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Regular Languages: Review
- Good at very local effecta*b*, a*b(cd)*

- Right Linear Grammar#A - xBorA - X
- G, =<T,N, § R>, where

- T={a, b}

© N = {X1 A’ B}

- Xis the start symbol, and X — X
(X - aAl aA= m
o A

aldla —
R=<A - bB; a(a(a(bB))) = aAA
A a(a(a(b(b)))) = 5 h
aaabb |

\B - b ) b



Context-Free Grammars: Review

. Context Free Grammars:
A - BXorA - xBorA = X

. e.g.,0"1"
S
. Example: S= PN
S - <
0 =
Y o((07)1) = ¢ 1
0((0(S1)1) = <N

0((0((e)1))1) =
0011 €



Modeling Syntactic Strings:
Things That Don’t Work

. Storing every string in the language.

. Using very local contexts.

- Long distance dependencies

- Can ‘is” follow “ my parents” in a string?
. No, Iif it's part ofmy parents is teachers.

. Yes, if it's part ofone of my parents is a teacher.
- No, if it's part ofthe friends of one of my parents is
teachers.

- Yes, if it's part ofthe son of the friends of one of my
parents is a teacher.

. efC.
- Which Is to say, we need to know where we areen th
structure and what came before.
- (Which i1s why FSAs don’t work)



FSA, Redux

adjective

'

/‘\ transitive /\ noun
' verb hrase
article R O noun C S \?/ p N

- We know, of course, that this doesn’t work. Cotild |
be on the right track?

. Consider:

- the dog saw a cat
- a cat saw the dog
- the happg dog saw every sad cat
- every sad cat saw the happy dog

. (think Harris’s Conditions...)



FSA, Redux

- Perhaps instead:

adjective

article adjective

noun article
phrase

start

€ transitive
verb €

. ...well, perhaps not.



FSA, Redux

- Perhapsnstead instead:

adjective

art
€ @ article

transitive
verb

- This works. Well, except that...



FSA, Redux

. Some more data:

- the dog {slept/barked/walked/jumped/...}
. the cat {saw/liked/chased/...} the dog

. the dog {saw/liked/chased/...} the cat

- John {gave/sold/...} his cousin the dog

. John {gave/...} the dog a biscuit

- etc.

- Our “noun phrase” box has to appear
In a lot of different places in the FSA....




®
O

FSA, Red °

prepositio
sart E/Bh_g __
transitive

ditransitive
verb

- That’s Irritating, from the point of view of FSAs.

. ...but not context-free grammars!



Turning the FSA “Box” Into a CFG

- |If what we want is “an article, followed by any
number of adjectives, followed by a noun’:

- noun-phrase — article adjective* noun
NP - Art Adj* N

- ...wherenoun-phrase (NP), article (Art), adjective (Ad)),
noun (N) are all non-terminals;
- andadjective* means “zero or more adjectives”

- Note: If you don’t likeadjective*, you can use...

. NP - Art AdjP N
. AdjP - Adj AdjP
. AdjP - Adj



Using CFGs

- So for our data:

- the dog {slept/barked/walked/jumped/...}
- the cat {saw/liked/chased/...} the dog

- the dog {saw/liked/chased/...} the cat

- John {gave/sold/...} his cousin the dog

- John {gave/...} the dog a biscuit

. Instead of:

- Sentence- Article Adjective* NounlIntransitive-Verb
- S - Art Adj* N Transitive-VerbArt Adj* N
- S - Art Adj* N Ditransitive-VerbArt Adj* N Art Adj* N

. We have:

- NP - Art Adj* N

- S o NP Intransitive-Verb

- S o NP Transitive-VerbNP

- S o NP Ditransitive-VerbNP NP



Using CFGs

. In fact:

- We drew a box for noun phrases, because a varfiety o
things could be interchanged.
- We could do the same thing for other phrases.

- €.7.,John put the book...

- ...on {the table/a tall shelf/his foot}

- ...near {the table/a tall shelf/his foot}

- ...under {the table/a tall shelf/his foot}
- generally: “Preposition NP”.

. From there:

- S > NP put NP PP
- PP - Prep NP



- Prep- on | near | under ‘

In A Tree

S=

Rules: NP put NP PP=

- S - NPput NP PP [iohn] put [Art N] [P NP] =

- PP- P NP [john] put [[the] [book]] [P [Art N]] =

- NP — Art Adj* N  [john] put [[the] [book]] [[ on] [the] [table]]
More rules:

- NP - john

. N - table | shelf | foot %SN

- Art - the | a |an | his NP put NP PP

- Ad] - tall | NN

john Art N P NP
‘ /\
the book| Art N

on | |
the table



Things We Can Do With Trees

- Conjunction

e
S and S
m /\
NP put NP PP NP VP

TN NN N |

NP and NP Art I\‘I P NP Art I\‘I fell

| | | N

john mary the books | Art N the books

on | I\

theN and N

table shelf

- etc.



Things We Can Do With Trees
- Movement /)\S

shot & in Ford’s
Theatre



Things We Can Do With Trees

- More generally: we can refer to structure in a way
that we couldn’t with a Right Linear Grammar (aka
a regular language).

S S

jomo
'”{>'1\ PP
the G NP put NP N
PN | . P NP
book Us john At N | N
PN | | on At N
on U the book | |
A the table
the Us



S

Why We Need StruW\

. . NP
. Conjunction oo X @P\
_ ] john Art N
- John ~ john andanary | | o‘n At N

- table ~ table andhelf the book | |

_ the table
- the book ~ the book araimagazine s

. 0N ~ on omear o 4,

- *pook on the ~ book on the apdper on a p/\ql

ut

PN
. Cleft sentences the 0,

SN
book U3
- |t wasJohnwho put the book on the table %
- |t wasthe bookthat John put on the table N
- It wason the tablgéhat John put the book i

- *It was put thethat John did book on the table table




Why We Need Structure

« Pronouns

- Johnadmires himself
- *Johnwants Mary to admire_himself
- Johnseems to Mary to admire himself

- Yes/No Questions

- The girlis eating ice cream-
. Isthe girl eating ice cream?

ne girlis happy. -
the qgirl happy?
ne girl whois eating ice crearrs happy. -

: |sthe girl who eating ice creamhappy’é
the girl whois eating ice cream happy?
Isthe girl who eating ice cream happy?



Phonology,
Morphology, and
Finite State Transducer



Phonology and Morphology
- What phonology does:

- Takes forms stored in the lexicon...
. coat: </kot/, noun, ‘heavy overgarment used for warmth’>
. code:</kod/, noun, ‘secret writing system’>
. coach:</kotf/, noun, ‘person who trains a sports team’>

- ...and turns them into pronounced strings.
. [khot], [khod], [krotf]

- What morphology does:

- Takes pieces of words (“morphemes”)...
. =s:. </s/, noun suffix, ‘plural’>
- ...and combines them with words to make new words.

. coats ([khots]), codes ([k"odz]), coaches ([kMotfaz]) ote:

phonology
happens
here too!




How They Do It
- Phonology: go through the word and apply rules

- e.g., k/ becomesK"] at the start of a wofd
- [s/ becomesZ] after certain consonants at the end of the

word™
- Insert aa/ between two sibilantz(s, {, a few others)

- Morphology: add morphemes in succession

- [[coat] + s]

o [[[[ industri] + al] + iz] + ation]

- uygarlastiramadiklanmizdanmissiniz
“you are from the ones we could not civilize”

uygar las tir ama dik lar 1z dan mis simz
civiize become cause not past plur. 18pl ablative past 2"pl.
able partic. POSS. case

“actually, at the start of any stressed syllabld; @t when proceeded by an “s”, so neitliid skunk is aspirated, nor either
/k/ in collect. For more information, | recommend LING 330.

" Specfically, voiced consonants; and the change taigiually go in the other direction. For more imh@tion, etc.



An Aside on Stored Forms

- We might ask, why have this...

- </kot/, noun, ‘heavy overgarment used for warmth’>
- [kl becomeskh] at the start of a word

. ...Instead of this?

- </khot/, noun, ‘heavy overgarment used for warmth’>
- Answer:

- “/kl becomeskh]” iIs completely predictable, so why
store it for each word individually?

- When we borrow words from other languages, or
pronounce foreign names, we apply these rules.

- In some cases we see alternation depending on the
morphology.

. e.g. thet in write+r and thed in ride+r are pronounced the
same; but they’re still stored differently arrite andride.




Successive Rule Application

- S0 we have rules, e.qg.,

- Rule 1: insertd/ between two sibilantg(s, |, ...)

- Rule 2: fs/ becomesZ] after a vowel

. e.g.,plays = /plei + s/ = [pleiz], not [pleis], “place”
- And these rules apply one at a time, In order:

Input: kotfs/ Input:

ApplyRulel: kotf{as  Apply Rule 2:
ApplyRule2: kotf{az  Apply Rulel:

Apply " Rule: khotfeaz ApplyhRule:
Output: khot| az] Output:

. ...and the order matters.

kotfs/
kotfs
kotfos
khotfos
khot| o s]

wr ong!



Johnson’s Discovery

- C. Douglas Johnson (1972): a phonological rule
proceeds left-to-right through a word, and never
goes back to reapply to an earlier change.

- Suppose we have a language with the rule:
optionally insertém/ before m/
- Then the worddrmal/ in that language:

Able to move backwards: Only moving left-to-right:
a rlm a = a rlm a =
arolmma:> aromma=
aroolmmma:> aromomma=
ar(o"m"Yma ar(fom) ma

Not a regular language / is not allowed Regularlageg / is allowed



Finite State Transducers

- If phonology Is a regular process, it can be matlalgh a
finite state machine!

- But instead of just an automaton, we neédbasducer.
Instead of taking an input string, a transduceesahn
Input/output pair and either accepts or rejects It.

- Another way to read this: given an input stringeturns an output
string (or strings).
. If the machine is nondeterministic, you may getenhian one output string.
- Qr: given an output string, it interprets it asi@out string (or
strings).
. Even if the machine is deterministic, the mappmog input to output can
be many-to-one, i.e. the machine may recognize «qt> and v, z>.

- Transducers are much like other machines, but the
transitions are labeled with mappings.



0:0
11

A Few Examples...

0:€

- Does this machine accept the pali040, 101>7 yes
Current Sate  Input Symbol  Output Symbol New Sate

0o (=9 1 1 Jo
Jo 0 0 Uo
Jo 1 1 Uo
Uo 0 € o
01 (end)

- Another way to represent this:

1 0 1 0 < inputstring
CIOIGIOI QOIQOI%
1 0 1 & « outputstring



More examples
01

. Question: What iIs the output of,? 1.0

- For Iinstance, for what stringis
<1010, x> a pair accepted by the
machine? (i.e., what is the machine’s
output for the inpuL010?) 0101 T

. Question: What iIs the output of,?

- What Is the output of, for...
. 10107 1111
. 0000? 0101 0:1
~_ 11

. 01017 0101
. 101017 reject



Formal Definition

Definition: A finite statetransducer Is a 5-tuple

o o

d.
e.

<Q, 2,9, s, F>, iIn which:

Q Is a finite set of states
2 IS the alphabet
O IS the transition function:
0:Qx(2U{¢g}) x(x2U{e}) - U(Q)
s Q Is the start state
F 0 Qs the set of accept states (or “end states”)

“There are other ways to define this, e.g. as létwhich separately specifies (a) an input alehzab
and an output alphabAt and (b) a transition functial: Q x 2 — Q and an output functioo: Q x >

- A. Here, I'm assuming the input and output alphabetghe same, and incorporating the output
function into the transition function. Now stop dezg the footnote and pay attention.



A Helpful Aside

. Finite State Automata are actually a kind of Finite
State Transducer, In which each transitta@an be

read ascx.

hat Is, the Input Is the same as the output.

. In fact, to underscore this fact, we can labelary
transition just ag, e.g.

0.0
1:1 0,1
Y OREO
~— 11 — 1
T3 T3



Using Transducers in Phonology

. Let’'s use a somewhat simpler set of rules than the
English plural—the following rules are based on an
example by Lauri Karttunen (not a real language):

- Rule 1: h/ becomesih] beforep
- Rule 2: p/ becomesr] afterm

- Once again, If we treat these as rules and go gihrou
them In order:

Input: kanpan/
ApplyRulel: kampan
ApplyRule2: kamman
Output: kamman]



Using Transducers in Phonology

- Rule 1: h/ becomesih] beforep Note 1:a means
“anything in the alphabet

that isn’t otherwise

a,n.m,p _ mentioned in this FST”
n.m
W
Note 2: this’ll ensure that
- Rule 2: p/ becomesih] afterm n will becomem only
beforep, but not that it
a,n,p m.m always will.

But for simplicity’s sake,
we’ll leave that part out.
(See the class notes for
full details.)

O
~__ pm__



Usmg Transducers In Phonology

a,n,m,p m:m

Does Rule 1 followed by Rule 2 accept the p&isspan, kamman>?

n < Input string

I Jo FSTforRulel

n « Intermediate string
n

O, FST for Rule 2
— output string

Answer: yes. So the wor##dnpan/ would be pronouncedkémman].



Usmg Transducers In Phonology

a,n,m,p m:m

Does Rule 1 followed by Rule 2 accept the p&arpan, kampan>?

k a n p a n « Inputstring
QoG] o[ ]|t G FSTorRuer

k a m p a n < Intermediate string
o7 I qu .7 qu I §{ﬁﬁ§e?;jected. FST for Rule 2

k a )

— output string

ANnswer: no.



The Real Use of Transducers

- Because phonology Is regular, transducers are a
useful model (unlike Iin syntax).

. But there is something a little odd...

Input: kanpan/ k a n p a n
% %] %% %] %] %

Apply Rulel: kampan k a m p a n
Jeleles]ele]

Apply Rule 2: kamman] k a m m a n

kanpan is the form in the lexicon But what'skampan? Why is it
andkamman is the form that part of the process?
gets pronounced.



The Real Use of Transducers

- Combining rules iIs hard.

- Rule 1: h/ becomesinh] beforep
- Rule 2: p/ becomesr] afterm

- Rule 1+2: hp/ becomesrihm] and imp/ becomesim]

. OK, that wasn’t so hard—but what happens when there
three rules? Ten? More?

. And of course, 1+2 isn’t any easier to compute théovllowed
by 2. You end up having to check each conjunctrsdgls...
. And it’s not really quite as local.

- But combining finite state machines is easy!

. Actually, finite-state transducers are a littlederto combine
than automata. Don’'t worry about the algorithoaless you really,
really like that sort of thing, in which case, coask me later.But still easy.

. And following a single combined machine is much@&athan
reading a rule with a conjunction in it. (Espegiddr a
computer.)




Combining Transducers

a,n,m,p CX,I'I,
n:m P

a,n,p e m.m
a.a
n.n
p:m
n

Oo | O1

n
Ill <0p,0>>|<01,03~
!

0o | O3

m



“Two-Level Phonology”

- The pair «anpan, kamman>: a,n,p
K a n p a n
021 021 021 13| 02 Oi 02
K a m m a n

p:m
. The pair «kanpan, kampan>: N.N
k a n

p
02] 02 02] 1] | h

Kk a m p




Results
- Computationally effective parsing.

- For a computer to recognize the wokehinman], it has
to undo the rules and check the result againsittired
lexicon. (Is kamman/ a word? Iskampan/, or
/kanpan/, or kan-/ and fpan/?)

- Undoing a single FST Is much easier than undoing
multiple rules.

- New ways of looking at phonology.

- Intermetdiate stage&@&mpan) which aren’t lexical
words (input) and aren’t valid spoken words (oufaue
no longer part of the theory.

- Sparked a new, non-rule-based way of thinking about
phonology.



