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Machine Learning (ML) of language studies the acquisition of linguis-
tic knowledge from examples. While statistical learning methods are widely
spread nowadays, they have their limitations. The need for adequate mod-
elling of semantics, and acquisition of human-comprehensible theories has led
to an increased interest in symbolic learning.

The course demonstrates how Symbolic ML (SML) is used across the
whole range of natural language processing (NLP) tasks. Word morphology
learning is chosen to introduce a number of SML techniques and compare su-
pervised and unsupervised learning. Of these, Transformation-Based Learn-
ing is further focussed on and its use for tagging and bracketing discussed.
Tagging is also used to illustrate the principles of Inductive Logic Program-
ming (ILP). Detailed discussion of ILP learning of syntax, lexical semantics
and ontologies follows. Hybrid SML is the last topic covered.

Prerequisites: good practical knowledge of logic programming and famil-
iarity with the basics of NLP, but no knowledge of ML.
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Introduction

Symbolic Learning of Natural Language has three components:

• (Machine) Learning

• Natural Language (Processing): hand-crafted vs corpus-based

• Symbolic (vs statistical) learning of language
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Machine Learning

the study of computer programs that improve through

experience their performance at a certain class of tasks,

as measured by a given performance measure.

T.Mitchell, Machine Learning, 1997
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Concept and Bias

• Given: a set of observations U called universe. All observa-

tions are described in an object language.

• Define concept C as a subset of U. C can also be seen as a

binary function (or a predicate) from U to {0,1}.

• Given: (1) a subset of U split into members and non-members

of C, (2) an extra element. Does the latter belong to C?

-

- -

-

+

+
+

+
C

-

?

U

• No answer is possible w/o the introduction of a bias restrict-

ing the concept language used to describe C.
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The Need of Bias (Example)

O1 black 5-seat Toyota
O2 black 5-seat Renault
O3 red 2-seat Ferrari
O4 red 2-seat Corvette

Given: U = {O1, O2, O3, O4}, C1 = {O1, O2}, C2 = {O3, O4}

New observation: a black Ford with 5 seats. Does it belong

to C1? What about C2?

5

Inductive Learning

• Given a set of observations relevant to a certain target

concept, learn to recognise its members.

• Already known concepts or background knowledge may

be used to derive a theory about the target concept.
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Inductive Learning (cont.)

• Concepts of finite size, all instances known: can memorise

all members, yet might want to learn a shorter description.

• Otherwise: given a set of observations, a training set, recog-

nise the target concept in unseen data (test set).

• Inductive Learning Hypothesis: theories that work well on (a

sufficient amount of) training data, will also do so on unseen

data, provided both training and test data come from the

same source.
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Taxonomy of Machine Learning

• Lazy/eager learning

• Black/white box learning

• Pos&neg/positive-only learning

• Batch/incremental learning

• Perfect/noisy data
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Natural Language Processing

aims at the development of tools allowing to retrieve, ex-

tract and classify linguistic information, and, to a certain

degree, to understand language and provide translation

or relevant feedback.
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Natural Language Processing (2)

• Theoretical framework provided by [Computational] Linguis-

tics

• Two approaches:

– Hand-crafted tools

– Corpus-based (i.e. machine learning of natural language)
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Hand-crafted NLP Tools vs
Learning of Natural Language

Hand-crafted tools are costly to develop, and difficult to adapt

to specific areas; can achieve very high accuracy after fine-

tuning

NLP Learning allows for domain-specific rules, requires (anno-

tated) text corpora

Fact: To collect (and annotate) a corpus requires less experience

than to develop the corresponding tool

Fact: A large number of corpora (some of them annotated) are

available
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Statistical Learning of Language

+ Robust, can handle noisy data

+ Often offers faster learning

++ Indispensable in processing analogue data (e.g., speech)

- Requires lots of data (ever heard the phrase “statistically

significant”?)

- Has its limits: exceptions are by definition insignificant

- The result is a black-box theory/model of data
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Symbolic Learning of Language

A richer concept language may result in:

- a brittle theory

+ fewer/no problems with exceptions

- slower learning

+ no need for large training sets: a few well-chosen examples may be enough

+ a theory that can be understood by humans

+ . . . therefore allowing for fine-tuning.

+ Better suited to processing structured data
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Summary

• Definition and types of Machine Learning; Concept, Bias,

Object Language, Concept Language, Background Know-

ledge

• Natural Language Processing; Hand-crafted vs Corpora-driven

NLP

• Natural Language Learning: Statistical vs Symbolic
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Types of NLP Tasks and Text Corpora
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Levels of Text Processing

• Several NLP tasks of increasing complexity

• Some can be done in parallel (depending on the formalisms

used)

• Can be (partially) ordered: {T1, T2, . . . }, so that there is no

Ti that requires Ti+k as a pre-processing step.
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Levels of Text Processing

Tokenisation Full parsing
Morpholexical analysis Lexical semantic disambiguation
Part-of-speech tagging Semantic analysis
Chunking Pragmatic analysis
Partial/Shallow parsing
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Cost vs. Coverage of NLP Tools

$500,000

$200,000

$100,000

Effo
rt

Level of understanding

Coverage
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Starting Points for NLP Learning

• The NLP tool exists, but is too bad a value for money.

• No good tool exists for our language, but one can find a

corpus with examples of the input and output required.

• There is no (annotated) corpus either.

Another dichotomy: (1) learning may aim to produce the best

results or (2) we simply want to see if it can produce anything

nearly as good as the hand-crafted tools.
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Tokenisation

• Split the text into words/tokens:

• π • is • equal • to • 3.14 • . • No • , • it • is •n’t • . • On • 29/01/2001

• . . . •

• Same kind of task as when processing programming lan-

guages

• Standard or hand-written FSA (lex, tr, Perl) are usually used.

• In speech recognition the input does not contain delimiters:

“hii’myourlecturer”. Learning can be used to segment it.
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Morpholexical Analysis

• Given a word-form,

find all matching lexical entries and categories:

shows:(PoS:verb,lex.entry:show,pers:3, num:sing,tense:pres)

shows:(PoS:noun,lex.entry:show,num:sing)

• Not difficult, but result often very ambiguous (that’s all

right!). Can be done by using:

exhaustive lexicons cats a morphology model, e.g.:
of word-forms stem ending
work V inf work –
works V 3pers s
worked V past ed
working V ing ing
leaf N sing leaf
leaves N plur leav es
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Morphology Models

• Analytical vs. generative

• one-, two- or many-level morphology

• Example 1: Generative morphology (Chomsky): stick mor-

phemes together, then apply rules in sequence to derive the

surface from the lexical level form:

Lexical level: te+mi
Rule 1: timi change e into i in front of 0–N
(vowel raising) consonants followed by i
Rule 2: cimi change t into c in front of an i.
(palatalisation)
Surface level: cimi

Also: uN+Possible → UMpossible → impossible
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Morphology Models: Two-Level Morphology

• Example 2: Two-level morphology (Koskenniemi): uses a
finite state transducer (FST), an automaton with two tapes
and two heads moving synchronously. It can be seen as
accepting the aligned lexical and surface level strings, or re-
jecting them according to a set of rules compiled into the
FST transition table.

c p + e d

+ e d

i

c o p

o

Y

c p + i n

+ i n

y

c o p

o

Y g

g

Rules are of the sort:

[???, i, +, e] ⇔ [???, Y, +, e]

[???, s, s, +, e, s] ⇔ [???, s, s, +, ∅, s]
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Spelling vs. Pronunciation

• Two-level models of morphology (lexicons of morphemes +

rules) available for many languages (tool PC KIMMO). Hand-

written approach still prevailing.

• A similar task is to match spelling and pronunciation. Cor-

pora may contain:

– pairs of unaligned strings (CELEX): booking - bukıη

– same as above but characters are aligned:
b o o k i n g
b u – k i η –

24



More Corpora for Morphology Learning

• Pairs of word-forms corresponding to two categories, e.g.:

sing-plural, present-past, etc. E.g., English Past Tense Data:

past([s,l,e,e,p],[s,l,e,p,t]).

past([w,a,l,k],[w,a,l,k,e,d]).

• Lexicons of word-forms and their categories. Can be used to

learn rules predicting the category of a given word-form or

deriving a new word-form given its lexical entry and desired

category:

Word-form1 CatX – standard form of lexical entry

Word-form2 CatY
Word-form3 CatZ
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Word Segmentation

Splitting the word into morphemes (e.g., de-com-press-ed) can

be very helpful in:

• Morpholexical analysis: to match each morpheme against

a lexicon of morphemes (prefixes/roots/suffixes) to identify

the word.

• Text-to-speech: to find the pronunciation of each morpheme:

compare dis-honest and *di-shone-st, *di-shon-est

26



Word Segmentation Corpora

• There are corpora such as the one derived from CELEX by

van den Bosch:

book 10001

books 100011

booking 1000100

• The number of possible segmentations = 2word length−1. (Why?)

For a 28-letter word – antidisestablishmentarianism – 227 ≈

108.
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Part-of-Speech Tagging

• Definition: part of speech, form class, word class – one of

the traditional categories of words intended to reflect their

functions in a grammatical context. (WordNet)

Example: John/NNP loves/VBP books/NNS ./.

• Previous NLP processing required: tokenisation.

• Probably the most common type of annotated corpora: in-

cluded in Penn Treebank, Susanne,. . .

• The number of PoS tags can vary greatly: from a couple of

dozen (some English corpora) to over 1600 (Czech National

Corpus).
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Chunking

• Chunking: dividing sentences into non-overlapping phrases.

• NP chunking is a subtask: recognise and mark the chunks

that represent noun phrases. Notice: no nested NP chunks

possible (by definition): NP(The boy) with NP(the hat) sang

One standard dataset is Ramshaw and Marcus’s:
ftp://ftp.cis.upenn.edu/pub/chunker/

Confidence NN I I O B
in IN O O I B
the DT I I O B
pound NN I I O B
is VBZ O O I B
...

Format: Attr1:Word Attr2:PoS Attr3:NP marker (ignore the rest).

‘I’ marks the beggining of a NP, ‘O’ the end of it.
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Partial/Shallow Parsing

• Task: identify syntactic patterns in a sentence. No complete

parse of the sentence is needed.

• Syntactic patterns, aka ‘elementary semantic links’ (Pazienza,

Basili): Noun Phrases (NP), Subject-Verb (SV) Phrases,

N-V-N, N-Prep-N, etc.:

NASA launched a new satelite this morning. →
N-V-N:(NASA launched satelite), N-V-N:(NASA launched morning)

I saw the boy with the hat. →

SV:(I saw), N-Prep-N:(boy with hat).

• Any existing treebank of complete parses can be used. Lots

of existing work in statistical learning.
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Bracketing

• Bracketing: produces a parse tree without labels:

(((Time) (flies (like (an arrow))).)

(((The dog) (barked)).)

• Result: more informative than chunking – e.g., allows for

nested structures –, but simpler than parsing.
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Full Parsing

• Corpora containing parsed sentences are called treebanks.

• Ex.: S(NP(NN:Time) VP(V:flies PP(Prep:like NP(DT:an NN:arrow))))

• Treebanks: Penn Treebank (includes Wall Street Journal

(WSJ) Corpus and Brown Corpus), Susanne,. . .

• Building of such treebanks perceived as issue of national im-

portance: Czech National Corpus Institute
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Lexical Semantic Disambiguation

• Semantics: the study of meaning (of isolated words as well

as sentences).

• The same word-form may correspond to several lexical entries

and meanings:

On the bank of the river Jordan. . . vs.

Strong restrictions will be imposed on the bank of England. . .

• Different meaning ∼ different parse: see next slide

• Semcor: a part of the Brown Corpus which contains unam-

biguous lexical semantic tags. Tag set – taken from Word-

Net.
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Semantic analysis

• Expresses the meaning of a sentence in terms of entities and

their relations: The little boy loves his mother:

loves(A,B),boy(A),little(A),mother(B,A). (A=? B=?)

• First order logic usually used to express the semantic inter-

pretation of a sentence.

• Database terminology (SQL, relations) also suitable:
Which is the capital of Britain?

select city
from table
where country = "Britain" and capital = "Yes"
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QLF

• Quasi-logical forms: neutral with respect to the choice of:

– referents for pronouns (she, that) and definite descriptions

(Mary, the woman)

– relations implied by ellipsis (Have you seen my book? - No,

I haven’t.)

– alternative scopings of quantifiers: Every man does not

love a woman contains ∀, ∃, ¬. There are 6 possible inter-

pretations according to the order of their application, e.g.:

∀X.man(X)(∃Y.woman(Y )(¬loves(X, Y ))))

∃Y.woman(Y )(∀X.man(X)(¬(loves(X, Y ))))

35



Real QLF Example

She hired one.

[past,
[hire,
q_term(<t=quant,n=sing>,

E,[event,E]),
a_term(<t=ref,p=pro,l=she,n=sing>,

Y,[female,Y]),
q_term(<t=quant,n=sing>,

C,a_form(<t=pred,l=one>,
P, [P,C]))]].
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Logical Forms

• LF: In a given context, She hired one could actually mean
Mary Smith hired a car.

quant(exists,C,[car1,C],
quant(exists,E,[event,E],

[past,[hire1,E,mary_smith,C]])).

“There is a car C, and an event E such that, in the past, E

is a hiring event by Mary Smith of C.” (David Carter, SRI)

• QLFs of several sentences (a paragraph or more) have to be

combined to derive the LFs.
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Corpora with Semantic Annotation of Sentences

• The LLL corpus: has an experimental character; consists of

pairs (Sent, QLF); also the grammar used to produce the

corpus is available.

• The Geobase corpus – pairs (Sent, Query) in Prolog:

ftp://ftp.cs.utexas.edu/pub/mooney/nl-ilp-data/geoqueries

parse(

[what,are,the,major,cities,in,kansas,?],

answer(B,(major(B),city(B),loc(B,A),const(A,stateid(kansas))))

).
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Pragmatic Analysis

• Definition: the meaning of sentences in a particular context;

opposes implicatures to literal meanings and truth conditions

of sentences.

Ex.: “Could you pass me the salt?”, “There is someone

there.”
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Unsupervised Learning

Language bias a new framework for data representation

Preference bias ranks possible representations of the data

• Occam’s razor: make your theory short/simple!

• Minimal Description Length (MDL):
|Theory| + |Data/Theory| = min

• Expectation Maximisation (EM):

P(Data/Theory) = max

Search strategy defines the order/way in which possible rep-

resentations will be evaluated.

• E.g.: first try the most general/specific theory
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Motivation for Unsupervised Learning of
Language

• Cost and subjectivity of annotation

• Use Information Theory (Shannon, ’48) to study language

as just another communication code

• Political correctness vs. technological imperialism
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Unsupervised Learning of Word Segmentation

• Analogy (F. de Saussure)

• Prefix/suffix trees (Z. Harris)

• Näıve theory of morphology (D. Kazakov)
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Analogy Principle

In a long term, the word-forms in a given language change and

tend to form the following patterns (Course in General Linguis-

tics, de Saussure):

Pref1 + Suf1 : Pref1 + Suf2 = (1)

Pref2 + Suf1 : Pref2 + Suf2
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Examples of Analogy

work + s : work + ing = (2)

sleep + s : sleep + ing

∅ + done : ∅ + limited = (3)

un + done : un + limited
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Analogy as Unsupervised Learning

Language bias 4 Words → (P1,S1,P2,S2) + analogy rule

Preference bias

• For a single split-point segmentation: the segmentation supported by
the highest number of analogy ‘squares’ (4-tuples).

• For all possible split points: anything in the language (ie, for which
an analogy square exists.)

Search strategy Exhaustive search
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Word Segmentation with Tries

• Trie: a labelled tree where the labels correspond to a single

character.

• Any lexicon can be represented as a trie. For instance, given

‘but cut cuts bread spot spots spotted’ one could produce

the following tree (see next slide).

• Now count the number of branches br(Prefix) for any path

Prefix from the root downwards.

but : ^-3, b-2, u-1, t-1, @-0
cut : ^-3, c-1, u-1, t-2, @-0
cut-s : ^-3, c-1, u-1, t-2, s-1, @-0
bread : ^-3, b-2, r-1, e-1, a-1, d-1, @-0
spot : ^-3, s-1, p-1, o-1, t-3, @-0
spot-s : ^-3, s-1, p-1, o-1, t-3, s-1, @-0
spot-ted : ^-3, s-1, p-1, o-1, t-3, t-1, e-1, d-1, @-0
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Example of a Trie

r

p

s

b

u
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t

t

c

t

s
e

@

d

t

s

@

@

@

@

@

a

@

^

d

e

u
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Harris’s Segmentation Bias

A word w is segmented after the initial substring of length n, if

for n: br(n − 1) < br(n) > br(n + 1). Also, all nodes on a peak

plateau are split points.

tr(n)

n
(c)

tr(n)

n
(d)

tr(n)

n
(f)

tr(n) tr(n)

n n
(a) (b)

tr(n)

n
(e)
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Harris’s Segmentation as Unsupervised Learning

Language bias Word → Segments

Preference bias Based on the trie + branching factor

Search strategy Exhaustive search
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Variants of Harris’s Segmentation

• Prefix tree (read words from left to right)

• Suffix tree (read words in reverse)

• The union/intersection of the two sets of split points
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Sample Output of Harris’s Segmentation

abord-ai : ^-24, a-12, b-3, o-2, rd-6, a-3, i-3, @-0

abord-aient : ^-24, a-12, b-3, o-2, rd-6, a-3, i-3, ent@-0

abord-ait : ^-24, a-12, b-3, o-2, rd-6, a-3, i-3, t@-0

abord-ant : ^-24, a-12, b-3, o-2, rd-6, a-3, nt@-0

abord-ass-e : ^-24, a-12, b-3, o-2, rd-6, a-3, ss-2, e@-0

abord-ass-iez : ^-24, a-12, b-3, o-2, rd-6, a-3, ss-2, iez@-0

abord-e : ^-24, a-12, b-3, o-2, rd-6, e-3, @-0

abord-er : ^-24, a-12, b-3, o-2, rd-6, e-3, r-3, @-0

abord-erais : ^-24, a-12, b-3, o-2, rd-6, e-3, r-3, ais@-0

abord-erons : ^-24, a-12, b-3, o-2, rd-6, e-3, r-3, ons@-0,

abord-ez : ^-24, a-12, b-3, o-2, rd-6, e-3, z@-0
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Genetic Algorithms and Unsupervised Word
Segmentation with NTM Bias

“A struggle for life is constantly going on amongst the

words and grammatical forms in each language. The bet-

ter, the shorter, the easier forms are constantly gaining

the upper hand. . . ”

Max Müller: The Science of Language, in Nature,

Jan. 1870, as quoted by Charles Darwin in The Descent

of Man, 1871.
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Näıve Theory of Morphology

chantai

chantais

chantait

chanta

8

8

4

5

5

4

57

6

7

chanter

chant

ais

ai

tait

er

length

36 9 +

Lexicon Lexicon
of suffixes

Word
of prefixesboundary

Segment

...

chan ta

13Number of characters: 22    =

List of
words

For a given list of n words, where li is the length of word i, every

vector {b1, b2, . . . , bn}, 0 ≤ bi ≤ li will be called a näıve theory of

morphology.
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The NTM Bias

chantai

chantais

chantait

chanta

8

8

4

5

5

4

57

6

7

chanter

chant

ais

ai

tait

er

length

36 9 +

Lexicon Lexicon
of suffixes

Word
of prefixesboundary

Segment

...

chan ta

13Number of characters: 22    =

List of
words

P = total chars. in the prefix lexicon
S = total chars. in the suffix lexicon
W = total chars. in the list of words

• Word segmentation bias: for a given list of words, choose

a NTM that minimises the total lexicon size (P + S).

• Compare to analogy: P1 + S1 : P1 + S2 = P2 + S1 : P2 + S2

– one could think of it as trying to fix the no of items in
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the prefix and suffix lexicons to 2 in each, rather than P1 +

S1, P2 + S2, P3 + S3, P4 + S4.



Rationale behind NTM Bias

• The NTM bias - based on the hypothesis that substrings

composed out of real morphemes occur in the words with a

frequency higher than any other left or right substrings. In

that way, a theory with a low P + S would produce lexicons

where ‘prefixes’ and ’suffixes’ correspond very often to single

morphemes or their combinations.

• Since the word list can be stored as a list of pairs of indices

<prefix,suffix> along with the two lexicons of affixes, the

NTM bias can be seen as using Occam’s razor to choose the

simplest (= shortest) theory corresponding to the given data

set.
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Analogy vs. NTM Comparison

• Analogy: preference bias is local, and takes into account a
very small part of the data (4 words at a time); produces
mini-theories (“analogy squares”), which are local to the
word in question and can be tested in isolation (w/o the rest

of the data). Search can be focussed on the words sharing
the same prefix/suffix; one word’s segmentation does not
influence the segmentation of another one.

• NTM: Based on a global (holistic) preference bias taking

into account all data. Search is difficult, as it cannot be
described as a series of incremental steps. For instance,
changing the segmentation of one word may result in changes

in the prefix/suffix lexicons, which can potentially influence
the segmentation of any other word.

56



NTM Bias: the problem and the fix

• Search space is huge: (l1+1).(l2+2). . . . .(ln+1) where li is

the length of word i, or, approximately, (lav + 1)n, lav being

the average word length and n the number of words in the

list.

• No greedy algorithm is known to improve on the solution in

an incremental fashion, ultimately leading to the right answer

(min. lexicons).

• It is easy to compare the quality of any two NTMs, though:

just count the letters in each pair of lexicons and compare

the two integers!

57

• It is straightforward to represent a NTM as a string of sym-

bols from a given alphabet (integers b/w 0 and, say, 100).

• All that makes the search for NTM a perfect case for GA.



Genetic Algorithms

• A GA maintains a set (population) of candidate solutions

called chromosomes or individuals

• initial population is generated randomly

• fitness function is used to rank individuals according to their

goodness

• selection is applied to select a new population from the old

one, where the chances of one or more clones of the original

individual to appear in the new population are proportional

to its fitness

• crossover and mutation are applied to generate new candi-

date solutions from existing ones.

58

Genetic Operators

• Mutation

aaba c

bab

bcbab a abccc

a

a

a bcc b

acc

abccc a abacc

• Crossover
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Scaling

• Definition: modify the values of the fitness function in order

to make the selection more effective.

• Usually, it involves the change of the individuals’ fitness so

that the span between the worst and the best corresponds

to a given interval.

• Linear scaling • Ranking
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Scaling by Ranking

Order the individuals according to their fitness and then simply

assigns them fitness as a function of their rank, f(x) = rank(x),

where the order is from the worst to the best one.
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Mapping The NTM Search To GA

Procedure: Genetic algorithm with fitness scaling
Initialisation:

Set numberOfChromosomes
Set numberOfGenerations
Set mutationMethod
Set crossoverProbability
Set mutationProbability
Read Words
Generate randomly generationZero,
compute fitness[1 ..numberOfChromosomes]
and keep theBestEver individual
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Main loop:

repeat numberOfGenerations-times:

begin

Compute scaledFitness[1 ..numberOfChromosomes]

Choose intermediate generation tempChroms by sampling

Apply crossover with crossoverProbability

Apply mutation with mutationProbability

Compute fitness[1 ..numberOfChromosomes]

and update theBestEver individual

end

return theBestEver

One Implementation of GA Search for Optimal

NTM

• simple GA where each list of segmented words (NTM) rep-

resented as an individual – a vector of integers

• fitness function maximises W − (P + S) ≥ 0

• 1 or 2-point crossover

• mutation defined as one-letter shift to the left or right or as

a random change of the segment boundary

• mutation rate is temporarily increased by 20% after 3 gen-

erations with the same best-ever individual until it changes
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• To reduce complexity, split input into chunks of ~102 words,

then join resulting segmentations of all words (and merge

lexicons).

Example of GA Output and Evaluation

ébarb+e ébatt+irent ébouillant+erez ébourgeonn+ée
ébarb+ent ébatt+issent ébouillant+eriez ébourgeonn+és
ébarb+erai ébatt+ra ébouillant+erions éb+ouriffais
ébarb+erez éborgn+es ébouillant+ez ébouriff+ait
ébarb+ez éborgn+ons ébouillant+ions ébouriff+asse
ébarb+iez éborgn+ées ébouillant+ât ébouriff+ent
ébarb+ons ébouillant+assent éboul+ait ébouriff+er

Experiment 1 Experiment 2
Items Characters Items Characters

GA input 200 1943 500 4855
Generated prefixes 43 259 75 454
Generated suffixes 64 252 131 638
Compression 0.535 0.263 0.412 0.225

Compression = (P + S)/W
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Discussion of NTM Segmentation

Advantages

• Does not require annotated lists of words

• Can learn from a limited number of words

Limitations

• The number of constituents is limited to 2 per word

• Rules still not applicable to isolated words

• Rules still not applicable to unseen words
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Hybrid GA&ILP Approach

Method

• Introduces a language bias for the segmentation of a list of words, and
applies a genetic algorithm to the search of the best segmentation
(Kazakov ’97).

• Uses the segmentations produced with the GA as training examples of
an ILP decision list learner. Segmentation rules applicable to isolated
(incl. unseen) words obtained as a result (Kazakov&Manandhar ’98).

Advantages

• Does not require annotated lists of words

• Can learn from a limited number of words

Limitations

• The number of constituents is limited to 2 per word.
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Summary

• Näıve Theories of Morphology (NTM)

• NTM Preference Bias

• Genetic algorithms: genetic operators, scaling

• GA search for the best NTM
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Supervised Learning,
Transformation-Based Learning and

The Brill Tagger
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Supervised Learning

Data in the form (Observation, Concept)

Background knowlegde about the domain: explicitly defined

or implicitly present in the way search is pruned.

Preference bias Predictive accuracy of the theory learned, i.e.

performance on unseen examples.

Search strategy could also impose a preference bias, e.g., try

the most general theories first.
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Evaluation of Supervised Learning

In the classical case of learning a single predicate/concept, the

following contingency table is used:

Pos Neg

Predicted Pos True Pos False Pos

Predicted Neg False Neg True Neg

Accuracy =
True Pos + True Neg

Pos + Neg

Different/disjunctive training and test sets assumed.
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Evaluation of Supervised Learning in NLP
Context

The existence of several correct answers is characteristic:

incorrect

foundtotal

correct

Precision =
correct

found
(4)

Recall =
correct

total
(5)

F-score =
2

1
Precision + 1

Recall

= 2 ×
Precision × Recall

Precision + Recall
(6)
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Transformation-Based Learning

1. Get first draft of your annotation
2. Find a series of rules, which, when
   applied consecutively, reduce the
   number of errors as compared to the
   gold standard. Stop when no rule
   with good coverage can be found.

Unannotated text

Initial state

Annotated text

Learner Rules

Gold standard
( "Truth")
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Scope of Rules Learned

Rule 1

Rule 2

Initial annotator

Rule 3

C1
C2

C3
C1

Actual position of Rule 3 in the list
only depends on its relative coverage,
as rules with higher coverage
will be learned first.

All examples

of the latter is a subset of 

Rule 1 must - and will - precede

the scope of the former.

Rule 2, since the scope (and coverage)
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Example: Plural of English Nouns

Data:

book NN Initial state annotator
books NNS
shoe NN Rule 1
shoes NNS
dress NN Rule 2
dresses NNS
lemma NN Rule 3
lemmata NNS
cherub NN
cherubim NNS

74



PoS Tagging

A half-way house in between morphosyntactic analysis and pars-

ing:

• In case of M-S ambiguity, it selects just one tag, as parsing

would do

• Does not produce a parse tree

• Decisions usually based on local context (a few words to the

left and/or right)
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Example of PoS Tagging

Pierre/NNP Vinken/NNP ,/, 61/CD years/NNS old/JJ ,/,

will/MD join/VB the/DT board/NN as/IN a/DT nonexecu-

tive/JJ director/NN Nov./NNP 29/CD ./.

Mr./NNP Vinken/NNP is/VBZ chairman/NN of/IN Elsevier/NNP

N.V./NNP ,/, the/DT Dutch/NNP publishing/VBG group/NN

./.

See Brill’s PhD, pp. 136–137 for the tag set of Pen Treebank

(handout 2).
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The Brill PoS Tagger

Use Transformation-Based Learning to learn how to produce PoS

annotation.

• Initial state annotator: Assign the most probable tag (the one

that is assigned the most often to the word in the training

data

• Each rule changes the annotation of words within its scope

• Uses rule templates to describe all possible rules for all words

and all parts of speech
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Rule Templates for PoS Tagging

Change tag a to tag b when:

1. The preceding/following word is tagged z.

2. The word two before/after is tagged z.

3. One of the preceding/following 2 words is tagged z.

4. One of the preceding/following 3 words is tagged z.

5. The preceding word is tagged z and the following word is

tagged w.

6. The preceding/following word is tagged z and the word two

before/after is tagged w.
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Example of Rules Learned

NN VB PREVTAG TO

VBP VB PREV1OR2OR3TAG MD

NN VB PREV1OR2TAG MD

VB NN PREV1OR2TAG DT

VBD VBN PREV1OR2OR3TAG VBZ

VBN VBD PREVTAG PRP

VBN VBD PREVTAG NNP

VBD VBN PREVTAG VBD

VBP VB PREVTAG TO

POS VBZ PREVTAG PRP

VB VBP PREVTAG NNS
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Lexicalised Rule Templates for PoS Tagging

Add the following templates to the set: Change tag a to tag b

when:

1. The preceding/following word is w.

2. The word two before/after is w.

3. One of the preceding/following 2 words is w.

4. One of the preceding/following 3 words is w.

5. The current word is w and the preceding/following word is

x.

6. The current word is w and the preceding/following word is

tagged z.
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Example of Lexicalised Rules Learned

IN RB WDAND2AFT as as

VBD VBN PREV1OR2WD have

IN WDT NEXT1OR2TAG VB

VB VBP PREVTAG PRP

VBP VB PREV1OR2WD n’t

IN WDT NEXTTAG VBZ

IN DT NEXTTAG NN

JJ NNP NEXTTAG NNP

IN WDT NEXTTAG VBD

JJ NN NEXTWD of

VBD VBN PREV1OR2WD be
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Predicting PoS of Unknown Words

• Initial state annotator: very simple, produces what is the

majority PoS class in the language

– default is NNP for capitalised words and NN for the rest

– can be changed to another tag at the code level

• Rule templates: refer to

– the first/last 1-2-3-4 letters

– the presence of letter L in the word

– word W ever appearing immediately to the left/right

– adding/deleting affix X (of length up to 4) results in a

word.
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Example of Lexical Rules Learned

NN s fhassuf 1 NNS x

NN . fchar CD x

NN - fchar JJ x

NN ed fhassuf 2 VBN x

NN ing fhassuf 3 VBG x

ly hassuf 2 RB x

ly addsuf 2 JJ x

NN $ fgoodright CD x

NN al fhassuf 2 JJ x

NN would fgoodright VB x

NN 0 fchar CD x

NN be fgoodright JJ x

NNS us fhassuf 2 JJ x

NNS it fgoodright VBZ x
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Lexical Databases: WordNet
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WordNet

• Only covers 4 PoSs: nouns, verbs, adjectives, and adverbs

• Several semantic relations, which are different for each PoS

• IS A hierarchies available for Verb and Noun

• For adjectives: pairs of direct or indirect antonyms

• Adverbs: antonyms etc.
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WordNet

exchange

funds
resource,
monetary

fund
monetary

nondepository
financial institution

Word-formLegend:

fundsfund

medium of

Synset

net income, profit

accumulation

financial gain

income

gain

sum, amount of money

asset

possession

money

store, fund
fund,

group, grouping

social group

organisation

institution, establishment

financial institution

investment company,
fund

funds

Lexical entry
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WordNet: Noun Relations
%wn dog

Info available for noun dog
-hypen Hypernyms
-hypon, -treen Hyponyms & Hyponym Tree
-synsn Synonyms (ordered by frequency)
-smemn Member of Holonyms
-sprtn Part of Holonyms
-partn Has Part Meronyms
-meron All Meronyms
-holon All Holonyms
-famln Familiarity & Polysemy Count
-coorn Coordinate Sisters
-simsn Synonyms (grouped by similarity of

meaning)
-hmern Hierarchical Meronyms
-hholn Hierarchical Holonyms
-grepn List of Compound Words
-over Overview of Senses
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WordNet: Verb Relations
Info available for verb dog
-hypev Hypernyms
-hypov, -treev Hyponyms & Hyponym Tree
-synsv Synonyms (ordered by frequency)
-famlv Familiarity & Polysemy Count
-framv Verb Frames
-simsv Synonyms (grouped by similarity of

meaning)
-grepv List of Compound Words
-over Overview of Senses
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Antonymy b/w Adjectives

Direct vs. indirect antonyms

light (vs. heavy)

heavy (vs. light)
=> dense
=> doughy, soggy
=> heavyweight
=> hefty
=> massive
=> middleweight
=> ponderous
=> welterweight

light (vs. heavy)
=> airy
=> bantamweight
=> buoyant, floaty
=> ...
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Corpus-Based Approach to Syntactic
Disambiguation
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Grammars

• Each grammar describes a language, i.e. a set of sequences

of symbols from a given alphabet.

• NLP context:

– ‘symbol’ = word

– ‘sequence of symbols’ = sentence

– ‘alphabet’ = parts of speech (Noun, Verb, Prep.)

• Sentence —{Grammar}—>Syntactic structure (parse tree)
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Ambiguity of NL Grammars

NP

PP

VP

NPprep

VP verb
NP
NP NP
PP

NPS

noun

noun verb noun prep noun

NP NP

NP

Peter loves passion

NP NP NP

PP

VP

S

S

Peter chocolateloves with

with

bananas

bananas

VP

noun verb noun prep noun

PP

NP

PP

VP verb NP
NP

VPNPS

noun
PP

prep NP
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Parsers

Given a grammar, a parser can

• generate a sentence of the language described by the gram-

mar

• identify whether a sentence belongs to that language

• produce the parse tree

Each parser is an automaton specified by its memory, states and

transitions (parser actions).
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Resolving Ambiguity (1): Rule Unfolding

S noun verb noun PP

chocolate

prep

PP

NP

S

noun

verb

noun

Peter

noun

VP

bananasloves with
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Resolving Ambiguity (2): Rule Lexicalisation

prep

PP

NP

S

noun:chocolate

noun

verb

noun

Peter

noun

VP

S

loves bananas with chocolate

verb noun:bananasnoun prep
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Res. Ambig. (3): Lexical Semantic Constraints

food noun: foodnoun:

prep

loves

PP

NP

S

noun

verb

noun

Peter

noun

VP

food food

S noun verb prep

bananas with chocolate
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EBL v. Chill v. Lapis
System EBL (Samuelsson) Chill (Zelle & Mooney) Lapis (Kazakov)

Training Parse trees Parse trees Parse trees + lex. sem.
data tags (WordNet)
Initial CFG rules Nonerminals (NTs), terminals CFG rules
concept present in data present in data; present in data

rules: NT → Any Any
NT → Any

Target Specialised grammar Specialised S-R parser Specialised LR parser
concept - unfolding - unfolding - unfolding

- lexicalisation - lexicalisation - lexicalisation
- lex. sem. constraints - lex. sem. constraints

used by an LR parser
Lex. sem. none ad-hoc, sets of words standard sem. concepts
constraints seen in data (WordNet)
Learning EBL ILP ILP
algorithm - LGG - LGG

- top-down refinement
- predicate invention

Issues - large # of rules - very general init. grammar
- left recursion - inefficient S-R parser
(NP → NP PP) - ad-hoc sem. constraints





Applying Inductive Logic Programming to Natural

Language Processing

James Cussens

University of York

1

Overview of this lecture

• The basic problem

• Searching

• Scoring

• Using Aleph

ESSLLI - 2004

2



The basic ILP problem

• Given B, E - both logic programs, find H, a logic program

∈ H such that

B, H ` E

• Need to stop H being ‘too strong’, e.g. H = false

Use negative examples or syntactic constraints

• Need some way of stopping H being ‘too weak’, e.g. H = E

Bias towards simplicity or syntactic constraints

ESSLLI - 2004

3

The basic ILP problem - Version 2

Normally negative examples are assumed . . .

Given: Positive examples P , Negative examples N and

Background knowledge B.

Find H ∈ H st

1. ∀e ∈ P : B ∧H |= e (H is complete)

2. ∀e ∈ N : B ∧H 6|= e (H is consistent)

ESSLLI - 2004
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Learning daughter/2

INPUT

Training examples Background knowledge

daughter(mary, ann). ⊕ mother(ann, mary). female(ann).
daughter(eve, tom). ⊕ mother(ann, tom). female(mary).
daughter(tom, ann). 	 father(tom, eve). female(eve).
daughter(eve, ann). 	 father(tom, ian).

parent(X, Y )← mother(X, Y )
parent(X, Y )← father(X, Y )

OUTPUT

daughter(X, Y ) ← female(X), parent(Y, X)

ESSLLI - 2004
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Learning daughter/2 – Version 2

INPUT

Training examples Background knowledge

daughter(mary, ann). ⊕ mother(ann, mary). female(ann).
daughter(eve, tom). ⊕ mother(ann, tom). female(mary).
daughter(tom, ann). 	 father(tom, eve). female(eve).
daughter(eve, ann). 	 father(tom, ian).

OUTPUT

daughter(X, Y ) ← female(X), mother(Y, X)

daughter(X, Y ) ← female(X), father(Y, X)

ESSLLI - 2004
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The search

• Even if we know what we’re looking for (say, the smallest H

satisfying our constraints),

• actually finding it is the difficult bit.

• We have to use a heuristic search in the space H.

• Top-down v bottom-up is a basic dichotomy.

ESSLLI - 2004
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Clause-at-a-time learning

• Almost always ILP systems induce a multi-clause logic pro-

gram by finding one clause at a time.

• Not a bad compromise . . .

• . . . especially if H is not recursive (Think about it!)

ESSLLI - 2004
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Clause-at-a-time learning with Aleph

• Let’s see some clauses induced using the Aleph system.

• Example from Morphosyntactic tagging of Slovene using Pro-

gol by Cussens, Džeroski and Erjavec, ILP99

• Aleph used to be called P-Progol.

ESSLLI - 2004
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Understanding the demo-ed application

rmv(Left,Right,Focus) :-

case(Left,_Case,_), case(Focus,a,_),

gender(Left,m,_), disongender(Left,Focus).

Left is all tags to the left of Focus.

Right is all tags to the left of Focus.

“Can’t have the sequence [Left,Focus] if Left has some case,

Focus has accusative case, Left has masculine gender and Focus

has some other gender.”

ESSLLI - 2004
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Top-down search

• Start with most general clause e.g. rmv(A,B,C)

• and specialise by adding literals

• (or instantiating variables)

• This is called refinement

ESSLLI - 2004
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Which is the best clause?

• Aleph’s default clause evaluation is coverage

• coverage defines clause utility to be P - N, where P, N are

the number of positive and negative examples covered by the

clause.

• Aleph has another 9 evaluation functions to choose from!

ESSLLI - 2004
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Defining the hypothesis space H

• Probably the most crucial step in using ILP!

• Let’s go through the Aleph method for doing this.

• There are many others.

ESSLLI - 2004

13

Choosing background predicates

• The most basic step.

• Which predicates can appear in clauses?

:- determination(rmv/3,noun/2).

:- determination(rmv/3,verb/2).

:- determination(rmv/3,adjective/2).

...

ESSLLI - 2004
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User-defined constraints on acceptable clauses

Just write what’s allowed in Prolog!

prune((_:-Body)) :-

has_redundant_literals(Body).

false :-

hypothesis(Head,Body,_PosNegCoverage), %Aleph built-in

Body=(_,_,_), %only false out at clauselength

arg(3,Head,Focus),

\+ uses_focus(Body,Focus).

prune/1 disallows a clause and all its refinements

ESSLLI - 2004
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Limiting the length of clauses

• Each clause search can be exponential in the maximum al-

lowed length of a clause.

• So limit it!

:- set(clauselength,5).

Beware: the Aleph default is clauselength=4

This includes the head literal.

ESSLLI - 2004
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Saturation - a bit of bottom up

• Saturating an example produces the most specific clause

which (together with B) entails the example.

• It’s called the bottom clause

• Use sat/1 to do this in Aleph. Like this . . .

• Let’s see how Aleph did that.

ESSLLI - 2004
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Mode declarations

• Aleph uses mode declarations to build the bottom clause

• Modes declare the types of all arguments of all predicates;

• and whether the argument is

1. an input variable (+)

2. an output variable (-)

3. or a constant term

ESSLLI - 2004
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Types

• Types do not have to be defined

• Unless you’re doing positive-only learning. . .

• . . . in which case use a monadic predicate to define them

ESSLLI - 2004
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Using mode declarations

:- modeh(1,rmv(+msdlist1,+msdlist,+msdlist2)).

So each argument of rmv/3 is an input variable, and they all have

different types.

(We’ll come back to the number 1.)

ESSLLI - 2004
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Attaching type labels

:- modeh(1,rmv(+msdlist1,+msdlist,+msdlist2)).

So when saturating example 21:

[rmv([spsg,afpmsl..],[spsg,afpfsi,...],[mcnsgl])

1. [spsg,afpmsl..] is an input of type msdlist1

2. [spsg,afpfsi..] is an input of type msdlist

3. [mcnsgl] is an input of type msdlist2

ESSLLI - 2004
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Finding body literals for the bottom clause

[spsg,afpmsl..] is an input of type msdlist1

We have :- modeb(1,noun(+msdlist1,-msdlist1)).

So Aleph first calls:

noun([spsg,afpmsl..],X)

which fails

ESSLLI - 2004
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Finding body literals for the bottom clause

Because of :- modeb(1,adposition(+msdlist1,-msdlist1))., Aleph

eventually calls:

adposition([spsg,afpmsl..],X)

which succeeds with X = [afpmsl,...].

This is how the adposition(A,D) got into the bottom clause.

ESSLLI - 2004
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Variables and constants in the bottom clause

Aleph internally builds up a ground clause in this way:

rmv([spsg,afpmsl,...],[spsg,...],[mcmsal___y])] :-

adposition([spsg,afpmsl,...],[afpmsl,...]),

case([spsg,afpmsl,...],g,[afpmsl,...]),

...

But eventually variablises some of these constant terms accord-

ing to the mode declarations.

ESSLLI - 2004

24



Variable depth

• Variables in the head have depth 0

• (Roughly) an output variable generated by an input variable

of depth i has depth i + 1.

• :- set(i,5). limits variables in the bottom clause to depth

5.

• Default is i = 2. Pretty small!

ESSLLI - 2004
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The recall number - according to Aleph manual

mode(RecallNumber,PredicateMode)

RecallNumber bounds the non-determinacy of a form of predi-

cate call [when building up the bottom-clause]

RecallNumber can be either (a) a number specifying the number

of successful calls to the predicate; or (b) * specifying that the

predicate has bounded non-determinacy. It is usually easiest to

specify RecallNumber as *.

ESSLLI - 2004

26



Why build a bottom clause?

• Pure top-down search can waste time constructing clauses

which cover no positive examples!

• In each Aleph search only clauses which are generalisations

of the bottom clause are constructed.

• It follows that they all cover the saturated example

ESSLLI - 2004
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The basic Aleph algorithm

1. Select example (default at random)

2. Saturate it

3. Do top-down search for ‘best’ clause

4. Remove covered positive examples

5. If there remain positive examples, go to 1

ESSLLI - 2004
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Advanced use of Aleph

• Each step of Aleph’s basic algorithm can be altered.

• Let’s just look at:

1. Noise-handling

2. Evaluation functions

3. User-defined refinement

ESSLLI - 2004
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Noise

• In real applications, we have to accept clauses which cover

negative examples.

• Use set(minacc,+Float) and/or

• set(noise,+PositiveInt)

• Default is noise-free learning

ESSLLI - 2004
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Evaluating clauses

Here’s one way to change the clause evaluation function:

:- set(evalfn,mestimate).

:- set(m,1).

This uses a Bayesian smoothed measure of accuracy to evaluate

clauses.

ESSLLI - 2004
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User-defined refinement

:- set(refine,user).

refine(false,eastbound(_)).

refine(eastbound(X),(eastbound(X):-has_car(X,_))).

refine(eastbound(X),(eastbound(X):-has_car(X,Y),short(Y))).

refine((eastbound(X):-has_car(X,Y),short(Y)),Clause):-

Clause = (eastbound(X):-has_car(X,Y),short(Y),closed(Y)).

ESSLLI - 2004
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The Aleph clause search is non-greedy

• Aleph keeps searching for a clause, until it is sure it has found

a maximally good one

• This is what can make it slow

• It is not because of some inherent slowness of ILP or Prolog

(as is commonly thought).

• set(openlist,0) effects greedy search

ESSLLI - 2004
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On background knowledge

• It is crucial (for reasonable size applications) that your back-

ground predicates are written in efficient Prolog.

• Always exploit first-argument indexing.

ESSLLI - 2004
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On the hypothesis space

• Reduce your hypothesis space as much as possible

• You can use Prolog to define it precisely

• This is good (i) computationally and (ii) statistically

• Tip: set(minpos,+V) is a good way to avoid overfitting and

can give big speed-ups.

ESSLLI - 2004
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Some recent theses

• Inductive Logic Programming for Part-of-Speech Tagging by

Martin Eineborg, Stockholm, 2002

• Relational Rule Induction for Natural Language Disambigua-

tion by Miloslav Nepil, Brno, 2003

• Acquisition automatique de lexiques sémantiques pour la recherche

d’information by Vincent Claveau, Rennes, 2003

ESSLLI - 2004
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Nepil (INDEED)

• Disambiguation grammar for Czech

• Correcting annotation errors (7000 found)

• Heavy bias: tree Horn clauses

• Enables very detailed rules to be induced.

ESSLLI - 2004
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Example rule

discard(A) :- % Rule 5: a prep. affected by the next token

focus_token(A,B), spurious_reading(B,C),

det_has_tag(C,tag(k7,_,_,_,_,_,_,Case0)), intended_reading(B,D),

det_has_tag(D,tag(k7,_,_,_,_,_,_,Case1)), Case0 \== Case1,

right_context(A,E), next_token(E,F,G),

det_has_tag(F,tag(_,_,_,_,_,_,_,Case1)),

not_has_tag(F,tag(_,_,_,_,_,_,_,Case0)),

not_has_tag(F,tag(k6,_,_,_,_,_,_,_)),

not_has_tag(F,tag(k7,_,_,_,_,_,_,_)),

not_has_tag(F,tag(k9,_,_,_,_,_,_,_)), (

det_has_tag(F,tag(_,_,_,_,_,_,_,c2)), next_token(G,H,_),

(det_has_tag(H,tag(kN,_,_,_,_,_,_,_)) ;

det_has_tag(H,tag(k4,xC,_,-,_,-,_,c4)) ; det_has_lemma(H,"pa’r") ;

det_has_lemma(H,"vi’ce") ; det_has_lemma(H,"sto") ;
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det_has_lemma(H,"tisi’c") ; det_has_lemma(H,"milion") ;

det_has_lemma(H,"miliarda") ; det_has_lemma(H,"pr^ibliz^ne^") ) ->

Case0 \== c4 ; true ).

ESSLLI - 2004

Claveau (ASARES)

• Semantically annotated data

• Identify noun-verb pairs which are semantically linked (qualia

pairs)

• Search bias θNV -subsumption

ESSLLI - 2004
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Example rules

is_qualia(A,B) :- precedes(B,A), near_verb(A,B),

infinitive(B), action_verb(B).

is_qualia(A,B) :- precedes(B,A), singular_common_noun(A),

suc(B,C), colon(C), pred(A,D), punctuation(D).

ESSLLI - 2004
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Grammar induction using ILP

James Cussens

University of York, UK

(NB joint work with Stephen Pulman, University of Oxford, UK)

1

Overview

• Chomsky from “Aspects of the Theory of Syntax”

• Inductive chart parsing

• Our grammar induction system

ESSLLI - 2004
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Grammar learning from Chomsky’s

“Aspects of the Theory of Syntax”

Given:

A hypothesis space of possible grammars G1, G2, . . .

Sentences paired with structural descriptions (s1, SD1), (s2, SD2), . . .

If your current grammar fails to parse (si, SDi) correctly, move

to the the next one that does.
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Chomsky on induction

The child who acquires a language in this way of course

knows a great deal more that he has “learned”. His

knowledge of the language, as this is determined by his

internalized grammar, goes far beyond the presented lin-

guistic data and is in no sense an “inductive generaliza-

tion” from these data.

Aspects of the Theory of Syntax
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Hypothesis formation vs hypothesis selection

• In Chomskyan accounts of learning, there is a distinction

drawn between hypothesis formation and hypothesis selec-

tion.

• Hypothesis Formation: look at data and somehow construct

a hypothesis that fits

• Hypothesis Selection: run through the hypotheses in some

order, checking each against the data, until one fits

• Is this a valid dichotomy?
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Chomsky’s “Aspects. . . ” framework

• This is a Bayesian algorithm; the ordering of the grammars

corresponds to a ranking induced by a prior distribution over

possible grammars.

• The hypothesis space G1, G2, . . . is not generated from the

data—but this is the usual case for machine learning and

Bayesian statistics . . .

• . . . which leads to the slogan “generalisation as search”
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A slight digression:

Chomsky on statistical models

1. Colorless green ideas sleep furiously

2. Furiously sleep ideas green colorless

. . . It is fair to assume that neither sentence (1) nor (2) (nor in-

deed any part of these sentences) has ever occurred in an English

discourse. Hence, in any statistical model for grammaticalness,

these sentences will be ruled out as equally ‘remote’ from En-

glish. Yet (1), though nonsensical, is grammatical, while (2) is

not. Syntactic Structures
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A riposte from Pereira

A simple aggregated bigram model

p(wi, wi+1) = p(wi)
∑

c∈C

p(wi+1|c)p(c|wi)

p(w1, . . . wn) = p(w1)
n∏

i=2

p(wi|wi−1)

Setting |C| = 16, and estimating parameters from newspaper

text Saul & Pereira got:

p(Colorless green ideas sleep furiously)

p(Furiously sleep ideas green colorless)
≈ 2 × 105
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Recap of Inductive Logic Programming

• Given B, E - both logic programs, find H, a logic program

∈ H such that

B, H ` E

• Need to stop H being ‘too strong’, e.g. H = false

Use negative examples or syntactic constraints

• Need some way of stopping H being ‘too weak’, e.g. H = E

Bias towards simplicity or syntactic constraints
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Grammar learning as ILP

• Given

– an existing unification grammar and lexicon (B)

– unparsable (unannotated) sentences (E)

• Find grammar rules and lexical items (H) such that

– B, H ` E (the sentences get parsed)

– H ∈ H (rules, lexicon are linguistically plausible)

• Have to (i) find possible Hs and (ii) evaluate them.
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CHART PARSING

0 Joe 1 sneezed 2

A chart of edges:

Id Constituent From To Containing
c1 Name 0 1 Joe
c2 V 1 2 sneezed
c3 NP 0 1 c1
c4 VP 1 2 c2
c5 S 0 2 c3, c4

The equivalent tree representation would be:

S

����

HHHH

NP

Name
Joe

VP

V
sneezed

Grammar:
S → NP VP
VP → V
NP → Name

Lexicon:
Joe: Name
sneezed: V
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Propose:
C1 from X to Y, and Rule A → C1 C2...Cn

A → C1•C2...Cn from X to Y

i.e. if there is a constituent C1 from position X to position Y,

and there is a grammar rule which builds an A from a series of

constituents beginning with a C1, then begin a new constituent,

an incomplete A, consisting just of the recognised C1, but ex-

pecting to find the remainder of the constituents. The notation

A → C1•C2...Cn is to be read as ‘something which will be an A

when we have found C2...Cn’.

C1

��� HHH

B1 ... Bn

+ rule: A → C1...Cn ⇒

A

�������

HHHHHHH

C1

��� HHH

B1... Bn

C2... Cn
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The other main rule is ‘Combine’ which combines an existing

incomplete constituent with an existing complete one.

Combine:

A → C1...•Ci...Cm from X to Y, and Ci from Y to Z

A → C1...Ci•Ci+1...Cm from X to Z

A

��������

HHHHHHHH

C1

��� HHH

B1 ... Bn

C2 ... Cn

+ C2 ⇒

A

���������������

�
�

�
�

�

@
@

@
@

@

PPPPPPPPPPPPPPP

C1

��� HHH

B1 ... Bn

C2

���
HHH

W1... Wn

C3... Cn
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INDUCTIVE CHART PARSING

S → NP VP
VP → V
V → snores
V → sees
NP → John, Mary

This grammar contains a transitive verb but has no rule for the corresponding
verb phrase. After trying to parse ‘John sees Mary’ we will have a chart that
contains (among others) the following complete and incomplete constituents,
which will give rise to the needs and hypotheses indicated:

S Need S from 1 to 4
/ \
/ VP Need VP from 2 to 4
/ Got V from 2 to 3

NP V NP Got NP from 3 to 4
| | | Hypothesise VP -> V NP

1 John 2 sees 3 Mary 4 (Hypothesise S -> NP V NP)
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Our grammar system

• Derived from a system built under the FraCaS project, March

1994.

• Very much work in progress!

• But it illustrates some general ideas nonetheless
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Grammar rules and lexical items

vp_vp_mod syn vp:[gaps=[A,B],mor=C,aux=n]==>

[vp:[gaps=[A,D],mor=C,aux=n],mod:[gaps=[D,B],of=or(s,vp),type=_]].

have syn v:[mor=or(pl,or(s1,s2)),aux=y,inv=_,

subc=[vp:[gaps=_,mor=en,aux=_]]].

have syn v:[mor=inf,aux=y,inv=_,subc=[vp:[gaps=_,mor=en,aux=_]]].

’NNP’ syn np:[mor=s3]. %for WSJ tagged data

’NNPS’ syn np:[mor=pl].

ESSLLI - 2004
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The features

mor Value is a boolean combination of morphology properties:

number, person, verb type

type Value is a boolean combination of [n,q,r]: Ordinary noun

phrases are n, wh-phrases q, and relative pronouns r

case Values in subj,nonsubj for nounphrases

aux Values in y,n on verbs and verb phrases: is the head verb

an auxiliary or not?

ESSLLI - 2004
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The features (ctd)

inv Values in y,n: is this sentence inverted?

mvt Values in y,n: is there a fronted constituent?

of Values in s,vp,nom: what is this a modifier of?

subc Value is a list of categories, representing the complements

to a verb

ESSLLI - 2004
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The gap feature

The gap feature represents movement

1 I did prepare a talk quickly.
2 What did I prepare quickly?

I did prepare what quickly?
3 What did I prepare a talk with ?

I did prepare a talk with what ?
4 What did I prepare a talk quickly with ?

I did prepare a talk quickly with what ?

1 VP[∅,∅] → VP[∅,∅] MOD[∅,∅]
2 VP[np,∅] → VP[np,∅] MOD[∅,∅]
3 VP[np,∅] → VP[np,np] MOD[np,∅]
4 VP[np,np] → VP[np,np] MOD[np,np]

ESSLLI - 2004
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Uncompiled versus compiled grammar rules

% vp_vp_mod syn vp:[gaps=[A,B],mor=C,aux=n]==>

%[vp:[gaps=[A,D],mor=C,aux=n],mod:[gaps=[D,B],of=or(s,vp),type=_]].

cmp_synrule(vp_vp_mod, vp([A,B],C,n),

[vp([A,D],C,n),mod([D,B],f(0,0,_,1),_)]).

ESSLLI - 2004
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Compiled lexical items

cmp_synword(have, v(f(0,0,0,0,_,_,1,1,1),y,_,

[vp(_,f(0,1,1,1,1,1,1,1,1),_)])).

cmp_synword(have, v(f(0,0,1,1,1,1,1,1,1),y,_,

[vp(_,f(0,1,1,1,1,1,1,1,1),_)])).

cmp_synword(’NNP’, np(_,f(0,0,0,0,0,0,0,1,1),_,_)).

cmp_synword(’NNPS’, np(_,f(0,0,0,0,1,1,1,1,1),_,_)).

ESSLLI - 2004
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Normal parsing

| ?- test.

...

[a,computer,disappeared].

(sigma:dcl):sigma:[]

s_np_vp:s:[gaps=[ng:[],ng:[]],mor=s3,type=n,inv=n]

np_det_nom:np:[gaps=[ng:[],ng:[]],mor=s3,type=n,case=subj]

lex:det:[type=n,mor=s3] a

lex:nom:[mor=s3] computer

vp_v:vp:[gaps=[ng:[],ng:[]],mor=s3,aux=n]

lex:v:[mor=s3,aux=n,inv=n,subc=[]] disappeared

...

ESSLLI - 2004
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What edges look like

edge(Id,Origin,LeftVertex,RightVertex,Category,Needed,Contents)

Some edges from: a computer disappeared

edge(1,a,0,1,det(f(0,1,1,1),f(0,0,0,0,0,0,0,1,1)), [], []).

edge(11,np_det_nom,0,1,np([A,A],f(0,0,0,0,0,0,0,1,1),f(0,1,1,1),_),

[nom(f(0,0,0,0,0,0,0,1,1))],[1]).

edge(2,np_gap,1,1,np([np([ng,ng],A,B,nonsubj),ng],A,B,nonsubj),[],[]).

edge(3,mod_gap,1,1,mod([mod([ng,ng],A,_),ng],A,_),[],[]).

edge(20,sigma:dcl,0,3,sigma,[],[18]).

ESSLLI - 2004
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Generating naive rules from a failed parse in a unification

grammar

0 All 1 big 2 companies 3 wrote 4 a 5 report 6 quickly 7

%need(Sent,Cat,From,To).

need(1, vp([ng,ng], f(0,0,0,0,1,1,1,1,1),A, 3, 7).

%edge(Sent,Id,Origin,From,To,Cat,..)

edge(1, 39, vp_v_np, 3, 6, vp([X,X],f(0,0,0,0,B,C,D,1,1),n),[],..).

edge(1, 19, quickly, 6, 7, mod([Y,Y],f(0,0,0,1),f(0,1,1,1)),[],..).

cmp_synrule(r0,vp([ng,ng],f(0,0,0,0,1,1,1,1,1),A),

vp([X,X],f(0,0,0,0,B,C,D,1,1),n),mod([Y,Y],f(0,0,0,1),f(0,1,1,1))).

ESSLLI - 2004
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Being less naive . . .

• The naive approach of matching needed edges to actual

edges produces too many rules.

• We therefore effect constraints on the naive rules.

• Only those that meet the constraints get stored.

ESSLLI - 2004
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Linguistic knowledge: Head-feature constraints

• “prepared” is the head of the verb phrase “prepared a talk

quickly”

• “man” is the head of the noun phrase “the man who I saw

standing in the bus which was on its way to the street down

by the lake which is usually frozen in winter, but was not this

year”

• We dictate that a phrase has the same (non-gap) features

as its head; so this rule would be rejected:

vp:[gaps=[ng,ng],mor=pl,aux=n] ==> [vp:[gaps=[ng,ng],mor=inf,aux=n],

mod:[gaps=[ng,ng],of=vp,type=n]]
ESSLLI - 2004
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Linguistic knowledge: Gap-threading

The gaps also must be threaded properly . . .

ESSLLI - 2004
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Specialising and filtering with linguistic knowledge
Naive rule:

cmp_synrule(r0,

vp([ng,ng],f(0,0,0,0,1,1,1,1,1),A),

vp([X,X],f(0,0,0,0,B,C,D,1,1),n),

mod([Y,Y],f(0,0,0,1),f(0,1,1,1))).

specialise (with gap threading constraints) to:

cmp_synrule(r0,

vp([ng,ng],f(0,0,0,0,1,1,1,1,1),A),

vp([ng,ng],f(0,0,0,0,B,C,D,1,1),n),

mod([ng,ng],f(0,0,0,1),f(0,1,1,1))).

If we can’t specialise to meet constraints then the rule is thrown
out.
ESSLLI - 2004
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Linguistic knowledge: Whatever!

• If you can express your linguistics constraints in Prolog, then

it is easy to effect them.

• For example, we have been experimenting with enforcing X-

bar schemas on our rules.

• Plenty of WSJ sentences don’t satisfy (our) X-bar constraints.

ESSLLI - 2004
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Least general generalisation

%Covers [all,big,companies,wrote,a,report,quickly]

vp:[gaps=[ng,ng],mor=pl,aux=n] ==> [vp:[gaps=[ng,ng],mor=pl,aux=n],

mod:[gaps=[ng,ng],of=vp,type=n]]

%Covers [what,dont,all,big,companies,read,with,a,machine]

vp:[gaps=[np,ng],mor=inf,aux=n] ==> [vp:[gaps=[np,ng],mor=inf,aux=n],

mod:[gaps=[ng,ng],of=or(nom,vp),type=n]]

lgg is:

vp:[gaps=[A,ng:[]],mor=or(inf,pl),aux=n] ==>

[vp:[gaps=[A,ng:[]],mor=or(inf,pl),aux=n],

mod:[gaps=[ng:[],ng:[]],of=or(nom,vp),type=n]]

lgg carried out on unit clauses so no blow-up.
ESSLLI - 2004
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Using the WSJ tagged corpus

17673 sentences like:

[’Atone’/’VB’]. %1

[’Terms’/’NNS’,’were’/’VBD’,’n\’t’/’RB’,’disclosed’/’VBN’]. %5

[’Champagne’/’NN’,’and’/’CC’,’dessert’/’NN’,’followed’/’VBD’]. %5

645 non-sentences lacking a verb previously eliminated.

Punctuation is ignored.
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Mapping tags to lexical items

% 19939 Verb, gerund or present participle

’VBG’ syn v:[mor=ing,aux=_,inv=n].

% 27119 Verb, past participle

’VBN’ syn v:[mor=en,aux=y,inv=n].

% 128 Interjection (no equivalent)

’UH’ syn unk:[].

% 3156 Wh-pronoun

’WP’ syn np:[gaps=[A,A],mor=or(pl,s3),type=or(r,q),case=_].

ESSLLI - 2004
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Before rule induction

• We have an initial grammar that only parses 62 of the 750

tagged WSJ sentences.

• But it also overgenerates, producing parses for him will every

client read and kim will every client read

ESSLLI - 2004
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Some induced rules

r1604 np:[gaps=[A,A],mor=or(pl,s3),type=or(n,q),case=_] ===>

nom:[mor=or(pl,s3)] Covers: 56 sentences

r5692 vp([A,B],f(0,0,C,D,E,F,G,1,1),H) ===>

vp([A,B],f(0,0,C,D,E,F,G,1,1),H)

nom(f(0,0,0,0,I,I,I,1,1)) Covers: 23 sentences:

ESSLLI - 2004
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Over-generalising

Our np ==> [nom] rule allows us to parse:

Dogs bark

School is no fun

but also Man bites dog

Is this a sentence? a WSJ sentence?

ESSLLI - 2004
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Controlling over-generalising

• Grammar learning is apparently hard due to a lack of negative

examples; so apparently there’s no barrier to over-generation.

• My plan is to evaluate over-generation by the number of

extra parses a candidate rule generates (on a some validation

corpus).

• np ==> [nom] generates no extra parses for my current vali-

dation corpus.

• s ==> [np,vp] rule generated 111 + 306 = 417 parses

ESSLLI - 2004
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Current strategy

• Start with the shorter sentences

• Inspect induced rules, and covered/uncovered sentences to

track down problems.

• Improve validation corpus. Improve parser

• Think about punctuation

• Code for comparing fracas parse trees with WSJ parse trees

ESSLLI - 2004
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The grand plan

• The initial motivation for using ILP was to incorporate se-

mantic constraints.

• Current fracas constraints implemented by Prolog hacks (e.g.

beta-reduction)

• Plan: replace with cleaner variable-free semantics

• Use type inference to effect semantic constraints.

ESSLLI - 2004
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    append(_,[a,t,a],Word), !.
number(Word,plural):-

number(Word,singular):-
    append(_,[s,s],Word), !.

    append(_,[s],Word), !.
number(Word,plural):-
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- consonants, vowels, 
semivowels, diphthongs;
- morphemes: lexical vs
surface level

No annotationSegmentation

No annotationSegmentation

No annotationSegmentation

No annotationSegmentation

Words annotated with
lex. level morphemes
and categories

2L framework for 
Romance languages

Language L
(Word,Cat) in

- 2L morphology rules
of language L

CONCEPT
LANGUAGE

palatalisation, nasal
- specific rules: vowel raising,

and rules

tool T for language L

Conjugation / 
declension rules

No annotationSegmentation

SegmentationP
R

E
F

E
R

E
N

C
E

 B
IA

S

Segmentation and
lexical level morphemes

No annotationMorphosyntactic
categories

Two-level morphology Two-level morphology

More annotation No annotation

?

segmentation
Deligne’s text

Harris

NTM

Brent et al.

strings

Some annotation
- segmentation or
- morphosyntactic
    categories, etc.

DATA LANGUAGE
TRAINING

Words

Words

Slovene nominal
English Past Tense,

paradigms

Implementation of

Abstract machines

Basic linguistic concepts

Relations between

- 2L morphology: finite state
transducers, rule templates

Rule templates

Segmentation (Harris)

morphosynt. cat.
Pronunciation or

- append, prefix, suffix

analogy
de Saussure’s

assimilation

Words

Two-level morphology
of French, Spanish,
Italian...

Segmentation rules

Segmentation (NTM)

* incomplete/inconsistent
* complete/accurate

C1

C2

C3

C4

O2

additional use of
- segmentation or
- morphosyntactic
    categories or
- lex. level morphemes

O3 O1



�����������
	��
�������
����������������������� ��!#"��$�
�%!��&�'�
�("��
)�*,+��%��-����.	��$�&��!/)����%�&���%�&	��$�&�%�����%!���+
�#!���+
-�!��0�%!/)1)��
��)���	����2�
�3�%4��&�
�$!#�5��6879�/�%��:;�%4��<!����$��+��$���%!��
�=�
�>�����@?A!B�$4C�
���%4������2�D���
-����%-�	E�&�%�,!/�0�5�F���&�
�%��!���+G!��H�14,I,"��%!/�J�D�����
��?K�
�$*<?L��-����F!#��)��%�5�
�%�(�$4��2�
"�!��#!#��IM���N���O�
�%�<�#�5���$�F�D�$�
�P!��2	Q�R�
�&�%!/�%4��&�F���R�$�<)S�����$��!���!���+���!#�0�%���
�
�T���J���������$���%!��
�U6WVX4��2���&?A�#I
!#���%�$����-�)��&�<�$��Y��
������I��
�8�#�5���$��!#��+G��	�	��$����)�4��&�K�$�G�
�
�$	�4����#��+
I����5�%)��%!�"Q�&�Z�G�[�
�%!��S��I
�������
�%*��K�%4����94��[�
�\�����A"Q���&�J�������$�&�$�0�5�GI��S�&:E�����<)S��-����<�%���$�
�T�
�A���<!����0	�!#���R�$!#�����D���
�D-��%-��$�]�$�&�%�&����)�4�!��1�%4��T^��&���U6

_a`�b>c%`�dfeNg�hji>kLl

79����?L���0�$4U:�mZ6En0o&p
p�o5qS6E�r���%�$����-�)S�%!��
�2�%����?L�
st����������	�4������
���
+�I
6Wu�v�wyxSz\vR{G|j}~{,����}/z�wt}���z�:
�
� :�	�	�6��R��o&��6

� �&�����&�&: � 6���6�n�o&p�p��
q�6 |���w�}~{��Ex�������{&�Ax���w�}�v�{�6 �9��!#�������0!#��I������>�[?K�
!�� !t:
4��0�$	U� �
�[?A?A?Z¡�6 4E�[?K�
!#!t6 �5��-Q��¢>"E�&�������S�R�O�R�$!#� £8���$"U6 4��$�2�t6

� ����)�*
�&���t:���6Un�o&p�p��,q�6O7Z	�	���!�)&�R�$!#�������;!#�E��-�)��$!#���T�#��+
!/)9	��$�
+��$�
�2�
!���+]�$�2�E�R�%-��$�
�Q�/����s
+�-���+��1	��$��)S�5�%�%!#��+�6�¤F�����$���5¥ �2�$4��&�%!��&:N¦]���%4����#!���*��J�Z��!��
�����%!B�$��!#���U��-��
����: � �&�Bs
+�!#-��J6

� �$�����5:,¤=6#:��U-�����"Q���$+�:�7(6�:�§¨¤M-��%�%4,I
:�©�6Un0o&p�p�ª
qS6�«>!��$)S�R�����$!#��+��2���%	�4����
!/)Z�%-�¬
Y,�5���
7­)����0���0�%-E��Ia!#�C�
!#��!���-��®���&�$)S�$!�	��%!��
�=������+��%4¯!#����-�)��$!#���U6a�r��°K�$v&�5±>v0²�wD³�x
´ } ²�wD³G��{Ewyx���{Q��w�}�v�{Q��µZ¶MvR�%·Rz0³�v$¸¯vR{M¹>��w�} ºK�S}���µE��{Ewyx�µ~µ }B��xS{��$x
��{Q»
¼Qwy��w�}/z�wt}���z�6

� �$!��#�t:�mZ6Wn�o&p�p��,q�6�©,���2�T�
���[�
��)S�5�N!��G�$�$�
���0�D�
�$�
���%!��
��sy"����0�5�3	E���%�L���;�0	Q���5)�4'�$�
+
+
!���+E6
�r�F°K�%v5�&±Nv�²]wD³�xJ½�¾NxSµ ²�wD³1u��Rwt}�vR{��Rµf¿fv�{&²Sx��%xS{���x2v�{J¹>��wt} ºL��}��RµE�S{�wrxSµ~µB}B��x�{Q��x�:�	�	U6
�R���[����ª
À�6�7>79�X�f�$�&�$����¤M��V��N�%�5�%�&6

Á ����!BÂj:�¤a6�mZ6#:�§¨¤F��������I�:�Ã]6�ÄE6Un�o&p�p
Å�q�6j7Z���R��������+
�5�K���;���&)S!/�%!#���1��!��0�$�A�
���1!#�
	���!�)�!B�
���&+����%!��
�&�K!��M!#�E��-�)��$!#���]�#��+
!/)\	��%��+
�����
�
!#��+�6fVO�&)�4U6��$��	�6#:��Z��!��
�����%!B��IG�
�jVO�SY����
���A7Z-��0�%!��U6

Á 4��
�'�%*�I�:WÆ(6�:�§Ç�Z�������
:W¤a68n�o5p
Å
��q�6È½�³�x'¼�vR��{�»G°A�RwtwrxS��{=v�²(ÉK{,��µB}/z0³�63�>���$	E�&�\�
���
ÃA�R?]:�ÆZ��?ËÊf�
�$*Q6

Á -��%�%���E��:,Ä�6Qn�o5p
p��
q�6U�8�
�0�%st�
�~sy�%	E�&�&)�43�$�
+
+
!���+(-E�0!���+��N�%��+
�
�t6��r�<°K�%v5�5±Ov0²ZwD³�x\¼WxSÌRx�{�wD³
�S{�wrxS��{��Rwt}�vR{Q��µ9¶MvR�%·Rz0³�v$¸¯vR{J��{Q»����Swt}~ÌRx\|Ov%�
}��]°K�%v$���$�RÍ2Í3}~{,��:�	�	U6�p
ÀR�Qo5Î
��6

���<©��
-��$�0-��$�
:;ÏK6Xn0o&p�o&Å�qS6Ð¿fvR����z�xJ}~{ÒÑAx�{Qx��%��µf|8}~{��
��}/z�w�}��SzHn�o5p�ª
pJ�&��!#�%!��
�EqS6Ó�N4�!��#�
s
�%�
	�4�!�)&���W�U!�"������$I
:�Æ9�&?�Êf���%*�6

«Z�&�#!�+
����:L©�69n0o&p
p�Å�qS6ËÔÈv5»8Õx�µ#x�zH»�xJzjÖx5×S��x�{Q��xSzM»�xMµ#v�{��
��xS����zJÌ[����}��
��µ#xSzSØ>¹L¸
¸�µ }����Rwt}�vR{
���Fw��$�R}~wrxSÍ'xS{EwX»��Fµ#��{�������x�Öx&����}~wZx�wA»�x3µ#�(¸����%vRµ#x�6Z�N4U6 «36��$4��&�%!/��:�mNÆ\©�VÙ�8���$!��&:
Ï��$�
��)S��6

«3ÚÛ ���$���%*,!�:�©�6�:�§@mf��Ü0�[�
�5)�:�VT6Un�o&p�p��
q�6;�r����-�)S�%!��
�<���j©��#�R�������>���
�
!������W	��
�$����!�+
�'��6O�r�
°K�$v&�5±jv�²\w~³�x\¼�x�ÌRxS{Ew~³
�S{�wrxS��{��Rwt}�vR{Q��µX¶Jv��%·[z%³�v�¸av�{���{Q»����Swt}~ÌRx>|Ov%�
}��>°K�$v%�
�%�RÍ2Ý
Í2}~{��
:�	�	U6�o���oS�Qo&���(�N�$�
+
-���: Á Û �&)�4JÃA��	�-�"���!�)
6E©,	��$!#��+
���56

Ï����
��!��U: � 6�n0o&p�p���qS6U�f¥ ��	�	��%��)�4��
Þ�����&-�YG��!��
�&�
-�Y'���1�2���%	�4��
���
+�!#�Z)��
�
	�-����R�$!#�������������
���2���&�'�Kß���
�&�#��	��
�����$����ß�&)S�&���$�2���1�/�Ó�
�
�$	�4��
���
+�!#��6@½��%��}~wyx�Í'xS{Ew3�R��wrvRÍ'�Rwt}�×S��x
»�x�z]µ#��{��
��x�z�: ��� nt¡
q�:Qp[�,����6

�Z���$�$!��&:�à;6E©�6�n0o&p�ª
ª
qS6;Ï��%���á	�4��������
�T�$�2�
���%	�4����
�
6L|O�R{,�����&��x�: ��â n�¡�q�6
¦]��	��/���U:�Ã]6�¤a6�:,§�¦]�[I�:�¤a6�n�o5p
p
��q�6UÃ9��+
-����
�N�
�������/�K���U	�4������
���
+�!�)&�����$-����>�%I����$���'��6

¿fvRÍZ¸Q��wr�Rwt}�vR{��RµW|j}~{��
��}/z�w�}��Sz�:Uã�äOn�À�q�:QÀ
À�oS�,À,�Rp�6



�����������
	���
����������������������� �!#"�$%	�&'��")(+*,")��$-�.&/�.01��23���)4 5,	6"879��$-!.:.��*/��06;=<3&,>%:?06"@�."@>%&'A
��*,06��$-&B>-:.78�@�DCE�F
G��"�*,"�78�������
HI�,��J��D�%AK:��MLN�/��OPHQ"@& RE>%"�$-����LN�.�TSU(.���V�W�YX1Z
[%\
]�^�Z-_
`�Z
aEbW]cZedfag^�bFhGikjmlon#jmlqpob@a1X1Z
[%\
]�^�Z-_rZ
p+h�s�_otg[WtvuKw
xUlyb-w�[Wp�tgp�z{Z�d|`|w�aT}~[%w�x
lyw
p�z�}�w�z6b���[%Z)uKbW]K]WtgpDz���w
]%\M]W�.!.!������D�)�o�6�)�|��$K��0� �"��.���@"�AK:1�3"�!. .�.*/&'A��

�����������
	��Y
|���e�)���6�6�W������7��.&/�.&,��0����������=����(�H{�6$-(���"�>c2���$8>-:."�*/"���$%�.&/�.0+��2��y�
!���$-�%"@$K�N<3&,>%:���!~>-&,78��*��%"@78���D>-&/A�A��6���e>-$-��&,�D>K�@�QCE��
���@"�$%�D����&��k���/�YO �k*/�6AK:��k�q�
�TSU(.��� ���
�¡[%Z�u)¢oZedN��^.b�`Ntgp�a�^�£Wp�aEb@[Wpow
a�tvZ
p�w
xqX1Z
[%\
]�^�Z-_¤Z�p|£Wp�¥
}�u@aTtg¦
bUlyZ%z�tvu���[-Z
§
z�[%w
sFsFtgpDz��.!.!�����¨6�
�o�)�.��J�*,")(©�#��*/�
	�"��.&'�.�.��!.$-&,��0�"@$%ª¬«Y"@$-*/��0��

�����������
	��#
��/��O®­=��������(.:���$)�������e�)����¯D�W�FL°:�;��.$-&/(Q��!�!.$%�D��AK:1>-�¤<��6$-(=�%"@0679"@�D>-��ª
>-&,�6���NCE���Y��0�"6�#
����vS�(©� ���y��[%Z)u�¢3Z�dFag^�b|h�tBzM^�a�^=£Wp#a¬b@[Wpow�aTtvZ�pow�x3iYZ�p�d�b@[%b@pouKbcZ�p
£�po¥
}�u@a�tg¦Mb�lyZ-z�tvu���[%Z-z�[-w
sFs�tgp�z��~!.!��o�M���M�o��±�¨N­=��(.&/�%�����DHP&'�%A@�����%&,���~�~!.$%&/�.06"@$%ª
«Y"�$%*'��0#�

�����������
	��M
|�/�6­=�������#(~:���$)�����/�6OrS�$TR��M	�"�A���²����e�)���6�6�W�#��"���$%��&,�.0�<���$K(��%"@0679"@�D>-��>%&/���
$- .*/"��¡2��6$�>-��08!.$-"�(~&'AW>-&,�6���¡CE��
���@"@$-�6�%��&T���©�,�oO³�k*'��AK:��o�q�y�TSU(.��� ������[-Z�u)¢UZ�d���^.b
`Ntgp�a�^f£Wp#a¬b@[Wpow�aTtvZ�pow�x�X1Z
[%\
]�^�Z-_�Z
p¤£Wp�¥
}�u@aTtg¦
b�l�Z-z�tvu���[-Z%z�[%w
sFsFtgpDz���!.!��y�)�6�)�
�)´.��J�*/"�(�����*,�
	6"@�.&'�.���~!.$%&/�.06"@$%ª�«Y"�$%*'��0#�

��:������~�9�/�.­1 .060�*/"�>%�6���.���/�.Oµ�Y��$K�%�����������e�)���6¯6�W�k�3"@!o"���>3*,")��$-�.&,��0� ��%&/�.09!.$%")(~&'A@�
>-"
&/��	�"@�D>-&,�6���MCE�N�Y��0�"6��
|�D�vS�(©� ���M��[-Z�u)¢�Z�d�a�^.b�h�tBzM^�a�^�£Wp#a¬b@[Wpow�aTtvZ�pow
xkX1Z
[%\
]�^�Z-_�Z�p
£�po¥
}�u@a�tg¦Mb�lyZ-z�tvu���[%Z-z�[-w
sFs�tgp�z��~!.!��o�)´6�M�o�M�
¨N­=��(.&/�%�����DHP&'�%A@�����%&,���~�~!.$%&/�.06"@$%ª
«Y"�$%*'��0#�

���6�%��"@���.&,"�79&T�M�9�D�����6¯�±6���Y��¶UZ�§Ex,b�¦
b@x.s9Z�[�_.^�Z
x,Z-z�·�¸o¹°º�b�p�b�[%w�x©i�Z
s�_o}~aEw
a�tvZ
pow�x~j�Z�¥6b�x
d�Z�[1X¤Z�[%¥
§T»yZ
[Ws½¼�bKuKZ%z�p�tga�tvZ
p{w�po¥F��[%Z)¥
}�u@aTtvZ�p��Y���.&/	�"�$-�%&,>e;8��2k¾�"@*'��&/�.��&��.
�"�!~>��
��2q¿G"@��"@$K��*���&/�.06 .&/��>%&'A@���.�k&,��*/����(©�

�����#A�"@*/��>)�~�À�/��OIL�$-���� .*'(©��LN�©�e�)´�´6�6�W�3º¡[%w�s�s8w
tg[-b�z3Áb@pNÁb@[%w�x,b|b@aY[%w
t']@Z�p�pNÁb)b8Âe¥6b��3Z
[Wa�§
¼ÀZ
·�w
x Ãc�e���6´D��2v��A���&/79&,*/"�"�(~&,>%&/���#���U²¡:."N�~A@��*'��$���$-"��-����­="@����>%�6���.S��.06*/����(©�

���M	�$-���A��
�|�,�DOr
���@"�$%�D����&������#�����6��¨D���o£�po¥
}�u@a�tg¦Mb3lyZ%z�tvu���[%Z-z�[-w
sFs�tgp�z=��bKuK^�p�tvÄ@}�b�]Àw
po¥
¹�_�_oxBtvu-w�aTtvZ�p.]W�USU*,*/&/�3¾���$-<����~(©�#��:.&'AK:.")�e>-"@$)�

��&/�.0����À��Å|�©�e�)����¨D�W�y��"���$%��&,�.0N>%:."�!��6�e>�>%"@�#��"G��2ySU�.0�*/&'��:f	6"@$-����ÆD²¡:."��%;D7��#�6*,&'A�!#�
>�ª
>-"@$-�c���-���~A@&/��>%&/��$�	~���DA@���.�.")AW>-&,�6�.&/��>�79�~(~"�*/���UÇ~Z
}~[Wp�w
x©Zed�¹À[WaTt È�u�tvw�x.£Wp�aEb@xgxÉtBz6b@pouKb
¼ÀbW]@bKw
[%uK^��kÊ
�#�����M�.�����.�

��&/�.0��y�À��Å��,�yOË­=��$%&/�.�
	��©­+�U�e�)���6±6�W�9L��#��<�"@$-&,��0c>-:."fA��6�.�."�A�>%&/���.&'��>�AK:#��*/*,"��.0�"6Æ�L
�%;�7|�o��*/&/A�79�~(~"@*���2À*/"���$%�.&/�.0Q>%:�"1!�����>9>%"@�#��"1��2GS���0�*/&/�%:�	6"@$-�����³i�Z-z�p#tgaTtvZ�p��
Ì#Í �T±6�W����±D�)�~�������

­=��A@HP:.&,���."@;6��JG�/��OÎ��"�&,�����6AK:��©Ï��Y�e�)�����)�W��CE79!.*/"@79"@�D>K�
>%&/���#�G��$%"��.��>�A��6��A�"�!~>% #��*,ª
&/����>%&/������Æ.�3"@	�&'��&/�.0F>%:�"�	�"@$-�c79�~(~"�*T��i�Z-z�p#tgaTtvZ�p�� ÌoÐ �����.���~����´.�

­=��������(~:���$����©�,��
F���"@$-�6�%�D&��~���,�#O°SU$vR��M	6"�A���²����������6¯6���q��"���$%�.&/�.09­1 .*,>%&/*,&/�.06 ���*�­=��$%ª
!.:���*/��0�;�<3&B>-:����kÑ�¿F�©CE�f�Y��0�"6��
|���vS�(©�V�W�.��[%Z)u�¢kZed8��^.b�h�tBzM^�a�^8£�p�aEb�[Wp�w
a�tvZ
pow�x
i�Z
p)d�b�[-b�p�u-bcZ
p�£Wp�¥
}�u@aTtg¦
b|lyZ%z�tvu|��[-Z%z�[%w
sFsFtgpDz��©!.!��q��±D�)�o��¨�¨8­=�6(~&/�%�����#HP&'�eª
A@�����%&,���

­=�
>%>%:."�<��@���q��¾|���e�)�D�M¨��W�mj�Z
[�_.^�Z
x,Z-z�·�¸Àw�p{£Wp#aT[%Z)¥
}�u@a�tvZ
p?aEZ¤a�^.b{��^�b-Z�[W·{Zed�X1Z
[-¥
§
Ò aT[W}�u@aT}~[-b9�v�k&,$K��>¡")(~&,>%&/���#��������7��.$%&'(~06"G���.&,	6"@$K��&,>e;c�U$%")�%���

­=�
>%>%:."�<��@�.�q�.¾|���e���6�D���W�N�o^�bfi�Z�pou@t']�bmÓ�Ô-d�Z
[%¥|ÕNtvu@aTtvZ�pow�[W·cZedÀlYtgpDz�}~t']Ka�tvu�]K�UÑ�Ö�2���$K(
���.&,	6"@$K��&,>e;f��$-"��-���

­1&,��:."�"@	��
LN�~�e�)�������W��L� .>%��78��>%&'AU$- .*/"�&/��(~ �A�>%&/���|2���$k .�.���.�
<3�|<���$K(�06 ."��-��&/�.0#��i�Z
sF§
_�}~a¬w�aTtvZ�pow
x�lqtgpDz�}~t']WaTtvu�]W��×6Øk�v±D�W�#¨6�6�M�D¨���±.�

­1&B>KAK:."@*/*���²���­+����������������j�w6u-^~tgpobNlyb-w�[Wp�tgp�z���­=A)¿G$-�M<¡ªE¾�&/*/*T�~��"�<ÚÙ��6$%���



���������	��
���
���
�
�������������
���
�� 
"!$#&%�%('()*
�+,�.-�/.0*12���(�3��465�72891$:���7;-<�=7>-<�&0?�@89�����3���@8$1;8=A
�6�&89/.�B1;8C�(�D���	��7E������FG1EH��JI.��891K1E�=��89�L��4��M��F(���@89HDN��=72O.8	
QP�R�S<T*UWV�X�R9Y>ZCT*[]\ ^�_?\`V�X
a?U.[,b?XcXd\Befb=UW_;bCgCb*h=b;ViT2_2j<
lk�
m#?:<n�o.


��/�F�F(���=1E�(�m
�pq
�!$#&%�%(r()*
�sC-<Ni���.0=�	8����L+$tluD1EH��	��72�v���.-w��xJI.���	xJ�	�f12�i12���(�.8	
�+,�Ju���F��(
��C

!]�y-z
{)*
�|�TER&_	}qR9Y�~qj.b���\Be�j�[�j>a?U.[,b?T*UqVi[�\`RiUWV�X���R�TE��hEj�R;��R�Uva*UW��S._?[�\c�ib���REe�\`_�|�T2Ri�
e�TEVi�J�J\cUfe�
fIl
�%w����-���8E���m
f���@8E0=���.8E���l
�p�I.7E����F��	79�����=72�@��F.
zs�O.8$1272�(0*1���4l�(�=������12�
I�72�	8E�=�f1;�i1E�����l


��/�F�F(���=1E�(�m
.pq
�
.���"�����m
.��
l!$#&%�%�%f)*
�s ��������F��@0=���qI�7E�&-<�@0*1E�����l
�+,��|"TER	_&}�R$Y>[cj.bC�>\cU.[�j
a?U.[,b?T*UqVi[�\`RiUWV�X>��RiTE�ih9j.R2��RiU�a*UW��S._?[�\c�ibw��REe�\`_Q|�TER2e�TEV��w�J\cUfe������	-m
�p����iN��=�.���.

p�I.7E����F��	79�����=72�@��F.


uM��7E�	�����]
f�v
z!9#	%�%(�()?
��DRiT���j.RiX�R2e��� �ZCUWV�X�R2e���ViUq�w�DV�_;j�\cUWb�~�TEViU.h;X�Vi[�\`RiU.
�uMHl
 ¡w
f1EH��&89�@8=

p<���B4��(72-£¢ ����N��	728E��1$��
�¢�¤L


¥ /����.�����m
W��
��>
�!9#	%�%�of)?
 u���891 1E�	�.89�&8 ��4MN��=72O.8C���.-¦5.7;8919����7;-<�=7 ���	��7E�.����F�
 +,��¡C�=OW�=�<�
H.��x�
���
�
���tm/.���(8E��
�¡w
l!`��-�8=
{)*
�|"TER	_;b;b;�i\cU�eih>R$Y§[�j�b>¨qb=��b=U.[�j�ZCS�h*[�TEViXd\`V�U�P<Ri\cU.[
© RiU&Y?b?T2b?Uq_2b�R�U3ZCT*[]\ ^�_?\`V�X�a?U.[,b?XcXd\Befb=UW_;b?
�I.Im
�#&��:�n�ª�p�����F(��I��(7E�(
l�«��72��-¬p<0?���=�<�
12�B5�0�


¥ /����.�����m
=��
�!$#&%�%�ªf)*
itm�&��72������F"���(F��@0=����-��?5.����1E������8z4�72��x�72�=�@�i12���(�.8	
(�DV(_2j<\cUWby��b;ViT*U.\cU�e�

­ 
�n��(%�:<n�®�®.


�6/�xL�=��H.��7E1	
�¡v
"� 
�
��¯��0������	���@����-z
���
C!9#	%�r(®()?
°|6V�TEViXcX�b?X6±>\@h*[�T*\`²?S<[,b;�³|�T2R	_;b?h2h*\cU�e�

���(�]
�+9+*
�0;H���Im
z´C��tm�	��7E�.����FL12H��vu��(8$1�µ��=�.8E�>��4��y��F����@89H����	7EO.8	
.I.Im
Wn�#	®�:�n(¶<#�

��+$µ·uM72�	828=
.����xvO�72��-�F���
��Ds>


p�H.���.�����m
��C
���
�
<���³�&��N��=7&
f�°
m!$#	%(®��f)*
§~qj.b��DVi[�j�b=�QVi[�\`_2V�X"~qj�b;R�T*�£R$Y © Ri�J�JS<U.\c�
_;Vi[�\`RiU�
M¢ ����N��	728E��1$����4�+,�������.���@86uM72�	828=
�¢�7EO.���.��


p�H����=OW�=7&
�pq
�!9#	%(r�®()?
¸ZCU¹\cU�[]TER&�iS._=[�\`RiU�[,R�S<U�\ ^�_;Vi[�\`RiU��9²;V�h=b;�3V2�(�WTER&V�_;j�b?hD[,RDe�TEVi�J�
�QViT*
�º ��
�oJ�����"p<tm+�tm�	0?1E/�72�§º ��12�	8	
����=�f1E�	7�4���7"1EH.��p�1E/.-<�G��4�t�����F(/.��F(�C���.-
+,�<4��(7ExQ��1E�����m
.pf1;���<4��(72-m
���s>


N����³-<�	�³���(820;Hm
Ws>
M!$#&%�%�¶�)*
>��b2V�T*U.\cU�e¦[�R�|�T2RiUWR�S<UW_;b��¦T*\c[][,b=U¸��RiT2��h=»ls¼pf12/.-<�����
+,�.-�/.0*12��N(�Ctl����F�/���F��Ctm�	��7E�.����F�
zuMHm
 ¡v
f12H��	8E��8	
�¢ ����N��	728E�B1$�L��4l�����(8$127E�@0;Hf1	
(µ"H.�
º��?1EH.�=72�����.-�8	


N����>-<�=�>���f8E0;Hm
	s>
�
	¡K���=���=xQ���.8=
	�°
�
&�½�³�	� ¾,12�=7;8=
&µ§
(!$#&%�%(®()*
�����72I�H�������F(��0	���i����������8E�@8
�(8�0?�@��8289��5�0=��1E�����mA����L���.-�/.0*12��N(� ���&��72������F���I�I�72�(�(0;Hm
�+,�£´�¿���À=�	7	
�¤L
�
��Áp���xL�=7;8	

Âv
l!`��-�8=
{)*
�|"TER	_&}MR9Y��vb?�£�MV	|"�,Ã�
.I.Im
W¶i%i:�r(%vs �.����72�.
�µl/.7E�(�=��


ÄCN��(�m
�Å�
l!$#&%�%(®��()?
�u��	728E�������q0?��xLxw/����@0=�i12���(�m

ÄCN��(�m
LÅ�
�!9#	%�%(®�O�)?
Æ|�T2RiUWR�UW_;b=T���V�T¸V�UWViX�REe�\`b	»D�QRi[�\c��V�[]\`R�U�h; JY?R�T*�LV�Xd\@h=Vi[�\`RiU�h°b?[

Çb=��V�XdS.Vi[�\`RiU.h;
�uMHm
 ¡w
�1EH��&89�@8=
��yºCp�µ·u���7E�@8=
�Å�7;����0?��

ÈW�=�����(
l��
l��
�
l�É���f�(���=�(
m��
���
M!$#&%�%(�()*
�tl�	��7E������F�8E�=xQ���f1E�@0JF�7;��xLxQ��7;8KÊ6�B12H�0?�����

891E72/.0*12��N(�£���.-</�0*1E��N�������F(��0£I�72��F�7;��xLxL����F.
�+,��|�TER&_;b;b2��\cUfe�h�R9Y�Z�Z�Z�a*�$Ë(k�
�I�Im

r.#�¶	:<r(n(n<
(sCs +"uM72�	828;Ì���+$µ¹uy7E�&8E8	




���������
	���	
��������������	
��� �������! #"%$����%"'&
 )(* +�,�-	���	
�
��$.(0/ 12�,��34 +��3%5%�6"'&87%9:"��
�;��<.=> ?�@��	A"'�
B

���A	
3C"'�����
	A"'3

D?EGFHEJILKNM?O,K�P�KNQSRUT

VXWZY\[^]`_bacY\dfe�g�hjikg�_blnmSoX]Lacp\Y\WZq
dbgrWsm�ikg�_bl,i+tvuLw,x
y#yvmSV{z
|S}�~N}6|S���U�N�r���f�N���
|k��}U�����r| m

�����!�Zg��,]#���
qr]r�S�U�^�r�C���^�
�^�r� �c�^�����N����|k��}U�����r| �^� |S}�~N}6|S�r� �

�����L L¡£¢�¤� r¥,¦ �S]§_b]¨Y\a©���ZY\a�dbg�_ceªg
hk_b]Lac]L�
_b«¬�:h­gU«§®Zacac]6¯>grW>pJ]L�
_bWZY\WSqAg�hkac�ZY°h±dc²
_b]6¯�®Z«L]ª�Z�
_bac]§_ba�hG_bg��³a�e�WUd¬��«`dbYJ«L��p\p°e*��WSWZg�d¬�£db]6¯�«Lg
_b�ng�_¬��´Ueµdb�S]¶�,]6��WSa�g�h
���
«`�SYJWS]¨p\]6�£_bWZY\WZq�db]L«`�SWZYJ·U®Z]LaX´���ac]L¯>g�W¸p\grq�YJ«�¹ ¦ �S]¨�S_b]§ac]LWZ«L]¨g�h'p\]§º�Y\«6�
pkac]§²
���
WNdbY\«»d¬��qra�Y\W+db�Z]Cdc_b]L]L´Z��WZl©�Z��aj��_bg£[^]6¯+®Zac]§hG®Zp^h­g
_�db�Z]kpJ]L�
_bWZY\WSqXg�hZac]L����WUdbY\«
«Lg�WZa�dc_¬�
YJWUdba©p\Y\�,Y°dbYJWSq�db�S]¼���,g�®ZWUd#g
h'WSgrW�¯�]§db]§_b�,Y\WZY\ac�½Y\W>db�S]¨���£_bac]§_baL¹ ¦ �Z]
q
_¬��Y\W*g�h©db�Z]¶ac]§����WUdbY\«Hd¬��qra�®Zac]6¯µYJa�g�h?¯�Y°_b]L«§d�YJ�,�ng
_cd¬��WS«L]Hdbg
db���£d�d¬�
acln¹
¦ �S]{«Lg��¨´SYJWZ�
dbY\grW,g
hsdb�S]-a�eSa�db]§�¿¾�ÀÂÁSÃ±Ä'Å-Y\db�,db�S]Æp\]§º�Y\«6�
p�_b]Lacgr®�_b«L]Æ�¸g�_¬¯�ÇX]§d
¯�]Lac«§_bY\´n]6¯
�Z]`_b]���p\p\g£Å-a?dbg¶p\]6�
_bW
�Z�
_bac]§_ba+Å-�ZY\p\]�ac�ZY°hGdbY\WSqªdb�S]¨_b]Lac�ng�WZacY\´Zp\Y\p\Y\dfe
hGg�_4db�S]-«`�SgrY\«L]-g�hÂac]L���
WNdbY\«�d¬��q�akh±_bgr�.db�Z]�«Lg
_b�Z®Zak��WSWZg
d¬�
dbg�_kdbg#db�Z]-p\]6�
_bWSY\WZq
a�e�a�db]L�H¹ ¦ �Z]4�,]§db�ZgN¯+Y\ajdb]La�db]6¯vg�W¼�
W¨g�_bY\q�YJWZ��pS«Lg�_b�S®ZaC��p\acg©¯�]Lac«§_bY\´n]6¯?�Z]§_b]LY\WÂ¹

È ÉZÊÆËnÌÎÍ©ÏvÐ?Ñ�ËÎÒbÍÆÊ

ÓcÔ�KNÕGÕSÖÂ×nIkI§ØÎÙ{Ú`EGFAÛÂÕ±ÙrÚbI'ÔÂKUI§×ÎMLKNÕ�Õ­KNÔÂÜ�×ÂK�Ü�Ù-Ý£RSM`Û�R�MLKÎÞ
I`ØÎÙ{Ü�MLKNFHF¶KNMLÚ�×ÂÚ`Ù�ß¼à�RSM4Ú`á�ÔZI§K�Ý£I`E­Ý
KNÔÎÔÎR�I§KNI`EGR�Ô�KNM§Ù,KNF�ÖÂE±ÜS×ÎR�×ÂÚ�ÞnE�â ÙSâÎà�R�MvÚ¬RSFAÙ�Ú`Ù
ÔZI§Ù
ÔÂÝ
Ù�Ú#I§ØÎÙ
á¸Ü�Ù�ÔÎÙ
MLKUI§Ù¨FHRSM`Ù¼I§ØÂKNÔ
R�ÔÂÙ
ÛÂKNMLÚ¬ÙSâÎãäØÎÙ�Ô�Õ±ÙrKNM§ÔÎE±ÔÂÜAÛsKNMLÚ¬Ù�M§ÚXà�M§R�F%KNÔÎÔÎR�I§KNI`Ù�ß
Ý
R�M§ÛsRSM§KÂÞ�Ibå{RHRNà'I§ØÎÙ�Ý£Ù�ÔZI`MLKNÕCE­Ú`Ú`×ÎÙrÚ
E±ÔµI`ØÎÙHÛÂK�M§Ú`Ù
M¼ßnÙrÚ¬EGÜ�Ô�KNM§Ù�I§ØÎÙHM`Ùrßn×ÂÝ6I§E±RSÔæR�à-I`ØÎÙHÔ�×ÎF�ÖsÙ�M,RNàÆÛÂK�M§Ú`Ù�Ú�ÞjKNÔÂßæI`ØÎÙ¶ÝLØÎRSEGÝ
Ù
RNà'I`ØÎÙ�ÖsÙrÚbI?ÛsKNMLÚ¬Ù,RS×nI+RNà'I`ØÂÙ�M`Ù�F¶KNEGÔÎE±ÔÂÜ¶R�ÔÎÙrÚ
âÂç#ØÂÙ,à�R�M§FHÙ
M©E­Ú`Ú`×ÎÙ�Ý�KNÔ
ÖsÙ�K�ßÎßnM§Ù�Ú§Ú`Ù�ß
ÖZáäKSßÎßnEGÔÎÜ*ÔÎÙ�åèÝ£R�ÔsÚbI§M§K�E±ÔZI§Ú¶I`RéK�ÔÂßäFHRnßnE±êsÝ
KNI`EGR�ÔäRNà,I§ØÎÙæÜSM§K�FHFHK�Mª×ÂÚ`Ù�ßäÖ�áëI`ØÂÙ
ÛÂKNMLÚ¬Ù�M�âZÓ�à»I§ØÎÙ¼M`ÙrÚ¬×ÂÕJI#EGÚ©KAßnÙ
I`Ù
M§FHE±ÔÂEGÚ¬I`E­Ý¨Ü�MLKNFHF¶KNMrÞNI`ØÂÙ
Ô¸I`ØÎÙ¼Õ­KUI`I`Ù
M#E­Ú`Ú`×ÎÙ¨FHÙ
ÔZI`EGR�ÔÎÙrß
EGÚ�KN×nI§R�F¶KUI§EGÝ�KNÕGÕ±á�Ú¬Ù
I¬I`ÕGÙ�ßCâ'ì?I`ØÂÙ
M§å©EGÚ`Ù�ÞCÛÂM`RSÖÂKNÖÎEGÕGEGÚ¬I`E­ÝAI`ÙrÝLØÎÔÎE­íS×ÂÙ�Ú�Ý�KNÔ�Ö�Ù>KNÛÎÛÂÕ±EGÙ�ß�I§R
K�Ú§Ú¬EGÜ�Ô¸KHÛÎM`RSÖÂKNÖÂE±ÕGEJIbáHI§R¶Ù�KSÝLØ>ÛÂK�M§Ú`Ù�ÞÎK�ÔÂß:ÝLØÂRZRZÚ¬Ù¨I§ØÎÙ,FHRSÚ¬I#ÛÂM`RSÖÂKNÖÎÕGÙ¼R�ÔÎÙSâ

ç#ØÎÙ
M§ÙHEGÚ�K
ØÂEGÚ¬I`RSM`áîR�à©M`ÙrÚ¬ÙrKNMLÝLØîà�RnÝ£×ÂÚ§Ú`Ù�ß�R�Ô�Õ±EGFHEJI§E±ÔÂÜîR�M,M§Ù
FHRUT�E±ÔÂÜ:I§ØÎÙ¶ÔÎRSÔÂßnÙ£ï
I`Ù
M§FHE±ÔÂEGÚ`F�à�M`RSF�Ú`ØÎE±àðI¬ï�M`Ùrßn×ÂÝ£ÙvÛÂKNMLÚ`Ù
MLÚ�×ÂÚ`E±ÔÎÜ�FHKSÝLØÎEGÔÎÙ+ÕGÙ�KNM§ÔÎEGÔÎÜ,I§Ù�ÝLØÎÔÎE­íZ×ÎÙ�ÚÆÖÂK�Ú`Ù�ßHRSÔ
Õ±RSÜ�E­Ý>ñ°òró�Þ'ñ ôUó�Þ�ñ õUó�â�ç#ØÎÙAÕ­KUI¬I§Ù
M¼åXR�M§Q:EGÔZI`M§R�ßÎ×ÂÝ£ÙrÚ?I§ØÎÙHÚ¬ánÚ¬I`Ù
F³öÆ÷»øÎù�ú�EGÔµå©ØÎE­ÝLØæÕGÙ£ûnE­Ý
K�Õ
Ú¬Ù�FHK�ÔZI`E­Ý>ILKNÜZÚHÛÎM`ÙrÚ¬Ù�ÔZIHEGÔüI`ØÂÙ
I`M§Ù
Ù
ÖsKNÔÎQ0K�M`Ù
×ÂÚ`Ù�ß0I`RýÕGÙ�K�M`ÔüÚ`Ù
F¶KNÔZI`E­Ý
Ý£RSÔÂÚbI§M§K�E±ÔZILÚ
Õ±EGFHEJI§E±ÔÎÜHI§ØÎÙ�K�FARS×ÎÔZI©RNà'ÔÎR�ÔÂßÎÙ£I`Ù�M`FHEGÔÎE­Ú¬FþEGÔ
I`ØÂÙ�ÿ��¿ÛÂKNMLÚ`Ù
MLÚ{ÛÂM`Rnßn×ÂÝ
Ù�ß:Ö�áªI`ØÂÙ�Ú¬ánÚ¬ï
I`Ù
F
âCç#ØÎÙHÜSM§K�E±ÔµRNà-I§ØÎÙªÚ¬Ù�F¶KNÔZI`E­Ý�ILKNÜZÚv×sÚ¬ÙrßæE­Ú¨RNàXßÎE±M§Ù�Ý£I¼EGFHÛsRSM¬ILKNÔÂÝ
Ù�I§R>I§ØÂKUI,ILK�Ú`Qjâ
ç»R�R�ÜSÙ
ÔÎÙ�M§K�ÕÂÚ¬Ù�F¶KNÔZI`E­Ý#I§K�ÜSÚÆå{RS×ÎÕGßHM§Ù�Ú`×ÎÕ±IÆEGÔªM`×ÂÕ±ÙrÚ-å©E±I`Ø¶Û�RZRSM{ßnE­Ú§Ý£M§E±FHEGÔÂKUI§E±ÔÎÜ�KNÖÎEGÕ±E±Ibá�Þ
å©ØÎÙ
M§Ù�KSÚCI§RZR,Ú`ÛsÙrÝ£E±êsÝ{R�ÔÎÙrÚkåXR�×ÂÕGß�ÔÎRNI�Û�Ù
M§FAE±I-Ú¬×��¶Ý
E±Ù�ÔZI4ÜSÙ
ÔÎÙ�M§K�Õ±E­Ú`KNI`EGR�ÔCârÓ�I�EGÚ4×ÎÔÂÕ±EGQ�Ù�Õ±á
I`ØÂKNI?KNÔ�á>Ú`Ù£I©RNà4I§K�ÜSÚ©ÝLØÎRZÚ¬Ù�Ô����	��

����
�åXR�×ÎÕ­ß:ÖsÙ,RSÛnI`EGF¶KNÕ�EGÔ:I§ØÂKUI+M§Ù�Ú`Û�Ù�Ý6Irâ

ç#ØÎÙîÛÎM§Ù�Ú`Ù
ÔZI>åXR�M§Q*EGFAÛÂÕ±Ù�FAÙ�ÔZI§Ú¸K�I`ÙrÝLØÎÔÎE­íS×ÂÙîÛÎM§Ù
T�E±RS×ÂÚ`Õ±áéR�×nI§Õ±EGÔÎÙ�ß.ÖZáéI`ØÂÙµKN×Îï
I`ØÎRSMµñ õ^ó¨K�Õ±ÕGRUå©EGÔÎÜýI`ØÂÙæ×ÂÚ`ÙîRNà�K*ÕGK�M`ÜSÙ�M`ÙrÚ¬RS×ÎM§Ý
Ù�RNà�ÕGÙ£ûnE­Ý
KNÕ¨Ú¬Ù�F¶KNÔZI`E­Ý�EGÔnà�R�M§F¶KUI`EGR�Ô»Þ



�

�������	��

�������������	
������������ �!��
���"#���$���&%	'&�('&���*)��+���,���	
�-.�	���/-

0���1��
324���5���/-4����6��7�+����2
���	
!-
����"�8��9� �	�	����� ���������:���	
;'(
�� ���	�&�	6<��)=�*��
>2@? A;�	
;24

���	�=�B�/����
��*��
3�C���4� �������(6��(����'
-
����"	8��;D!�(���E��8	�(��� %�'(
F� ���	� �.�G���&���H?

I JBKML@N�O$P�QHO�P

RHST"$� �.��
3���U%$
3'(���	6:���:���	
V�W� 24�&'(),���$���	������XY��
3�	8�-

Z"�� �.��
>�.�>?�A;�	
;'&� ����
3�[� ��
\%#� ������2�X]8	"
�=�(��
3-
���&������'^"�� �.��
3���HD!�	�/-.�B8���
!��������-._7���:_�
>
3",����
Z�&�5��
3��24
3�	�&����)7��
3��8	'��.�>?GA;DZ����������

%������&-���-
���&�����7-3� �����&
3�`��8=�7%^)`� '&'[���	�(����X]��
3�=8�->
4"�� �.��
3���<� ��
C���@���	�(���B����)^2B%#��'��+����2
���	
��(��"	8=�F�*����
�� 2a���5���b���	
4�*�.��-._c�$�����@���b��
3�=8�->
C�b�58�2B%#
>�<� �\��)52C%$��'&�:���d����"`� �
���	
F������-._c�5�e? 
�?&�^��
3"	'/��-

����	
32fD!�(���g���	� ���	
>�Z����
�?�hV��� �.��-
��
3���/�*���&-1�+���V���	
FRUSi"�������
>�.�
�&�<�����G�7����
>)`-3� �	�	���<�$� ���='&
j� 2C%	�(6�8	��8$��6�����2�2j�����3�$���d���	
4� ����
>�F�������k�#���	
3)`->���
�=

��
3-l�7�0��)5�5�.��-l���&-7
3�������:���1���^���d���1���<�&��"$�5�����(%�'(
F���b�=�b���0���d�4'(
>����XY��� X]���(6����<��-3� �
� �����	
F�&�	"	8=�Bm(n
o]?

A;�	
0RHSp"�� �.��
>�,������-._�� '&DZ�q)=�7-
�����.� �&���F� ���=�	���^8	2B%#
>�,���Z
3'(
324
>�5���3?Ur5�.� �����&�	6
�+����2s���	
�%#� ������2tD!�(���j���	
��&�	�(���/� 'c�*�.�G��
1� �c����
�"�������
>����� '&'#�^���j��'&� �.�\-
���5��� �&�j�&���=�/-

3�
� �!"�� �.��
>�B����� ��
3�3?UA;��
b
>u�
>�T��'(�����B� �;���	
��*�.��-._�-
���5�.� �&�v6��.� 242j� �,��)52C%$��'&�3�H
3�����	
>�
��
>��24�(�$� '/�:���:�����5��
3��24�&��� '/�Cwe��
3
�x��&6�8	��
3�Fyqz5{5|
?#A;��
�->8	����
>�5�F�*�.�G��
C���}���	
�"�������
>�<�&�
���	
@����
g���~����"~�������	
E�*�.��-._c?[�\��-.�~�(�5��
3���$� '!�*�.�G��
�->������
���"#�������,��������

�j� ��"$� ��X
���/� '&'()�"	���^->
3����
���6��.� 242j� �!��8	'(
��!D!�	�/-.�d���$� ��
7���	
�S1�:r@��)^2B%#��'/����
>
>�E���j�W� ��?��V��-.�
��8	%$��
���8�
>�5�;��-l���(���b� �U���	
7"�������
>�Z�/�Z��
>'&
3-
��
��j�+����2��,�	� �.�l���5�j�����>�(�;��->-
�����	�(�	6B��������

-
8	����
3�5�[����� ��
;� �#����
1�*�.��-._,� �$�C�7�^8	2C%$
3�[� �$'&�^��_G� ��
3���C�&�	"	8=�\��)^2B%#��'/�!wW�7���&�	6�'(
;����

�+���[���	
�"�������
>�.�[����8��=�&
3�4��
>��
�|l?�RHS�"��������(��67��� %�'(
��}� ��
1� '&DZ�q)=�[->��
��G��
���D!�����j���	
��	
>'&"
� �[����� ���*D;� ��
:���^��'Y�	��8$-.�����Z���	
FDZ
>'&'�X]_^�	�GD!���=���^�bm(n
o]?	A;�	
,�G����
>24"=�!���j-
���$�*����8�-
�1�
"�� �.���&�	6�����%	'&
F�+�������E� 2B%��(6�8	��8��;6�����2424���!��
���8�'��.�!�(�d���.� %	'&
,-
���5��� �&�	�&�	6`�.�G���V�W�>�e�.�
�e? 
�?#�+���7-

3���.� �&�d"����(�.�1���V�*�.�G��
3�<� ���E'&�^��_G� ��
3���`��)^2B%#��'/�����	
3��
�� ��
C��
>u�
3����'�"#�������&%	'&

��-l���(�����:�(�`���	
C����%	'(
�?cr^��� �����&�	6b�+����2��g�*�.� ���<����� ��
��#�+��8	�<��-l���(�����:����
B"$�5�����(%�'(
B�+���7�
6��&u�
>�E���	���	��� �$�g�&�	"	8	�:��� �����= 	?
¡b¢�¢�£5¤U¥v¦ �\���	���	�5§5¨5©=ª=���	���=�T� ���E��� �	���= �§=� ©	ª �5« ¬G�^­c®3©=¯c�5���	
3�d����'���?�A;�	
,�&�	"	8=�

�����;%#
>
3�E��8�-3-

������+8	'&'()0"$� �.��
���we��
3
,xU�&6�8���
,y�|
?
°�±�²W³Y¥q´�µE£5¶b°k¥�·=¥3£¹¸ 8����g����
,-
8	����
3�5�Z�&�	"	8=����)^2B%#��'k�������B���	
,������-._0�����b���.� �������;���

º � »����	���=�$�	�Y? 
�?&�#"�8=� º ��»����	���	�0���E����"`���}����
4������-._vwW��
>
4xU�&6�8���
�¼�|l? º ��»����	���	�
�&��-.�	����
>�b�+����2½��"�� �.���(�	6C����%	'&
��	D!�	
3��
7�(�1�&�!��
>'&
3-
��
��g%^)g���	���	�4� ���@���G�����= �?

¾ £^¿UÀ�¢�£	´ ¾ À�ÁW£^µEÂ S1
>24�Gu�
@�+����2Ã���	
`����"¹� �7���	
��*�.��-._T���	
`�^8	2C%$
3�b���F->��8	"�'(
��
Ä ¬q�	���	�[Ål¬G� �����^ �ÆZ-
������
3��"$�����=�&�	6<���F���	
1�^8	2B%#
>�\� �V��)^2B%#��'/�[�(�4���	
�S1�<r�� �c����

6��.� 242j� �!��8	'&
,Ç5È� 5�$�	-.�	
�-._b��8	�1���	
��*�.�G��
�É^ �ª=���	���=�C�	�GDÊ���@����"E���9���	
B������-._c�
"	8����T���	
ERH�:rT� ��Ç5È$ 5�d���5�������	
@�*�.��-._c�9� ���T���.� �������C�����*�.�G��
 º ��»����	���	�$���e? 
�?
"	8����b�(�V�������,���	
:������-._�we��
3
:x��(6�8	��
�{5|
? º ��»����=���	�7�/�V��
>'&
3-
��
��j%^)0É^ �ª=���=���	�F�����
Ë5Ì �j�(�g���	
F"$� ���<Í Â�¥�Â � �H���	
,RHSÎ"��������&�	6B�.� %	'&
�?

Ï�ÐqÐ Â ÐÑx�� �&'Y?
RHS�"�������
>�.�k� ��
[
3�����&'():��
3"	��
3��
>�5��
��:����'&��6��/-9"	����6�����24�3?lA;�	
}��
>"	��
3��
>�5�.�G���&���7�=
���->���&%$
��
�	
>��
F�&��%�����
3�����g���	
,���	
F8���
3��%^)EÒ#
3'('&
,� �$��Ód�5���	
>)�m ÔqoY? ¦ �����	
F�.� 6�6�
3��DZ���.�	�!� ��

��
3"	��
���
3�5��
3�����ZÕ���­=ªVÖ]×	�^�#ØG�5�q�$Ù	��¯#�q���	
>�����	
7�+��'&'(�GD!�&�	6j� ��
<��
32�"�'&� ��
3�1���!

Ú	��2�"�'(
��
� �9"�� �.��
3�!��-l���(�����3?



�

������������	�

��	�����������������	���� ������������
���	������ ����������	����
����������	!
�"$#%�'&�(*)��,+.-0/�1���"'/32'��/���/�4*5�/6-7/�18�9� ����������
�"7:6-7/�1���"'/!2;&���<�=�>?5�/ -7/�1���2'@

A�BC+���+*D�����
'&���<�=�>���"0E��'F�	��7� �'	��3�7�������G��1��9�

�����G	*)����*/�49

�G	��������
��������	!�;H���I*�G	��������;H���I8��������	8���
���G	*)��G��/�49
�"'�G	���	��6-KJ*�������G	�1���"0L�&���-MJ*�����*����1���"7H���I*��	���	����;L�&��3���G	���	��6-NJ���������	�1 �7J*�������������

�����G	*)����*/���

�G	��������
��������	!�;H���I*�G	��������;H���I8��������	8���
���G	*)��G��/���
�"'�G	���	��!����<�+*O ����	���	��8#%�
��<�+8&!����	���	���P -NJ*�������G	*������1��*"ML�&��6-NJ*�G���*��������	�1��

"MH���I*��	���	��!�
Q�R849
�"'�G<�+8&��
�G<�+*O�1��%����	���	���P -NJ*�������G	*������1��*"ML�&��6-NJ*�G���*��������	�1���2
@
S ��	��3

�G	���	���P9�
QGR849�7H���I*��	���	��8���

S ��	��3

P9�
QGR849�'T8���
S ��	��3
'U!�
QGR84�P9�
V*���

W XZY�[$\6]%Y�^`_badcfe

g
hjifkKlnmdi�oqprifs�l$kNlut v�w�xzy%{*|~}fs��Kl�lr�*hZ�%s�l�����k��3s�l�{�prs��,ifhfkN�8}�s��0�*��p�ifsu�%s��*s����8�f|�sGh�p
����{�h�s�����kKsGh�p~�6���9{��,l$s����9{*lrs����*h����%�f�N{�h�{�prkK�*h%�
��{*lrs���� s�{*�rh�k�hf� �;�.���6¡¢t £�w¤{*h��
sGh�pr���*�?¥��'��sG�N{�p�s���k�hf�0�*��|�{�prkK�*h�|�s�{8l$}f��s�l�¦�§�ifs�|¢sGprif�%� }9l$s�l~{¨pr��sGs���{�h�©up��ª|��?�fk«�0¥
prifs¬���r���?kN�%s���lrs�p­�*�®�8��{*|�|�{*���r}���s�l¯{�h�����sG���K{8��s¬lr�*|�s°���®pri�sG|²±�k«p�iC��{��rprkN{��K�K¥�}fh%�
�0�*�N�%s����8hfs�l�¦9§�ifs³hfsG±´��}f�Ks�l­�f��hf��p������*s�����{��rp­�*�µp�ifs³lr¥?h�p�{*��prkN�°��s�{*�fk�hf��lGx�k«�®pri��8lrs
{���sz�8hf�K¥³|¶{����*kKh�{*���K¥°�rs��f��s�lrsGh�prs��³kKh¢prifs¯pr��sGsG�9{�hf©!¦*·¸l.{¹��s�lr}f�«p�x�pri�s¯�*�,{�|�|¶{��®kNl���s�lrl
{�|~��k��8}f�*}�l¹{�p�p�ifs¶�f��kK�Gs�����{¨�GsG�rp�{*k�h�����lrl¹�*�z�����8sG�,{��8s*¦!º­lrk�hf�¨p�i�{�p¬�8��{*|¢|¶{*��{*�Klr�
�rs�l$}f��p�l¬k�h ���8h�lrkK�%s���{*�f�K¥C�7{*l$prs��°��{��,l$kKhf�9x �%}fs�pr��p�ifs��f��}fhfs���l$s�{��,�,i�lr��{*�Gs�{�h���pri�s
�K{*�r�8sG�zh�}�|~�3sG�����µl$¥?|~�3�*�Nl�kKh�p�ifs¹�rkK�*i�p$��i�{*h���lrkK�fs¸�*��pri�s�}�h%�0�*�N�%s��¨�8��{*|¢|¶{*�¤��}f�Ks�l�x
±�ifkK�,iC{*�rs��rs��%}��Gs��n��¥�prifs¬�6�»�9{��,l$s��zkKhC{�l$kKhf�*�Ks¬l$prsG��¦

¼3sG�K��sª{*h��Z½C�?�*hfs�¥¾tÀ¿�w�x­t Á�w­i�{��8sC�%sG�8sG�K�*�3s��Z{�|�s�pri��?�Â�0�8����s�{���hfkKhf�Ãl$s�|¶{�h�prkN�
�*�,{�|�|¶{��,l��0�r�8|q{�p��rs�sG��{*hf©¨�G�*h�p�{*k�h�k�hf�¨l$¥?h�p�{8��p�kK�¬pr��sGs�l¸±�k�pri�lrsG|¶{*h8p�kK��{��K��¥np�{*�*�8s��
hf�*h�prs��r|�kKh�{���hf�%�%s�lG¦�§�ifs¤pr��sGs���{�hf©¹kNlµ}�l$s��°p����G�*h�l$pr��}���p®{�h³���*sG���*s�hfsG�,{���lrifk��Mp$���rs��%}��Gs
��{��,l$s��d�����8sG��k�hf��p�ifs¸lrsGh�prs�h���s�l�kKh¶prifs¯pr��sGsG�9{�hf©!¦*§�ifs¸��{��,lrsG��kNl�pri�sGh�lr�9s���kN{��KkKlrs���{*h��
|�{8�%s­�%sGprs��r|�kKhfkKl$prkN���?¥~}9l$kKhf�¬g��6m®¦�ÄjifsGh�prifs­lrsG|¶{*h8p�kK�zp,{���ld{*l�l$kK�*h�s��³pr�¬h��*h�prs��r|�k��
h�{��Nl®{���s¤hf�*pdl$}%���Gk�s�h8p®p��¸��sG|����*s.prifs�{*|~�fkK�*}fk�p�¥¹�0���*|Åp�ifs��*�,{�|�|¶{���x��Ks��%kN�G{��%lrsG|¶{�hf�
prkN�����N{*l�l$s�l°{���s�{�}%p��*|¶{�p�kK��{��K��¥��%s�Æ�h�s���kKh �*�,�%sG�°p��ª{*�,ifkKsG�8s¶�%s�p�sG��|¢kKhfkNl�p�kK����{��,l$kKhf�9¦
y?�9s���k�Æ9�­�0�*�zpri�{�pz±z�*��©¢kKl¤pri9{�p�{~l$pr��}���p�}f�rs��%s�l�����kK�fk�h��³�%s�sG�n��{*lrs�l�x�lr}��,i�{8lzy%}f�%Ç�s���p�x
È �%Ç�s���p�x3g
h�l�p��r}�|¢s�h�p�x3s�p��*¦9kNl­�fk���s���pr�K¥��fsG��k��8s��¨�0���*|Éprifs¢l$s�h�prsGh9��s¬±�k�prif�8}%p�prifs³ifsG�K�
����{�h¨k�h�prs��r|�s��%kK{*�r¥�lr¥?h�p�{*��prkN�¸pr��sGs*¦

Ê Ë³Ì­ÍdÎ,Ï

ÐdÑ�ÒfÓ0Ô¯kNl.{¬lr¥%l�p�sG|Õ±�ifkK�,i¶��}fk��N�fl¤�*hn¼3s����Ks¸{*h��¶½C�?�*h�sG¥!Ö ld�rs�l$s�{��,�,i¢�8h�prifs¸k�h9�%}���p�k��8h
���­lrifk«�Mpr�'��s��f}���sn��{��,l$s���l³{�h��Ãs��?prs�h��fl³k«p¢pr����s�{���hfk�h��ª���­�6�×��{��,lrsG�,lGx6±�ifk��Ksn�,i9{�hf�*�
k�hf��{�p¢prifs�l�{�|�s�p�k�|�snprifsn�0�%��}�l³���¯p�ifs¨��s�{���hfk�h��Cp�{8l$©!¦®§�ifsnsG�%kKl$prs�h���sn���­lr�*}f�,��s�l
������sG�?kN�G{*�dl$s�|¶{�h�prkN��©?hf��±���s��%�*s�lr}��,i {*l¹Ä��*�,�fØ¯sGp�t Ù�w.|¶{�©*s�l¸prifs��Ks�{*�rh�k�hf���*�¤�Ks��%k«�
�G{���lrsG|¶{�h�p�kK�¢���N{*l�l$s�l¸�f�*hfs¢�?¥�¼3sG�K��s�{�h9�u½C�?�*h�sG¥C�Ks�l�l�{�p$p���{8��prkK�*s8¦3·­�Klr��x3p��rs�sG��{*hf©%l



�

CF grammar

rules based on CFG

LR parser

examples

LR parser

constraints

step1 step3

step3 step4

Word,POS,SemTag

Lexicon 

tags

with additional

Treebank with

lexical semantic

step2

positive/negative

LR parser actions:

�������	�
����
������

����������������� �"!���#%$�#�&���'���()'*��+,���-��!/.0����1-'"��&��2�����3.4��+,+,����(657�98	��!�(/��:�(6��;=<>�?'@�������)A���#��
'*5='*���4+CBEDGF�HJI .4����'*��&�K�.L��',MGNO$���&P'��4&P'2QJ&���+R��&����4:�����S='T��QU$���&�'��V��&�����'W���������P�	�����
�"!X��#Y(��4Z
!/.4��(['��4+W���-��!6.\�P��1�'�;]B�DGF�HJIW��!�+W'^���^��#��V&��_�=K�.L��!6���`��Q"�������=�L���4&�+,!���!/'�+a!6�
��#��U$���&P'*��&�'b!��[.4&��_�	���_'4;�cd#�!6'[!/'���.P#�!���8����)A���'e!��[�"!6(6(�:��U'�#��	�"�\QJK�&*��#��4&_A�:
5T��#��3+\�_����'
��Q](6�LZ=!/.4��(�!/'�����!6��� �����7$���&���!/��(fK���QJ��(/�=!���1\��QG��#��2K����=��&�(65
!���1\1�&���+,+,��&[&�K�(6��'�A
!��%.L��+\g
:�!��?�	��!6���h�"!���# ��#��2K�'*�i��Qj(6�LZ=!/.4��()'��4+W������!6.i.4����'*��&P��!6�-��'�;
BEDGF�HJIlkmMG����&���!6��1lno(61���&�!���#�+pQJ��&rqe��&P'*��&W<>���=K�.L��!6���ts
5='*����+,'PuW.4����'�!6'*��'r��Qi��#��

QJ��(6(��	�"!6��1,$�&��
.4���=K�&��_'0kv'*���2w]!61�K�&��,x_uL;
y�z_{�|~} wj!6&�'*��A4��#���.4���-���4Z
�*g�QJ&����j1�&���+,+,��&�&�K�(��_'�!�+,$�(6!/.L!����4(65i$�&���'��4�-�)!��i��#��e��&����4:�����SfA
!v; ��;?��(6(�$���!6&�'3�����������=�
���-�
�e�*�����
���=�
��������A���&��UQJ��K�����;

y�z_{�|���� '*!6��1V��#��V��w]��&�K�(6��'U��:=�P��!6������A?��#��T$���&�'��^�P��:�(6����Q[�V$���'�'�!�:�(65h�����?�=�L���4&�g
+,!���!/'*��!/.�M]Nl$���&�'��4&j!/']1��4����&������_�2�"!X��#T�����
�=;�����.P#^$���'�'*!6:�(6�[$���&�'��4&b��.L��!6��� k���&P����g
'*!���!6���`��Q���#?�	��$���&�'��4&0QJ&���+������W'@�P�	���,������������#��4&�u3!/'i&��4$�&���'��4�-���_� ��'2�hqE&���(6��1
.L(/��K�'���;
cd#��U(���1�!/."$�&���1�&P��+¡��:=�P��!6�����r.4���rK�'*�3��#��0qE&���(6��12:�K�!�(��*g¢!��r:���.PS-��&P��.PS
!6��1
+,��.P#�����!6'�+£���2�=�_��(=�"!���#,���
52�������=�L���4&�+,!���!/'�+¤!��T��#���$?��&P'*��&�A9��������#
K�'j$�&��=�=K�.4�
QJ��&o�\1�!68���� '��4�-���4��.4�i��(�(G$?�-'�'�!�:�(��i$���&�'���'�;

y�z_{�|t¥ w���&��_��.P#W'��4�-������.L�o!6�,��#��o��&��4��:�����S�A���#��3���������L����&�+,!6��!/'@��!6.oM]N¦$���&�'��4&bQJ&���+
s-����$T§d!/')K�'����0���o1������4&P�	���b��#��['*�_¨�K��4��.4�E��Q=$���&�'��4&G��.���!�����'�(6������!���1o���"��#���.L��&�&���.L�
$���&P'��^��'o'�#��	�"�h!��h��#��2��&����4:�����Sf;�����.P#7��Qj��#���'�����.���!6���?'"!6'3���%!6��'@�P���-��!/�	��!����h��Q
�����i��Q]��#��^.L(/��K�'���'d1��4����&������_�V!6�%s
���4$�§�;
w���&0�_��.P# $���&P'*��&0'*�������\!��©�"#�!/.P#ª�������=�4���4&�+,!���!6'�+«�=.4.LK�&�'�Af��; 1�;)s-�������r¬V!��©w]!61�g
K�&��W­�Af��#��W!6��'*��������!6����!6���©��Q[��#��W.L��&�&���.L�0$?��&P'*��&i��.���!����®km�=¯%!�� ��#��W�4Z���+,$�(6�_uU!6'
'@����&����7��'���$���'�!X��!�8��U!6��'*������.L�0��Q)��#��	�o��.���!6���G;-n3(�(�����#���&�$���'�'�!�:�(6�0!���'*�����-��!/�	��!6���?'
��Q0$���&P'*��&\��.���!�����'TQJ��&,��#�� 1�!�8��4�®'@�P�	���%�����l!6��$�K=�r'�5
+�:���(2kJ��°`#��4&��_uT��&�� ��(6'��
1������4&P�	����� ����� '@����&���� ��'d����1�����!68��0!���'*������.L�_'d��Qj��#��-'*�2��.���!6���?'4;

y�z_{�|²± wj!6����(6(�5�Ab��#�� $���'�!X��!�8��h�����l���41�����!68��7!���'*������.L�_'\��QU�_��.P#l$?��&P'*��&\��.���!6���®��&��
K�'���� ��'�!���$�K=�"��Qb��1�&������=5W<@M]q³(6����&���!6��1\��(61���&�!���#�+�kv'*#��	�"�7!��hwj!�1�K�&��2¬�u�:?��'����



�

���������
	���
�	���
���������	�����������������������������������	�� ���"! #%$&	��'� ���������(�)��*,+-��.)����	�� �����0/1	�2)�0	
��
3	�� ���54%6�2��7����*8+��3.)����	�� ���9� �:�;����	1�0/<
3���0=)�����:��=)>)��=)?'� ���;�0� ��@<�����A	���B��C��D��0?E@�� ����F
>�=-	G�)�����H��/�	�2��H�����
��	���B��JIK�����ML:����=����N#�O�F����)+'� �P=)��=��0� ���9?'�����H��@���
3��.�
7	�2��0�E	�2)�
Q L1R�ST>)������+�+-��.)����	�� ���U�0/V��
3	�� ���U���������W��	���+X� �"Y
	���@[Z-4-\T/:	�2��]/^����?'���M+-�3.����A	������
� �(��=�>��_	��A	�=-	���+`/^���J	�2��X����	�	�����Fa	�2)�X����*b@)���������c��>-	���������+d=)��=��0� ���d
3���
	W�0� �)�J�������
������+-�3	�����?'� �����_	�� 
e��	��0	����c�0�)+f2�����
3�X+-�����J�)�0	]@����-+-=)
3���c����?E�'��/G	�2��X��@)=���� ��=��
@)�0�W�����7���������W��	���+g>
�X	�2�� Q L:R�Sh>)������+i@��0�W�����C/^����?jY
	���@kZ�4

6�2��k����*j@)���������X
��0�l>��kB�� ��*7��+l���E=���� ���m�`=�����.�
���	�� ���l������?'?e���'>�������+n���n	�2)�
>)��
Wo�><����� Q L:Rp�0/&	�2)�N@)���������V/^����?qY
	���@gZ�F�>�=�	C*H��	�2X��=�� ���7��+�+-��	�� �����0� ���'��@<��
�� ����������+
Ir	�2)��� �U
���B����������k+-��
�����������+)O34C6�2��d+-��s<�������)
3�d>���	_*C�����t	�2�� Q L:Ru��=������i���)+l	�2)�����
�����0������+g� �7	�2������3/^��� +54
v 4HL:���W�_	�����F5*H2������E	�2�� Q L1Rw��=����E���c���)���f������o�� ����/^���(��	�����?E���)���V*H�A	�2m�U@)�0��	���
3=�S

� ���(@)����	9�0/N��@�����
W2xI^��4 ��41�)��=���O3Fy	�2��i�)��*z��=)���i��+�+-��	�� ���)����� �d����{�=)�������]	�2)�0	(	�2)�
	�����?E� �)�0�5��2���=)� +�><��� �����'	��X����?E�c����?e�0�
	���
J
3��������4

Z-4MY���
����)+�����F
�9|}�
YE
����X><�N�)��������*C��+E+-��*H�e	��'�]������������*C����+54�\~�X��	�2����C*7���W+���F0	�2)�
���W�0?E?e�0����=������H�0����@��0��	����0� ���"� �������W���������W��4

� 4H6�2��;	�2�� �W+g� ?E@�����	W�0�
	7/^����	�=����;��/y	�2��c��=)�����C� �������)��+g� �7	�2)��	M����?E�J�0/y	�2��J�����
	�����S
?E���)��� �G���X	�2��������M��YX�0���c�-���3��� ���W��F��h4 ��4�F
����@�����
3��+E>��'����?E�M��/<	�2���� ��+-����
3���)+��0�
	W�
����	�2��c@)�0�W���N	�������F)���H��2���*H��� ��L:� ��=����c��4

\T	J
��0�"><�e�������k/^����?j	�2)�9��=�� ���;�����0������+�	�2)��	]�P�1���^�9
3��?9>�� ��������=)���'=��-/^��� +-� ���g*H�A	�2
	�2��J=)������/y� �3D-� 
��0�&����?e�0�
	���
M	W�0�
�P	��'+-�����0?(>)����=)��	��M	�2)�;������?E?E����4
6�2)��	�F��0� �����(*H�A	�2
	�2��e@)����	�� ���}����D���
�����������	�� ���f?e�0o�����	�2��e����*�������?'?e���;��=�� ���;?E�����e��@<��
��A.�
9	�2)�0�d	�2)�
�����������)��� Q L1R���������4

� ���P�)�N���a m¡V¢m¡q£7�G¤N�)¥&�¦�P§k£��y¨b¡V©G �ª�¥x«'¡:¬C¢

­ ����+�®N�3	�� �g�0�t����Sh� ���)�"����D-� 
��0��+)��	���>)�����k*H2���
W2,
3���
	��0� �)�eB������ ��=)�i�����
	���
�	���
"���)+
����?E���
	���
�� �-/^����?e��	�������/^���M�E���0�����;�
=)?(><���M��/1*7���W+��H�0�)+���+-� ��?e��4�¯���� ��� �)�0� ���g+-��B�����S
��@<��+J/^���1°P�)��� � ��2X! � $hF ­ ���W+�®M��	1���1��� ���M><��� ���N� ?E@�����?E���
	���+J/^���:�0	�2����1� ������=)��������4�6�2)�

3���
	�������>�=)����+-� ���9������?E���
	C��/ ­ ����+)®M�3	����C
��0� ����+k��±�������²KF
���;���������W��³0´���µ�¶)�3´�· �(���)²h´�±�4-¸
�����)���3	7� ���(���3	7�0/y*7���W+��G���G��+-� ��?e�7*H2���
W2i��2��0���N�(
���?E?E���X?E������� ���)4�L����C� �)��	��0��
3��¹
º�» ²T��¼"��¶��-²K½ » ²~�W¼d�����%���3¾�4V61�d����?E@�� ��/^�`	�2������
	������)�0������@����������
	��0	�� ���5F1����
W28�����)���3	'� �
������� ������+l�¿� �������U���
	��������i=)����+t���X�¿=�����{
=��"��+-���
	��A.)����47L����i� �)�_	W�0�)
���F º�À ���<��²~��´�±
´������0�-´��W���W½)�W�-�<���W¾J���NY����)���3	 v�Á ��Â v Â
#�#�#c��� ­ ����+)®M�3	 v 4 Â�4

­ ����+�®N�3	H=)�������'����	���/1��=�� ���H�0��+X� � ��	�����/1�3D�
���@-	������)�C	��E?e�0@�*C����+�Sh/^����?e�P	��'�����
��������B%���
	}� �3D-��
����-���
	���������4�L:� ��=����HÃ;��2���*M�1	�2)�H*C����+�Sh/^����?zÄ /^=��)+���Å0*H2���
W29���V����
������)� ����+
>
� ­ ���W+�®M��	����C
�����������@<����+-���)�J	��9	_*C�9����D���
��������
	���������F�Ä /^=)�)+aÅ-�0�)+"Ä /^=)�)+���Å�4-6�2�������D
S
� 
��0�<���
	�����Ä /^=���+aÅ��0@�@<�������C� �X	�2)���������
������	���¹ º �W²~��´���½-�W�-�<��¾�F º �W�-�&�%½ À �0�<��²T�0´�±7�W�-�&�%¾�F
�0�)+ º �r�)Æ�����² À ���)²E��� À µ)����±%½7�W�-�&�%¾�FC������@<��
3	�� B�������4C6�2��"� �3D-��
����N���
	����,Ä /^=���+���Å7���)���
�0@�@<�������'� �8	�2��k�����)���3	 º�À ���&�3²~��´�±d´��3�3�0�-´��W��½V�W�-�<���W¾�4 ­ ���W+�®M��	e+�����
3����><���E����B��������
����?E���
	���
M��������	�� �����G><�3	_*7�����i�����)���3	W��F-��=)
W2i���G?E����������?(�UI�|a¸��}67S_¯;LVO�F�2���@���������?(�
���H2���@����
��?9��4



�

EndState

Lookahead Symbol

StartState

Stack

Axiom σ

Input Buffer

e_o_s

In
pu

t S
tr

ea
m

 D
ir

ec
tio

n

�������	�
�
�
��
������������������	��� �	!#"�$&%	'

Stack Input Buffer

State ...

Symbol

NextSymb

... State

shift/NewState

New Stack New Input Buffer

NewState

Symbol

NextSymb

...

��������()���
��
�����������*,+.-�/��0�	!�"�$1%	'

Rule:   LHS            Symbol    Symbol1 2

Stack Input Buffer

reduce/Rule

OldState

Symbol

... OldState

New Stack New Input Buffer

NewState

...

...

Symbol

...

State

Symbol

SomeState

2

Symbol1 LHS

�������,2��
�
��
����������43��65	78�	�9�	!#"�$&%	'

s8
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wrong action (a step aside from the
sequence of correct actions)

Legend:

1

s9 r3 r2 r4 r1s8s6s4s2 accept

r5
0 2 4 6 8 9 7 5 3

�����:�	;
�=<>�?'8���@��"�$1%6'A%	B>
C%6��$D"�$1E��F�	'�GH'8�?I��,J
"�$1E��>��K8�	L9
�M1�?��%�BN�	!�"�$1%	'��

+ + +

lgg={c2, p4}

c1

c2

p4

lgg={c2}

lgg={c1}

c2

+ lgg={O}-

p4p3p2p1 n1

c3

�������	O
�P�:�Q���R"SI6��'����@��MTI	�?'��#�@�	M1$1����"�$1%6'8�U%�B

V�,�������>�	!�"�$1%6'8�

W�X Y�Z [1\^]_X [?` a&b1c&d e f gDhRi h j k a&f a&l@m npo&j k q h kRj d e f m a&q` a&f e f j i f q h�r s�t u8v^f q eRm n_w_m q f e f gDh�x_y&j z#o&i h q` a&f e f j i f q h�rD{,t u8v�f q eRm np|Rh l j e f gDh�x_y1j z#o&i h q` a&f e f j i f q h@}1h e ~�n �Rh a���i_t u�� �D�X [1�_[1�&��Rh eRj@o�m q f e f g h�h y1j z#o&i hRr s� � � �X [1�_[1�&��Rh eRa1h yDe�d i j c&q h�|Rh y1e �Rh a&�Rd e f m a#n k m z
}Dh e ~�n �Rh a���i�_f a&b?v_����t u8i l l&� |�h yDe �Rh a&��d e f m a�� r s� � � � �]^��� � ��� � v^���8b&mDh q�a&m eRq c&�&q c1z#hRj aD��h y1j z#o&i hRn k m zCrD{p�&|Rh ��v^���R��m c1a&b�t u�e k c1h �Y&X�� e �&h k h�j k h�a&m@z#m k h�d i j c&q h q�f aQ}1h e ~�n �Rh a&��i ��|Rh ��v_���R�&m c&a&b�t u�n j i q h � �� ��|Rh ��v_���R�&m c&a&b&u�e k c&h�� �^[1���h e k j d eR|Rh y1e �Rh a&�Rd e f m a#n k m z
}1h e ~�n �Rh a���i��h e k j d e�n k m z)}Dh e ~�n �Rh a���i^j i i�d i j c&q h q�q c&�&q c&z#h b��D�?v^���wpc1e�v^����f aQ}1h e ~�n �Rh a���i[D� � [#�Rb&b?r s� � � � e m�}Dh e ~�n �Rh a���i��h e k j d eRr s� � � � n k m z)r s]^��� � �pr s	f q�h z#o1e �X [1� ]_X ��}1h e ~�n �Rh a���i

�������6�)�¡ �'VG.¢�!�"�$1E��£M1�Q�,��'�$1'�I�%	B¤
V�������#�H�	!�J
"�$1%6'8�

exchange

funds
resource,
monetary

fund
monetary

nondepository
financial institution

Word-formLegend:

fundsfund

medium of

Synset

net income, profit

accumulation

financial gain

income

gain

sum, amount of money

asset

possession

money

store, fund
fund,

group, grouping

social group

organisation

institution, establishment

financial institution

investment company,
fund

funds
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noun

eats pasta with cheese
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±�²_³ £�´c�}�Z� ��¨ �K�_�\¦1£��K�K�<­�°gª µ ¶]´c�}�9£�·���­�¸�£�ª ª@¦1£��K�K�}� ��¨ �9�P�]¦g£��K�K��­�°�ª µ
°g­ ¹ º>» £�§Z§ £�§}§ £�§}§ ¦��9�}§ §Z­�´ £�§}§ ¦��9�}§ §Z­�´ ¼-¦ §Z­��_� £�§Z§ ¦��K�Z§ §}­�´
½c¾ ± ¿ � ¾ ¿ ±�± � À�¾ Á ± � Â�Á Ã�¾	� Á�Â Á�Ã	� Ã�¾ Ã�¾	� Á�Â Ã�¾	� Á�Â ± ¾�¾ ± � ¾�Ã ¾	� ÃcÃcÄ Á�¾	� Â�Ã Ã�¾	� Á�Â Á�Á	� Á ±
Á�¾ Å ¿ � ¾ ¿ ±�± � À�¾ Á�¾	� ± ¾ ÃcÅE� Ã�Ã Á�Â	� ± ½ ÃcÅE� Ã�Ã ÃcÅE� Ã�Ã ± ¾�¾ ± � ¾�¾ ¾	� ÃcÀ�¾ Ä�Á	� Ã ± ÃcÄE� ¾�Á Á ± � Å�Ã
± Å ± À ¿ � ¾ ¿ ±�± � À�¾ Ã ± � Ã�Á Ã ¿ � Å�Á Ã�Â	� ¿ À Ã ¿ � Ã ± Ã ¿ � Ã ± ± ¾�¾ ± � ¾�½ ¾	� ÃcÁ�Â Á�Â	� ± ½ Ã�Á	� Ã�Á ÁcÄE� ¾�À
Å�¾cÅ ¿ ¿ � ¾ ¿ ±�± � À�¾ Ã ± � Å�Ã Ã�À	� Ä�Ã ÃcÄE� À�À ÃcÅE� ¾cÄ ÃcÅE� ¾cÄ ± ¾�¾ ± � Å�Á ± � ± ½ ¿ Ã ± � ½cÃ Ã ¿ � ¿�¿ Ã ¿ � Ä�½
½c¾�½ ± ¾ ¿ � ¾ ¿ ±�± � À�¾ ÃcÅE� À�Á Ã�½�� Å�½ Ã�Á	� ¾cÅ ÃcÅE� ¿ ½ ÃcÅE� ¿ ½ ± ¾�¾ ± � Å ¿ ± � ¾cÃ�Â Ã ± � ½cÃ Ã ¿ � ¾�Â Ã�Â	� Å�À
Á�¾cÄ Å�¾ ¿ � ¾ ¿ ±�± � À�¾ Ã�½�� ½cÂ Ã�½�� ½cÂ ± ¾�¾	� ¾�¾ ÃcÅE� Á ± ÃcÅE� Á ± ± ¾�¾ ± � Â�¾ ± � ½	Å�½ ÃcÅE� Ä�Ä Ã�½�� ¿�¿ Ã�Á	� ± Å
± Å ±�± À�¾ ¿ � ¾ ¿ ±�± � À�¾ Ã�À	� ¿ Â Ã�À	� Â�Â Ã�Ã	� Ã�¾ ÃcÅE� ¿ Á ÃcÅE� ¿ Á ± ¾�¾ ± � À�½ ± � ±�¿ Ã ÃcÅE� ± Á Ã�½�� ± ½ ÃcÄE� ÃcÅ
± Â ±�¿ ½c¾ ¿ � ¾ ¿ ±�± � À�¾ Ã�½�� ½cÂ Ã�½�� Ä�½ Ã�Ã	� Ä�¾ ÃcÅE� Á�¾ ÃcÅE� Á�¾ ± ¾�¾ ± � À�Â ± � ± Â�Á Ã�À	� Ã�Â Ã ¿ � Å�Á Ã�Á	� Â ±
Å�¾ ± Á ¿ ¾ ¿ � ¾ ¿ ±�± � À�¾ Ã�½�� ± Â Ã�½�� ± Â ± ¾�¾	� ¾�¾ ÃcÅE� Â�½ ÃcÅE� Â�½ ± ¾�¾ ± � ½ ± ± � Å ± Ã Ã�À	� ½EÄ Ã�½�� Â�Á Ã�Á	� Ä ±
Å�½EÅ ± Â�¾ ¿ � ¾ ¿ ±�± � À�¾ Ã�½�� ± Â Ã�½�� ± Â ± ¾�¾	� ¾�¾ ÃcÅE� ÂcÅ ÃcÅE� ÂcÅ ± ¾�¾ ± � Å�½ ± � ¾ ¿ Ã Ã�À	� Ä�Â Ã�½�� Ä�Ã Ã�Á	� Ã ±
Å�ÁcÅ ¿ Ä�¾ ¿ � ¾ ¿ ±�± � À�¾ Ã�½�� À�Â Ã�½�� À�Â ± ¾�¾	� ¾�¾ ÃcÅE� Ã�¾ ÃcÅE� Ã�¾ ± ¾�¾ ± � Å�Â ± � ¾EÄ�Å Ã�À	� ¿ Â Ã�½�� ¿ Ã Ã�Á	� Ã ±
ÀcÅ�Å�Á Á�¾ ¿ � ¾ ¿ ±�± � À�¾ Ã�½�� À�Â Ã�½�� À�Â ± ¾�¾	� ¾�¾ Ã�À	� ±�¿ Ã�À	� ±�¿ ± ¾�¾ ± � À�½ ± � ±�¿ Ä Ã�À	� Â�Â Ã�½�� Â�Ã Ã�Á	� Ã ±
À�Â�ÀcÅ Ã�¾ ¿ � ¾ ¿ ±�± � À�¾ Ã�½�� À�Â Ã�½�� À�Â ± ¾�¾	� ¾�¾ Ã�À	� ¾cÅ Ã�À	� ¾ ± ± ¾�¾ ± � ½cÃ ± � Àc¾�¾ Ã�À	� Â�Â Ã�½�� Â�Ã Ã�Á	� Ã ±
À�Á�À�½ Ã ¿ ¿ � ¾ ¿ ±�± � À�¾ Ã�½�� ½cÂ Ã�½�� ½cÂ ± ¾�¾	� ¾�¾ ÃcÅE� Ã�Ã ÃcÅE� Ã�Ã ± ¾�¾ ± � À�Â ± � ± Ä�À Ã�À	� Ã�Â Ã�½�� Ã�Ã Ã�Á	� Ã ±
½c¾�À�Â ± ¾�¾ ¿ � ¾ ¿ ±�± � À�¾ Ã�½�� À�Â Ã�½�� À�Â ± ¾�¾	� ¾�¾ ÃcÅE� Ã�Ã ÃcÅE� Ã�Ã ± ¾�¾ ± � À�Â ± � ± Ä�Å Ã�À	� Â�Â Ã�½�� Â�Ã Ã�Á	� Ã ±
Æ@�}·��Z°1¤�Ç�È	É}É6Ê�Ë;ÌÎÍjÏKÏ9ÐÎÌ ³�Ñ}Ò Ï ² Ð ²Ë ³ Ð ²P³	² ÐPÓ ³ ÐPÓ�ÌPÐ ²-Ô ± ¾�¾6¹ º>» Õ1Ö�×�ÉOÊØË;ÌPÍ9ÏKÏ9ÐÎÌ ³�Ñ}Ò Ï ² Ð ²Ë ÑZÒ Ï ² ÐPÙ ² ÐPÓ ³ ÐPÓ�Ì_Ð ²�Ô ± ¾�¾6¹ º>»ÉjÚ�Û�Ê Ë ÑZÒ Ï ² ÐÎÙ ² ÐPÓ ³ Ð_Ó�ÌPÐ ²Ë ³ Ð ²P³�² ÐPÓ ³ ÐPÓ�ÌPÐ ² Ô ± ¾�¾\¹ º>» ¼\Õ0Ê Ë Ñ}Ò Ï ² Ð ²gÑ Ï_ÍKÙ}Ü�ÌPÐPÙË ³ Ð ²_³	² Ð_Ó ³ Ð_Ó�ÌPÐ ²ÉjÚ�Ö�Ö�Ê Ë;ÌÎÍjÏKÏ9ÐÎÌ ³�Ñ}Ò Ï ² Ð ²Ë ³ Ð ²P³	² Ð_Ó ³ ÐPÓ�ÌPÐ ²
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