relation carves up a set of people into subsets of people who live together. Let'slook at some
more examples:
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e Let A be the set of all strings of letters. Let SameLength O A x A relate strings whose lengths are the same.
Samel_ength is an equivalence relation that carves up the universe of all strings into a collection of subsets, one for
each natural number (i.e., strings of length O, strings of length 1, etc.).

* Let Zbethe set of integers. Let EqualMod3 [0 Z x Z relate integers that have the same remainder when divided by 3.
EqualMod3 has three equivalence classes, [0], [1], and [2]. [0] includes O, 3, 6, etc.

e Let CP be the set of C programs, each of which accepts an input of variable length. Well call the length of any
specific input n. Let SameComplexity [ CP x CP relate two programs if their running-time complexity is the same.
More specificaly, (ci, ¢;) [0 SameComplexity precisely in case:

O0my, my, k [On > k, RunningTime(c;) < m;* RunningTime(c,) AND RunningTime(c,) < my* RunningTime(c,)]

Not every relation that connects "similar” things is an equivalence relation. For example, consider SimilarCost(x, V),
which holds if the price of x is within $1 of the price of y. Suppose A costs $10, B costs $10.50, and C costs $11.25.
Then SimilarCost(A, B) and SimilarCost(B, C), but not SimilarCost(A, C). So SimilarCost is not transitive, although it is
reflexive and symmetric.

3.4 Orderings

Important as equivalence relations are, they're not the only special kind of relation worth mentioning. Let's consider two
more.

A partial order is arelation that is reflexive, antisymmetric, and transitive. |f we write out any partial order as a graph,
welll see a structure like the following one for the relation SubstringOf. Notice that in order to make the graph relatively
easy to read, we'll adopt the convention that we don't write in the links that are required by reflexivity and transitivity.
But, of course, they are there in the relation itself:

yxab bed bce
xab

ab bc
" (the empty string)
Read an arrow from x to y as meaning that (X, y) is an element of the relation. So, in this example, "a" is a substring of
"ab", which is a substring of "xab", and so forth. Note that in a partial order, it is often the case that there are some
elements (such as"ab" and "bc") that are not related to each other at all (since neither is a substring of the other).
Sometimes a partial order on adomain D defines a mininal and/or a maximal element. In this example, thereis aminimal
element, the empty string, which is a substring of every string. There appears from this picture to be a maximal element,

but that's just because we drew only atiny piece of the graph. Every string is a substring of some longer string, so thereis
in fact no maximal element.
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Let's consider another example based on the subsumption relation between pairs of logical expressions. A logical
expression A subsumes another expression B iff (if and only if), whenever A istrue B must be true regardless of the values
assigned to the variables and functions of A and B. For example: Ox P(x) subsumes P(A), since, regardless of what the
predicate P is and independently of any axioms we have about it, and regardless of what object A represents, if [x P(x) is
true, then P(A) must be true. Why is this a useful notion? Suppose we're building a theorem proving or reasoning
program. If we already know [Ox P(x), and we are then told P(A), we can throw away this new fact. It doesn't add to our
knowledge (except perhaps to focus our attention on the object A) since it is subsumed by something we already knew. A
small piece of the subsumption relation on logical expressions is shown in the following graph. Notice that now thereisa
maximal element, False, which subsumes everything (in other words, if we have the assertion False in our knowledge base,
we have a contradiction even if we know nothing else). Thereisaso aminimal element, True, which tells us nothing.

44 Ox R(X) Dm

P(B) P(i) \ /

P(A) OQ(A) Ux R(x)

—mee S

True

A total order R0 A x A isapartial order that has the additional property that (a, b 00 A, either (a, b) or (b, @ O R. In
other words, every pair of elements must be related to each other one way or another. The classic example of atotal order
is< (or 2, if you prefer) on theintegers. The < relation isreflexive since every integer is equal to itself. It's antisymmetric
sinceif a<band a# b, then for sureitisnot dsotruethat b < a. It'stransitive: if a<sbandb < ¢, thena<c. And, given

any two integersaand b, either a< b or b < a. If we draw any total order as a graph, we'll get something that looks like
this (again without the reflexive and transitive links shown):

wPsrPoPo

This is only atiny piece of the graph, of course. It continues infinitely in both directions. But notice that, unlike our

earlier examples of partial orders, there is no splitting in this graph. For every pair of elements, one is above and one is
below.

4 Important Properties of Binary Functions

Any relation that uniquely maps from all elements of its domain to elements of its range is a function. The two sets
involved can be anything and the mapping can be arbitrary. However, most of the functions we actually care about behave
in some sort of regular fashion. It isuseful to articulate a set of properties that many of the functions that we'll study have.
When these properties are true of a function, or a set of functions, they give us techniques for proving additional
properties of the objectsinvolved. In the following definitions, we'll consider an arbitrary binary function # defined over a
set well call A with elements welll call a, b, and c. As examples, we'll consider functions whose actual domains are sets,
integers, strings, and boolean expressions.
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A binary function # is commutative iff
Examples: atb=b+a
anb=bna
aAND b=bAND a

A binary function # is associative iff

Examples: (atb)+c=a+(b+c)
(anbync=an(bnc)
(@AND b) AND c=aAND (b AND ¢)

(@llb) flc=all(bllc)

A binary function # isidempotent iff Oa a#ta=a.
Examples: min(a, @ = a
ana=a
aANDa=a

Oab a#tb=b#a

integer addition
set intersection
boolean and

Oab,c (a#tb)#c=a#(b#c)

integer addition

set intersection
boolean and

string concatenation

integer min
set intersection
boolean and

The distributivity property relates two binary functions: A function # distributes over another function ! iff
Oab,c a#(b!c)=(a#b)! (a#c)and(b!c)#a=(b#a)! (c#a)

Examples: a*(b+c)=(a*b)+(a*c)

al(bnc)=(@aldb)yn (aldc)

integer multiplication over addition
Set union over intersection

aAND (b OR c)=(aAND b) OR (aAND ¢) boolean AND over OR

The absorption laws also relate two binary functions to each other: A function # absorbs another function ! iff

Oab a#(a!'b)=a

Examples: an(allb)=a

aOR (aANDb)=a

set intersection absorbs union
boolean OR absorbs AND

It is often the case that when a function is defined over some set A, there are special elements of A that have particular
properties with respect to that function. In particular, it is worth defining what it meansto be an identity and to be a zero:

An element ais an identity for the function # iff

b*1=b
b+0=b
bOO=b
bORFase=b
b =b

Examples:

Ox OA, x#a=xanda#x =X

1isanidentity for integer multiplication

O isanidentity for integer addition

O isanidentity for set union

Falseis an identity for boolean OR

"" isan identity for string concatenation

Sometimes it is useful to differentiate between a right identity (one that satisfies the first requirement above) and a left
identity (one that satisfies the second requirement above). But for al the functions we'll be concerned with, if thereis a
left identity, it is also aright identity and vice versa, so we will talk simply about an identity.

An element ais azero for the function # iff

Ox OA,x#a=aanda#x=a

b*0=0
bnO=0
b AND FALSE = FALSE

Examples:

O isazero for integer multiplication

0 isazero for set intersection
FALSE is azero for boolean AND

Just as with identities, it is sometimes useful to distinguish between left and right zeros, but we won't need to.
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Although we're focusing here on binary functions, there's one important property that unary functions may have that is
worth mentioning here:

A unary function % is a self inverse iff Ox %(%x)) = x. In other words, if we compose the function with itself (apply it
twice), we get back the original argument. Note that thisis not the same as saying that the function isits own inverse. In
most of the cases well consider (including the examples given here), it is not. A single application of the function
produces a new value, but if we apply the function a second time, we get back to where we started.

Examples: -(-(@)=a Multiplying by -1 is a self inverse for integers
1/(1/a) Dividing into 1 isa self inverse for integers
a=a Complement isa self inverse for sets
a(-a=a Negation isa self inverse for booleans
(@)R=a Reversal isa salf inverse for strings

5 Relations and Functions on Sets

In the last two sections, we explored various useful properties of relations and functions. With those tools in hand, let's
revisit the basic relations and functions on sets.

5.1 Relations

We have defined two relations on sets: subset and proper subset. What can we say about them? Subset is a partial order,
sinceit isreflexive (every set is a subset of itself), transitive (if A 0 B and B [0 C, then A OO C) and antisymmetric (if A O
B and A # B, then it must not be true that B [0 A). For example, we see that the subset relation imposes the following
partial order if you read each arrow as"is a subset of":

Z (theintegers)

Odd numbers Even numbers

T

Prime numbers excluding 2

T

{3, 17, 29} {4, 10}

\/

O
What about proper subset? It isnot a partial order sinceit is not reflexive.
5.2 Functions

All of the functional properties we defined above apply in one way or another to the functions we have defined on sets.
Further, as we saw above, there some set functions have a zero or an identity. We'll summarize here (without proof) the
most useful properties that hold for the functions we have defined on sets:

Commutativity AOB=BOA
AnB=BnA
Associativity (AOB)OC=A0BOC)

(AnB)nC=An(BnCQC)
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| dempotency AOA=A

AnA=A

Distributivity (AOB)nC=(AnC)OBNC
(AnB)OC=(A0OC)n(BOC)

Absorption (AOB)n A=A
(AnB)OA=A

| dentity AOO=A

Zero AnO=0

Self Inverse A=A

In addition, we will want to make use of the following theorems that can be proven to apply specifically to sets and their
operations (as well as to boolean expressions):

De Morgan'slaws AOB
AnB

>I>|
[solNush|

N
O

6 Proving Properties of Sets

A great deal of what we do when we build a theory about some domain is to prove that various sets of objects in that

domain are equal. For example, in our study of automata theory, we are going to want to prove assertions such as these:

e The set of strings defined by some regular expression E is identical to the set of strings defined by some second
regular expression E'.

* The set of strings that will be accepted by some given finite state automaton M is the same as the set of strings that
will be accepted by some new finite state automaton M' that is smaller than M.

e The set of languages that can be defined using regular expressions is the same as the set of languages that can be
accepted by afinite state automaton.

» The set of problems that can be solved by a Turing Machine with a single tape is the same as the set of problems that
can be solved by a Turing Machine with any finite number of tapes.

So we become very interested in the question, "How does one prove that two sets are identical"? There are lots of ways

and many of them require special techniques that apply in specific domains. But it's worth mentioning two very general
approaches here.

6.1 Using Set Identities and the Definitions of the Functions on Sets

Sometimes we want to compare apples to apples. We may, for example, want to prove that two sets of strings are
identical, even though they may have been derived differently. In this case, one approach is to use the set identity
theorems that we enumerated in the last section. Suppose, for example, that we want to prove that

AOBNn(ANC) =A
We can prove this as follows:

AOBNn(ANC) =(AOB)Nn(AOANCQ) Distributivity
=(AOB)n((AnC)OA) Commutativity
=(AOB)n A Absorption
=A Absorption

Sometimes, even when we're comparing apples to apples, the theorems we've listed aren't enough. In these cases, we need
to use the definitions of the operators. Suppose, for example, that we want to prove that

A-B =AnB
We can prove this as follows (where U stands for the Universe with respect to which we take complement):
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A-B ={x:xOAandxOB}
={x:xOAand(x OUandx B)}
={x:xOAandxOU - B}
={x:xOA andx 0B}
=AnB

6.2 Showing Two Sets are the Same by Showing that Each is a Subset of
the Other

Sometimes, though, our problem is more complex. We may need to compare apples to oranges, by which | mean that we
are comparing sets that aren't even defined in the same terms. For example, we will want to be able to prove that A: the
set of languages that can be defined using regular expressions is the same as B: the set of languages that can be accepted
by afinite state automaton. This seemsvery hard: Regular expressions look like

a* (b O ba)*
Finite state machines are a collection of states and rules for moving from one state to another. How can we possibly prove
that these A and B are the same set? The answer is that we can show that the two sets are equal by showing that each isa
subset of the other. For example, in the case of the regular expressions and the finite state machines, we will show first
that, given a regular expression, we can construct a finite state machine that accepts exactly the strings that the regular
expression describes. That givesus A [ B. But there might still be some finite state machines that don't correspond to
any regular expressions. So we then show that, given a finite state machine, we can construct a regular expression that
defines exactly the same strings that the machine accepts. That givesusB 0 A. Thefinal step isto exploit the fact that

AOBandBOA=A=B

7 Cardinality of Sets

It seems natural to ask, given some set A, "What is the size of A?" or "How many elements does A contain?' In fact,
we've been doing that informally. We'll now introduce formal techniques for discussing exactly what we mean by the size
of aset. WEIl use the term cardinality to describe the way we answer such questions. So we'll reply that the cardinality
of A is X, for some appropriate value of X. For simple cases, determining the value of X is straightforward. In other
cases, it can get quite complicated. For our purposes, however, we can get by with three different kinds of answers. a
natural number (if A is finite), "countably infinite" (if A has the same number of elements as there are integers), and
"uncountably infinite" (if A has more elements than there are integers).

We write the cardinality of aset A as|A|.

A set A isfinite and has cardinality n 0 N (the natural numbers) if either A = O or thereisabijection fromA to {1, 2, ...
n}, for some value of n. In other words, a set is finite if either it is empty or there exists a one-to-one and onto mapping
from it to a subset of the positive integers. Or, aternatively, a set is finite if we can count its elements and finish. The
cardinality of afinite set is simply a natural number whose value is the number of elementsin the set.

A set isinfinite if it is not finite. The question now is, "Are al infinite sets the same size?' The answer isno. And we
don't have to venture far to find examples of infinite sets that are not the same size. So we need some way to describe the
cardinality of infinite sets. To do this, we need to define a set of numbers well call the cardinal numbers. Welll use these
numbers as our measure of the size of sets. Initially, welll define all the natural numbers to be cardinal numbers. That lets
us describe the cardinality of finite sets. Now we need to add new cardinal numbers to describe the cardinality of infinite
sets.

Let's start with a simple infinite set N, the natural numbers. We need a new cardinal number to describe the (infinite)

number of natural numbers that there are. Following Cantor, we'll call this number [f,. (Read this as "aleph null". Aleph
isthe first symbol of the Hebrew al phabet.)
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Next, we'll say that any other set that contains the same number of members as N does also has cardinality [, WEell also
call a set with cardinality [J, countably infinite. And one more definition: A set is countable if it is either finite or
countably infinite.

To show that a set has cardinality (o, we need to show that there is a bijection between it and N. The existence of such a
bijection proves that the two sets have the same number of elements. For example, the set E of even natural numbers has
cardinality [J,. To prove this, we offer the bijection:

Even:E - N

Even(x) = x/2
So we have the following mapping from E to N:

N

ol|~|N|o|m
w|N|k|o

This one was easy. The hijection was obvious. Sometimes it's less so. In harder cases, a good way to think about the
problem of finding a bijection from some set A to N is that we need to find an enumeration of A. An enumeration of A is
simply alist of the elements of A in some order. Of courseg, if A isinfinite, the list will be infinite, but as long as we can
guarantee that every element of A will show up eventually, we have an enumeration. But what is an enumeration? Itisin
fact a bijection from A to the positive integers, since there is a first element, a second one, a third one, and so forth. Of
course, what we need is a bijection to N, so we just subtract one. Thus if we can devise a technique for enumerating the
elements of A, then our bijection to N issimply

Enum:A - N

Enum(x) = x's position in the enumeration - 1

Let's consider an example of this technique;
Theorem: The union of a countably infinite number of countably infinite setsis countably infinite.

To prove this theorem, we need a way to enumerate all the elements of the union. The simplest thing to do would be to
start by dumping in all the elements of the first set, then all the elements of the second, etc. But, since the first set is
infinite, we'll never get around to considering any of the elements of the other sets. So we need another technique. If we
had a finite number of setsto consider, we could take the first element from each, then the second element from each, and
so forth. But we also have an infinite number of sets, so if we try that approach, we'll never get to the second element of
any of the sets. So we follow the arrows as shown below. The numbers in the squares indicate the order in which we
select elements for the enumeration. This process goes on forever, but it is systematic and it guarantees that, if we wait
long enough, any element of any of the setswill eventually be enumerated.

Setl Set 2 Set 3 Set 4
Element 1 1+ 3 _» —p 4 — — A
Element2 |2 5 < 4
Element 3 6* 4

7

It turns out that a lot of sets have cardinality [J,. Some of them, like the even natural numbers, appear at first to contain
fewer elements. Some of them, like the union of a countable number of countable sets, appear at first to be bigger. But in
both cases there is a bijection between the elements of the set and the natural numbers, so the cardinality is [J,.

However, thisisn't true for every set. There are sets with more than 7, elements. There are more than 7, real humbers,
for example. Asanother case, consider an arbitrary set Swith cardinality /7,. Now consider the power set of S (the set of
all subsets of S). This set has cardinality greater than [J,. To prove this, we need to show that there exists no bijection
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between the power set of S and the integers. To do this, we will use atechnique called diagonalization. Diagonalization
isakind of proof by contradiction. It works asfollows:

Let's start with the original countably infinite set S. We can enumerate the elements of S (since it's countable), so there'sa
first one, a second one, etc. Now we can represent each subset SS of S as a binary vector that contains one element for
each element of the original set S. If SS contains element 1 of S, then the first element of its vector will be 1, otherwise 0.
Similarly for al the other elements of S. Of course, since S is countably infinite, the length of each vector will also be
countably infinite. Thuswe might represent a particular subset SS of S as the vector:

Elemlof S| Elem20of S| Elen30of S| Elem4of S| Elen50f S | Elem60of S| ......
1 0 0 1 1 o ...

Next, we observe that if the power set P of S were countably infinite, then there would be an enumeration of it that put its
elements in one to one correspondence with the natural numbers. Suppose that enumeration were the following (where
each row represents one element of P as described above. Ignore for the moment the numbers enclosed in parentheses.):

Elemlof S| Elem20of S | Elen30of S | Elem4of S | Elen50f S | Elem60of S| .......

ElemlofP | 1 O |0 0 0 0 o ...
Elem2of P | O 1 2 |0 0 0 o ...
Elem3of P | 1 1 0 3 |0 0 o ...
Elem4of P | O 0 1 0 @ |0 o ...
Elem50f P | 1 0 1 0 0 G |0 ...
Elem6ofP | 1 1 1 0 0 0 ®) | .....

o

o

If thisreally is an enumeration of P, then it must contain all elements of P. But it doesn't. To prove that it doesn't, we will
congtruct an element L [0 P that is not on the list. To do this, consider the numbers in parentheses in the matrix above.
Using them, we can construct L:

@) -2 [ -(3) | -4 [ -(5) [ -(6) [ ..o |

What we mean by - (1) is that if (1) isa 1 then O; if (1) isa0, then 1. So we've constructed the representation for an
element of P. It must be an element of P since it describes a possible subset of S. But we've built it so that it differs from
the first element in the list above by whether or not it includes element 1 of S. It differs from the second element in the list
above by whether or not it includes element 2 of S. And so forth. In the end, it must differ from every element in the list
above in at least one place. Yet it isclearly an element of P. Thus we have a contradiction. The list above was not an
enumeration of P. But since we made no assumptions about it, no enumeration of P can exist. In particular, if wetry to
fix the problem by simply adding our new element to the list, we can just turn around and do the same thing again and
create yet another element that 's not on the list. Thus there are more than 7, elementsin P. Well say that sets with more
than [J, elements are uncountably infinite.

The real numbers are uncountably infinite. The proof that they are is very similar to the one we just did for the power set
except that it's a bit tricky because, when we write out each number as an infinite sequence of digits (like we wrote out
each set above as an infinite sequence of O's and 1's), we have to consider the fact that several distinct sequences may
represent the same number.

Not all uncountably infinite sets have the same cardinality. Thereisan infinite number of cardinal numbers. But we won't
need any more. All the uncountably infinite sets we'll deal with (and probably all the ones you can even think of unless
you keep taking power sets) have the same cardinality as the reals and the power set of a countably infinite set.

Thus to describe the cardinality of all the sets we'll consider, we will use one of the following:
*  Thenatural numbers, which we'll use to count the number of elements of finite sets,
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*  [J, whichisthe cardinality of al countably infinite sets, and
» uncountable, which is the cardinality of any set with more than [, members.

8 Closures

Imagine some set A and some property P. If we care about making sure that A has property P, we are likely to do the
following:

1. Examine A for P. If it has property P, we're happy and we quit.

2. If it doesn't, then add to A the smallest number of additional elements required to satisfy P.

Let's consider some examples:

* Let A be aset of friends you're planning to invite to a party. Let P be "A should include everyone who is likely to
find out about the party" (since we don't want to offend anyone). Let's assume that if you invite Bill and Bill has a
friend Bob, then Bill may tell Bob about the party. This means that if you want A to satisfy P, then you have to invite
not only your friends, but your friends friends, and their friends, and so forth. If you move in afairly closed circle,
you may be able to satisfy P by adding a few people to the guest list. On the other hand, it's possible that you'd have
to invite the whole city before P would be satisfied. It depends on the connectivity of the FriendsOf relation in your
social setting. The problem is that whenever you add a new person to A, you have to turn around and look at that
person's friends and consider whether there are any of them who are not aready in A. If there are, they must be
added, and so forth. There's one positive feature of this problem, however. Notice that there is a unique set that does
satisfy P, given theinitial set A. There aren't any choices to be made.

e Let A beasetof 6 people. Let Pbe"A can enter abaseball tournament”. This problem is different from the last in
two important ways. First, thereisaclear limit to how many elements we have to add to A in order to satisfy P. We
need 9 people and when we've got them we can stop. But notice that there is not a unique way to satisfy P (assuming
that we know more than 9 people). Any way of adding 3 people to the set will work.

* Let A bethe Address relation (which we defined earlier as "lives at same address as*). Since relations are sets, we
should be able to treat Address just as we've treated the sets of people in our last two examples. We know that
Address is an equivaence relation. So we'll let P be the property of being an equivalence relation (i.e., reflexive,
symmetric, and transitive). But suppose we are only able to collect facts about living arrangements in a piecemeal
fashion. For example, we may learn that Address contains { (Dave, Mary), (Sue, Pete), (John, Bill)}. Immediately we
know, because Address must be reflexive, that it must also contain {(Dave, Dave), (Mary, Mary), (Sue, Sue), (Pete,
Pete), (John, John), (Bill, Bill)}. And, since Address must also be symmetric it must contain {(Mary, Dave), (Pete,
Sue), (Bill, John)}. Now suppose that we discover that Mary lives with Sue. We add {(Mary, Sue)}. To make
Address symmetric again, we must add { (Sue, Mary)}. But now we also have to make it transitive by adding { (Dave,
Sue), (Sue, Dave)}.

e Let A be the set of natural numbers. Let P be "the sum of any two elements of A isasoin A" Now weve got a
property that is already satisfied. The sum of any two natural numbers is a natural number. Thistime, we don't have
to add anything to A to establish P.

* Let A bethe set of natural numbers. Let P be "the quotient of any two elements of A isalsoin A." Thistime we have
aproblem. 3/5 is not anatural number. We can add elementsto A to satisfy P. If we do, we end up with exactly the
rational numbers.

In al of these cases, we're going to want to say that A is closed with respect to P if it possesses P. And, if we have to add

elementsto A in order to satisfy P, well call a smallest such expanded A that does satisfy P aclosure of A with respect to
P. What we need to do next isto define both of these terms more precisely .

8.1 Defining Closure

The first set of definitions of closure that well present is very general, although it does require that we can describe
property P as an n-ary relation (for some value of n). We can use it to describe what we did in al but one of the examples
above, although in afew casesit will be quite cumbersome to do so.

Let n be an integer greater than or equal to 1. Let R be an n-ary relation on aset D. Thus elements of R are of the form
(dy, do, ..., dy). Wesay that asubset Sof D isclosed under R if, whenever:
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1. dy,d,,...d,1OS, (al of thefirst n-1 elements are already in the set S) and
2. (di, dy, ...dn 1, dy) OR (thelast element isrelated to the n-1 other elementsviaR)
itisalsotruethat d, 0 S.

A set S'isaclosure of Swith respect to R (defined on D) iff:

1. sOS,

2. Sisclosed under R, and

3. OT (TODandTisclosed under R) = |S|<[T].

In other words, S is a closure of S with respect to R if it is an extension of S that is closed under R and if there is no
smaller set that also meets both of those requirements. Note that we can't say that S' must be the smallest set that will do
the job, since we do not yet have any guarantee that there is a unique such smaller set (recall the softball example above).

These definitions of closure are a very natural way to describe our first example above. Drawing from a set A of people,
you start with S equal to your friends. Then, to compute your invitee list, you simply take the closure of S with respect to
the relation FriendOf, which will force you to add to A your friends' friends, their friends, and so forth.

Now consider our second example, the case of the baseball team. Here there is no relation R that specifies, if one or more
people are already on the team, then some specific other person must also be on. The property we care about is a property
of the team (set) as a whole and not a property of patterns of individuals (elements). Thus this example, although similar,
is not formally an instance of closure as we have just defined it. This turns out to be significant and leads us to the
following definition:

Any property that asserts that a set Sis closed under some relation R isaclosure property of S. It is possible to prove that
if Pisaclosure property, asjust defined, on aset A and Sis asubset of A, then the closure of S with respect to R exists
and is unique. In other words, there exists a unique minimal set S that contains S and is closed under R. Of all of our
examples above, the baseball example is the only one that cannot be described in the terms of our definition of a closure
property. The theorem that we have just stated (without proof) guarantees, therefore, that it will be the only one that does
not have a unique minimal solution.

The definitions that we have just provided also work to describe our third example, in which we want to compute the
closure of arelation (since, after all, arelation is a set). All we have to do is to come up with relations that describe the
properties of being reflexive, symmetric, and transitive. To help us see what those relations need to be, let's recall our
definitions of symmetry, reflexivity, and transitivity:

« AvreaionROA x Aisreflexiveif, foreachaOA, (a,a OR.

« AvreaionROA x Aissymmetricif, whenever (a, b) O R, sois (b, a).

« Avrelation ROA x Aistransitive if, whenever (a, b) D Rand (b,c) OR, (a ¢c) OR.

Looking at these definitions, we can come up with three relations, Reflexivity, Symmetry, and Transitivity. All three are
relations on relations, and they will enable us to define these three properties using the closure definitions we've given so
far. All three definitions assume a base set A on which the relation we are interested is defined:

« [OaOA, ((a d) O Reflexivity. Notice the double parentheses here. Reflexivity is a unary relation, where each
element isitself an ordered pair. It doesn't really "relate” two elements. It is simply alist of ordered pairs. To see
how it works to define reflexive closure, imagine a set A = {x, y}. Now suppose we start with arelation R on A =
{(x, y)}. Clearly Risn't reflexive. And the Reflexivity relation tells us that it isn't because the reflexivity relation on
A contains {((X, X)), ((y, ¥))}. Thisisaunary relation. So n, in the definition of closure, is 1. Consider the first
element ((x, X)). We consider al the components before the nth (i.e., first) and see if they're in A. This means we
consider the first zero components. Trivialy, al zero of them are in A. So the nth (the first) must also be. This
means that (X, X) must bein R. But it isn't. Soto compute the closure of R under Reflexivity, we add it. Similarly for
v, ).

e HOabOA,azb=[((a b), (b, @) O Symmetry]. Thisoneisalot easier. Again, suppose we start with aset A = {Xx,
y} and arelation Ron A = {(x, y)}. Clearly R isn't symmetric. And Symmetry tellsusthat. Symmetry on A = {((x,
y), (¥, X)), (Y, X), (X, ¥))}. But look at the first element of Symmetry. It tellsus that for R to be closed, whenever (x,
y)isinR, (y, X) must also be. Butitisn't. To compute the closure of R under Symmetry, we must add it.
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e [OabcOA [azbOb#c = [((& b), (b, ¢), (& ¢) O Transitivity]. Now we will exploit a ternary relation.
Whenever the first two elements of it are present in some relation R, then the third must also beif R istransitive. This
time, let's start with aset A = {X, y, z} and arelation Ron A = {(x, ), (y, 2}. Clearly R is not transitive. The
Transitivity relation on A is {((x, ¥), (v, 2), (x, 2)), (X, 2), (z, ¥), (X, ¥)), ((¥, %), (X, 2), (¥, 2)), (¥, 2), (2, %), (¥, X)),
((z, x), X, ), (Z, ), ((Z,Y), (v, X), (z,X))}. Look at the first element of it. Both of the first two components of it are
in R. But thethird isn't. To make R transitive, we must add it.

These definitions also work to enable us to describe the closure of the integers under division as the rationals. Following
the definition, A isthe set of rationals. S (asubset of A) istheintegersand R is QuotientClosure, defined as:
» [OabcOA,[ab=c] = [(a b, c) O QuotientClosure].

So we've got a quite general definition of closure. And it makes it possible to prove the existence of a unique closure for
any set and any relation R. The only constraint is that this definition works only if we can define the property we care
about as an n-ary relation for some finite n. There are cases of closure where thisisn't possible, as we saw above, but we
won't need to worry about them in this class.

So we don't really need any new definitions. We've offered a general definition of closure of a set (any set) under some
relation (which is the way we use to define a property). But most of the cases of closure that we'll care about involve the
special case of the closure of a binary relation given some property that may or may not be naturaly describable as a
relation. For example, one could argue that the relations we just described to define the properties of being reflexive,
symmetric, and transitive are far from natural. Thus it will be useful to offer the following alternative definitions. Don't
get confused though by the presence of two definitions. Except when we cannot specify our property P as arelation (and
we won't need to deal with any such cases), these new definitions are simply special cases of the one we already have.

We say that a binary relation B onaset T is closed under property P if B possesses P. For example, LessThanOrEqual is
closed under transitivity sinceit istransitive. Simple enough. Next:

Let B beabinary relationonaset T. A relation B'isaclosure of B with respect to some property P iff:
1. BOB,

2. B'isclosed under P, and

3. Thereisno smaller relation B" that contains B and is closed under P.

So, for example, the transitive closure of B = {(1, 2), (2, 3)} is the smallest new relation B' that contains B but is
transitive. SoB'= {(1, 2), (2, 3), (1, 3)}.

You'll generaly find it easier to use these definitions than our earlier ones. But keep in mind that, with the earlier
definitions it is possible to prove the existence of a unique closure. Since we went through the process of defining
reflexivity, symmetry, and transitivity using those definitions, we know that there aways exists a unique reflexive,
symmetric, and transitive closure for any binary relation. We can exploit that fact that the same time that we use the
simpler definitions to help us find algorithms for computing those closures.

8.2 Computing Closures

Suppose we are given a set and a property and we want to compute the closure of the set with respect to the property.

Let's consider two examples:

e Compute the symmetric closure of a binary relation B on a set A. Thisis trivia. Simply make sure that, for all
elementsx of A, (x, x) O B.

e Compute the transitive closure of a binary relation B on aset A. Thisisharder. We can't just add a fixed number of
elements to B and then quit. Every time we add a new element, such as (x, y), we have to look to see whether there's
some element (y, z) so now we also have to add (x, z). And, similarly, we must check for any element (w, x) that
would force usto add (w, y). If A isinfinite, there is no guarantee that this process will ever terminate. Our theorem
that guaranteed that a unique closure exists did not guarantee that it would contain a finite number of elements and
thus be computable in a finite amount of time.
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We can, however, guarantee that the transitive closure of any binary relation on a finite set is computable. How? A very
simple approach is the following algorithm for computing the transitive closure of a binary relation B with N elements on
aset A:

Set Trans = B; /* Initially Transisjust the original relation.
/* We need to find all caseswhere (x, y) and (y, z) arein Trans. Then we must insert (x, z) into Transif
/¥ itisn't aready there.
Boolean AddedSomething = True; /* Welll keep going until we make one whole pass through
without adding any new elementsto Trans.
while AddedSomething = True do
AddedSomething = False;
Xcounter :=0;
Foreach element of Transdo
xcounter := xcounter + 1;
X = Trang[xcounter][1] /* Pull out the first element of the current element of Trans
y = Trang xcounter][2] /* Pull out the second element of the i'th element of Trans
/* So if the first element of Transis (p, g), then
/* x = p andy = q thefirst time through.
zcounter := 0;
foreach element of Trans do
zcounter := zcounter + 1;
if Trangzcounter][1] =y thendo /* We've found another element (y, ?) and we may need to
z = Trang zcounter][2]; /* add (x, ?) to Trans.
if (x,z) O Transthendo /* we haveto add it
Insert(Trans, (X, 2))
AddedSomething = True;
end; end; end; end; end;

This agorithm works. Try it on some simple examples. But it's very inefficient. There are much more efficient
algorithms. In particular, if we represent a relation as an incidence matrix, we can do a lot better. Using Warshall's
agorithm, for example, we can find the transitive closure of a relation of n elements using 2n° bit operations. For a
description of that algorithm, see, for example, Kenneth Rosen, Discrete Mathematics and its Applications, McGraw-Hill.

9 Proof by Mathematical Induction

In the last section but one, as a sideline to our main discussion of cardinality, we presented diagonalization as a proof
technique. In this section, we'll present one other very useful proof technique.

Mathematical induction is a technique for proving assertions about the set of positive integers. A proof by induction of

assertion A about some set of positive integers greater than or equal to some specific value has two steps:

1. Prove that A holds for the smallest value we're concerned with. Well call this value v. Generally v = 0 or 1, but
sometimes A may hold only once we get past some initial unusual cases.

2. Provethat Onz=v, A(n) = A(n+1)

WEell call A(n) the induction hypothesis. Since we're trying to prove that A(n) = A(n+1), we can assume the induction
hypothesis as an axiom in our proof.

Let's do a simple example and use induction to prove that the sum of the first n odd positive integersisn®. Notice that this
appears to be true;
(n=1)1 =1
(n=2)1+3 =4
(h=3)1+3+5 =9=3
(n=4)1+3+5+7=16=4% and soforth.

To prove it, we need to follow the two steps that we just described:

Supplementary Materials Review of Mathematical Concepts 23



Letv=1 1=12
2. Provethat, On =0,

=

n n+l
(O.0dd, =n*) = (>_0dd, = (n+1)?)
i=1 i=1
To do this, we observe that the sum of the first n+1 odd integersis the sum of the first n of them plusthe n+1's, i.e.,

n+l n

z Odd. = z Odd, +Odd,..,

i=1 i=1
=n’+0dd, ., (Using the induction hypothesis)
=n*+2n+1 (Odd, ,, is2n+1)
=(n+1)?

Thus we have shown that the sum of the first n+1 odd integers must be equivalent to (n+1)? if it is known that the sum of
the first n of them is equivalent to .

Mathematical induction lets us prove properties of positive integers. But it also lets us prove properties of other things if
the properties are described in terms of integers. For example, we could talk about the size of finite sets, or the length of
finite strings. Let's do one with sets: For any finite set A, [2*| = 2%, In other words, the cardinality of the power set of A
is 2 raised to the power of the cardinality of A. WEell prove this by induction on the number of elements of A (JA). We
follow the same two steps:

1. Letv=0. SoAisO, |A|=0, and A's power setis{}, whose cardinality is 1 = 2° = 2/,

2. Provethat, On= 0, if [2*| = 2" istrue for all sets A of cardinality n, then it is also true for all sets S of cardinality n+1.
We do this as follows. Since n = 0, and any such Shasn + 1 elements, S must have at least one element. Pick one
and call it a Now consider the set T that we get by removing a from S. [T| must be n. So, by the induction
hypothesis (namely that [2*| = 2! if |A| = n), our claim is true for T and we have [27] = 2. Now let's return to the
power set of the original set S. It has two parts: those subsets that include a and those that don't. The second part is
exactly 27, so we know that it has 2™ = 2" elements. The first part (all the subsets that include a) is exactly all the
subsets that don't include a with a added in). Since there are 2" subsets that don't include a and there are the same
number of them once we add a to each, we have that the total number of subsets of our original set Sis 2" (for the
ones that don't include a) plus 2" (for the ones that do include a), for atotal of 2(2n) = 2™*, which is exactly 2.

Why does mathematical induction work? It relies on the well-ordering property of the integers, which states that every
nonempty set of nonnegative integers has a least element. Let's see how that property assures us that mathematical
induction is valid as a proof technique. Well use the technique of proof by contradiction to show that, given the well-
ordering property, mathematical induction must be valid. Once we have done an induction proof, we know that A(v)
(where v is 0 or 1 or some other starting value) is true and we know that On = 0, A(n) = A(n+1). What we're using the
technique to enable us to claim is that, therefore, 0n = v, A(n). Suppose the technique were not valid and there was a set
S of nonnegative integers = v for which A(n) is False. Then, by the well-ordering property, there is a smallest element in
thisset. Call it x. By definition, x must be equal to or greater than v. But it cannot actually be v because we proved A(v).
So it must be greater than v. But now consider x - 1. Since x - 1 islessthan x, it cannot be in S (since we chose x to be
the smallest value in S). If it'snot in S, then we know A(x - 1). But we proved that OIn = 0, A(n) = A(n+1), so A(X - 1)
= A(X). But weassumed - A(x). So that assumption led us to a contradiction; thusit must be false.

Sometimes the principle of mathematical induction is stated in a dightly different but formally equivalent way:

1. Provethat A holdsfor the smallest value v with which we're concerned.

2. State the induction hypothesis H, which must be of the form, "There is some integer n = v such that A is true for all
integersk wherev <k <n."

3. Provethat (On=v, A(n) = A(n+ 1). In other words prove that whenever A holds for al nonnegative integers
starting with v, up to an including n, it must also hold for n + 1.

Y ou can use whichever form of the technique is easiest for a particular problem.
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Regular Languages and Finite State Machines

1 Regular Languages

The first class of languages that we will consider is the regular languages. As well see later, there are severa quite
different ways in which regular languages can be defined, but we'll start with one simple technique, regular expressions.

A regular expression is an expression (string) whose "value" is a language. Just as 3 + 4 and 14/2 are two arithmetic
expressions whose values are equal, so are (al b)* and a* O (a0 b)*b(a 0 b)* two regular expressions whose values are
equal. We will use regular expressions to denote languages just as we use arithmetic expressions to denote numbers. Just
as there are some numbers, like M, that cannot be expressed by arithmetic expressions of integers, so too there are some
languages, like a'b", that cannot be expressed by regular expressions. In fact, we will define the class of regular
languages to be precisely those that can be described with regular expressions.

Let's continue with the analogy between arithmetic expressions and regular expressions. The syntax of arithmetic
expressions is defined recursively:

Any numeral in{0, 1,2, ...} isan arithmetic expression.

If o and 3 are expressions, so is (o + (3).

If o and 3 are expressions, sois(a * B).

If o and 3 are expressions, sois(a - ).

If o and 3 are expressions, so is (a/p3).

If o isan expression, sois-a.

ok wpdpE

These operators that we've just defined have associated with them a set of precedence rules, so we can write -3 + 4*5
instead of (-3 + (4*5)).

Now let's return to regular expressions. The syntax of regular expressionsis also defined recursively:
1. 0 and each member of X isaregular expression.

2.1f a, B areregular expressions, then so isaf

3.1f a, B areregular expressions, then soisalp .

4. If a isaregular expression, then soisa*.

5. If a isaregular expression, then so is (a).

6. Nothing elseisaregular expression.

Similarly there are precedence rules for regular expressions, so we can write a* [ bc instead of (a* [ (bc)). Note that *
binds more tightly than does concatenation, which binds more tightly than .

In both cases (arithmetic expressions and regular expressions) there is a distinction between the expression and its value.
5 + 7 is not the same expression as 3 * 4, even though they both have the same value. (Y ou might imagine the expressions
being in quotation marks. "5 + 7" is clearly not thesame as "3 * 4". Similarly, "John's agood guy" is a different sentence
from "John is nice", even though they both have the same meaning, more or less.) The rules that determine the value of an
arithmetic expression are quite familiar to us, so much so that we are usually not consciously aware of them. But regular
expressions are less familiar, so we will explicitly specify the rules that define the values of regular expressions. We do
this by recursion on the structure of the expression. Just remember that the regular expression itself is a syntactic object
made of parentheses and other symbols, whereas its value is a language. We define L() to be the function that maps
regular expressionsto their values. We might analogously define L() for arithmetic expressions and say that L(5 + 7) = 12
=L(3* 4). L() isan example of a semantic interpretation function, i. e, it is a function that maps a string in some
language to its meaning. In our case, of course, the language from which the arguments to L() will be drawn is the
language of regular expressions as defined above.

L() for regular expressionsis defined as follows:

1. L(O)=0andL(a ={a} foreachal Xz
2. If a, B areregular expressions, then
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L((@B)) =L(o) L(B)
= all strings that can be formed by concatenating to some string from a some string from 3.
Note that if either a or B is [, then itslanguage is [1, so there is nothing to concatenate and the result is 1.
If a, B areregular expressions, then L((aB )) =L(a) O L(B)
4. |If aisaregular expression, then L(a*) =L(a)*
5. L((a))=L(a)

w

So, for example, let's find the meaning of the regular expression (ad b)*b:

L((al b)*b)

L((a 0 b)*) L(b)

L(ad b)* L(b)

(L(a) O L(b))* L(b)

({a 0 {b})* {b}

{a b}* {b}

which isjust the set of all stringsendinginb. Another exampleisL(((ad b)(aO b))a(ad b)*) ={xay: x and y are strings
of asand b'sand [x| = 2}. The distinction between an expression and its meaning is somewhat pedantic, but you should
try to understand it. We will usually not actually write L() because it is generally clear from context whether we mean the
regular expression or the language denoted by it. For example, a0 (a0 b)* istechnically meaningless since (a[l b)* isa
regular expression, not a set. Nonetheless, we use it as a reasonable abbreviation for a0 L((a O b)*), just as we write 3 +
4 =4 + 3to mean that the values of "3 + 4" and "4 + 3", not the expressions themselves, are identical.

Here are some useful facts about regular expressions and the languages they describe:

e (al b)* = (a*b*)* = (b*a*)* = set of all strings composed exclusively of asand b's (including the empty string)

e (alOb)c=(acbc) Concatenation distributes over union

« c(aldb)=(calch) "

e a Ob*#(alb)* Theright-hand expression denotes a set containing strings of mixed a's and b's, while the | eft-
hand expression does not.

o (ab)* #a*b* In the right-hand expression, all a's must precede al b's. That's not true for the left-hand
expression.

e aU0O*=a*Ue=a*

There is an algebra of regular expressions, but it is rather complex and not worth the effort to learn it. Therefore, we will
rely primarily on our knowledge of what the expressions mean to determine the equivalence (or non-equivalence) or
regular expressions.

We are now in a position to state formally our definition of the class of regular languages: Given an alphabet %, the set of
regular languages over X is precisely the set of languages that can be defined using regular expressions with respect to 2.
Another equivalent definition (given our definition of regular expressions and L()), isthat the set of regular languages over
an alphabet > is the smallest set that contains [0 and each of the elements of %, and that is closed under the operations of
concatenation, union, and Kleene star (rules 2, 3, and 4 above).
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2 Proof of the Equivalence of Nondeterministic and Deterministic FSAs
In the lecture notes, we stated the following:

Theorem: For each NDFSA, there is an equivalent DFSA.

Thisis an extremely significant theorem. It saysthat, for finite state automata, nondeterminism doesn't add power. It adds
convenience, but not power. Aswe'll see later, thisis not true for all other classes of automata.

In the notes, we provided the first step of a proof of this theorem, namely an algorithm to construct, from any NDFSA, an
equivalent DFSA. Recall that the algorithm we presented was the following: Given anondeterministic FSA M (K, Z, A, s,
F), we derive an equivalent deterministic FSA M' = (K", 2, &', s, F) asfollows:

1.  Compute E(q) foreachqin K. OgOK, E(q) ={p 0K :(q,€) |*m (p, €)}. Inother words, E(q) isthe set of states
reachable from q without consuming any input.

2. Compute s = E(9).

3. Compute &, which is defined as follows: 0QO2X and DalX , &'(Q, a) = O{E(p) : p 0 K and (q, a, p) 0 A for someq

0 Q}. Recall that the elements of 2 are sets of states from the original machine M. So what we've just said is that

to compute the transition out of one of these "set" states, find al the transitions out of the component states in the

original machine, then find al the states reachable from them via epsilon transitions. The new state is the set of al

states reachable in thisway. Well actually compute &' by first computing it for the new start state s and each of the

elements of Z. Each state thus created becomes an element of K', the set of states of M'. Then we compute &' for

any new states that were just created. We continue until there are no additional reachable states. (so although &' is

defined for all possible subsets of K, well only bother to compute it for the reachable such subsets and in fact we'll

define K' to include just the reachable configurations.)

Compute K' = that subset of 2 that is reachable, via &', as defined in step 3, from s.

5. Compute F ={Q OK': Q n F# O}. Inother words, each constructed "set" state that contains at least one final
state from the original machine M becomes afinal statein M.

e

However, to complete the proof of the theorem that asserts that there is an equivalent DFSA for every NDFSA, we need
next to prove that the algorithm we have defined does in fact produce a machine that is (1) deterministic, and (2)
equivalent to the original machine.

Proving (1) istrivial. By the definition in step 3 of &', we are guaranteed that &' is defined for all reachable elements of K'
and that it is single valued.

Next we must prove (2). In other words, we must prove that M' accepts a string w if and only if M accepts w. We
constructed the transition function &' of M' so that each step of the operation of M' mimics an "all paths' simulation of M.
So we believe that the two machines are identical, but how can we prove that they are? Suppose we could prove the
following:

Lemma: For any string w [0 2* and any states p, g O K, (g, w) |-*m (p, €) iff (E(Q), W) |-*m (P, €) for some P O
K' that contains p. In other words, if the original machine M starts in state q and, after reading the string w, can
land in state p, then the new machine M' must behave as follows: when started in the state that corresponds to the
set of states the original machine M could get to from g without consuming any input, M' reads the string w and
lands in one of its new "set" states that contains p. Furthermore, because of the only-if part of the lemma, M'
must end up in a"set" state that contains only states that M could get to from q after reading w and following any
available epsilon transitions.

If we assume that this lemmais true, then the proof that M' is equivalent to M is straightforward: Consider any string w [

>*, If wOL(M) (i.e, theoriginal machine M accepts w) then the following two statements must be true;

1. The original machine M, when started in its start state, can consume w and end up in afina state. This must be true
given the definition of what it means for a machine to accept a string.
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2. (E(s), W) |*m (Q, €) for some Q containing some f [0 F. In other words, the new machine, when started in its start
state, can consume w and end up in one of its final states. This follows from the lemma, which is more general and
describes a computation from any state to any other. But if we use the lemma and let q equal s (i.e., M beginsin its
start state) and p = f for somef O F (i.e,, M endsin afinal state), then we have that the new machine M', when started
in its start state, E(s), will consume w and end in a state that contains f. But if M' does that, then it has ended up in
one of itsfinal states (by the definition of K' in step 5 of the algorithm). So M' accepts w (by the definition of what it
means for a machine to accept a string). Thus M' accepts precisely the same set of strings that M does.

Now all we have to do is to prove the lemma. What the lemmais saying is that we've built M' from M in such a way that
the computations of M*' mirror those of M and guarantee that the two machines accept the same strings. But of course we
didn't build M' to perform an entire computation. All we did was to describe how to construct &'. In other words, we
defined how individual steps of the computation work. What we need to do now is to show that the individual steps, when
taken together, do the right thing for strings of any length. The obvious way to do that, since we know what happens one
step at atime, isto prove the lemma by induction on [w].

We must first prove that the lemmais true for the base case, where jw| =0 (i.e.,, w = €). To do this, we actually have to do
two proofs, one to establish theif part of the lemma, and the other to establish the only if part:

Basis step, if part: Prove (g, w) [*m (p, €) if (E(q), W) [*m (P, €) for some P O K' that contains p. Or, turning it around to
make it alittle clearer,

[ (E(q), w) [-*m (P, €) for some P O K' that containsp ] = (g, W) |*m (p, €)
If \w| =0, then M" makes no moves. So it must end in the same state it started in, namely E(q). If we'retold that it endsin
some state that contains p, then p O E(g). But, given our definition of E(x), that means exactly that, in the original
machine M, p is reachable from q just be following € transitions, which is exactly what we need to show.

Basis step, only if part: Recall that only if is equivalent to implies. So now we need to show:

[ (@,wW)|*m (p, €) ] = (E(Q), W) |*m (P, €) for some P O K' that contains p
If w| = 0, and the original machine M goes from g to p with only w as input, it must go from q to p following just €
transitions. In other words p O E(g). Now consider the new machine M'. It starts in E(q), the set state that includes all
the states that are reachable from q via € transitions. Since the new machine is deterministic, it will make no moves at all
if itsinputise. So it will halt in exactly the same state it started in, namely E(q). Since we know that p O E(q), we know
that M" has halted in a set state that includes p, which is exactly what we needed to show.

Next we'll prove that if the lemmais true for all strings w of length k, k = O, then it is true for all strings of length k + 1.
Considering strings of length k + 1, we know that we are dealing with strings of a least one character. So we can rewrite
any such string as zx, where x is a single character and z is a string of length k. The way that M and M' process z will thus
be covered by the induction hypothesis. We'll use our definition of &', which specifies how each individual step of M’
operates, to show that, assuming that the machines behave correctly for the first k characters, they behave correctly for the
last character also and thus for the entire string of length k + 1. Recall our definition of &":

0'(Q,a={E(p): pO0K and (g, a, p) 0Afor someq [ Q}.

To prove the lemma, we must show a relationship between the behavior of:
M: (@ W) F*m (p, ), and
M": (E(q), W) |-*m (P, €) for some P O K' that contains p

Rewriting w as zx, we have
M: @ 23) Im (p, €)

M": (E(Q), 2X) |*m (P, €) for some P [0 K' that contains p

Breaking each of these computations into two pieces, the processing of z followed by the processing of x, we have:
M: @ 2x) Fm (s, X) Fm (P, €)

M": (E(@), 2¥) |F*m (S, X) |-*m (P, €) for some P [0 K' that contains p
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In other words, after processing z, M will be in some set of states 5, and M' will be in some state, which well call S.
Again, welll split the proof into two parts:

Induction step, if part:
[ (E(@), 2¥) [-*m (S, X) |-*m (P, €) for some P 0 K that contains p ] = (g, zx) [*u (S, X) [-*m (P, €)

If, after reading z, M" isin state S, we know, from the induction hypothesis, that the original machine M, after reading z,
must be in some set of states s and that Sis precisely that set. Now we just have to describe what happens at the last step
when the two machines read x. If we have that M', starting in S and reading x lands in P, then we know, from the
definition of &' above, that P contains precisely the states that M could land in after starting in any § and reading x. Thus
if pOP, pmust be astatethat M could land in.

Induction step, only if part:
(@, 29) |-*m (S, X) F*m (P, €) = (E(Q), 2X) F*m (S, X) |-*m (P, €) for some P [0 K' that contains p

By the induction hypothesis, we know that if M, after processing z, can reach some set of states s, then S (the state M' isin
after processing z) must contain precisely al the §'s. Knowing that, and our definition of &', we know that from S, reading
X, M' must be in some set state P that contains precisely the states that M can reach starting in any of the s's, reading x,
and then following all € transitions. So, after consuming w (zx), M', when started in E(q) must end up in a state P that
contains all and only the states p that M, when started in g, could end up in.

This theorem is a very useful result when we're dealing with FSAs. It's true that, by and large, we want to build
deterministic machines. But, because we have provided a constructive proof of this theorem, we know that we can design
a deterministic FSA by first describing a nondeterministic one (which is sometimes a much simpler task), and then
applying our algorithm to construct a corresponding deterministic one.
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3 Generating Regular Expressions from Finite State Machines
I. Preparations (Note: FA may be non-deterministic in general)

I a) there is more than one final state
or b) there is just one final state but it 1ies on a loop,

then a) create a new final state

b) run e-transitions from the old final state(s) to the new one
and c) make the old final state(s) non-final

Example:

If the initial state is part of a loop,

then a) create a new initial state

b) run an e-transition from the new initial state to the old ohe
and c) make the old initial state non~initial

Example:

(Note: nothing needs to be done to the final state here because it does

not lie on a loop. Similarly, nothing needs to be done to the imtial state in
the first example.)
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Il. Eliminating states

One by one, remove states which are neither initial nor final, replacing
the connections between remaining states in such a way that the .
transitions are preserved. In general, the reconstructed transitions may

be labelled with reqular expressions rather than just by strings.

1. Example:
a ba.
D= @—@
g2 can be ellminated and the connection between 'ql and q3 becomes:

In general, If r! and r2 are any reguiar expressions, produced perhaps
by other steps in the algorithm, and occur in the configuration:

then this can be replaced by

@ \'\or‘?._@

2) If the eliminated state happens to contain a "simple” loop, e.g.:

bb
E‘—% = 5(32)—2=@)

when g2 is eliminated, the transition becomes:

@ a(bb) ba '
In general, r2
@ i _)@ *‘34

becomes

@redr: g

Supplementary Materials Regular Languages and Finite State Machines




3) Parallel transitions can be coalesced into a single transition
labelled by an expression which is the union of the originals:

=0 = @U=@

a(ba)’b *
a (ba) bUaLanb)
Q=P = @leiovng
ob

In general: ,
- @mnyg
T

One proceeds in this manner, eliminating states one by one, until only
a single transition remains connecting the initial and the one final state.
The label on this transition is a‘regular expression for the original
automaton.

The order of elimination of states doesn't matter; equivalent regular
expressions will be obtained so long as the procedure is done correctly.

Note that coalescing paraliel transitions doesn't eliminate a state but
reduces the number of transitions. In general, one should perform this

step before eliminating a state that has parallel transitions into or out of
it :
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eliminate state q4:

Q0
@ Ly

ba (bU ba)
coalesce transitions from q2 to q2
Q) avb
O b .
=®/”‘
ba.(bu ba ) ~
eliminate q2:
a(a Ub)”b
q1
ba(bUba)

coalesce parallel transitions:

. :
@Q(‘Nb}hu ba(bvba))@

This is a regular expression for the FA. Check against the original. -

More complicated cases:
a.

q1 93

1)
> @y b
suppose we eliminate g3. Then the path from g2 to q! becomes:
¥
ba(ab)
< D)
but we have also destroyed a path from q! back to q1, namely:

b
ab = Ak (abYa

so the net result is:
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4 The Pumping Lemma for Regular Languages

4.1 What Does the Pumping Lemma Tell Us?

The pumping lemma is a powerful technique for showing that a language is not regular. The lemma describes a property
that must be true of any language if it is regular. Thus, if we can show that some language L does not possess this
property, then we know that L is not regular.

The key idea behind the pumping lemma derives from the fact that every regular language is recognizable by some FSM

M (actualy an infinite number of finite state machines, but we can just pick any one of them for our purposes here). So

we know that, if a language L is regular, then every string sin L must drive M from the start state to some final state.

There are only two ways this can happen:

1. scould be short and thus drive M from the start state to a final state without traversing any loops. By short we mean
that if M has N states, then |s| < N. If s were any longer, M would have to visit some state more than once while
processing s; in other words it would loop.

2. scould be long and M could traverse at least one loop. If it does that, then observe that another way to take M from
the start state to the same final state would be to skip the loop. Some shorter string w in L would do exactly that. Still
further ways to take M from the start state to the final state would be to traverse the loop two times, or three times, or
any number of times. Aninfinite set of longer stringsin L would do this.

Given some regular language L, we know that there exists an infinite number of FSMs that accept L, and the pumping
lemma relies on the existence of at least one such machine M. |n fact, it needs to know the number of statesin M. But
what if we don't have M handy? No problem. All we need isto know that M exists and that it has some number of states,
which well call N. Aslong as we make no assumptions about what N is, other than that it is at least 1, we can forge ahead
without figuring out what M isor what N is.

The pumping lemmatells usthat if alanguage L is regular, then any sufficiently long (as defined above) string sin L must
be "pumpable”. In other words, there is some substring t of s that corresponds to a loop in the recognizing machine M.
Any string that can be derived from s either by pumping t out once (to get a shorter string that will go through the loop one
fewer times) or by pumping t in any humber of times (to get longer strings that will go through the loop additional times)
must also be in L since they will drive M from its start state to its final state. If we can show that there is even one
sufficiently long string s that isn't pumpable, then we know that L must not be regular.

You may be wondering why we can only guarantee that we can pump out once, yet we must be able to pump in an
arbitrary number of times. Clearly we must be able to pump in an arbitrary number of times. If there's aloop in our
machine M, there is no limit to the number of times we can traverse it and still get to afina state. But why only once for
pumping out? Sometimes it may in fact be possible to pump out more. But the lemma doesn't require that we be able to.
Why? When we pick a string s that is "sufficiently long", al we know isthat it is long enough that M must visit at least
one state more than once. In other words, it must traverse at least one loop of length one at least once. It may do more,
but we can't be sure of it. So the only thing we're guaranteed is that we can pump out the one pass through the loop that
we're sure must exist.

Pumping Lemma:
If L isregular, then
ON = 1, such that
O stringsw, where jw| = N,
0x,y,z suchthat  w=xyz and
[xy| <N, and
y#¢€, and
0g=0,xy%isinL.
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The lemma we've just stated is sometimes referred to as the Strong Pumping Lemma. That's because there is a weaker
version that is much less easy to use, yet no easier to prove. We won't say anything more about it, but at least now you
know what it means if someone refers to the Strong Pumping Lemma.

4.2 Using the Pumping Lemma

The key to using the pumping lemma correctly to prove that a language L is not regular is to understand the nested
guantifiers in the lemma. Remember, our goal is to show that our language L fails to satisfy the requirements of the
lemma (and thus is not regular). In other words, were looking for a counterexample. But when do we get to pick any
example we want and when do we have to show that there is no example? The lemma contains both universal and
existential quantifiers, so we'd expect some of each. But the key is that we want to show that the lemma does not apply to
our language L. So we're essentially taking the not of it. What happens when we do that? Remember two key results
fromlogic:

=0x P(x) = X = P(x)

=[x P(X) = Ox = P(X)
So if the lemma says something must be true for al strings, we show that there exists at least one string for which it's false.
If the lemma says that there exists some object with some properties, we show that all possible objects fail to have those
properties. More specifically:

At the top level, the pumping lemma states

L regular = [N =1, P(L, N), where Pistherest of the lemma (think of P as the Pumpable property).
To show that the lemma does not correctly describe our language L, we must show

= (NN =1, P(L, N)), or, equivalently,

ON = P(L, N)
The lemma asserts first that there exists some magic number N, which defines what me mean by "sufficiently long." The
lemma doesn’t tell us what N is (although we know it derives from the number of states in some machine M that accepts
L). We need to show that no such N exists. So we don't get to pick a specific N to work with. Instead:

We must carry N through the rest of what we do as a variable and make no assumptions about it.

Next, we must look inside the pumpable property. The lemma states that every string that is longer than N must be
pumpable. To prove that that isn't true of L, all we haveto doisto find asingle long string in L that isn't pumpable. So:
We get to pick a string w.

Next, the lemma asserts that there is a way to carve up our string into substrings x, y, and z such that pumping works. So
we must show that there is no such x, y, z triple. This is the tricky part. To show this, we must enumerate all logicaly
possible ways of carving up w into x, y, and z. For each such possihility, we must show that at least one of the pumping
requirementsis not satisfied. So:

We don't get to pick x, y, and z. We must show that pumping failsfor all possible x, y, ztriples.
Sometimes, we can show this easily without actually enumerating ways of carving up w into x, y, and z. But in other
cases, it may be necessary to enumerate two or more possibilities.

Let's look at an example. The classic one is L = &b* is not regular. Intuitively, we knew it couldn't be. To decide
whether astring isin L, we have to count the a's, and then compare that number to the number of b's. Clearly no machine
with a finite number of states can do that. Now we're actually in a position to prove this. We show that for any value of N
welll get a contradiction. We get to choose any w we want as long as it's length is greater than or equal to N. Let's choose
w to be be a'b". Next, we must show that thereisno x, y, z triple with the required properties:

Xyl<N,

YZE,

0g=0,xy%isinL.

Suppose there were. Then it might look something like this (thisis just for illustration):

1 | 2
aaaaaaaaaabbbbbbbbbb
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X y z

Don't take this picture to be making any claim about what X, y, and z are. But what the picture does show is that w is
composed of two regions:

1. Theinitia segment, whichisall as.

2. Thefinal segment, whichisall b's.

Typically, as we attempt to show that there is no x, vy, z triple that satisfies all the conditions of the pumping lemma, what
welll do isto consider the ways that y can be spread within the regions of w. In this example, we observe immediately that
since [xy| £ N, y must be & for some g = 1. (In other words, y must lie completely within the first region.) Now there'sjust
one case to consider. Clearly we'll add just a's as we pump, so there will be more as than b's, so we'll generate strings that
arenotin L. Thusw is not pumpable, we've found a contradiction, and L is not regular.

The most common mistake people make in applying the pumping lemma is to show a particular x, vy, z triple that isn't
pumpable. Remember, you must show that all such triplesfail to be pumpable.

Suppose you try to apply the pumping lemmato alanguage L and you fail to find a counterexample. In other words, every
string w that you examine is pumpable. What does that mean? Does it mean that L isregular? No. It'struethat if L is
regular, you will be unable to find a counterexample. But if L isn't regular, you may fail if you just don't find the right w.
In other words, even in a non regular language, there may be plenty of strings that are pumpable. For example, consider
L =ab*0 &. Inother words, if there are any b's there must be the same number of them as there are a's, but it's also okay
just to have a's. We can prove that this language is not pumpable by choosingw = a'b", just as we did for our previous
example, and the proof will work just asit did above. But suppose that were less clever. Let's choosew = a". Now again
we know that y must be & for some g = 1. But now, if we pump y €either in or out, we still get stringsin L, since all strings
that just contain asarein L. We haven't proved anything.

Remember that, when you go to apply the pumping lemma, the one thing that is in your control is the choice of w. Asyou

get experience with this, you'll notice afew useful heuristics that will help you find aw that is easy to work with:

1. Choose w so that there are distinct regions, each of which contains only one element of ~. When we considered L =
ab*, we had no choice about this, since every element of L (except €) must have a region of a's followed by a region
of b's. But suppose we were interested in L' = {w O {a, b}*: w contains an equal number of asand b's}. We might
consider choosing w = (ab)". But now there are not clear cut regions. We won't be able to use pumping successfully
because if y = ab, then we can pump to our hearts delight and we'll keep getting stringsin L. What we need to do isto
choose a'b", just as we did when we were working on L. Sure, L' doesn't require that all the a's come first. But
strings in which all the as do come first are fine elements of L', and they produce clear cut regions that make the
pumping lemma useful.

2. Choose w so that the regions are big enough that there is a minimal number of configurations for y across the regions.
In particular, you must pick w so that it has length at least N. But there's no reason to be parsimonious. For example,
when we were working on ab*, we could have chosen w = a¥?b"2, That would have been long enough. But then we
couldn't have known that y would be a string of as. We would have had to consider several different possibilities for
y. (You might want to work this one out to see what happens.) It will generally help to choose w so that each region
isof length at least N.

3. Whenever possible, choose w so that there are at |east two regions with a clear boundary between them. In particular,
you want to choose w so that there are at least two regions that must be related in some way (e.g., the aregion must be
the same length as the b region). If you follow this rule and rule 2 at the same time, then you'll be assured that as you
pump vy, you'll change one of the regions without changing the other, thus producing strings that aren't in your
language.

The pumping lemma is a very powerful tool for showing that a language isn't regular. But it does take practice to use it

right. As you're doing the homework problems for this section, you may find it helpful to use the worksheet that appears
on the next page.
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Using the Pumping Lemma for Regular Languages

If L isregular, then
Thereexistsan N = 1, (Just call it N) such that

for al stringsw, where jw| = N,
(Since truefor al w, it must be true for any particular one, so you pick w)
(Hint: describe w in terms of N)

there exist X, y, z, such that w = xyz

and [xy|< N,
andy # ¢,
and for al g=0, xy%zisinL.
(Since must hold for al y, we show that it can’t hold for any y that
meets
therequirements: [xy|< N,andy #¢&. Todothis:
Write out w:

List all the possibilitiesfor y:
[1]
[2]
[3]
[4]
For each possibility for y, xy%z must bein L, for all g. So:
For_each possibility for vy, find some value of g such that xy%zisnot in L. Generally q
will be either O or 2.

[1]

[2]

[3]

[4]

Q.E.D.
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Context-Free Languages and Pushdown Automata

1 Context-Free Grammars

Suppose we want to generate a set of strings (a language) L over an alphabet . How shall we specify our language? One
very useful way is to write a grammar for L. A grammar is composed of a set of rules. Each rule may make use of the
elements of X (which welll call the terminal alphabet or terminal vocabulary), as well as an additional alphabet, the non-
terminal alphabet or vocabulary. To distinguish between the terminal alphabet 3 and the non-terminal a phabet, we will use
lower-case letters: a, b, c, etc. for the terminal alphabet and upper-case letters: A, B, C, S, etc. for the non-terminal al phabet.
(But thisis just a convention. Any character can be in either alphabet. The only requirement is that the two alphabets be
digoint.)

A grammar generates strings in a language using rules, which are instructions, or better, licenses, to replace some non-
terminal symbol by some string. Typical ruleslook like this:
S5 ASa, B - aB, A - SaSSbB.

In context-free grammars, rules have a single non-terminal symbol (upper-case letter) on the left, and any string of terminal
and/or non-terminal symbols on the right. So even things like A - A and B - ¢ are perfectly good context-free grammar
rules. What's not allowed is something with more than one symbol to the left of the arrow: AB - a, or a single terminal
symbol: a — Ba, or no symbols at al on theleft: € - Aab. Theideaisthat each rule allows the replacement of the symbol
on its left by the string on its right. We call these grammars context free because every rule has just a single nonterminal on
itsleft. We can't add any contextual restrictions (such as aAa). So each replacement is done independently of all the others.

To generate strings we start with a designated start symbol often S (for "sentence"), and apply the rules as many times as we
please whenever any one is applicable. To get this process going, there will clearly have to be at least one rule in the
grammar with the start symbol on the left-hand side. (If there isn't, then the grammar won't generate any strings and will
therefore generate [1, the empty language.) Suppose, however, that the start symbol is S and the grammar contains both the
rulesS -~ AB and S - aBaa. We may apply either one, producing AB as the "working string" in the first case and aBaa in
the second.

Next we need to look for rules that allow further rewriting of our working string. In the first case (where the working string is
AB), we want rules with either A or B on the left (any non-terminal symbol of the working string may be rewritten by rule at
any time); in the latter case, we will need a rule rewriting B. If, for example, thereisarule B - aBb, then our first working
string could be rewritten as AaBb (the A stays, of course, awaiting its chance to be replaced), and the second would become
aaBbhaa.

How long does this process continue? It will necessarily stop when the working string has no symbols that can be replaced.

Thiswould happen if either:

(1) the working string consists entirely of terminal symbols (including, as a special case, when the working string is €, the
empty string), or

(2) there are non-terminal symbols in the working string but none appears on the left-hand side of any rule in the grammar
(e.g., if the working string were AaBb, but no rule had A or B on the left).

In the first case, but not the second, we say that the working string is generated by the grammar. Thus, a grammar generates,
in the technical sense, only strings over the terminal aphabet, i.e., stringsin 2*. In the second case, we have a blocked or
non-terminated derivation but no generated string.

It is also possible that in a particular case neither (1) nor (2) is achieved. Suppose, for example, the grammar contained only
therules S -~ Baand B - bB, with S the start symbol. Then using the symbol = to connect the steps in the rewriting
process, all derivations proceed in the following way:

S= Ba= bBa= bbBa= bbbBa=> bbbbBa= ...

The working string is always rewriteable (in only one way, as it happens), and so this grammar would not produce any
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terminated derivations, let alone any terminated derivations consisting entirely of terminal symbols (i.e., generated strings).
Thus this grammar generates the language 0.

Now let us look at our definition of a context-free grammar in a somewhat more formal way. A context-free grammar (CFG)
G consists of four things:

(1) V, afinite set (the total alphabet or vocabulary), which contains two subsets, > (the terminal symbols, i.e., the ones that
will occur in strings of the language) and V - Z (the nonterminal symbols, which are just working symbols within the
grammar).

(2) z, afinite set (the terminal a phabet or terminal vocabulary).

(3) R, afinite subset of (V - £) x V*, the set of rules. Although each rule is an ordered pair (nonterminal, string), we'll
generally use the notion nonterminal — string to describe our rules.

(4) S, the start symbol or initial symbol, which can be any member of V - Z.
For example, suppose G = (V, 2, R, S), where
V={S A, B,ab},={ab},andR={S ~ AB,A - aAa, A — a, B -~ Bb,B - b}
Then G generates the string aaabb by the following derivation:
(1) S= AB = aAaB = aAaBb = aaaBb = aaabb

Formally, given a grammar G, the two-place relation on strings called "derives in one step” and denoted by = (or by = if
we want to remind ourselves that the relation isrelative to G) is defined as follows:

(u, v) 0= iff Ostringsw, X, y 0 V* and symbol A O (V - %) such that u = xAy, v =xwy, and (A - w) OR.

In words, two strings stand in the "derives in one step" relation for a given grammar just in case the second can be produced
from the first by rewriting a single non-terminal symbol in away allowed by the rules of the grammar.

(u, v) O = iscommonly written in infix notation, thus: u = v.

This bears an obvious relation to the "yields in one step™ relation defined on configurations of a finite automaton. Recall that
there we defined the "yields in zero or more steps” relation by taking the reflexive transitive closure of the “yields in one step”
relation. We'll do that again here, giving us "yields in zero or more steps’ denoted by =* (or =¢*, to be explicit), which
holds of two strings iff the second can be derived from the first by finitely many successive applications of rules of the
grammar. In the example grammar above:

* S= AB, and therefore also S =* AB.

* S=*aAaB, but not S= aAaB (since aAaB cannot be derived from Sin one step).

« A = afAaand A :=* aAa (This is true even though A itself is not derivable from S. If this is not clear, read the
definitions of = and =* again carefully.)

e S —=* S (taking zero rule applications), but not S = S (although the second would be true if the grammar happened to
containtherule S - S, a perfectly legitimate although rather useless rule). Note carefully the difference between -, the
connective used in grammar rules, versus = and =*, indicators that one string can be derived from another by means of
therules.

Formally, given agrammar G, we define a derivation to be any sequence of strings

Wo=> Wi = ... =W,
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In other words, a derivation is a finite sequence of strings such that each string, except the first, is derivable in one step from
the immediately preceding string by the rules of the grammar. We can also refer to it as a derivation of w,, fromw,. Such a
derivation is said to be of length n, or to be a derivation of n steps. (1) above is a 5-step derivation of aaabb from S according
to the given grammar G.

Similarly, A = aAais a one-step derivation of aAa from A by the grammar G. (Note that derivations do not have to begin
with S, nor indeed do they have to begin with a working string derivable from S. Thus, AA = aAaA = aAaaisaso awell-
formed derivation according to G, and so we are entitled to write AA =* aAaa).

The strings generated by a grammar G are then just those that are (i) derivable from the start symbol, and (ii) composed
entirely of terminal symbols. That is, G=(V, Z, R, S) generatesw iff w O ¥* and S=* w. Thus, derivation (I) above shows
that the string aaabb is generated by G. The string aAa, however, is not generated by G, even though it is derivable from S,
because it contains a non-terminal symbol. It may be a little harder to see that the string bba is not generated by G. One
would have to convince oneself that there exists no derivation beginning with S and ending in bba according to the rules of G.
(Question: Is this always determinable in general, given any arbitrary context-free grammar G and string w? In other words,
can one always tell whether or not agiven w is"grammatical" according to G? Well find out the answer to this later.)

The language generated by a grammar G is exactly the set of al strings generated--no more and no less. The same remarks
apply here asin the case of regular languages. a grammar generates alanguage iff every string in the language is generated by
the grammar and no strings outside the language are generated.

And now our final definition (for this section). A language L is context freeif and only if there exists a context-free grammar
that generatesit.

Our example grammar happens to generate the language a(aa)*bb*. To prove this formally would require a somewhat
involved argument about the nature of derivations allowed by the rules of G, and such a proof would not necessarily be easily
extended to other grammars. In other words, if you want to prove that a given grammar generates a particular language, you
will in general have to make an argument which is rather specific to the rules of the grammar and show that it generates all the
strings of the particular language and only those. To prove that a grammar generates a particular string, on the other hand, it
suffices to exhibit a derivation from the start symbol terminating in that string. (Question: if such a derivation exists, are we
guaranteed that we will be able to find it?) To prove that a grammar does not generate a particular string, we must show that
there exists no derivation that begins with the start symbol and terminates in that string. The analogous question arises here:
when can we be sure that our search for such a derivation is fruitless and be called off? (We will return to these questions
later.)

2 Designing Context-Free Grammars

To design a CFG for alanguage, a helpful heuristic is to imagine generating the strings from the outside in to the middle. The
nonterminal that is currently "at work" should be thought of as being at the middle of the string when you are building a string
where two parts are interdependent. Eventually the "balancing” regions are done being generated, and the nonterminal that's
been doing the work will give way to a different nontermina (if there's more stuff to be done between the regions just
produced) or to some terminal string (often €) otherwise. If parts of a string have nothing to do with each other, do not try to
produce them both with one rule. Try to identify the regions of the string that must be generated in paralel due to a
correlation between them: they must be generated by the same nonterminal(s). Regions that have no relation between each
other can be generated by different nonterminals (and usually should be.)

Here is a series of examples building in complexity. For each one you should generate a few sample strings and build parse
trees to get an intuition about what is going on. One notational convention that we'll use to simplify writing language
descriptions: If a description makes use of a variable (e.g., d"), there's an implied statement that the description holds for all
integer values = 0.

Example 1: The canonical example of a context-free language is L = a'b", which is generated by the grammar
G=({S ab},{ab}, R SwhereR={S - aSh, S - ¢}.
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Each time an a is generated, a corresponding b is generated. They are created in parallel. The first a, b pair created is the
outermost one. The nonterminal S is always between the two regions of as and b's. Clearly any string a'o" O L is produced
by this grammar, since

S aSh=--=a'sh"=a"b",

n steps

ThereforeL O L(G).

We must also check that no other strings not in a'o" are produced by the grammar, i.e., we must confirm that L(G) O L.
Usually this is easy to see intuitively, though you can prove it by induction, typically on the length of a derivation. For
illustration, well prove L(G) O L for this example, though in general you won't need to do thisin this class.

Claim: O x, x O L(G) = x O L. Proof by induction on the length of the derivation of G producing x.
Base case: Derivation haslength 1. Then the derivation mustbeS= €, ande O L.
Induction step: Assume all derivations of length k produce a string in L, and show the claim holds for derivations of length k
+ 1. A derivation of length k + 1 looks like:

S=aSh=---=axb

k steps

for some terminal string x such that S =* x. By the induction hypothesis, we know that x O L (since x is produced by a
derivation of length k), and so x = a'0" for some n (by definition of L). Therefore, the string axb produced by the length k + 1
derivation is axb = ad'b"b = a™*'b™* O L. Therefore by induction, we have proved L(G) O L.

Example 2: L = {xy: x| =|yland x O {a, b}* and y O {c, d}*}. (E.g., €, ac, ad, bc, bd, abaccc 0 L.) Here again we will
want to match as and b's against c'sand d'sin parallel. We could use two strategies. In thefirst,

G= ({Sa,b,c,d},{ab,cd},R,S) whereR={S - aSc,S - aSd, S - bSc, S - b, S - ¢€}.
This explicitly enumerates all possible pairings of a, b symbols with ¢, d symbols. Clearly if the number of symbols allowed
in the first and second halves of the stringsiis n, the number of rules with this method is n? + 1, which would be inefficient for
larger alphabets. Another approachis:

G= ({SL,Rabcd,{abcd,RSwheeR={S - LSR,S~ &L -~ aL -~ bR-cR-d.
(Notethat L and R are nonterminals here.) Now the number of rulesis 2n+2.

Example 3: L = {ww”® : w O {a, b}*}. Any string in L will have matching pairs of symbols. So it is clear that the CFG G =
{S a b},{a b}, R, S}, where R={S - aSa, S - bSh, S — €} generates L, because it produces matching symbals in
parallel. How can we prove L(G) = L? To do half of thisand prove that L [0 L(G) (i.e, every element of L is generated by
G), we note that any string x [0 L must either be € (which is generated by G (since S= ¢)), or it must be of the form awa or
bwb for somew O L. This suggests an induction proof on strings:

Claim: Ox,x O L = x O L(G). Proof by induction on the length of x.

Basecase: e UL ande OL(G).

Induction step: We must show that if the claim holds for all strings of length k, it holds for all strings of length > k+2 (We
use k+2 here rather than the more usual k+1 becausg, in this case, all stringsin L have even length. Thusif astring in L has
length k, there are no strings in L of length k +1.). If |x| = k+2 and x O L, then x = awa or x = bwb for somew O L. |w| =Kk,
S0, by the induction hypothesis, w O L(G). Therefore S=* w. So either S = aSa=* awa, and x O L(G), or S = bSb =*
bwb, and x O L(G).

Conversely, to prove that L(G) O L, i.e., that G doesn't generate any bad strings, we would use an induction on the length of a
derivation.

Claim: Ox, x O L(G) = x O L. Proof by induction on length of derivation of x.

Basecase: lengthl. S=eande O L.

Induction step: Assume the claim istrue for derivations of length k, and show the claim holds for derivations of length k+1. A
derivation of length k + 1 looks like:
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S—aSa—---—>awa
k steps
or like
S=bSh=---= bwb
k steps
for some termina string w such that S =* w. By the induction hypothesis, we know that w [0 L (since w is produced by a
derivation of length k), and so x = awais also in L, by the definition of L. (Similarly for the second class of derivations that
begin withtherule S - bSb.)

As our example languages get more complex, it becomes harder and harder to write detailed proofs of the correctness of our
grammars and we will typically not try to do so.

Example 4: L = {a'b*"}. You should recognize that b*" = (bb)", and so thisisjust like the first example except that instead of
matching aand b, we will match aand bb. So we want
G=({S ab},{a b}, R, S} whereR={S - aShb, S - €}.

If you wanted, you could use an auxiliary nonterminal, e.g.,
G=({SB,ab},{ab},R S} whereR={S - aSB, S - €, B — bb}, but that is just cluttering things up.

Example 5: L = {a'0"c™. Here, the c" portion of any string in L is completely independent of the a'b" portion, so we should
generate the two portions separately and concatenate them together. A solutionis

G=({S N,C,ab,c},{abc}, R, S whereR={S - NC,N - aNb,N - ¢, C - cC, C - ¢}.
This independence buys us freedom: producing the c's to the right is compl etely independent of making the matching a'o", and
so could be done in any manner, e.g., alternate ruleslike

C-CCC-cC-ce

would also work fine. Thinking modularly and breaking the problem into more manageable subproblems is very helpful for
designing CFG's.

Example 6: L = {a'b™c"}. Here, the b™ is independent of the matching a'...c". But it cannot be generated "off to the side." It
must be done in the middle, when we are done producing a and c pairs. Once we start producing the b's, there should be no
more g, ¢ pairs made, so a second nonterminal is needed. Thuswe have

G=({SB,ab,c},{abc, R S whereR={S - ¢,S -~ aSc,S -~ B,B - bB,B - ¢&}.
Weneedtherule S — €. Wedon't need it to end the recursion on S. Wedo that with S - B. AndwehaveB - €. Butifn
=0,thenweneed S - € so wedon't generate any a...c pairs.

Example 7: L = a*b*. The numbers of as and b's are independent, so there is no reason to use any ruleslike S — aSb which
create an artificial correspondence. We can independently produce a's and b's, using

G=({SA,B,ab},{ab}, R, S} whereR={S —~ AB,A . aA,A -~ & B - bB,B - g}
But notice that this language is not just context free. Itisalso regular. So we expect to be able to write aregular grammar
(recall the additional restrictions that apply to rulesin aregular grammar) for it. Such agrammar will produce a's, and then
produce b's. Thus we could write

G=({S,B,ab},{ab},R S} whereR={S ~ ¢,S -~ aS,S - bB,B - bB,B - &}.

Example 8: L ={a"™b™ m< n}. There are several ways to approach this one. One thing we could do isto generate a'sand b's
in paralel, and also freely put in extrab's. Thisintuition yields

G=({S ab},{ab},R S} whereR={S - aSh,S -~ b, S - ¢€}.
Intuitively, this CFG lets us put in any excess b's at any time in the derivation of a string in L. Notice that to keep the S
between the two regions of as and b's, we must use the rule S — Sb; replacing that rule with S—. bS would be incorrect,
producing bad strings (allowing extra b's to be intermixed with the as).

Another way to approach this problem is to redlize that {a"b" : m < n}= {a"0™* : k = 0} = {a"b"b™ k = 0}. Therefore, we
can produce as and b'sin parallel, then when we're done, produce some more b's. So asolutionis
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G=({SB,ab},{ab},R S} whereR={S - ¢,S - aSh,S - B,B - bB,B - ¢}.
Intuitively, this CFG produces the matching a, b pairs, then any extra b's are generated in the middle. Note that this strategy
requires two nonterminals since there are two phases in the derivation using this strategy.

Since {a"0" : m < n}= {d"*b™ k = 0} = {a"b™b: k = O}, there is a third strategy: generate the extra b's to the right of the
balanced a"b™ string. Again the generation of the extra b's is now separated from the generation of the matching portion, so
two distinct nonterminals will be needed. In addition, since the two parts are concatenated rather than imbedded, we'll need
another nonterminal to produce that concatenation. So we've got

G=({SM,B,ab},{ab},R S} whereR={S ~ MB,M — aMb,M - €, B - bB,B - ¢}.

Example 9: L ={a™b™---a™b™:k >0} . E.g., ¢, abab, aabbaaabbbabab [ L. Note that L = {a'o"}* which gives a clue

how to do this. We know how to produce matching strings a'b", and we know how to do concatenation of strings. So a
solution is
G=({SM,ab},{ab},R, S whereR={S - MS,S - ¢, M - aMb,M - ¢}.

Any string X =a™b™---a™b™ 0L can be generated by the canonical derivation

S
= k applications of rule S - MS*/
M*S
= [* one application of rule S - € */
Mk
=" n, applications of ruleM — aMb*/
anlenlM k-1
= /[* one application of ruleM - € */
a"lbnlM k-1

= [ repeating on k-1 remaining M */
n n, n
a 1bn ..a Kp K

Of course the rules could be applied in many different orders.

3 Derivations and Parse Trees
Let'sagain look at the very simple grammar G = (V, 2, R, S), where

V={S A B,ab},Z={ab},andR={S - AB,A — aAa A -~ a,B — Bb,B - b}
Aswe saw in an earlier section, G can generate the string aaabb by the following derivation:
(1) S= AB = aAaB = aAaBb = aaaBb = aaabb
Now let's consider the fact that there are other derivations of the string aaabb using our example grammar:
(20 S=AB = ABb= Abb = aAabb = aaabb
(3) S= AB = ABb= aAaBb = aAabb = aaabb
(499 S= AB = ABb= aAaBb = aaaBb = aaabb

(5) S= AB = 8AaB = aaaB = aaaBb = aaabb
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(6) S—= AB = aAaB = aAaBb = aAabb = aaabb

If you examine al these derivations carefully, you will see that in each case the same rules have been used to rewrite the same
symbols; they differ only in the order in which those rules were applied. For example, in (2) we chose to rewrite the B in
ABb as b (producing Abb) before rewriting the A as aAa, whereas in (3) the same.processes occur in the opposite order. Even
though these derivations are technically different (they consist of distinct sequences of strings connected by =) it seems that
in some sense they should all count as equivalent. This equivalence is expressed by the familiar representations known as
derivation trees or parse trees.

The basic idea is that the start symbol of the grammar becomes the root of the tree. When this symbol is rewritten by a
grammar rule S - X3X,...X,, We let the tree "grow" downward with branches to each of the new nodes xy, X, ..., Xn; thus:

When one of these x; symbols is rewritten, it in turn becomes the "mother" node with branches extending to each of its
"daughter" nodes in a similar fashion. Each of the derivations in (1) through (6) would then give rise to the following parse
tree:

S

A/\
NS
a b

A note about tree terminology: for us, a tree always has a single root node, and the left-to-right order of nodes is significant;
i.e /X\IS not the same tree as X.

Y Z Y
The lines connecting nodes are called branches, and their top-to-bottom orientation is also significant. A mother node is

connected by a single branch to each of the daughter nodes beneath it. Nodes with the same mother are called sisters, e.g.,
the topmost A and B in the tree above are sisters, having S as mother.

Nodes without daughters are caled leaves; e.g., each of the nodes labelled with a lower-case letter in the tree above. The
string formed by the left-to-right sequence of leavesis called the yield (aaabb in the tree above).

It sometimes happens that a grammar allows the derivations of some string by nonequivalent derivations, i.e., derivations that

do not reduce to the same parse tree. Suppose, for example, the grammar contained therulesS - A, S - B,A - bandB -
b Then the two following derivations of the string b correspond to the two distinct parse trees shown below.
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S=>A=b S=>B=b

— m—W0m

S
|
A
J, :

A grammar with this property is said to be ambiguous. Such ambiguity is highly undesirable in grammars of programming
languages such as C, LISP, and the like, since the parse tree (the syntactic structure) assigned to a string determines its
trandation into machine language and therefore the sequence of commands to be executed. Designers of programming
languages, therefore, take great pains to assure that their grammars (the rules that specify the well-formed strings of the
language) are unambiguous. Natural languages, on the other hand, are typically rife with ambiguities (cf. "They are flying
planes,” "Viditing relatives can be annoying," "We saw her duck," etc.), a fact that makes computer applications such as
machine trandation, question-answering systems, and so on, maddeningly difficult.

Mor e Examples of Context-Free Grammarsand Parse Trees:

1) G=(V,2, R, S), where
V ={S,NP, VP, D, N, V, chased, the, dog, cat},
> = {chased, the, dog, cat } S

R= {S- NPVP p/\
NP - DN N £
VP - VNP o N
V—»Cha%d I

T \';

N - dog ‘

N - cat He d“’% thadsad
D - the}

2 G=(V,%,R,S),where S

V={S ab}, z={a b},
R:{S—> aSb

/S\b
S
L(G) = {db" :snz 0} ef/'sgb
|
€

B3 G6=MZ%ZRY, S S

where _— ~__ / \
b/

V ={S A, a b}, b A a
> ={a b}, /\
R={S- aS b S
S - bA |
A - aA €
A - bS
S-¢
L(G) ={w O {a b}* :
W contains an even
number of b's}
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4 Designing Pushdown Automata

In a little bit, we will prove that for every grammar G, there is push down automaton that accepts L(G). That proof is
congtructive. In other words, it describes an algorithm that takes any context-free grammar and constructs the corresponding
PDA. Thus, in some sense, we don't need any other techniques for building PDASs (assuming that we aready know how to
build grammars). But the PDAs that result from this algorithm are often highly nondeterministic. Furthermore, smply using
the algorithm gives us no insight into the actual structure of the language we're dealing with. Thus, it is useful to consider
how to design PDA's directly; the strategies and insights are different from those we use to design a CFG for alanguage, and
any process that increases our understanding can't be all bad ....

In designing a PDA for a language L, one of the most useful strategies is to identify the different regions that occur in the
strings in L. As a rule of thumb, each of these regions will correspond to at least one distinct state in the PDA. In this
respect, PDAs are very similar to finite state machines. So, for example, just as afinite state machine that accepts a*b* needs
two states (one for reading a's and one for reading b's after we're done reading a's), so will a PDA that acceps {a'h") need two
states. Recognizing the distinct regionsis part of the art, although it is usually obvious.

Example 1: In really simple cases, there may not be more than one region. For example, consider {a'a’}. What we realize
here is that we've really got is just the set of al even length strings of as, i.e,, (aa)*. In this case, the "border" between the
first half of the a's and the second half is spurious.

Example 2: L ={a'b"}. A good thingto try first here isto make afinite state machine for a*b* to get the basic idea of the use
of regions. (This principle applies to designing PDA's in genera: use the design of a finite state machine to generate the
states that are needed just to recognize the basic string structure. This creates the skeleton of your PDA. Then you can add
the appropriate stack operations to do the necessary counting.) Clearly you'll need two states since you want to read a's, then
read b's. To accept L, we also need to count the as in state one in order to match them against the b'sin state two. This gives
thePDAM =({s, f}, {a b}, {1}, A, s {f}), where A =

{ (s & ¢€), (s 1), /* read dsand count them */
((s &, 9), (f, €), /* guess that were done with as and ready to start on b's */
((f, b, ), (f, ©)}. * read b's and compare them to the @sin the stack */

(Notice that the stack alphabet need not be in any way similar to the input alphabet. We could equally well have pushed &,
but we don't need to.) This PDA nondeterministically decides when it is done reading as. Thus one valid computation is
(a, aabb, €) |- (s, abb, ) |- (f, abb, 1),

which is then stuck and so M rejects aong this path. Since a different accepting computation of aabb exists, this is no
problem, but you might want to elimimate the nondeterminism if you are bothered by it. Note that the nondeterminism arises
from the € transition; we only want to take it if we are done reading as. The only way to know that there are no more asisto
read the next symbol and see that it'sa-b. (Thisisanalogous to unfolding aloop in a program.) One other wrinkle: € O L, so
now state s must be final in order to accept €. The resulting deterministic PDA isM = ({s, f}, {a b}, {1}, A, s, {s, f}), where
A=

{ (s &¢€), (1)), /* read s and count them */
((s, b, 1), (f, €)), /* only go to second phase if theresab */
((f, b, ), (f, €))}. /* read b's and compare them to the asin the stack */

Notice that this DPDA can still get stuck and thus fail, e.g., on input b or aaba (i.e., strings that aren't in L). Determinism for
PDA's simply means that there is at most one applicable transition, not necessarily exactly one.

Example 3: L = {a"b™c"d"}. Here we have two independent concerns, matching the a's and b's, and then matching the ¢'s and
d's. Again, start by designing a finite state machine for the language L' that is just like L in structure but where we don't care
how many of each letter there are. In other words a*b*c*d*. It's obvious that this machine needs four states. So our PDA
must also have four states. The twist is that we must be careful that there is no unexpected interaction between the two
independent parts a"b™ and ¢"d". Consider the PDA M = ({1,2,3,4}, {ab,c,d}, {1}, A, 1,{4}), where A =

{ (4,a9),(L,1), [* read as and count them */
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(1, ¢, €), (2,€), [* guess that we're ready to quit reading a's and start reading b's */

((2,b, ), (2,¢)), /* read b's and compareto a's */

(2, ¢, €), (3,€)), [* guess that we're ready to quit reading b’'s and start reading c's */
((3,¢c,€), (3, 1) /* read ¢'s and count them */

((3, ¢, €), (4,€))}. /* guess that we're ready to quit reading ¢'s and start reading d's */
((4,d,1), (4, ¢)}. /* read d'sand comparethemtoc's */

It is clear that every string in L is accepted by this PDA. Unfortunately, some other strings are also, e.g., ad. Why is this?
Because it's possible to go from state 2 to 3 without clearing off all the | marks we pushed for the ds That means that the
leftover I's are available to match d's. So this PDA is accepting the language {d™0"c’d®: m=nand m+p=n+g}, a
superset of L. E.g., the string aabcdd is accepted.

One way to fix this problemis to ensure that the stack isreally cleared before we leave phase 2 and go to phase 3; this must be
done using a bottom of stack marker, say B. ThisgivesM = ({s, |, 2, 3,4},{a b, c,d}, {B, I}, A, s,{4}), where A =

{ (s &, ¢), (1, B)), [* push the bottom marker onto the stack  */
(1, & €), (1, 1), [* read a@s and count them */
(1, ¢, €), (2,€), /* guess that we're ready to quit reading a's and start reading b's */
((2,b, 1), (2,¢)), /* read b's and compareto as */
((2, €, B), (3, 9), [* confirm stack is empty, then get readty to start reading c's*/
((3,¢c,€), (3, 1) /* read ¢'s and count them */
((3,¢,€), (4,€))}. /* guess that we're ready to quit reading ¢'s and start reading d's */
((4,d,1), (4, ¢)}. /* read d'sand compare themtoc's */

A different, probably cleaner, fix isto simply use two different symbols for the counting of the as and the c's. This gives us
M =({12, 34}, {abcd}, {AC} A 1L {4}), whereA =

{ (4, 8¢), (1, A), /* read s and count them */
(1, ¢, €), (2,€), [* guess that we're ready to quit reading a's and start reading b's */
((2, b, A), (2, €)), /* read b's and compareto a's */
(2, ¢, €), (3,€)), [* guess that we're ready to quit reading b's and start reading c's */
((3,¢c,¢),(3,0), /* read ¢'s and count them */
((3, ¢, €), (4,€), /* guess that we're ready to quit reading ¢'s and start reading d's */
((4,d,C), (4,¢)}. /* read d'sand comparethemtoc's */

Now if an input has more a's than b's, there will be leftover A's on the stack and no way for them to be removed later, so that
there is no way such a bad string would be accepted.

As an exercise, you want to try making a deterministic PDA for this one.

Example4: L ={ab" O {b"d"). Just aswith nondeterministic finite state automata, whenever the language we re concerned
with can be broken into cases, a reasonable thing to do is build separate PDAS for the each of the sublanguages. Then we
build the overall machine so that it, each time it sees a string, it nondeterministically guesses which case the string falls into.
(For example, compare the current problem to the simpler one of making a finite state machine for the regular language a*b*
O b*a*.) Taking thisapproach here, weget M = ({s, 1, 2, 3, 4), {a, b}, {1}, A, s, {2, 4}), where A =

{ (s & 9), (1, £)), /* guess that thisis an instance of a'b" */
(s & ), (3, €)), * guess that thisis an instance of b"a" */
(1, a¢), (1, 1), [* @ scomefirst so read and count them */
((1, & €), (2,€), /* beginthe b region following the a's */
(2, b, D), (2,¢)), /* read b’'s and compare themto thea's */
((3,b,¢), (3, 1), /* b's comefirst so read and count them */
((3, ¢, €), (4,¢), /* begin the aregion following theb’'s */
((4,a1),(4,9)}. /* read a's and compare themto theb's */
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Notice that although € [0 L, the start state sis not afinal state, but there is a path (in fact two) from sto afina state.

Now suppose that we want a deterministic machine. We can no longer use this strategy. The e-moves must be eliminated by
looking ahead. Once we do that, since € (1 L, the start state must be final. ThisgivesusM =({s, 1, 2, 3,4},{a b}, {l},A,s,
{s 2, 4}), where A =

{ (s 3 ¢), (1, g)), /* if the first character is g, then thisis an instance of a'b" */
((s, b, ), (3,¢), [* if thefirst character is b, then thisis an instance of b"a" */
(1, a¢), (1, 1), [* @scomefirst so read and count them */

(1, b, ), (2, €)), /* beginthe b region following thea's */
(2, b, D), (2,¢)), /* read b’'s and compare themto thea's */
((3,b,¢), (3, 1), [* b's comefirst so read and count them */
((3,a 1), (4,5¢), /* begin the aregion following theb’'s */
((4,a1),(4,9)}. /* read a'sand comparethemtotheb's */

Example5: L = {ww" : w 0 {a, b}*}. Here we have two phases, the first half and the second half of the string. Within each
half, the symbols may be mixed in any particular order. So we expect that a two state PDA should do the trick. See the
lecture notes for how it works.

Example 6: L = {ww" : w 0 a*b*}. Here the two halves of each element of L are themselves split into two phases, reading
as, and reading b's. So the straightforward approach would be to design a four-state machine to represent these four phases.
ThisgivesusM = ({1, 2, 3,4),{a b}, {a b), A, 1, {4}), where A =

{ (4, a¢9),(1,a) [*push as*/
((1, & €), (2,€), /* guess that we're ready to quit reading a's and start reading b's */
((2, b, €), (2,h)), /* push b's*/
((2, &, €), (3,€), /* guess that we're ready to quit reading the first w and start reading w® */
((3, b, b), (3, €)), /* compare 2nd b'sto 1st b's*/
((3, &, €), (4,¢), /* guess that we're ready to quit reading b's and move to the last region of as*/
((4, &, a), (4,€)} /* compare 2nd a'sto 1st as*/

Y ou might want to compare this to the straightforward nondeterministic finite state machine that you might design to accept
arb*b*a*.

There are various simplifications that could be made to this machine. First of al, notice that L = {a"b"™b"a"™}. Next, observe
that b"b" = (bb)", so that, in effect, the only requirement on the b's is that there be an even number of them. And of course a
stack is not even needed to check that. So an alternate solution only needs three states, giving M = ({1, 2, 3}, {a, b}, {a},
{a, A 1,{3}), whereA =

{ (4, 4¢),(1,a) [*push as*/
((1, & €), (2,€), /* guess that we're ready to quit reading a's and start reading b's */
((2, bb, €), (2, €)), /* read bb's */
(2, &, €), (3,€), /* guess that we're ready to quit reading b's and move on the final group of as */
((3,a ), (3,¢€))}. /* compare 2nd a'sto 1st as*/

This change has the fringe benefit of making the PDA more deterministic since there is no need to guess where the middle of
the b's occurs. However, it is still nondeterministic.

So let's consider another modification. This time, we go ahead and push the as and the b's that make up w. But now we
notice that we can match w® against w in a single phase: the required ordering b*a* in w® will automatically be enforced if
we simply match the input with the stack! So now we have the PDA M= ({1, 2, 3},{a, b}, {a b}, A, 1,{3}), where A =

{ (1,89, (1 a) /*push a's*/
((1, & €), (2,€), /* guess that we're ready to quit reading a's and start reading b's */
((2,b, €), (2, b)), /* push b's*/
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(2, ¢, €), (3,€)), I* guess that we're ready to quit reading the first w and start reading w” */
(3,3 a), (3 ¢) /* compare w" to w*/
((3,b, b), (3, €))}. "

Notice that this machineis still nondeterministic. As an exercise, you might try to build a deterministic machine to accept this
language. You'll find that it's impossible; you've got to be able to tell when the end of the stringsis reached, sinceit's possible
that there aren't any b's in between the aregions. This suggests that there might be a deterministic PDA that accepts L$, and
in fact there is. Interestingly, even that is not possible for the less restrictive language L = {ww" : w [ {a, b}*} (because
there's no way to tell without guessing where w ends and w” starts). Putting a strong restriction on string format often makes a
language more tractable. Also note that {ww" : w [ a*b"} is accepted by a determinstic PDA; find such a-determinstic PDA
as an exercise.

Example 7: Consider L ={w [ {a, b}* : #(a, w) = #(b, w)}. In other words every string in L has the same number of as as
b's (although the as and b's can occur in any order). Notice that this language imposes no particular structure on its strings,
since the symbols may be mixed in any order. Thus the rule of thumb that we've been using doesn't really apply here. We
don't need multiple states for multiple string regions. Instead, we'll find that, other than possible bookkeeping states, one
"working" state will be enough.

Sometimes there may be a tradeoff between the degree of nondeterminism in a pda and its simplicity. We can see that in this
example. One approach to designing a PDA to solve this problem is to keep a balance on the stack of the excess as or b's.
For example, if there is an a on the stack and we read b, then we cancel them. If, on the other hand, there is an a on the stack
and we read another a, we push the new a on the stack. Whenever the stack is empty, we know that we've seen matching
number of asand b'sso far. Let'stry to design a machine that does this as deterministically as possible. One approachisM =

({sa.f}.{ab},{ab,c}, A s {f}) whereA=

1 ((s,&,¢),(q,0) /* Before we do anything else, push a marker, ¢, on the stack so welll be able to
tell when the stack isempty. Then leave state s so we don't ever do thisagain.
2 ((g, & ©), (g ,a0)) [* If the stack is empty (we find the bottom c) and we read an a, push ¢ back
and then the a (to start counting a's).
3 ((g, & @), (g, aa)) [* If the stack already has a's and we read an a, push the new one.
4 ((g, & b), (g, ) [* If the stack has b's and we read an a, then throw away the top b and the new a.
5 ((g, b, ©), (q, bc)) /* If the stack is empty (we find the bottom c) and we read a b, then
start counting b's.
6 ((g, b, b), (g, bb)) /* If the stack already has b's and we read b, push the new one.
7 ((g, b, @), (g, ) [* If the stack has a's and we read a b, then throw away the top a and the new b.
8 ((g, &, ), (f, €) [* If the stack is empty then, without reading any input, move to f, the final state.

Clearly we only want to take this transition when we're at the end of the input.

This PDA attempts to solve our problem deterministically, only pushing an aif there is not a b on the stack. In order to tell
that there is not a b, this PDA has to pop whatever is on the stack and examine it. In order to make sure that there is aways
something to pop and look at, we start the process by pushing the special marker ¢ onto the stack. (Recall that there is no way
to check directly for an empty stack. If we write just € for the value of the current top of stack, welll get a match no what the
stack looks like.) Notice, though, that despite our best efforts, we still have a nondeterministic PDA because, at any point in
reading an input string, if the number of as and b's read so far are equal, then the stack consists only of ¢, and so transition 8
((q, &, ©), (f, €)) may be taken, even if there is remaining input. But if there is still input, then either transition 1 or 5 also
applies. The solution to this problemisto add aterminator to L.

Another thing we could do is to consider a simpler PDA that doesn't even bother trying to be deterministic. Consider M
=({s},{a b},{a b}, A s {s}), where A=

1 ((s,a¢), (s @) /* If weread an a, push a.

2 ((s,a b), (s €) /* Cancel an input aand a stack b.
3 ((s, b, €), (s, b)) /* If weread b, push b.

4 ((s, b, a), (s €) /* Cancel and input b and a stack a.

Now, whenever we're reading a and b is on the stack, there are two applicable transitions: 1, which ignores the b and pushes
the a on the stack, and 2, which pops the b and throws away the a (in other words, it cancels the a and b against each other).
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Transitions 3 and 4 do the same two things if we're reading b. It is clear that if we always perform the cancelling transition
when we can, we will accept every string in L. What you might worry about is whether, due to this larger degree of freedom,
we might not also be able to wrongly accept some string not in L. In fact this will not happen because you can prove that M
has the property that, if x isthe string read in so far, and y is the current stack contents,
#(a, x) - #(b, x) =#(a, y) - #(b, y).

This formula is an invariant of M. We can prove it by induction on the length of the string read so far: It is clearly true
initially, before M reads any input, since0- 0-0- 0. And, if it holds before taking a transition, it continues to hold afterward.
We can prove this as follows:

Let x' be the string read so far and let y' be the contents of the stack at some arbitrary point in the computation. Then let us
see what effect each of the four possible transitions has. Wefirst consider:
((s, & ¢€), (s, @): After taking this transition we havethat x' = xaandy' = ay. Thuswe have
#(a, x') - #(b, X)
= [* x'=xa*/
#(a, xa) - #(b, xa)
[* #(b, xa) = #(b, x)

#(a, xa) - #(b, X)

#(a, x) + 1 - #(b, x)
/* induction hypothesis */

#a y) +1-#Db,y)
#a, ay) - #(b, ay)

#a,y) - #(b, y)

=/* y':ay*/

So the invariant continues to be true for x' and y' after the transition is taken. Intuitively, the argument is simply that when this
transition is taken, it increments #(a, x) and #(a, y), preserving the invariant equation. The three other transitions also preserve
the invariant as can be seen similarly:

((s, & b), (s, €)) increments #(a, x) and decrements #(b, y), preserving equality.

((s, b, €), (s, b)) increments #(b, x) and #(b, y), preserving equality.

((s, b, &), (s, €)) increments #(b, x) and decrements #(a, y), preserving equality.

Therefore, the invariant holds initialy, and taking any transitions continues to preserve it, so it is always true, no matter what
string is read and no matter what transitions are taken. Why is this a good thing to know? Because suppose astring x 0 L is
read by M. Since x [0 L, we know that #(a, x) - #(b, x) # 0, and therefore, by the invariant equation, when the whole string x
has been read in, the stack contents y will satisfy #(a, y) - #(b, y) # 0 Thus the stack cannot be empty, and x cannot be
accepted, no matter what sequence of transitionsistaken. Thus no bad strings are accepted by M.

5 Context-Free Languages and PDA's

Theorem: The context-free languages are exactly the languages accepted by nondeterministic PDA's.

In other words, if you can describe a language with a context-free grammar, you can build a nondeterministic PDA for it, and
vice versa. Note here that the class of context-free languages is equivalent to the class of languages accepted by
nondeterministic PDAs.  Thisis different from what we observed when we were considering regular languages. There we
showed that nondeterminism doesn’t buy us any power and that we could build a deterministic finite state machine for every
regular language. Now, as we consider context-free languages, we find that determinism does buy us power: there are
languages that are accepted by nondeterministic PDAs for which no deterministic PDA exists. And those languages are
context free (i.e., they can be described with context-free grammars). So this theorem differs from the similar theorem that we
proved for regular languages and claims equivalence for nondeterministic PDAs rather than deterministic ones.
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We'll prove this theorem by construction in two steps: first we'll show that, given a context-free grammar G, we can construct
a PDA for L(G). Then we'll show (actually, we'll just sketch this second proof) that we can go the other way and construct,
from a PDA that accepts some language L, agrammar for L.

Lemma: Every context-free language is accepted by some nondeterministic PDA.

To prove this lemma, we give the following construction. Given some CFG G = (V, Z, R, S), we construct an eguivalent
PDA M inthefollowingway. M =(K, Z, T, A, s, F), where

K={p,q} (the PDA always has just 2 states)

s=p (pistheinitia state)

F={q} (qistheonly final state)

=3 (the input alphabet is the terminal alphabet of G)
r=v (the stack alphabet isthe total alphabet of G)

A contains (2) thetransition ((p, €, €), (9, S))

(2) atransition ((q, €, A), (g, a)) for eachrule A - ainG
(3) atransition ((q, &, 8), (q, €)) for eacha 0 X

Notice how closely the machine M mirrors the structure of the original grammar G. M works by using its stack to simulate a
derivation by G. Using the transition created in (1), M begins by pushing S onto its stack and moving to its second state, q,
where it will stay for the rest of its operation. Think of the contents of the stack as M’s expectation for what it must find in
order to have seen alegal stringin L(G). Soif it finds S, it will have found such a string. But if S could be rewritten as some
other sequence a, then if M found a it would also have found a string in L(G). All the transitions generated by (2) take care
of these options by allowing M to replace a stack symbol A by a string a whenever G containstherule A - a. Of course, at
some point we actually have to look at the input. That'swhat M doesin the transitions generated in (3). If the stack contains
an expectation of some terminal symbol and if the input string actually contains that symbol, M consumes the input symbol
and pops the expected symbol off the stack (effectively canceling out the expectation with the observed symbol). These steps
continue, and if M succeeds in emptying its stack and reading the entire input string, then the input is accepted.

Let'sconsider anexample. LetG=(V ={S,a, b, c},Z={a b,c},R={S - aSa, S - bSh, S - ¢}, S). Thisgrammar
generates {xcx®: x 0 {a, b}*}. Carrying out the construction we just described for this example CFG gives the following
PDA:
M=({p d},{a b c} {S ahbc} A p {a}) where
A={ ((p.& ¢ (a,9)

((@. € 9), (q, aSa))

((@. €, ), (q, bSh))

(@€ 9),(q,0)

((@. a a), (g, €))

((a, b, b), (9, €))

((@. ¢ ). (g €)}

Here isaderivation of the string abacaba by G:
(1) S= aSa= abSha: = abaSaba = abacaba

And here is a computation by M accepting that same string:

) (p, abacaba, €) |- (g, abacaba, S) |- (g, abacaba, aSa) |- (q, bacaba, Sa) |- (g, bacaba, bSba) |- (g, acaba, Sba) |-
(0, acaba, aSaba) |- (g, caba, Saba) |- (g, caba, caba) |- (q, aba, aba) |- (g, ba, ba) |- (g, & a) |- (q, €, €)
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If you look at the successive stack contents in computation (2) above, you will see that they are, in effect, tracing out a
derivation tree for the string abacaba:
S

a/s\a
b S
"
c

M is alternately extending the tree and checking to see if leaves of the tree match the input string. M is thus acting as a top-
down parser. A parser is something that determines whether a presented string is generated by a given grammar (i.e., whether
the string is grammatical or well-formed), and, if it is, calculates a syntactic structure (in this case, a parse tree) assigned to
that string by the grammar. Of course, the machine M that we have just described does not in fact produce a parse tree,
although it could be made to do so by adding some suitable output devices. M isthus not a parser but arecognizer. We'll
have more to say about parsers later, but we can note here that parsers play an important role in many kinds of computer
applications including compilers for programming languages (where we need to know the structure of each command), query
interpreters for database systems (where we need to know the structure of each user query), and so forth.

Note that M is properly non-deterministic. From the second configuration in (2), we could have gone to (q, abacaba, bSh) or
to (q, abacaba, c), for example, but if we'd done either of those things, M would have reached a dead end. M in effect has to
guess which one of a group of applicable rules of G, if any, isthe right one to derive the given string. Such guessing is highly
undesirable in the case of most practical applications, such as compilers, because their operation can be slowed down to the
point of uselessness. Therefore, programming languages and query languages (which are amost always context-free, or
nearly so) are designed so that they can be parsed deterministically and therefore compiled or interpreted in the shortest
possible time. A lot of attention has been given to this problem in Computer Science, as you will learn if you take a course in
compilers. On the other hand, natural languages, such as English, Japanese, etc., were not "designed" for this kind of parsing
efficiency. So, if we want to deal with them by computer, as for example, in machine trandation or information retrieval
systems, we have to abandon any hope of deterministic parsing and strive for maximum non-deterministic efficiency. A lot of
effort has been devoted to these problems as well, as you will learn if you take a course in computational linguistics.

To complete the proof of our lemma, we need to prove that L(M) = L(G). The proof is by induction and is reasonably
straightforward. We'll omit it here, and turn instead to the other half of the theorem:

Lemma: If M isanon-deterministic PDA, there is a context-free grammar G such that L(G) = L(M).

Again, the proof is by construction. Unfortunately, this time the construction is anything by natural. We'd never want
actually to do it. We just care that the construction exists because it allows us to prove this crucial result. The basic idea
behind the construction is to build a grammar that has the property that if we use it to create a leftmost derivation of some
string s then we will have simulated the behavior of M while reading s. The nonterminals of the grammar are things like <s,
Z, "> (recall that we can use any names we want for our nonterminals). The reason we use such strange looking nonterminals
isto makeit clear what each one correspondsto. For example, <s, Z, f'> will generate all stringsthat M could consume in the
process of moving from state swith Z on the stack to state f' having popped Z off the stack.

To construct G from M, we proceed in two steps: First we take our original machine M and construct a new “simple”
machine M’ (see below). We do this so that there will be fewer cases to consider when we actually do the construction of a
grammar from a machine. Then we build a grammar from M’.

A pdaM issimpleiff:

(1) Thereare no transitionsinto the start state, and
(2) Whenever ((g, & B), (p, y)) isatransitionin M and q is not the start state, then3 O T and |y| < 2.
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In other words, M issimple if it always consults its topmost stack symbol (and no others) and replaces that symbol either with
0, 1, or 2 new symbols. We need to treat the start state separately since of course when M starts, its stack is empty and there
is nothing to consult. But we do need to guarantee that the start state can’t bypass the restriction of (2) if it also functions as
something other than the start statei.e,, it is part of aloop. Thus constraint (1).

Although not all machines are simple, there is an algorithm to construct an equivalent ssmple machine from any machine M.
Thus the fact that our grammar construction algorithm will work only on simple machines in no way limits the applicability of
the lemmathat says that for any machine there is an equivalent grammar.

Given any PDA M, we construct an equivalent smple PDA M’ asfollows:
() LetM’ =M.

(2) Add to M’ anew start state s and anew final statef’. Add atransition from s to M’s original start state that consumes no
input and pushes a special “stack bottom” symbol Z onto the stack. Add transitions from of all of M’s original fina statesto
f'. These transitions should consume no input but they should pop the bottom of stack symbol Z from the stack. For example,
if we start with a straightforward two-state PDA that accepts wew”, then this step produces:

alela alal
@s/slg cl// elZl
ble/b b/b/

(3) (a) Assurethat |B| < 1. In other words, make sure that no transition looks at more than one symbol on the stack. It is easy
to do this. If there are any transitionsin M’ that look at two or more symbols, break them down into multiple transitions that
examine one symbol apiece.

(b) Assure that |y] < 1. In other words, make sure that each transition pushes no more than one symbol onto the stack.
(The rule for ssimple allows us to push 2, but you'll see why we restrict to 1 at this point in aminute.)) Again, if M’ has any
transitions that push more than one symbol, break them apart into multiple steps.

(c) Assurethat |B] = 1. We already know that || isn’t greater than 1. But it could be zero. If there are any transitions that
don’'t examine the stack at al, then change them so that they pop off the top symbol, ignore it, and push it right back on.
When we do this, we will increase by one the length of the string that gets pushed onto the stack. Now you can see why we
did step (b) as we did. If, after completing (b) we never pushed more than one symbol, we can go ahead and do (c) and till
be assured that we never push more than two symbols (which iswhat we require for M’ to be ssimple).

We'll omit the proof that this procedure does in fact produce a new machine M’ that is simple and equivalent to M.

Once we have a simple machine M’ (K’, ', ", A', s, ') derived from our original machine M (K, Z, T, A, s, F), we are
ready to construct a grammar G for L(M’) (and thus, equivaently, for L(M). Welet G = (V, 2, R, S), where V contains a
start symbol S, al the elements of %, and a new nonterminal symbol <qg, A, p> for every gand pin K’ and every A =€ or any
symbol in the stack alphabet of M’ (which is the stack alphabet of M plus the special bottom of stack marker). Thetricky part
is the construction of R, therules of G. R contains all the following rules (although in fact most will be useless in the sense
that the nonterminal symbol on the left hand side will never be generated in any derivation that starts with S):

(1) The special rule S - <s, Z, f’>, where s is the start state of the original machine M, Z is the specia “bottom of stack”
symbol that M’ pushes when it moves from s’ to s, and f’ is the new final state of M’. This rule says that to be a string in
L(M) you must be a string that M’ can consume if it is started in state swith Z on the top of the stack and it makesit to state f’
having popped Z off the stack. All the rest of the ruleswill correspond to the various paths by which M’ might do that.

(2) Consider each transition ((q, & B), (r, C)) of M’ where ais either € or asingle input symbol and C is either a single symbol
or €. In other words, each transition of M’ that pushes zero or one symbol onto the stack. For each such transition and each
state p of M’, we add the rule

<q, B, p> - a<r, C, p>.
Read these rule as saying that one way in which M’ can go from g to p and pop B off the stack is by consuming an &, going to
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state r, pushing a C on the stack (all of which are specified by the transition we're dealing with), then getting eventually to p
and popping off the stack the C that the transition specifies must be pushed. Think of these rulesthisway. Thetransition that
motivates them tells us how to make a single move from g to r while consuming the input symbol a and popping the stack
symbol B. So think about the strings that could drive M’ from g to some arbitrary state p (viathistransition) and pop B from
the stack in the process. They include all the strings that start with a and are followed by the strings that can drive M’ from r
on to p provided that they also cause the C that got pushed to be dealt with and popped. Note that of course we must also pop
anything else we push along the way, but we don’t have to say that explicitly since if we haven’t done that we can’t get to C to

pop it.

(3) Next consider each transition ((qg, a, B), (r, CD)) of M’, where C and D are stack symbols. In other words, consider every
transition that pushes two symbols onto the stack. (Recall that since M’ is simple, we only have to consider the cases of 0, 1,
or 2 symbols being pushed.) Now consider all pairs of statesv and w in K’ (where v and w are not necessarily distinct). For
all such transitions and pairs of states, construct the rule

<q, B, v> - a<r, C, w><w, D, v>
These rules are a bit more complicated than the ones that were generated in (2) just because they describe computations that
involve two intermediate states rather than one, but they work the same way.

(4) For every stateqin M’, we add the rule

<Q,& 0> - €
These rules let us get rid of spurious nonterminals so that we can actually produce strings composed solely of terminal
symbols. They correspond to the fact that M’ can (trivialy) get from a state back to itself while popping nothing simply by
doing nothing (i.e., reading the empty string).

See the lecture notes for an example of this processin action. Asyou'll notice, the grammars that this procedure generates are
very complicated, even for very simple machines. From larger machines, one would get truly enormous grammars (most of
whose rules turn out to be useless, as a matter of fact). So, if one is presented with a PDA, the best bet for finding an
equivalent CFG is to figure out the language accepted by the PDA and then proceed intuitively to construct a CFG that
generates that language.

We'll omit here the proof that this process does indeed produce a grammar G such that L(G) = L(M).

6 Parsing

Almost always, the reason we care about context-free languages is that we want to build programs that "interpret" or
"understand” them. For example, programming languages are context free. So are most data base query languages.
Command languages that need capabilities (such as matching delimiters) that can't exist in simpler, regular languages are also
context free.

The interpretation process for context free languages generaly involves three parts (although these logical parts may be

interleaved in various ways in the interpretation program):

1. Lexical analysis, in which individual characters are combined, generally using finite state machine techniques, to form the
building blocks of the language.

2. Parsing, in which atree structure is assigned to the string.

3. Semantic interpretation, in which "meaning", often in the form of executable code, is attached to the nodes of the tree and
thusto the entire string itself.

For example, consider the input string "orders := orders + 1;", which might be a lega string in any of a number of
programming languages. Lexical analysis first divides this string of characters into a sequence of six tokens, each of which
corresponds to a basic unit of meaning in the language. The tokens generally contain two parts, an indication of what kind of
thing they are and the actual value of the string that they matched. The six tokens are (with the kind of token shown, followed
by its value in parentheses):

<id> (orders) = <id> orders <op> (+) <id> (1) ;

Assume that we have a grammar for our language that includes the following rules:
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<statement> - <assignment statement> ;

<statement> - <loop statement> ;

<assignment statement> - <id> := <expr>

<expr> - <expr> <op> <expr>

<expr> - <id>

Using this grammar and the string of tokens produced above, parsing assigns to the string atree structure like

<statement>

<assigrnment statement>

<id>or4 .=\<exp>

<expr> <op> + <expr>

<id> orders <id> 1

Finally, we need to assign a meaning to this string. If we attach appropriate code to each node of this tree, then we can
execute this statement by doing a postorder traversal of the tree. We start at the top node, <statement> and traverse its left
branch, which takes us to <assignment statement>. We go down its left branch, and, in this case, we find the address of the
variable orders. We come back up to <assignment statement>, and then go down its middle branch, which doesn't tell us
anything that we didn’t already know from the fact that we're in an assignment statement. But we still need to go down the
right branch to compute the value that is to be stored. To do that, we start at <expr>. To get its value, we must examine its
subtrees. So we traverse its left branch to get the current value for orders. We then traverse the middle branch to find out
what operation to perform, and then the right branch and get 1. We hand those three things back up to <expr>, which applies
the + operator and computes a new value, which we then pass back up to <assignment statement> and then to <statement>.

Lexical analysis is a straightforward process that is generally done using a finite state machine. Semantic interpretation can
be arbitrarily complex, depending on the language, as well as other factors, such as the degree of optimization that is desired.
Parsing, though, isin the middle. It's not completely straightforward, particularly if we are concerned with efficiency. But it
doesn't need to be completely tailored to the individual application. There are some general techniques that can be applied to
awide variety of context-free languages. It is those techniques that we will discuss briefly here.

6.1 Parsing as Search

Recall that a parse tree for a string in a context-free language describes the set of grammar rules that were applied in the
derivation of the string (and thus the syntactic structure of the string). So to parse a string we have to find that set of rules.
How shall we do it? There are two main approaches:

1. Top down, in which we start with the start symbol of the grammar and work forward, applying grammar rules and
keeping track of what we're doing, until we succeed in deriving the string we're interested in.

2. Bottom up, in which we start with the string we're interested in. In this approach, we apply grammar rules "backwards".
So we look for a rule whose right hand side matches a piece of our string. We "apply" it and build a small subtree that
will eventually be at the bottom of the parse tree. For example, given the assignment statement we looked at above, me
might start by building the tree whose root is <expr> and whose (only) leaf is <id> orders. That gives us a new "string"
to work with, which in this case would be orders := <expr> <op> <id>(1). Now we look for a grammar rule that matches
part of this "string" and apply it. We continue until we apply a rule whose left hand side is the start symbol. At that
point, we've got a complete tree.

Whichever of these approaches we choose, we'd like to be as efficient as possible.  Unfortunately, in many cases, we're
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forced to conduct a search, since at any given point it may not be possible to decide which rule to apply. There are two

reasons why this might happen:

e Our grammar may be ambiguous and there may actually be more than one legal parse tree for our string. We will
generaly try to design languages, and grammars for them, so that this doesn’t happen. |If a string has more than one parse
tree, it is likely to have more than one meaning, and we rarely want to use languages where users can't predict the
meaning of what they write.

» There may be only a single parse tree but it may not be possible to know, without trying various alternatives and seeing
which ones work, what that tree should be. Thisisthe problem we'll try to solve with the introduction of various specific
parsing techniques.

6.2 Top Down Parsing

To get a better feeling for why a straightforward parsing algorithm may require search, let's consider again the following
grammar for arithmetic expressions:

1) E-E+T
2 E-T
B T-T*F
@ T-F
® F-(B
6) F-id

Let’stry to do atop down parse, using this grammar, of the string id + id * id. We will begin with a tree whose only node is
E, the start symbol of the grammar. At each step, we will attempt to expand the leftmost leaf nonterminal in the tree.
Whenever we rewrite a nonterminal as a termina (for example, when we rewrite F as id), we'll climb back up the tree and
down another branch, each time expanding the leftmost leaf nhonterminal). We could do it some other way. For example, we
could always expand the rightmost nonterminal. But since we generally read the input string left to right, it makes sense to
process the parse tree | eft to right also.

No sooner do we get started on our example parse but we' re faced with a choice. Should we expand E by applying rule (1) or
rule (2)? If we choose rule (1), what we're doing is choosing the interpretation in which + is done after * (since + will be at
the top of the tree). If we choose rule (2), we're choosing the interpretation in which * is done after + (since * will be nearest
the top of the tree, which we'll detect at the next step when we have to find a way to rewrite T). We know (because we've
done this before and because we know that we carefully crafted this grammar to force * to have higher precedence than +) that
if we choose rule (2), we'll hit a dead end and have to back up, since there will be no way to deal with + inside T.

Let’sjust assume for the moment that our parser also knows the right thing to do. It then produces

E
E/+I\T

Since E is again the leftmost leaf nonterminal, we must again choose how to expand it. This time, the right thing to do is to
choose rule (2), which will rewrite Eas T. After that, the next thing to do is to decide how to rewrite T. Theright thing to do
isto choose rule (4) and rewrite T as F. Then the next thing to do is to apply rule (6) and rewrite F asid. At this point, we've
generated aterminal symbol. So we read an input symbol and compare it to the one we' ve generated. In this case, it matches,
so we can continue. If it didn't match, we'd know we'd hit a dead end and we'd have to back up and try another way of
expanding one of the nodes higher up in the tree. But since we found a match, we can continue. At this point, the tree looks
like

E
/J\T

———m
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F

id

Since we matched a terminal symbol (id), the next thing to do is to back up until we find a branch that we haven't yet
explored. We back all the way up to the top E, then down its center branch to +. Since thisisaterminal symbol, we read the
next input symbol and check for a match. We've got one, so we continue by backing up again to E and taking the third
branch, down to T. Now we face another choice. Should we apply rule (3) or rule (4). Again, being smart, we'll choose to

apply rule (3), producing

E
E/+I\T
| /[\
T 7+ °F
|

F

|

Therest of the parseis now easy. We'll expand T to F and then match the second id. Then we'll match F to the last id.
But how can we make our parser know what we knew?

In this case, one simple heuristic we might try is to consider the rules in the order in which they appear in the grammar. That
will work for this example. But suppose the input had been id * id * id. Now we need to choose rule (2) initially. And we're
now in big trouble if we alwaystry rule (1) first. Why? Because we'll never realize we're on the wrong path and back up and
try rule (2). If we choose rule (1), then we will produce the partial parse tree

E
E/+I\T

But now we again have an E to deal with. If we choose rule (1) again, we have

e 1
T

E + T

And then we have another E, and so forth. The problem is that rule (1) contains left recursion. In other words, a symbal, in
this case E, is rewritten as a sequence whose first symbol isidentical to the symbol that is being rewritten.

We can solve this problem by rewriting our grammar to get rid of left recursion. There's an algorithm to do this that aways
works. We do the following for each nonterminal A that has any left recursive rules. We look at all the rules that have A on
their left hand side, and we divide them into two groups, the left recursive ones and the other ones. Then we replace each rule
with another related rule as shown in the following table;

Original rules New rules
Left recursiverules: A - Aa; A - oA’
A - AGZ A - GzA'
A - Aoz A S A
A - Aa, A S a A
A ¢

Supplementary Materials Context-Free Languages and Pushdown Automata 20



Non-left recursiverules: A - B A S BA
A B A S BA
A - B, A - BA’

The basic idea is that, using the original grammar, in any successful parse, A may be expanded some arbitrary number of
times using the left recursive rules, but if we're going to get rid of A (which we must do to derive atermina string), then we
must eventually apply one of the nonrecursive rules. So, using the original grammar, we might have something like

A
/\
A az
/
"
B1

Notice that, whatever 34, as, and a, are, 3, which came from one of the nonrecursive rules, comes first. Now look at the new
set of rulesin the right hand column above. They say that A must be rewritten as a string that starts with the right hand side of
one of the nonrecursive rules (i.e., some [3;). But, if any of the recursive rules had been applied first, then there would be
further substrings, after the [3;, derived from those recursive rules. We introduce the new nonterminal A’ to describe what
those things could look like, and we write rules, based on the original recursive rules, that tell us how to rewrite A'. Using
this new grammar, we' d get a parse tree for 3, o3 a, that would look like

A
//\
B1 A’
/\
O3 A’
N
a, A’
l

If we apply this transformation algorithm to our grammar for arithmetic expressions, we get
1 FE-+TFE

1) E-c¢

2 E-TE
B T -*FT’
@) T-e

@ T-FT
® F-(
6) F-id

Now let’s return to the problem of parsing id +id * id. Thistime, thereis only a single way to expand the start symboal, E, so
we produce, using rule (2),
E

/\

T E
Now we need to expand T, and again, there is only a single choice. If you continue with this example, you'll see that if you

have the ability to peek one character ahead in the input (we'll call this character the lookahead character), then it's possible
to know, at each step in the parsing process, which rule to apply.
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You'll notice that this parse tree assigns a quite different structure to the original string. This could be a serious problem
when we get ready to assign meaning to the string. In particular, if we get rid of left recursion in our grammar for arithmetic
expressions, we'll get parse trees that associate right instead of left. For example, we'll interpret a+ b + c as

(a+ b) + c using the original grammar, but

a+ (b + ¢) using the new grammar.

For this and various other reasons, it often makes sense to change our approach and parse bottom up, rather than top down.

6.3 Bottom Up Parsing

Now let’s go back to our original grammar for arithmetic expressions:

1) E-E+T
2 E-T
B T-T*F
@ T-F
® F-(B
6) F-id

Let'stry againto parsethe string id + id * id, this time working bottom up. We'll scan the input string from left to right, just

aswe've always done with all the automata we' ve built. A bottom up parser can perform two basic operations:

1. Shift an input symbol onto the parser’s stack.

2. Reduce astring of symbols from the top of the stack to a nonterminal symbol, using one of the rules of the grammar.
Each time we do this, we also build the corresponding piece of the parse tree.

When we start, the stack is empty, so our only choice isto get the first input symbol and shift it onto the stack. Thefirst input
symbol isid, so it goes onto the stack. Next, we have a choice. We can either use rule (6) to reduceid to F, or we can get the
next input symbol and push it onto the stack. It's clear that we need to apply rule (6) now. Why? There are no other rules
that can consume an id directly. So we have to do this reduction before we can do anything else with id. But could we wait
and do it later? No, because reduction always applies to the symbols at the top of the stack. If we push anything on before we
reduce id, we'll never again get id at the top of the stack. So it will just sit there, unable to participate in any rules. So the
next thing we need to do is to reduce id to F, giving us a stack containing just F, and the parse tree (remember we're building
up from the bottom):
F

id

Before we continue, let's observe that the reasoning we just did is going to be the basis for the design of a “smart”
deterministic bottom up parser. Without that reasoning, a dumb, brute force parser would have to consider both paths at this
first choice point: the one we took, as well as the one that fails to reduce and instead pushes + onto the stack. That second
path will dead end eventually, so even a brute force parser will eventually get the right answer. But for efficiency, we'd like
to build a deterministic parser if we can. We'll return to the question of how we do that after we finish with this example so
we can see all the places we're going to have to make our parser “smart”.

At this point, the parser’s stack contains F and the remaining input is +id * id. Again we must choose between reducing the
top of the stack or pushing on the next input symbol. Again, by looking ahead and analyzing the grammar, we can see that
eventually we will need to apply rule (1). To do so, the first id will have to have been promoted to a T and thento an E. So
let’ s next reduce by rule (4) and then again by rule (2), giving the parse tree and stack:
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T———m

o

E

At this point, there are no further reductions to consider, since there are no rules whose right hand sideisjust E. So we must
consume the next input symbol + and push it onto the stack. Now, again, there are no available reductions. So we read the
next symbol, and the stack then contains id + E (we'll write the stack so that we push onto the left). Again, we need to
promote id before we can do anything else, so we promoteit to F and thento T. Now we've got:

E

'|I' T T
'F L +
!d !d E

Notice that we've now got two parse tree fragments. Since we' re working up from the bottom, we don’'t know yet how they’l
get put together. The next thing we have to do is to choose between reducing the top three symbols on the stack (T + E) to E
using rule (1) or shifting on the next input symbol. By the way, don’t be confused about the order of the symbols here. We'll
always be matching the right hand sides of the rules reversed because the last symbol we read (and thus the right most one
we'll match) is at the top of the stack.

Okay, so what should we choose to do, reduce or shift? This is the first choice we've had to make where there isn’t one
correct answer for all input strings. When there was just one universally correct answer, we could compute it simply by
examining the grammar. Now we can't do that. 1n the example we're working with, we don’'t want to do the reduction, since
the next operator is*. We want the parse tree to correspond to the interpretation in which * is applied before +. That means
that + must be at the top of the tree. If we reduce now, it will be at the bottom. So we need to shift * on and do a reduction
that will build the multiplication piece of the parse tree before we do a reduction involving +. But if the input string had been
id + id + id, we'd want to reduce now in order to cause the first + to be done first, thus producing left associativity. So we
appear to have reached a point where we'll have to branch. Since our grammar won't let us create the interpretation in which
we do the + first, if we choose that path first, we'll eventually hit a dead end and have to back up. We'd like not to waste time
exploring dead end paths, however. We'll come back to how we can make a parser smart enough to do that later. For now,
let’ s just forge ahead and do the right thing.

Aswe said, what we want to do here is not to reduce but instead to shift * onto the stack. So the stack now contains* T + E.
At this point, there are no available reductions (since there are no rules whose right hand side contains * as the last symboal),
so we shift the next symbol, resulting in the stack id * T + E. Clearly we have to promote id to F (following the same
argument that we used above), so we' ve got

E
E *
'|I' T T
'F L : +
!d !d !d E
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Next, we need to reduce (since there aren’t any more input symbols to shift), but now we have another decision to make:
should we reduce the top F to T, or should we reduce the top three symbols, using rule (3) to T? The right answer is to use
rule (3), producing:

E T
L T * T
'F L : +
!d !d id E

Finally, we need to apply rule (1), to produce the single symbol E on the top of the stack, and the parse tree:

\
)

F F

+ id * id E

In a bottom up parse, we're done when we consume all the input and produce a stack that contains a single symbol, the start
symbol. So we're done (although see the class notes for an extension of this technique in which we add to the input and end-
of-input symbol $ and consume it as well).

o

Now let’s return to the question of how we can build a parser that makes the right choices at each step of the parsing process.
Aswe did the example parse above, there were two kinds of decisions that we had to make:

»  Whether to shift or reduce (we'll call these shift/reduce conflicts), and

*  Which of several available reductions to perform (we'll call these reduce/reduce conflicts).

Let's focus first on shift/reduce conflicts. At least in this example, it was always possible to make the right decision on these

conflicts if we had two kinds of information:

e A good understanding of what is going on in the grammar. For example, we noted that there’s nothing to be done with a
raw id that hasn’'t been promoted to an F.

e A peek at the next input symbol (the one that we're considering shifting), which we call the lookahead symbol. For
example, when we were trying to decide whether to reduce T + E or shift on the next symbol, we looked ahead and saw
that the next symbol was *. Since we know that * has higher precedence than +, we knew not to reduce +, but rather to
wait and deal with * first.

So we as people can be smart and do the right thing. The important question is, “Can we build a parser that is smart and does
the right thing?” The answer isyes. For simple grammars, like the one we're using, it’s fairly straightforward to do so. For
more complex grammars, the algorithms that are needed to produce a correct deterministic parser are way beyond the scope of
this class. In fact, they're not something most people ever want to deal with. And that’s okay because there are powerful
tools for building parsers. The input to the tools is a grammar. The tool then applies a variety of algorithms to produce a
parser that does the right thing. One of the most widely used such tools is yacc, which we'll discuss further in class. See the
yacc documentation for some more information about how it works.

Although we don’t have time to look at all the techniques that systems like yacc use to build deterministic bottom up parsers,

we will look at one of the structures that they can build. A precedence table tells us whether to shift or reduce. It uses just
two sources of information, the current top of stack symbol and the lookahead symbol. We won't describe how this table is
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congtructed, but let's look at an example of one and see how it works. For our expression grammar, we can build the
following precedence table (where $ is a specia symbol concatenated to the end of each input string that signals the end of the
input):

V\X ( ) id | + [ * $
(
) . e | o | o
id . e | o | o
e
E
T . . .
E . e | o | o

Here's how to read the table. Compare the left most column to the top of the stack and find the row that matches. Now
compare the symbols along the top of the chart to the lookahead symbol and find the column that matches. If there' sadot in
the correponding sgquare of the table, then reduce. Otherwise, shift. So let’s go back to our example input string id + id * id.
Remember that we had a shift/reduce conflict when the stack’s contents were T + E and the next input symbol was*. So we
look at the next to the last row of the table, the one that has T as the top of stack symbol. Then we look at the column headed
*. There' s no dot, so we don’t reduce. But notice that if the |ookahead symbol had been +, we'd have found a dot, telling us
to reduce, which is exactly what we'd want to do. Thus this table captures the precedence rel ationships between the operators
* and +, plusthe fact that we want to associate left when faced with operators of equal precedence.

Deterministic, bottom up parsers of the sort that yacc builds are driven by an even more powerful table called a parse table.
Think of the parse table as an extension of the precedence table that contains additional information that has been extracted
from an examination of the grammar.

7 Closure Properties of Context-Free Languages

Union: The CFL's are closed under union. Proof: If L; and L, are CFL's, then there are, by definition, CFG's G, = (V4, 24,
Ry, S)) and G, = (V,, 25, Ry, S,) generating L, and L,, respectively. (Assume that the non-terminal vocabularies of the two
grammars are digoint. We can always rename symbols to achieve this, so there are no accidental interactions between the
two rulesets) Now fomCFG G=(V; 0OV, 2 0%, RROR O0{S - S,S - S}, 9. GgeneratesL; O L, since every
derivation from the start symbol of G must begin either S= S, or S= S, and thereafter to derive a string generated by G; or
by G,, respectively. Thusall stringsin L(G;) O L(G,) are generated, and no others.

Concatenation: The CFL's are closed under concatenation. The proof is similar. Given G, and G, as above, form G = (V1 [
Vo, 21 03, RROR, O0{S- S5}, S). G generates L,L, since every derivation from S must begin S = S,;S, and proceed
thereafter to derive a string of L; concatenated to a string of L,. No other strings are produced by G.

Kleene star: The CFL's are closed under Kleene star. Proof: If L isa CFL, it is generated by some CFG G = (V, 2, R, S).
Using one new nonterminal symbol S, we canformanew CFGG' =(VOS,2, R O(S - ¢ S - SS}, S). G generates
L* since there is aderivation of € (S = ¢€), and there are other derivations of theformS = SS= SSS= ... = SS..SS=
S...SS, which produce finite concatenations of strings of L. G generates no other strings.

Intersection: The CFL's are not closed under intersection. To prove this, it suffices to show one example of two CFL's
whose intersection is not context free. Let L; = {db'c’: i, j = 0}. L is context-free since it is generated by a CFG with the
ruesS - AC, A - aAb, A - &, C - cC, C— &. Similaly, let L, = {db™c™: k, m > 0}. L, is context-free, since it is
generated by a CFG similar to the one for L. Now consider Ls=L; n L, ={a%h"c": n=0}. Lsisnot context free. Well
prove that in the next section using the context-free pumping lemma. Intuitively, L3 isn't context free because we can't count
as, b's, and c'sall with asingle stack.
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I ntersection with regular languages: The CFL's are, however, closed under intersection with the regular languages. Given a
CFL, L and a regular language R, the intersection L n R isa CFL. Proof: Since L is context-free, there is some non-
deterministic PDA accepting it, and since R is regular, there is some deterministic finite state automaton that accepts it. The
two automata can how be merged into a single PDA by a straightforward technique described in class.

Complementation: The CFL's are not closed under complement. Proof: Since the CFL's are closed under union, if they
were also closed under complement, this would imply that they are closed under intersection. This is so because of the set-
theoretic equality (L1 0 L2) = (L1 n L2).

8 The Context-Free Pumping Lemma

There is a pumping lemma for context-free languages, just as there is one for regular languages. It's a bit more complicated,
but we can use it in much the same way to show that some language L is not in the class of context-free languages. In order to
see why the pumping lemma for context-free languages is true, we need to make some observations about parse trees:

1. A pathinaparsetreeisacontinuously descending sequence of connected nodes.
2. Thelength of apath in aparse tree is the number of connections (branches) in it.

/N

A A

3. The height of a parse tree is the length of the longest path in it. For example, the parse tree above is of height 2.
4. The width of a parse tree is the length of itsyield (the string consisting of its leaves). For example, the parse tree above is
of width 5.

We observe that in order for a parse tree to achieve a certain width it must attain a certain minimum height. How are height
and width connected? The relationship depends on the rules of the grammar generating the parse tree.

Suppose, for example, that a certain CFG contains the rule A - AAAA. Focusing just on derivations involving this rule, we
see that atree of height 1 would have awidth of 4. A tree of height 2 would have a maximum width of 16 (although there are
narrower trees of height 2 of course).

A A

AN y

A A A

A A A A A A A A A

With height 3, the maximum width is 64 (i.e., 4%), and in general atree of height n has maximum width of 4. Or putting it
another way, if atree iswider than 4" then it must be of height greater than n.

Where does the 4 come from? Obviously from the length of the right-hand side of the rule A . AAAA. If we had started
withtherule A -~ AAAAAA, we would find that atree of height n has maximum width 6".

What about other rulesin the grammar? If it contained both therulesA . AAAA and A -~ AAAAAA, for example, then the
maximum width would be determined by the longer right-hand side. And if there were no other rules whose right-hand sides
were longer than 6, then we could confidently say that any parse tree of height n could be no wider than 6".

Let p = the maximum length of the right-hand side of all the rulesin G. Then any parse tree generated by G of height m can

Supplementary Materials Context-Free Languages and Pushdown Automata 26



be no wider than p™. Equivalently, any parse tree that is generated by G and that is wider than p™ must have height greater
than m.

Now supposewe haveaCFG G=(V, 2, R, S). Letn=|(V - 2)|, the size of the non-terminal alphabet. If G generates a parse
tree of width greater than p", then, by the above reasoning, the tree must be of height greater than n, i.e., it contains a path of
length greater than n. Thus there are more than n + 1 nodes on this path (the number of nodes being one greater than the
length of the path), and all of them are non-terminal symbols except possibly the last. Since there are only n distinct non-
terminal symbolsin G, some such symbol must occur more than once along this path (by the Pigeonhole Principle). What this
saysisthat if a CFG generates along enough string, its parse tree is going to be sufficiently high that it is guaranteed to have a
path with some repeated non-terminal symbol alongit. Let us represent this situation by the following diagram:

Call the generated string w. The parse tree has S as its root, and let A be a non-terminal symbol (it could be S itself, of
course) that occurs at least twice on some path (indicated by the dotted lines).

Another observation about parse trees: If the leaves are al terminal symbols, then every non-terminal symbol in the treeisthe
root of a subtree having terminal symbols as its leaves. Thus, the lower instance of A in the tree above must be the root of a
tree with some substring of w asitsleaves. Call this substring x. The upper instance of A likewise roots a tree with a string of
terminal symbols as its leaves, and furthermore, from the geometry of the tree, we see that this string must include x as a
substring. Call the larger string, therefore, vxy. This string vxy is also a substring of the generated string w, which is to say
that for some strings u and z, w = uvxyz. Attaching these names to the appropriate substrings we have the following diagram:

w= u v X y z

Now, assuming that such a tree is generated by G (which will be true on the assumption that G generates some sufficiently
long string), we can conclude that G must generate some other parse trees as well and therefore their associated terminal
strings. For example, the following tree must also be generated:

>""T7!m
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since whatever sequence of rules produced the lower subtree
A

X
could have been applied when the upper A was being rewritten.

Similarly, the sequence of rules that expanded the upper A originally to yield the string vAy could have been applied to the
lower A aswell, and if the resulting third A were now rewritten to produce x, we would have:

S

|

|
A

w= u v v X y y z

Clearly this process could be repeated any number of timesto give an infinite number of strings of the form
u Vi Vo Va...V, X Vi Y2 Ya.--Vn z, for dl valuesof n= 0.

We need one further observation before we are ready to state the Pumping Lemma. Consider again any string w that is
sufficiently long that its derivation contains at least one repeating nonterminal (A in our example above). Of course, there
may be any number of occurrences of A, but let's consider the bottom two. Consider the subtree whose roct is the second A
up from the bottom (shown in bold):

w= u v v X y y z

Notice that the leaves of this subtree correspond to the sequence vxy. How long can this sequence be? The answer relies on
the fact that this subtree contains exactly one repeated nonterminal (since we chose it that way). So the maximum height of
this subtree is p™*. (Recall that p is the length of the longest rule in the grammar and n is the number of nonterminasin the
grammar.) Why n+1? Because we have n+1 nonterminals available (all n of them plus the one repeated one). So we know
that [vxy| must be < M, where M is some constant that depends on the grammar and that isin fact p™*. We are now ready to
state the Pumping Lemmafor context-free languages.

Pumping Lemma for Context-Free Languages. Let G be a context-free grammar. Then there are some constants K and M
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depending on G such that, for every string w [ L(G) where w| > K, there are strings u, v, X, Y, z such that
(1) w = uvxyz,

(2) lvy|> 0,

(3) Ivxy|< M, and

(4) fordl n=0, w"xy"z 0 L(G).

Remarks. The constant K in the lemmais just p” referred to above - the length of the longest right-hand side of arule of G
raised to the power of the number of non-terminal symbols. In applying the lemmawe won't care what the value of K actually
is, only that some such constant exists. If G generates an infinite language, then clearly there will be strings in L(G) longer
than K, no matter what K is. If L(G) is finite, on the other hand, then the lemma still holds (trivially), because K will have a
value greater than the longest strings in L(G). So all stringsin L(G) longer than K are guaranteed to be "pumpable," but no
such strings exist, so the lemmavis trivially true because the antecedent of the conditional isfalse. Similarly for M, which is
actually bigger than K; it is p™*. But, again, all we care about is that if L(G) isinfinite then M exists. Without knowing what
it is, we can describe strings in terms of it and know that we must have pumpable strings.

This lemma, like the pumping lemma for regular languages, addresses the question of how strings grow longer and longer
without limit so as to produce infinite languages. In the case of regular languages, we saw that strings grow by repeating
some substring any number of times: xy"z O L for all n= 0. When does this happen? Any string in the language of sufficient
length is guaranteed to contain such a "pumpable’ substring. What length is sufficient? The number of states in the
minimum-state deterministic finite state machine that accepts the language. This sets the lower bound for guaranteed
pumpability.

For context-free languages, strings grow by repeating two substrings simultaneously: uv"xy"z O L for all n = 0. This, too,
happens when a string in the language is of sufficient length. What is sufficient? Long enough to guarantee that its parse tree
contains a repeated non-terminal along some path. Strings this long exceed the lower bound for guaranteed context-free
pumpability.

What about the condition that [vy| > 0, i.e., v and y cannot both be the empty string? This could happen if by the rules of G
we could get from some non-terminal A back to A again without producing any terminal symbols in the process, and that's
possible with rules like A - B, B - C, C - A, all perfectly good context-free rules. But given that we have a string w
whose length is greater than or equal to K, its derivation must have included some rules that make the string grow longer;
otherwise w couldn't have gotten as long as it did. Therefore, there must be some path in the derivation tree with a repeated
non-terminal that involves branching rules, and along this path, at least one of v or y is non-empty.

Recall that the corresponding condition for regular languages wasy # €. We justified this by pointing out that if a sufficiently
long string w was accepted by the finite state machine, then there had to be a loop in the machine and that loop must read
something besides the empty string; otherwise w couldn't be aslong asit is and still be accepted.

And, finally, what about condition (3), [vxy| £ M? How does this compare to the finite state pumping lemma? The
corresponding condition there was that [xy| < K. Since |y| < [xy|, this certainly tells us that the pumpable substring vy is
(relatively) short. |xy| < K aso tells usthat y occurs close to the beginning of the string w = xyz. The context-free version, on
the other hand, tells us that [vxy| < M, where v and y are the pumpable substrings. Since [v| < vxy| < M and Jy| < vxy| < M, we
know that the pumpable substrings v and y are short. Furthermore, from jvxy| < M, we know that v and y must occur close to
each other (or at least not arbitrarily far away from each other). Unlike in the regular pumping lemma, though, they do not
necessarily occur close to the beginning of the string w = uvxyz. This s the reason that context-free pumping lemma proofs
tend to have more cases: the v and y pumpable substrings can occur anywhere within the string w.

Note that this Pumping Lemma, like the one for regular languages, is an if-then statement not an iff statement. Therefore, it
cannot be used to show that alanguage is context-free, only that it is not.

Example 1: Show that L = {a'b"c": n=> 0} is not context-free.

If L were context-free (i.e., if there were a context-free grammar generating L), then the Pumping Lemmawould apply. Then
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there would be a constant K such that every string in L of length greater than K would be "pumpable.” We show that thisis
not so by exhibiting astring w in L that is of length greater than K and that is not pumpable. Since we want to rely on clause
3 of the pumping lemma, and it relieson M > K, welll actually choose w in terms of M.

Let w = a'b"c™.  (Note that this is a particular string, not a language or a variable expression for a string. M is some
number whose exact value we don't happen to know; it might be 23, for example. If so, w would be the unique string
a”b®c®) This string is of length greater than K (of length 3M, where M is greater than K, in fact), and it isa string in the
language {a'b"c" : n = 0}. Therefore, it satisfies the criteria for a pumpable string according to the Pumping Lemma--
provided, of course, that L is context-free.

What does it mean to say that a"b“c" is pumpable? It means that there is some way to factor this string into five parts -
u,v,X,y,z - meeting the following conditions:

1. vandy arenot both the empty string (although any of u, x, or z could be empty),

2. vxy|£M,

3. uxzOL,uvxyzOL,uvwxyyz 0L, uvwxyyyz O L, etc.;i.e, foral n=0, u"xy"z O L.

We now show that there is no way to factor a'b"c" into 5 parts meeting these conditions; thus, a'b"c" is not a pumpable
string, contrary to the stipulation of the Pumping Lemma, and thus L is not a context-free language.

How do we do this? We show that no matter how we try to divide a'b"c" in ways that meet the first two conditions, the third
condition always falls. In other words, every "legal" division of d'b"c" falls to be pumpable-that is, there is some value of n
for which uv"xy"z O L.

There are clearly a lot of ways to divide this string into 5 parts, but we can simplify the task by grouping the divisions into
cases just as we did with the regular language Pumping Lemma:

Case 1: Either v or y consists of more than different letter (e.g., aab). No such division is pumpable, since for any n = 2,
uv"xy"z will contain some letters not in the correct order to be in L. Now that we've eliminated this possibility, all the
remaining cases can assume that both v and y contain only a's, only b’s, or only ¢'s (although one could aso be €).

Case 2: Both v and y are located within a".  No such division is pumpable, since we will pump in only &s. So, for n = 2,
uv"xy"z will contain more a's than b's or ¢'s and therefore won't bein L. (Note that n = 0 also works.)

Cases 3, 4: Both v and y are located within b™ or ¢*. No such division is pumpable, by the same logic asin Case 2.

Case 5: v is located within & and y is located within b™. No such division is pumpable, since for n > 2, uv"xy"z will contain
more as than c's or more b's than c's (or both) and therefore won't bein L. (n = 0 also works here.)

Cases 6, 7: v is located within " and y is located within ¢, or v is located within b™ and y is located within c*. No such
division is pumpable, by the samelogic asin Case 5.

Since every way of dividing a'b“c™ into 5 parts (such that the 2nd and 4th are not both empty) is covered by (at least one of
the above 7 cases, and in each case we find that the resulting division is hot pumpable, we conclude that there is no division of
a"bMc" that is pumpable. Since al this was predicated on the assumption that L was a context-free language, we conclude
that L, is not context-free after al.

Notice that we didn't need to use condition the fact that jvxy| must be less than M in this proof, although we could have used it
as an aternative way to handle case 6, since it prevents v and y from being separated by a region of size M, which is exactly
the size of the region of b's that occurs between the a's and the c's.

Example 2: Show that L ={w O {a, b ¢}* | #(a, w) = #(b, w) = #(c, w)} is not context free. (We use the notation #(a, w) to
mean the number of a'sin the string w.)

Let'sfirst try to use the pumping lemma. We could again choose w = a"'b"c". But now we can't immediately brush off case 1
aswe did in Example 1, since L allows for strings that have the s, b's, and c'sinterleaved. In fact, this time there are ways
to divide a'b™c" into 5 parts (v, y not both empty), such that the result is pumpable. For example, if v were ab and y werec,
then uv"xy"z would bein L for all n> 0, since it would till contain equal numbers of as, b's, and ¢'s.
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So we need some additional help, which we'll find in the closure theorems for context-free languages. Our problem isthat the
definition of L is too loose, so it's too easy for the strings that result from pumping to meet the requirements for being in L.
We need to make L more restrictive. Intersection with another language would be one way we could do that. Of course, since
the context-free languages are not closed under intersection, we can't simply consider some new language L' =L n L2, where
L2 is some arbitrary context-free language. Even if we could use pumping to show that L' isn't context free, we'd know
nothing about L. But the context-free languages are closed under intersection with regular languages. So if we construct a
new language L' =L n L2, where L2 is some arbitrary regular language, and then show that L' is not context free, we know
that L isn't either (since, if it were, its intersection with a regular language would also have to be context freg). Generally in
problems of this sort, the thing to do is to use intersection with a regular language to constrain L so that al the stringsin it
must have identifiable regions of symbols. So what we want to do hereisto let L2 = a*b*c*. ThenL'=L n L2=ab"c". If
we hadn't just proved that a'b"c" isn't context free, we could easily do so. In either case, we know immediately that L isn't
context free.
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Recursively Enumerable Languages,
Turing Machines, and Decidability

1 Problem Reduction: Basic Concepts and Analogies

The concept of problem reduction is simple at a high level. You simply take an algorithm that solves one problem and use it
as a subroutine to solve another problem. For example, suppose we have two TM's; C, which turns QwQ into Qwdwa and
S, whichturns...QwQ into ...wQAAQ (i.e,, it shiftsw one square to the left). Then we can buildaTM M' that computes f(w) =
ww by simply letting M' =CS_. We have reduced the problem of computing f to the problem of copying a string and then
shifting it.

Let's consider another example. Suppose we had a function sgr(m: integer): integer, which accepts an integer input m and
returns m?. Then we could write the following function to compute g(m) = m? + 2m + 1:

function g(m: integer): integer;
begin

return sgr(m + 1);
end;

We have reduced the problem of computing m* + 2m + 1 to the problem of computing m + 1 and squaring it.

We are going to be using reduction specifically for decision problems. In other words, we're interested in a particular class of
boolean functions whose job is to look at strings and tell us, for each string, whether or not it is in the language we are
concerned with. For example, suppose we had aTM M that decides the language a*b*. Then we could make anew TM M’ to
decide a*b*: M' would find the first blank to the right of its input and write asingle b there. It would then move its read head
back to the beginning of the string and invoke M on the tape. Why does this work? Because x 0 a*b* iff xb O a*b’.
Looking at this in the more familiar procedural programming style, we are saying that if we have a function:
fi(x: string): boolean, which tells us whether x 0 a*b*, then we could write the following function that will correctly tell us
whether x [0 a*b*.

function f2(x: string): boolean;

begin
return f1(x || 'b";
end;

If, for some reason, you believed that a*b* were an undecidable language, then this reduction would force you to believe that
ab" is also undecidable. Why? Because we have shown that we can decide a*b* provided only that f1 does in fact decide
ab”. If we know that we can't decide a*b*, there must be something standing in the way. Unless we're prepared to believe
that subroutine invocation is not computable or that concatenation of a single character to the end of a string is not
computable, we must assign blame to f1 and conclude that we didn't actually have a correct f1 program to begin with.

These examples should all make sense. The underlying concept is simple. Things will become complicated in a bit because
we will begin considering TM descriptions as the input stings about which we want to ask questions, rather than simple strings
of asand b's.

Sometimes, we'll use a dightly different but equivalent way of asking our question. Rather than asking whether alanguage is
decidable, we may ask whether a problem is solvable. When we say that a problem is unsolvable, what we mean is that the
corresponding language is undecidable. For example, consider the problem of determining, given a TM M and string w,
whether or not M acceptsw. We can ask whether this problem is solvable. But notice that this same problem can be phrased
alanguage recognition problem because it is equivalent to being able to decide the language:

H={"M""w":wOL(M)}.

Read this as: H is the language that consists of al strings that can be formed from two parts: the encoding of a Turing
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Machine M, followed by the encoding of a string w (which we can think of as the input to M), with the additional constraint
that TM M halts on input w (which is equivalent to saying that w isin the language accepted by M).

“Solving a problem” is the higher level notion, which is commonly used in the programming/algorithm context. In our
theoretical framework, we use the term “deciding a language” because we are talking about Turing Machines, which operate
on strings, and we have a carefully constructed theory that lets us talk about Turing Machines as language recognizers.

In the following section, we'll go through several examples in which we use the technique of problem reduction to show that
some new problem is unsolvable (or, alternatively, that the corresponding language is undecidable). All of these proofs
depend ultimately on our proof, using diagonalization, of the undecidability of the halting problem (H above).

2 Some Reductions Presented in Gory Detail

Example 1: GivenaTM M, does M halt on input €? (i.e., given M, is€ [0 L(M)?) This problem is undecidable because we
can reduce the Halting Problem H to it. What this means is that an algorithm to answer this question could be used as a
subroutine in an algorithm (which is otherwise clearly effective) to solve the Halting problem. But we know the Halting
problem is unsolvable; therefore this question is unsolvable. So how do we prove this?

First well prove this using the TM/language framework. In other words, we're going to show that the following language LE
is not decidable:
LE={"M":e OL(M)}

We will show that if LE isdecidable, soisH = {"M" "w" : w O L(M)}.

Suppose LE is decidable; then some TM M\ g decides it. We can now show how to construct a new Turing Machine My,
which will invoke M g as a subroutine, and which will decide H. In the process of doing so, we'll use only clearly
computable functions (other than Mg, of course). So when we finish and realize that we have a contradiction (since we know
that My can’t exist), we know that the blame must rest on M| g and thus we know that M, g cannot exist.

My isthe Turing Machine that operates as follows on the inputs "M", "w":

1. Congtruct anew TM M*, which behaves as follows:
1.1. Copy "w" onto its tape.
1.2. Execute M on the resulting tape.

2. Invoke M g(M*).

If Mg returns True, then we know that M (the original input to My) halts on w. If Mg returns False, then we know that it
doesn’'t. Thus we have built a supposedly unbuildable M. How did we do it? We claimed when we asserted the existence of
Mg that we could answer what appears to be a more limited question, does M halt on the empty tape? But we can find out
whether M halts on any other specific input (w) by constructing a machine (M*) that starts by writing w on top of whatever
was originally on its tape (thus it ignores its actual input) and then proceeds to do whatever M would have done. Thus M*
behaves the same on all inputs. Thusif we knew what it does on any one input, we'd know what it does for al inputs. So we
ask M g what it does on the empty string. And that tells us what it does al the time, which must be, by the way we
congtructed it, whatever the original machine M does on w.

The only dlightly tricky thing here is the procedure for constructing M*. Are we sure that it isin fact computable? Maybe
we've reached the contradiction of claiming to have a machine to solve H not by erroneously claiming to have M g but rather
by erroneoudly claiming to have a procedure for constructing M*. But that’s not the case. Why not? It's easy to see how to
write a procedure that takes a string w and builds M*. For example, if "w" is"ab", then M* must be:
ERaRbL_M, where EisaTM that erasesits tape and then moves the read head back to the first square.

In other words, we erase the tape, move back to the left, then move right one square (leaving one blank ahead of the new tape
contents), write a, move right, write b, move left until we get back to the blank that’s just to the left of the input, and then
execute M.
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The Turing Machine to construct M* is a bit too complicated to write here, but we can see how it works by describing it in a
more standard procedural way: It first writes ER. Then, for each character in w, it writes that character and R. Finaly it
writesL M.

To make this whole process even clearer, let’s look at this problem not from the point of view of the decidability of the
language H but rather by asking whether we can solve the Halting problem. To do this, let’'s describe in standard code how
we could solve the Halting problem if we had a subroutine M g(M: TM) that could tell us whether a particular Turing
Machine halts on the empty string. We'll assume a datatype TM. If you want to, you can think of objects of this type as
essentially strings that correspond to valid Turing Machines. It’slike thinking of atype Cprogram, which is all the strings that
arevalid C programs.

We can solve the Halting program with following function Halts:

Function Halts(M: TM, w: string): Boolean;
M* := Construct(M, w);
Return MLE(M*);
end;

Function Construct(M: TM, w: string): TM;
/* Construct builds a machine that first erasesitstape. Then it copiesw onto its tape and movesits
/* read head back to the left ready to begin reading w. Finally, it executes M.
Congtruct := Erase; [* Eraseisastring that correspondsto the TM that erasesits input tape.
For each character cinw do
Construct := Construct || "R" || ¢;

end;
Construct := Construct || L ,M;
Return(Construct);

Function MLE(M: TM): Boolean;
The function we claim tells us whether M halts on the empty string.

The most common mistake that people make when they're trying to use reduction to show that a problem isn't solvable (or
that a language isn't decidable) is to do the reduction backwards. In this case, that would mean we would put forward the
following argument: “Suppose we had a program Halts to solve the Halting problem (the genera problem of determining
whether a TM M halts on some arbitrary input w). Then we could use it as a subroutine to solve the specific problem of
determining whether a TM M halts on the empty string. We'd simply invoke Halts and passit M and €. If Haltsreturns True,
then we say yes. If Halts returns False, we say no. But since we know that Halts can't exist, no solution to our problem can
exist either.” The flaw in this argument is the last sentence. Clearly, since Halts can't exist, this particular approach to
solving our problem won't work. But this says nothing about whether there might be some other way to solve our problem.

To see this flaw even more clearly, let’s consider applying it in a clearly ridiculous way: “ Suppose we had a program Halts to
solve the Halting problem. Then we could use it as a subroutine to solve the problem of adding two numbersaand b. We'd
simply invoke Halts and pass it the trivial TM that simply halts immediately and the input €. If Halts returns True, then we
return at+b. If Halts returns False, we also return atb.  But since we know that Halts can't exist, no solution to our problem
can exist either.” Just as before, we have certainly written a procedure for adding two numbers that won't work, since Halts
can't exist. But there are clearly other ways to solve our problem. We don’t need Halts. That'stotally obvious here. It'sless
so in the case of attempting to build M g. But the logic isthe same in both cases:. flawed.

Example 2: GivenaTM M, isL(M) # O0? (In other words, does M halt on anything at all?). Let’sdo this one first using the
solvahility of the problem perspective. Then we'll do it from the decidability of the language point of view.

This time, we claim that there exists:

Function MLA(M: TM): Boolean;
Returns T if M halts on any inputs at all and False otherwise.

Supplementary Materials Recursively Enumerable Languages, Turing Machines, and Decidability 3



We show that if this claim is true and MLA does in fact exist, then we can build a function MLE that solves the problem of
determining whether a TM accepts the empty string. We already know, from our proof in Example 1, that this problem isn’t
solvable. So if we can do it using MLA (and some set of clearly computable functions), we know that MLA cannot in fact
exist.

The reduction we need for this example is simple. We claim we have a machine MLA that tells us whether some machine M
accepts anything at all. If we care about some particular input to M (for example, we care about €), then we will build a new
machine M* that erases whatever was originally on itstape. Then it copies onto its tape the input we care about (i.e., €) and
runs M. Clearly this new machine M* is oblivious to its actual input. It either always accepts (if M accepts €) or always
rejects (if M rejects €). It accepts everything or nothing. So what happens if we pass M* to MLA? If M* aways accepts,
then its language is not the empty set and MLA will return True. This will happen precisely in case M hatson €. If M*
always regjects, then its language is the empty set and MLA will return False. This will happen precisely in case M doesn't
halt one. Thus, if MLA really does exist, we have away to find out whether any machine M haltson €:

Function MLE(M: TM): Boolean;
M* := Construct(M);
Return MLA(M*);
end;

Function Construct(M: TM): TM; /* Thistime, we build an M* that simply erases its input and then runs M
/*(thus running M on €).

Construct ;= Erase; [* Eraseisastring that correspondsto the TM that erases its input tape.
Construct := Construct || M;
Return(Construct);

But we know that MLE can't exist. Since everything in its code, with the exception of MLA, istrivially computable, the only
way it can't exist isif MLA doesn’t actually exist. Thus we've shown that the problem determining whether or not aTM M
halts on any inputs at al isn't solvable.

Notice that this argument only works because everything else that is done, both in MLE and in Construct is clearly
computable. We could write it all out in the Turing Machine notation, but we don’'t need to, since it's possible to prove that
anything that can be done in any standard programming language can also be done with a Turing Machine. So the fact that
we can write code for it is good enough.

Whenever we want to try to use this approach to decide whether or not some new problem is solvable, we can choose to
reduce to the new problem any problem that we aready know to be unsolvable. Initially, the only problem we knew wasn’t
solvable was the Halting problem, which we showed to be unsolvable using diagonalization. But once we have used
reduction to show that other problems aren’t solvable either, we can use any of them for our next problem. The choiceis up
to you. Whatever iseasiest is the thing to use.

When we choose to use the problem solvahility perspective, there is always a risk that we may make a mistake because we
haven't been completely rigorous in our definition of the mechanisms that we can use to solve problems. One big reason for
even defining the Turing Machine formalism is that it is both simple and rigoroudly defined. Thus, although the problem
solvahility perspective may seem more natural to us, the language decidability perspective gives us a better way to construct
rigorous proofs.

So let’s show that the language
LA={"M":L(M) £ 0O} isundecidable.

We will show that if LA were decidable, then LE={"M": € 00 L(M)} would also be decidable. But of course, we know that it
isn't.

Suppose LA is decidable; then some TM M, decides it. We can now show how to construct a new Turing Machine Mg,
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which will invoke M| as a subroutine, and which will decide LE:

M.e(M): /* A decision procedure for LE = {"M": € O L(M)}
1. Congtruct anew TM M*, which behaves as follows:

1.1. Eraseitstape.

1.2. Execute M on the resulting empty tape.
2. Invoke M A(M*).

It's clear that M ¢ effectively decides LE (if M4 really exists). Why? M\ g returns True iff M4 returns True. That happens,
by its definition, if it is passed a TM that accepts at least one string. We passit M*. M* accepts at least one string (in fact, it
accepts al strings) precisely in case M accepts the empty string. If M does not accept the empty string, then M* accepts
nothing and Mg returns False.

Example 3: GivenaTM M, isL(M) = 2*? (In other words, does M accept everything?). We can show that this problem is
unsolvable by using almost exactly the same technique we just used. In example 2, we wanted to know whether a TM
accepted anything at all. Now we want to know whether it accepts everything. We will answer this question by showing that
the language

L ={"M": L(M) = Z*} isundecidable.

Recall the machine M* that we constructed for Example 2. It erases its tape and then runs M on the empty tape. Clearly M*
either accepts nothing or it accepts everything, since its behavior is independent of itsinput. M* is exactly what we need for
this proof too. Again we'll choose to reduce the language LE = {"M": € O L(M)} to our new problem L:

If LY isdecidable, then there saTM M| s that decidesit. In other words, there’saTM that tells us whether or not some other
machine M accepts everything. If M ;s exists, then we can define the following TM to decide LE:

Mie(M): /* A decision procedurefor LE = {"M": ¢ O L(M)}
1. Congtruct anew TM M*, which behaves as follows:

1.1. Eraseitstape.

1.2. Execute M on the resulting empty tape.
2. Invoke M s(M*).

Step 2 will return True if M* halts on al strings in 2* and False otherwise. So it will return True if and only M halts on €.
This would seem to be a correct decision procedure for LE. But we know that such a procedure cannot exist and the only
possible flaw in the procedure we' ve givenisM 5. So M| s doesn’'t exist either.

Example 4: GivenaTM M, isL(M) infinite? Again, we can use M*. Remember that M* either halts on nothing or it halts
on all elements of 2*. Assuming that = # [, that means that M* either halts on nothing or it halts on an infinite number of
strings. It halts on everything if its input machine M halts on €. Otherwise it halts on nothing. So we can show that the
language

LI ={"M": L(M) isinfinite}
is undecidable by reducing the language LE = {"M": ¢ O L(M)} toit.

If LI isdecidable, then thereisa Turing Machine M, that decidesit. Given M,, we decide LE asfollows:
M e(M): /* A decision procedure for LE = {"M": € O L(M)}
1. Construct anew TM M*, which behaves as follows:
1.1. Eraseitstape.
1.2. Execute M on the resulting empty tape.
2. Invoke M (M*).

Step 2 will return True if M* halts on an infinite number of strings and False otherwise. So it will return True if and only M
haltson .
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This idea that a single construction may be the basis for several reduction proofs is important. It derives from the fact that
severa quite different looking problems may in fact be distinguishing between the same two cases.

Example 5: Giventwo TMs, M; and M», isL(M1) = L(M,)? In other words, is the language
LEQ ={"M;" "M.": L(M) =L(M,)} decidable?

Now, for the first time, we want to answer a question about the relationship of two Turing Machines to each other. How can
we solve this problem by reducing to it any of the problems we aready know to be undecidable? They all involve only a
single machine. Thetrick isto use a constant, a machine whose behavior we are certain of. So we define M#, which halts on
al inputs. M#istrivial. Itignoresitsinput and goesimmediately to a halt state.

If LEQ isdecidable, then thereisa TM M gq that decidesit. Using M gq and M#, we can decide the language
L> ={"M": L(M) = >*} (which we showed in example 3 isn’t decidable) as follows:

M s(M): /* A decision procedure for LZ
1. Invoke MLEQ(M , M#)

Clearly M accepts everything if it is equivalent to M#, which is exactly what M gq tells us.

This reduction is an example of an easy one. To solve the unsolvable problem, we simply pass the input directly into the
subroutine that we are assuming exists, along with some simple constant. We don't need to do any clever constructions. The
reason this was so simple is that our current problem LEQ, is really just a generalization of a more specific problem we've
already shown to be unsolvable. Clearly if we can't solve the special case (determining whether a machine is equivalent to
M#), we can't solve the more general problem (determining whether two arbitrary machines are equivalent).

Example 6: GivenaTM M, isL(M) regular? Alternatively, is
LR={"M": L(M) isregular} decidable?

To answer this one, we'll again need to use an interesting construction. To do this, we'll make use of the language
H={"M""w":wOL(M)}

Recall that H is just the set of strings that correspond to a (TM, input) pair, where the TM halts on the input. H is not

decidable (that's what we proved by diagonalization). But it is semidecidable. We can easily built a TM Hgy, that halts

whenever the TM M halts on input w and that fails to halt whenever M doesn’t halt on w. All Hei hasto do isto simulate the

execution of M onw. Note also that H isn’t regular (which we can show using the pumping theorem).

Suppose that, from M and Hegy,i, We construct a machine M$ that behaves as follows: given an input string w, it first runs Hegy,
onw. Clearly, if Hepy failsto halt on w, M$ will also fail to halt. But if Heyyi halts, then we move to the next step, which isto
run M on e. If we makeit here, then M$ will halt precisely in case M would halt on €. So our new machine M$ will either:

1. Accept H, whichitwill doif € O L(M), or

2. Accept O, which it will do if € O L(M).

Thus we see that M$ will accept either
1. A nonregular language, H, which it will do if € O L(M), or
2. Aregular language [0, which it will do if € O L(M).

So, if we could tell whether M$ accepts a regular language or not, we'd know whether or not M acceptse.

We're now ready to show that LR isn’t decidable. If it were, then there would be some TM M, that decided it. But M
cannot exist, because, if it did, we could reduce LE = {"M": ¢ O L(M)} to it asfollows:

Mie(M): /* A decision procedurefor LE = {"M": ¢ O L(M)}

1. Congtruct anew TM M$(w), which behaves as follows:
1.1. Execute Hgmi ON'W.
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1.2. ExecuteM one.
2. Invoke M x(M$).
3. If theresult of step 2is True, return False; if the result of step 2 is False, return True.

Mg asjust defined, effectively decides LE. Why? If € O L(M), then L(M$) isH, which isn’t regular, so Mg will say False
and we will, correctly, say True. If € O L, then L(M$) is, whichisregular, so Mg will say True and we will, correctly, say
False.

By the way, we can use exactly this same argument to show that LC = {"M": L(M) is context free} and LD ={"M": L(M) is
recursive} are undecidable. All we have to do is to show that H is not context free (by pumping) and that it is not recursive
(which we did with diagonalization).

Example 7: GivenaTM M and state g, is there any configuration (p, uav), with p # g, that yields a configuration whose state
isg? Inother words, is there any state p that could possibly lead M to g? Unlike many (most) of the questions we ask about
Turing Machines, this one is not about future behavior. (e.g., “Will the Turing Machine do such and such when started from
here?’) So we're probably not even tempted to try simulation (which rarely works anyway).

But there is away to solve this problem. In essence, we don’'t need to consider the infinite number of possible configurations
of M. All we need to do is to examine the (finite) transition table of M to see whether there is any transition from some state
other than q (call it p) to q. If thereis such atransition (i..e., if Op, o, T such that &(p, o) = (g, 1)), then the answer is yes.
Otherwise, the answer is no.

3 Rice’s Theorem

Rice's Theorem makes a very general statement about an entire class of languages that are not recursive. Thus, for some
languages, it is an aternative to problem reduction as a technique for proving that alanguage is not recursive.

There are several different formsin which Rice's Theorem can be stated. We'll present two of them here:
(Form 1) Any nontrivial property of the recursively enumerable languages is not decidable.

(Form 2) Suppose that C is a proper, nonempty subset of the class of all recursively enumerable languages. Then the
following language is undecidable: LC ={<M>: L(M) isan element of C}.

These two statements look quite different but are in fact nearly equivalent. (Although Form 1 is stronger since it makes a
claim about the language, no matter how you choose to define the language. So it applies given a grammar, for example.
Form 2 only applies directly if the way you define the language is by a Turing Machine that semidecides it. But even this
difference doesn't really matter since we have algorithms for constructing a Turing Machine from a grammar and vice versa.
So it would just take one more step if we started with a grammar and wanted to use Form 2). But, if we want to prove that a
language of Turing machine descriptions is not recursive using Rice's Theorem, you must do the same things, whichever
description of it you prefer.

WE'll consider Form 1 first. To use it, we first, we have to guarantee that the property we are concerned with is a property
(predicate) whose domain is the set of recursively enumerable languages. Here are some properties P whose domains are the
RE languages:

1) Pistrue of any RE language that contains an even number of strings and false of any RE language that contains an odd
number of strings.

2) Pistrue of any RE language that contains all stings over its alphabet and false for al RE languages that are missing any
strings over their al phabet.

3) Pistrue of any RE language that is empty (i.e., contains no strings) and false of any RE language that contains any strings.
4) Pistrue of any RE language
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5) Pistrue of any RE language that can be semidecided by a TM with an even number of states and false for any RE language
that cannot be semidecided by suchaTM.

6) Pistrue of any RE language that contains at least one string of infinite length and false of any RE language that contains no
infinite strings.

Here are some properties whose domains are not the RE languages:

1') Pistrue of Turing machines whose first move isto write "a" and false of other Turing machines.
2") Pistrue of two tape Turing machines and false of all other Turing machines.

3') Pistrue of the negative numbers and false of zero and the positive numbers.

4") Pistrue of even length strings and false of odd length strings.

We can attempt to use Rice's Theorem to tell us that properties in the first list are undecidable. It won't help us at all for
properties in the second list.

But now we need to do one more thing: We must show that P isanontrivial property. Any property Pis nontrivia if it is not
equivalent to True or False. In other words, it must be true of at least one language and false of at least one language.

Let'slook at properties 1-6 above:

1) Pistrueof {“a’, “b"} and false of {“&"}, soitisnontrivial.

2) Let’'sjust consider the caseinwhich Z is{a, b}. Pistrue of 2* and false of {“a’}.

3) Pistrue of /7 and Pisfase of every other RE language.

4) Pistrue of any RE language and false of nothing, so P istrivial.

5) P istrue of any RE language and false of nothing, so P is trivial. Why? Because, for any RE language L there exists a
semideciding TM M. If M has an even number of states, then P is clearly true. If M has an odd number of states, then create
anew machine M' identical to M except it has one more state. This state has no effect on M's behavior because there are no
transitionsin toit. But it guaranteesthat M' has an even number of states. Since M’ accepts L (because M does), P is true of
L. SoPistrue of all RE languages.

6) Pisfasefor al RE languages. Why? Because the definition of alanguage is a set of strings, each of finite length. So no
RE language contains a string of infinite length.

So we can use Rice's theorem to prove that the set of RE languages possessing any one of properties 1, 2, or 3 is not
recursive. But it does not tell us anything about the set of RE languages possessing property 3, 4, or 5.

In summary, to apply this version of Rice'stheorem, it is necessary to do three things:
0) Specify aproperty P.
1) Show that the domain of Pisthe set of recursively enumerable languages.
2) Show that P is nontrivial by showing:
a) That Pistrue of at |east one language, and
b) That Pisfalse of at least on language.

Now let’stry to use Form 2. We must find a C that is a proper, nonempty subset of the class of all recursively enumerable
language.

First we notice that this version is stated in terms of C, a subset of the RE languages, rather than P, a property (predicate) that
istrue of the RE languages. But thisisan insignificant difference. Given a universe U, then one way to define a subset S of
U isby a characteristic function that, for any candidate element X, returnstrueif x 0 S and false otherwise. So the P that
corresponds to Sis simply whatever property the characteristic function tests for. Alternatively, for any subset S there must
exist a characteristic function for S (although that function need not be computable — that’s a different issue.) So given a set
S, we can define the property P as “isa member of S.” or “possesses whatever property it takesto be determinedtoben S.”
So Form 2 is stated in terms of the set of languages that satisfy some property P instead of being stated in terms of P directly,
but as there is only one such set for any property P and there is only one such property P (viewed simply as atruth table,
ignoring how you say it in English) for any set, it doesn’'t matter which specification we use.
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Next we notice that this version requires that C be a proper, nonempty subset of the class of RE languages. But thisis exactly
the same as requiring that P be nontrivial. Why? For P to be nontrivial, then there must exist at least one language of which it
istrue and one of which it isfalse. Since there must exist one language of which it istrue, the set of languages that satisfy it
isn't empty. Since there must exist one language of which it isfalse, the set of languages that satisfy it is not exactly the set of
RE languages and so we have a proper subset.

So, to use Form 2 of Rice's Theorem requires that we:
0) Specify some set C (by specifying a membership predicate P or some other way).
1) Show that C is a subset of the set of RE languages (which is equivalent to saying that the domain of its membership
predicate is the set of RE languages)
2) Show that C is a proper nonempty subset of the recursive languages by showing that
a) C# [J (i.e., itscharacteristic function P is not trivially false), and
b) C # RE (i.e,, its characteristic function P is not trivially true).

Supplementary Materials Recursively Enumerable Languages, Turing Machines, and Decidability 9



