Syntax: Combining Wordsinto Sentences
LING 106
February 4, 2009

1. REMINDER: WHAT ISA LANGUAGE?

A LANGUAGE is a set of finite-length strings with meaning,iethwe can call “sentences”. A
GRAMMAR is an algorithm that specifies:

a. aLEXICON: a set containing every minimal unit of the langgian the form of
3-tuples consisting of word, its syntactic inforioat and its semantic
information.

b. asYNTAX: a set of rules that describes how to combine etesof different

syntactic categories to form larger units (andmately, sentences)

C. asEMANTICS: a set of rules for determining the meanings atesgces based on
the semantic information of the units and theirtagtic combinations

...such that it produces a striSgff Sis a sentence of the language

| Goal: we want to describe a way to string together wéndsroduce sentences.

(Bearing in mind that lists of possible strings viawmork.)

2. FINITE STATE AUTOMATA

A FINITE STATE AUTOMATON (FSA) is a finite set of states—one of them at State, at least

one of them an end state—with a finite number ofsa transition from one state to another.
(We'll be more formal in the next lecture.) FSAsmde used to model a number of procedures,
machines, etc.

2.1. Example: Automatic doors

Automatic doors have two states0sED andoPEN; and people can be in four positions relative
to the door: there can be someone oretirance pad in front of the door, on tlexit pad on
the far side of the door, dsoth pads, or omeither pad. To specify the behavior of such a
door:
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* If the door isCLOSED, then...
o If someone is standing on teatrance pad: the door opens.
o If someone is standing dsoth pads: the door opens.
o If someone is standing on tegit pad: the door stays closed.
o If someone is standing areither pad: the door stays closed.
* If the door isOPEN, then...
o If someone is standing on tkatrance pad: the door stays open.
o If someone is standing dsoth pads: the door stays open.
o If someone is standing on tegit pad: the door stays open.
o If someone is standing oreither pad: the door closes.

Another way to look at “opens” and “closes”: theodtransitions from theLoseD state to the
OPEN state, and vice versa.

We can specify the behavior in table form, by sfyewy, for each state, what action to take
when given each input signal:

Input Signals
entrance exit both neither
States CLOSED change t@PEN -  change t@PEN -
=~ OPEN - - - change t@LOSED

or more fully, by specifying, for each state, whtte to go to when given each input signal:

Input Signals
entrance exit both neither

CLOSED OPEN CLOSED OPEN CLOSED
OPEN OPEN  OPEN CLOSED

States

And finally, we can specify the behavior in gragiform:

entrance
exit exit
neither both
neither
OPEN

entrance >
both

(Note: this doesn’t actually have a start or an &ate, so as a FSA it's a little incomplete.)
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3. GRAMMAR ASA FINITE STATE AUTOMATON

Suppose we label the states arbitrarily, desigoiag¢eas the starting point and one as the ending
point, and have our “input signals” be words. Tkencan use a FSA as a grammar. For
example:

* If languageF1 is the following set of strings:

{john made coffee, mary made coffee, john made tea, mary made tea,
john drank coffee, mary drank coffee, john drank tea, mary drank tea}

Then a finite state automaton that models it is:

coffee

(By convention, accept states are marked with d&l@ocircle.) That covers the language. Of
course, it’'s not a very good language.

We can also make more complex automata. Call tigukege it describds2.

happy, sad

cheesesteaks,

ice cream,

Question: Which of the following strings are sentence$af That is, which ones are generated
by the above FSA?

a happy boy eats cheesesteaks

every girl eats a dog

the happy happy happy boy ate ice cream
the happy sad happy sad dog ate ice cream
a happy dog ate happy candy

a girl ate candy

every angry boy ate ice cream

(1)

@ ooo0ow

Question: What is the cardinality d¥2 (i.e., how many sentences does the language hawve;
many different strings does the above FSA genétate)
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Of course...

» Our understanding of language doesn’t seem tolwevmere strings of words;
» We did all that work earlier in the course toatatine distributional classes, i.e. syntactic
categories. Wouldn't it be nice to use them?

The above FSA reconsideredrs..

adjective

article adjective

transitive

verb a noun phrase @

article

...along with some lexical information.

article the, a, every transitiveverb eats, ate
adjective happy, sad noun phrase ice cream, candy,
noun boy, girl, dog cheesesteaks

4, FINITE STATE AUTOMATA AND REGULAR LANGUAGES

Finite state automata can model sobwt ot all, languages. REGULAR LANGUAGE is a
language that can be modeled with a FSA.

Long-Term Goal
Determine how powerful a system we need to modeirablanguage
In particular: determine whether natural languaayesregular.

In a minute, we’ll formally define finite state amata. First...
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5. STRINGSAND ALPHABETS
Definition:  An ALPHABET is any finite set. The elements of the alphabetcafledsymBoLs.

e > = {0, 1}
e ¥,={a,b,c,d, e, f,gh,ijklmnopq,rstuvwxy,z}
» X3 ={article, noun, transitive-verb, adjective, noun-phrase}

Definition: A STRING OVER AN ALPHABET is a finite sequence of symbols from the alphabet.
(Traditionally, if the symbols are single charastexs inz; andX, above, the
sequence is written by placing the symbols one #iteother without spaces.)

* Some strings oveX;: 0110110, 1101001010101010, 1
* Some strings ovell,: penelope, syzygy, fnord, htpzorshg, bbbbbb
» Some strings ovets: article noun, adjective transitive-verb adjective

Definition:  TheLENGTH of a stringx, [X|, is the number of symbols in the string.

* l0110110|=__ ?
* |penelope| = ?
* [article noun| = ?

Definition:  TheEMPTY STRING, writteng, is the string of length zero.
Definition:  Stringy is aSUBSTRING of stringx if y appears consecutively withxn
» Some substrings gienelope: pen, lop, nelo, e

Definition:  TheReVERSE of a stringx (X") is the string obtained by writing the symbolscof
in the opposite order.

. penelopeR = ?
¢ 01101107 = ?
« [article noun]® = ?

Definition:  TheCONCATENATION of stringsx andy is the string obtained by appendintp
the end ok.

* The concatenation gfenelope andfnord IS penelopefnord.
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6. A SAMPLE FSA: THE COLA MACHINE

Imagine a cola machine with the following charastess:
* Drinks cost 25 cents.
» The machine requires exact change—if you’'ve watdimes and try to put in a third, the
machine will reject it.
» The machine takes only quarters, dimes, and lEcke
» The machine takes any combination of these cairemy order, as long as the total is
exactly 25 cents.

Exercise: List the sequences of coins the machine will atccep
(e.g., it will accept “dime, dime, nickel”, but nttime, dime, dime”)

We can describe this machine with a finite statermaton; let's call iCM. It will have the
following characteristics:

* At any given point, the machine might contain B¢, 10¢, 15¢, 20¢, or 25¢. We’'ll use
these to label the states of the FSA.

» The “input signals” that tell the machine to gorh state to state are the coins it accepts:
guarters Q), dimes P), and nickelsN).

* Because the machine starts with no money ir¢iis@he start state.

» We’'re done putting coins into the machine whemai 25 cents in it, so we’ll make that
the end state.

We have:

1. FINITE STATE AUTOMATA: A FORMAL DEFINITION
Definition: A FINITE STATE AUTOMATON is a 5-tuple Q, %, 8, s, F>, in which:

Q is afinite set of states;

¥ is the alphabet;

d is the transition function;

s Qs the start state;

F O Qs the set of accept states (also called “enésiat

®ooow
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We still need to explore the “transition functiontedghly, it's the arrows, which are called
TRANSITIONS, and their labels—but the other four are famiéaough. Take the cola machine:

(2) CM =<Q, %, 5, s, F>, where:
a. Q ={0¢, 5¢, 10¢, 15¢, 20¢, 25¢}

b ¥ ={Q, D, N}
C. 0=..

d. s=0¢

e F = {25¢}

Recall that a language is a (possibly infinite)adfinite-length) strings. We can say:

Definition: A FSAACCEPTS a string if there is a path from the start statart accept state
that moves along transitions labeled with the syis\bothe string, in order. (It
REJECTS a string if there is no such path.)

* The machin€€M accepts the stringDN, because there is a path as follows:
o Start at the start state, 0¢.
o The first symbol in the string B. Follow the transition labeled from the current
state to the next state. We're now at the stateléabl10¢.
> The next symbol in the stringbs Follow the transition labeled. We're now at the
state labeled 20¢.
> The next symbol in the string & Follow the transition labeled. We're now at the
state labeled 25¢.
> We've used all the symbols in the string, so checsee if we're at an accept state. We
are, so the string is accepted.
* The machin€€M does not accept the strib®: starting at 0¢ and following the relevant
transitions causes us to end at the state 20¢hvidiot an accept state.
» The machin€€M does not accept the strib®DN: starting at 0¢ and following the
relevant transitions takes us first to 10¢, fromréhto 20¢, at which point the next
symbol isD but there is no transition with that label to éoll

So now, given a FSA, we have an alphabet and aices#t of strings over that alphabet. To
complete the analogy to language, let us say:

Definition:  The language ODELED (Or DEFINED) by a finite state automatadwi, written
L(M), is the set of strings it accepts.

Question: what language do&M model?
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7.1. Deterministic FSAs, Non-Deterministic FSAS, and Transition Functions

We can divide FSAs into two typedeter ministic andnon-deter ministic.

* In a deterministic FSA (DFA), all moves are uretyudetermined. That is, for any state
g, each symbol of the alphabet will have exactly aasition fromq to another statg’
(which may be the same as stgte

The Automatic Door from the last lecture, if itchlad start and end states, would be a
DFA: each state has one and only one transitioedch symbol.

* In a non-deterministic FSA (NFA), not all moves aniquely determined. That is, for
some statg and some symbai either there is no transition labebetfom q, or there is
more than one transition labeledrom g.

The machine&1-F3 from the last lecture, which modeled small setEBmglish-like
sentences, were NFAs: for instanE8,had two transitions frorgtart labeled with the
symbol ‘article”, and no transitions labeled with the symbabtin”.

Both DFAs and NFAs are 5-tupleQ<%, 9, s, F>, as defined above, and they speGifZ,
s, andF in the same way. They differ in how they defin&Ve’ll start with DFAs and
come back to NFAs later.

Definition: A TRANSITION FUNCTION ¢ is a functionrQ x £ — Q. That is, it is a mapping
from state/symbol pairs to states.

-850 -



LING 106
February 4, 2009

7.2. Reading and constructing state diagrams

Consider the following finite state automatdh.

By definition,M; = <Q, %, 9, S, F>, so it must have a set of states, an alphaletnaition
function, a start state, and a set of accept states

» The states df1; are {do, 1, G2}

» The alphabet d¥1; is the set of symbols labeling its transitions; {}.

» The start state= (. (Unless otherwise specified, the start statefeé$A is by
convention labeledy.)

* The only accept state—i.e., the only one markild avdouble circle—ig};. Thus, the set
of accept states 5= {qy}.

Note that this machine is deterministic: thereris and only one transition labeledrom each
of the three states, and one and only one tranddioeledt from each of the three states. So the
transition functiord is the following function from state/symbol paicsstates:

Q Xy — Q
<Qo, 0> — Qo
<Oo,1> — 1
<q1, 0> — q2
<qu 1> — 1
<q2, 0> — ql
<G, 1> — 1

i.e.d(<qo, 0>) =qo, etc. Less formally but more concisely, it carrégresented:

o 0 1
Qo | Co Oz

g1 | Q2 (1
G 1 Ot
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Any string can b@rocessed in a straightforward manner, thereby either adngpir rejecting
the string, as follows:

1. Start in the start state, and at the beginafrtge string.

2. Read the next symbol in the string.

3. Follow that symbol’s transition from the curtatate to the next state, and make
that the new current state.

4, If there are symbols left, go to step 2.

5 Otherwise: if the current state is an accegiesaccept the string, and if not, reject
the string.

For example: doell; accept the string101?

Current Sate Next Symbol New State

Qo (=9 1 th
O 1 0[]
o[} 0 02
02 1 0[]
O (end)

Check: isg; an accept state? Answer: yes. Therefore: aacep1.

Question: which of the following strings are accepted\Ndy?
1

01

101000

11
0101010101
10
0101000000
100

o

0100

110000
111010100000

AT T S@meo0oTy

Question: draw a state diagram bf, = <Q, %, 9, s, F>, where
1. Q ={do, aa}
2. > ={o0, 1}
3. o is defined as
0o 1

Go| Qo Qu
g1 | Qo 1
4. S=Qo
S F={a}

Which of the following strings are acceptedMy?
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0

1

00
11111
1000000
1010011
€
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Question: given the following state diagram for the F&A, give the formal description.

OSSO,

Which of the strings (a)-(g) above ddds accept?

Exercise: given the following state diagram for the F&H, give the formal description.

Which of the following strings dodd, accept?

T TSemeoooTy

aabb
abaab
bbbba
baaba
aabaa
€

ba

a
aaaaa
abaa
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8. REGULAR LANGUAGES

Recall from earlier:
Definition: A REGULAR LANGUAGE is a language that can be modeled with a FSA.

...actually, we’ve now got two different kinds ahite state automata: deterministic and non-
deterministic. Let’s use “regular language” toeretb a language that can be modeled by a
deterministic FSA, and “ND-regular language” to refer to a laage that requiresraon-
deterministic FSA.

Definition:  The language ODELED (or DEFINED) by a finite state automatadwi, written
L(M), is the set of strings it accepts. 01

Note that every FSA defines a language, i.e. afsgtings, evetMe. Me =
What isL(M¢g)? In fact, it's the empty language, °
To show that a language is regular, construct a RifA.

Question: show that the following languages are regulaizfer{0, 1} by giving a DFA.
a. {s| s contains at least threes}
b. {s|s begins with1 and ends witlo}

Exercise: show that the following languages are regulaizfer{0, 1}.
{s | scontains at exactly threes and any number ofs}
{s| the length o is odd}

{1}

{s|111 is a substring o}

{s| the length o§ is a multiple of 3}

®oooTp
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8.1. Regular Operations
Let A andB be languages with the same alphabet

Definition:  TheunioN of A andB is the languagé [0 B = {x |[x 0 A orx [ B}

Definition: TheINTERSECTION of A andB is the languagé& N B = {x | x 0 A andx [ B}
Definition: ThecoNCATENATION of A andB is the languagé - B = {xy | x [0 A andy [J B}
Definition:  ThesTAR of A is the languag@* = { x;%..x« | k> 0 and eacly, O A}

Example: suppose = {10, 11} andQ = {10, 100, 1000}, with £ = {0, 1}.

PO Q=1{10, 11, 100, 1000}

PN Q={10}

P-Q={1010, 10100, 101000, 1110, 11100, 111000}

P*={¢, 10, 11,1010, 1011, 1110, 1111, 101010, 101011, 101110, 101111,
111010,111011,111110, 111111, 10101010, ...}

8.2. Properties of regular operations

Four theorems:
* The class of regular languages is closed undeution operation.
» The class of regular languages is closed undeintiersection operation.
» The class of regular languages is closed undecdhcatenation operation.
» The class of regular languages is closed undesttr operation.

where “is closed under” means that if the inputth®operation are regular languages, the

output is a regular language. SoAiandB are regular languages, tharl B is a regular
languageA N B is a regular languag#é,- B is a regular language, aAd is a regular language.

8.2.1. Proof of closure under union

Given: A, B are regular languages.
Toshow: A[J Bis a regular language.

In other words, by the definition of “regular larage”: given that there is a F94, that models
A and a FSAVIg that model$3, we want to show that there is a FBI that modelA O B.
How can we construct such a machine?
* The idea: the machine should check both macHingsarallel”. As it goes through the
string, it should keep track of whel&, would be and wherklg would be—that is, it
needs to “remember” a pair of states.

So: the states &fl’ will be the Cartesian product of the statedafandMg.
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The method to construct the FSA is as follows:

* By definition: A is modeled by somia = <Qa, Z, 04, Sa, Fa >
B is modeled by somiélg = <Qg, X, dg, Ss, Fg >

e LetM’'=<Q', %, 8,9, F >, where

1. Q =Qax Qs =1{<0g,g>|q UQaandg U Qg}
i.e., the state®y are pairs of states from machireandB

2. ¥’ is the same alphabet as the alphab& pandMsg.

3. For each &, gp> 0 Q" andx [0 X: 8'(<Qa, 0o>, X) = <0a(Fa, X), 08(0p, X)>
In other words: suppose we’re at some staf@',invhich represents a state from
Ma and a state frorvlg; and the symbol we readxsWe transition to the state
that represents the state we would have goneltniand the state we would
have gone to iMg.

4, S = <), B>

5. F'={<q,0>|0g OFaorq O Fg}
i.e., the set of pairs in which eithieliy or Mg would accept the string.

» M’ s a finite state automaton: it has a finite numifestates, a finite alphabet, etc. And
M’ models the languag&ll B: it accepts any string accepted by eithanr B.
Therefore A [I B is a regular language.

Example:A = {s| the length o§is odd},B ={s| 11 is a substring af}. We have:

MA MB
0,1 ‘ 0,1
DI 3 0 Q)
1. Qa={E, O} 1. Qs ={Z,H, T}
2. ¥={0,1) 2. xT={0,1}
3. op = 3. o =
0 1 01
E|O O Z|Z H
O|lE E H|Z T
T|T T
4. S/_\=E 4. SB:Z
5. FA:{O} 5. FB:{T}

-44 -



Syntax: FSAs

Our new machingyl’:

° Q’ = {<E) Z>) <E) H>) <E| T>| <O| Z>| <O| H>) <Ol T>}

. x={0, 1)

e §' =

<E, Z>
<E, H>
<E, T>
<0, Z>
<O, H>
<O, T>

0

1

<0, Z>
<0, Z>
<O, T>
<E, Z>
<E, Z>
<E, T>

<O, H>
<O, T>
<O, T>
<E, H>
<E, T>
<E, T>

e g = <E' 7>
« F'={<E, T>, <0, Z>, <O, H>, <O, T>}
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8.2.2. Proof of closure under intersection

Given: A, B are regular languages.
Toshow: AN B is a regular language.

* By definition: A is modeled by somia = <Qa, Z, 04, Sa, Fa >
B is modeled by somiég = <Qg, X, dg, Ss, Fg >

e LetM’'=<Q', %, 8,9, F > where

=

Q' =Qax Qe =1{<q,q>|q UQaandg U Qs}

2. ¥ is the same alphabet as the alphab&t p&ndMg.

3. For each &, gp> 0 Q" andx [0 Z: 8'(<Qa, 0b>, X) = <0a(Fa, X), 08(0p, X)>
4, S = <5y, B>

5. F'={<q, > |q O Faandg O Fg}

Example:A = {s | the length o§is odd},B = {s| 11 is a substring ad}.

0
0 0,1 0,1
0

M”:MA N MB
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