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Abstract

Parsing a sentence can be defined as associating a sentence with parse trees.
These trees can encode information about the grammar of the sentence. Thus,
a parser can be a powerful tool in processing grammatical features of sentences.
Our aim, therefore, is to create a primitive parser that can identify the parse
trees of very simple sentences in Mandarin using context-free grammar, a pow-
erful class of grammars that are well known for their capacity in approrimating
a subset of grammar of natural languages.
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1 Introduction

A simple definition of parsing is as follows. Given an input sentence, parsing entails ascribing a

structure to the input sentence[l]. Usually, the structure is encoded in the form of a parse tree

.
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Figure 1: Two Possible Parse Trees For A Simple English Sentence

The diagram above [1] taken from the excellent introductory textbook on Natural Language
Processing by D. Jurafasky and J. H. Martin [2], illustrates the two possible parse tree one can
attribute to the first line in the sentence Groucho Marx utters in Animal Crackers: “I shot an
elephant in my pajamas. How he got in my pajamas I don’t know." Without the second line to
disambiguate the first line, two possible parse trees can be ascribed to the sentence, “I shot an
elephant in my pajamas."

These motivating examples illustrates two facts. First, parse trees can capture the syntactic
structure needed to encode semantics. The meaning of the sentence changes depending on how
one situates “elephant" in the parse tree: either part of the nominal in a noun phrase, as shown
by the first parse tree, or a noun in a verb phrase, as shown in the second parse tree. Second,
the innate ambiguities of natural languages are captured when one can generate more than one
parse tree for a given sentence. As a matter of fact, we can formalize the definition of ambiguity
of a sentence by the number of distinct parse trees we can generate for it[3]. We can, therefore,
state the degree of ambiguity of a sentence as the number of distinct parse trees we can ascribe
to the sentence [3]. An unambiguous sentence likewise would be a sentence which has a degree
of ambiguity 1. These two points mean a parsing algorithm must be both correct, generates the
right parse tress, and complete, generates all the parse trees.

The formalism underscoring parsing itself originates from Noam Chomsky’s work on generative
grammar back in 50’s. The resultant and relevant literature gives us a definition of formal

languages in the following form:



e N, a finite set of nonterminal symbols. A symbol is defined as nonterminal if it can be
substituted.

e T, a finite set of terminal symbols. A symbol is defined as terminal if it cannot be substi-
tuted.

e R, a finite set of written rules. For example, A— aBc, where A\B € N, and a,c € T

e S, a special terminal symbol that marks the first symbol.

The formalism can be made more precise and rigorous but is sufficiently well-defined for the
purpose of this paper and our work. Interestingly, by applying restrictions on the set R it is
possible hierarchies formal languages, as is done in the famed Chomsky Hierarchy, into different
types commonly referred to in the literature as Type-0, Type-1, Type-2, and Type-3 languages.
These different types of formal languages we can derive will satisfy the following relationship:
Type-3 C Type-2 C Type-1 C Type-0. Even a more striking result is the fact that each type
of formal language has correspondence with a formal model of computation. Type-0 languages
are equivalent to a Turing Machine, Type-1 languages to linear bounded automation, Type-2
languages to push-down automation, and Type-3 languages to finite-automation.

This intersection between formal languages and theory of computation provides a rigorous
framework to apply rule-based parsing to a subset of natural languages. In particular Type-2
languages, also known as context-free languages, are a good formal model for representing a subset
of grammar in real world languages. A simple explanation for the appropriateness of context-free
grammar is the fact that its grammar is expressive enough to capture nuances and ambiguities of
natural languages but sufficiently restricted to lend itself to parsing algorithms with reasonable
time and space complexities|[1].

Thus, there has been seminal algorithms for parsing context-free grammar. Among the, some
well known algorithms are Cocke-Younger-Kasami (CYK), Earley Parsing algorithm, and LR
algorithm [3]. Earley Parsing algorithm is itself well-suited for paring context-free because it is
more general and acceptable run time. The CYK algorithm requires prepossessing of inputs into

Chomsky Normal Form [3]. Whereas, the LR algorithm cannot handle ambiguities|3].



2 Related Work

2.1 Big Picture & History

Parsing in and itself is a subject of interest in linguistics, computer science, and other relevant
fields. Nevertheless, we can situate this subject in the much broader context of historic and
contemporary research on recreating and generating human language capacities in machines.
One landmark publication on the subject matter is, “Computing Machinery and Human Intelli-
gence". Published in 1950, in this pioneering essay, Turing envisions the possibility of computers
mimicking and mastering human speech to the point of deceiving a human interlocutor into the
impression that a machine is a fellow flesh and blood human being [4]. Turing asserts that if the
human interlocutor cannot discern a human being and machine apart, then there is no valid point
making a distinction between a human being and machine anymore. Turing’s bold declarations
are far from universally accepted and has been subject of philosophical rumination, academic
debate, and popular portrayal in the media ever since its original formulation and presentation.
But the salient point is, “Computing Machinery and Human Intelligence" is a lucid description
and realization of the centrality of human language to human thinking and reasoning, the pos-
sibility of computers to generate and understand human communication, and implications these
developments may have.

Turing addresses the hypothetical scenario of a machine having fully mastery of the human
language in the first place because of the developments of the time and era that made this scenario
worthy of consideration. In the 1940’s and 1950’s earlier works have led to two foundational
paradigms: automation and probabilistic and information-theoretic models [2].

Regarding the former, it was a direct consequence of earlier formalism defining computers
that were introduced by Turing himself in 1936 [2] and other relevant works. The model of
McCulloch-Pitts neuron introduced in the 1940’s modeled neurons as a computing element that
could compute propositional logic [2]. In the same era, Claude Shannon, used probabilistic models
of discrete Markov processes to automation for languages [2]. This in term inspired Chomsky
in the 50’s to model grammar based on finite-state machines. By 1956, Chomsky has advanced
enough in his endeavor to introduce context-free grammar or Type-2 languages and in 1959 John
Backus independently discovered equivalent results [2].

Context-free grammar and context-free parsing algorithms are, therefore, direct offsprings of

the historic foundational paradigms of artificial intelligence, natural language processing (NLP)



and other relevant fields. Even without application to natural language processing, context-free
languages and context-free parsing garners attention among computer scientists. An obvious
reason is that formal languages, context-free grammar, and parsers can be natural tools for
modeling programming languages and devising algorithms to parse them [I]. Parsing context-

free grammar is thus a world of research unto itself.

2.2 Some Well-Known Parsing Algorithms

LR(k), Cocke-Younger-Kasami (CYK), and Earley Parsing algorithm are three landmark algo-
rithms for parsing context-free languages. What follows below would be an informal description
of these algorithms, followed by tabulation of key points worthy of comparison between these
algorithms.

LR(k)

The notation LR(k) stands for a language translatable from left to right with bound
k[5]. Therefore, LR (k) parsers are parsers that apply to a subset of context-free languages
because not all context-free language will meet the LR(k) criterion. To define the term
LR(k), it is necessary to introduce some additional formalism. Let « be a string comprising
of terminals and non-terminals characters. Then, « = [ denotes the fact that: a —
ag = aq... = a, = [ [5]. Recall, that S is a special terminal symbol. The literature
also refers to it as the root symbol for reasons that will be made clear. Now, any string
a is called sentential form if S = «. Now, consider the following parse tree cited as a

motivating example in [5].

B A
Ny A
a C
R
A D
Mg
S
Figure 2: A Parse Tree With Root S

The handle of any such parse tree, of which [2]is just an example, would the leftmost set



of adjacent leaves forming a complete branch [5]. In other words, if we have a sequence of
characters X ... X;, where each Xj is either a terminal or nonterminal, forming the leaves
of a tree, a handle would be the smallest k to provide us with the following for some j and

Y as visually depicted below from [5]:

X; Xy o X

N7

Y

Figure 3: A Handle In A Parse Tree

An LR(k) parser will be a bottom-up parser, starting with the leaves, identifying the
handles, and pruning them off to reach the root character. To make this more concrete,

the parse tree in 2] corresponds to the following grammar:

S—AD,A— aC,B —bcd,C —- BE,D —»¢,E — ¢ (1)

In (1) the standard conventions apply. Upper-case letters represent nonterminals, low-
ercase letters represent terminals, € stands for an empty string, and Greek letter would be
string of having any number of nonterminals and terminals. [2]is the parse tree generated

for the input string “bede" and one of the possible sequence of derivation for it would be:

S— AD - A — aC — aBE — abede (2)

An LR(k) algorithm pruning the leftmost handle using bottom-up recursion will generate
the derivation sequence in (2) in reverse. When given the input, only the leaves will be
given. Skipping some of the more precise formalism for sake of brevity, LR(k) algorithm
can only work if the handles are unique. More precisely, a grammar is LR(k), that is can
be parsed by LR algorithms, if and only if each handle in its parse is uniquely identifiable
by the string to its left and the k terminals to its right [5]. Therefore, LR(k) algorithms
work for unambiguous context-free grammar. But, when it is applicable it attains a linear

asymptotic time-bound for worst-case scenario of O(n) where n is the length of the input



string.
CYK algorithm
Beneath is a pseudo-code description of a CYK recognizer, which with some minor

modifications can be converted into a parser|2].

function CKY-PARSE(words, grammar) returns table
for j —from 1 to LENGTH(words) do
table[j—1,j]—{A4 | 4 — words|j| € grammar }
for i — from j — 2 downto 0 do
fork—i+1toj—1do
table[ij] — table[i,;] U
{414 — BC € grammar,
B € tableli. k],
C ¢ tablelk,j| }

Figure 4: CYK psuedo-code

The paramaeter words stand for a input string and grammar is the set containing the
production rules. So, the words argument can take the form, "Book the flight through
houston." [2] and each individual word will be "Book", "the", "flight", etc. The algorithm
recursively builds up a triangular matrix encoded as a table, where each cell [i,j| where i
is the row and j the table represents all the constituents of the sentence corresponding to
the non-terminals from the ith word to the jth word. The index is at zero, so the indexing
here for the previous sentence would look like “oI;amsnot...". The recognizer will recognize
an input to be a member of a context-free language if the [0,N] cells contains the special
start symbol.

The grammar in this case will be a simplified set of English grammar, defined as follows

and along side the grammar you can see the output table[2]:
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S — NPVP
S — Aux NP VP

S —=re

NP — Pronoun
NP — Proper-Noun

Book the flight through  Houston

NP — Det Nominal IR SVPX2 S.VP

Nominal — Noun [t A | A | A A | A
0,1 0,2 0,3 0,4 0,5

Nominal — Nominal Noun : Iget] kP] ] NP] \

Nominal — Nominal PP

VP — Verb L

VP — Verb NP et

. [2,3] 2,4 [2,5]

VP — Verb NP PP F[,rep] 3

VP — Verb PP 341 h[‘e';ﬁ]

VP — VP PP Zgoﬁer- o

PP — Preposition NP 4.5]

(a) English Grammar (b) CYK Recognizer Output

Figure 5: A simplified English Grammar and Parse Table

With some additional steps, this information can be used to generate a parse for the
input sentence. The CYK algorithm can generate its output in the worst case time bound
of O(n? x |G]), where n is the length of the input string and |G| the cardinality of the
grammar set. An additional important point one needs to keep in mind is that CYK
algorithm requires preprocessing of input strings so that the input string takes the form
of Chomsky Normal Form (CNF). While it is an established fact that any language of
Context-Free Grammar can be rewritten in CNF format, this means that CYK algorithm
requires an additional step before we can run the algorithm.

Earley Parsing Algorithm

A key element of Earley Parsing Algorithm are Earley Items. A common representation
of Earley items in the literature are as follows: [A — « e (3,j| [6]. The e represents a rule’s
right-hand side and j is a pointer to a set S;. Each set, S;,is a set of Earley Items, and
this set is known as an Earley Set. Given an input string of length n, the Earley algorithm
will generate n + 1 Earley Sets. The Earley Set, Sy, will initially have only one Earley
Item, [S° — Se,0]. An input string that is successfully parsed must have the Earley item
[S° — @5,0] in the set, S,.

Suppose that the input string is of the form X; ... X,,, where each Xj is either a terminal

11



or nonterminal, then an Earley parser will generate the Earley sets Sy, initialized with the

value [S° — Se,0], to S, by using any combination of these rules [6]:

e SCANNER: If [A — ...ea..., jlisin S; and a = x;11, add [A — ... ea..., j] to
Sit1

e PREDICTOR: If [A — ... e B..., jlisin S;, add [B — eq,i] to S; for all rules

B — «

e COMPLETER: If [A — ... e, j]isin S;, add [B — ... Ae ... k| to S; for all items
[B—...e¢A. ... klin S;

To get a better idea of how Earley parsing works, suppose a context-free language is

defined by the following grammar [6]:

E—-FE+EFE—n (3)

Furthermore, suppose the Earley parser is fed the string: “n+n". Then the algorithm

will generate the following output [6]:

S 5
5 — oF L0 a E — ne L0
E—eE+E ,0 '_ S — Ee L0
E — on .0 E—= Ee+E .0
&
E—=E+eFE 0
" Esalgl o9
E — en .2
83
E — ne g
n E—-E+Ee .0
E—= Fe+E .2
S — Ee L0

Figure 6: Earley Sets for the input n+n

The information from these Earley sets can be gathered to generate a parse tree. The al-
gorithm does not require any preprocessing, can handle ambiguous grammar, and operates

in the worst-case time bound of O(n?®), where n is the length of the input string.
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2.3 LR(k) vs CYK vs Earley

LR(k), CYK, & Earley Comparision

Algorithm Restriction Worst-Case Time Complexity
LR(k) Applicable  To  Unambiguous | O(n)
Grammar
CYK Accepts Input CNF Form O(n® x |G])
Earley None O(n?)
Table 1

Table 1 summarizes the key point of comparision between the different parsing algo-
rithms. From these information should be self-evident why we selected Earley-parsing

algorithm for our work.

2.4 Parsing Mandarin Using Earley Parser

X. Xia el.[7] greatly informed our work. Their work establishes that innate features of
Mandarin grammar posses difficulty for naively application Earley Parsing algorithm. The
syntactic flexibility of Mandarin and the absence of morphological markers generates too
many parses per sentence, some of the parses which are nonsensical.

Thus, they extend the formalism of context-free parsing to cut down the parse forest
naively using context-free grammar and parsing will generate. However, these modifica-
tions are beyond the scope of our work and merely demarcate the boundaries of technical

feasibility for the project we have in mind.

2.5 Functional Programming and Haskell

Functional programming directly descends from A-calculus, which is a formal model of
computation that is equivalent to a Turing machine [§]. Examples of functional program-
ming language are Lisp, Haskell, and Erlang. Unlike, imperative languages, functional
programming languages do not mutate or modify the state of a variable. An immediate
advantage of this is that side-effects are avoided entirely in a purely functional program-
ming language like Haskell. To be more technical, functional programming language gives
the benefit of referential transparency [8]. A function given the same values will always

evaluate the exact same results.
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Moreover, the building block of a functional programming language are expressions,
which are concrete values, variables, and other functions, where functions can informally
be defined as expressions that apply to inputs and reduce them. This gives a functional
programming high degree of abstraction and composability, which among other things,
leads to neat compact and minimalist codes [§].

Other piece of literature suggests functional programming may be more efficient[9].
But to us the most attractive feature of Haskell is it’s closeness to formalism of computer
science. Therefore, a parser written in Haskell will better exemplify the ideas underscoring

a parser.

2.6 Our Work

In the context of the existing literature, our work aims to replicate earlier results using
simpler tools and models. In essence, our parser will be a toy parser that rightly codes
Earley algorithm, achieve its time and space complexity, and succeeds in parsing a limited

subset of Mandarin.

3 Solution

Our first step was to provide a reasonable argument on the soundness and completeness

of an Earley parser.

3.1 Soundness of an Earley parser

Given a context-free grammar, we use the notation w for finite sequences of terminal
symbols, and the notation u, v for finite sequences of terminal and non-terminal symbols.

Moreover, given a non-terminal A, the language L 4 is defined as the set of finite words
of terminals will be the leaves of parse tree with the root A. Likewise, the language L,
of a terminal is defined as the singleton {a}. Additionally, u.v, means concatenation of u
with v.

We can now introduce two important definitions.

14



Definition 1. Given two sets Ly and Lo of finite sequences of terminal symbols,

L1 . LQ = {w1w2|w1 < Ll,U}Q c LQ}
for the set of finite words of terminal symbols obtained by concatenating a finite word
wy € Ly with a finite word wy € Lo.

Definition 2. The language L, associated to a finite sequence u of non-terminal and

terminal symbols is defined by induction on the size of the finite sequence wu.
o L. ={c},
® L,y=0L,- Ly,
 Ly,=Ly- Ly,

Note that for every pair (u, v) of finite sequences of terminal and non-terminal symbols,

From these definitions a number of properties follow. One, is the following lemma:

Proposition 1. For every rule A — w of the grammar,

ngLA

Proof of Proposition 1 follows from the fact that w by definition is ag-a;-. .. a,. So from
the definitions given, it holds that L,, = Ly.q,....a,- Furthermore, once again by definition,
Loy-ay-..an = Lag - La, - - - L, . Recalling, that language of a terminal is singleton, thus we
are concatenating singletons: {ag}-{a1}-...{a,}, which gives us the string: apa; ...a,. By
definition this will be one of the branches of the language of Ly, thus L,, C L4.

We have introduced enough definition to state the following theorem, which is equivalent

to the soundness of an Earley parser.

Theorem 1 (Soundness). Suppose that the Early algorithm applied on the finite word of

terminal symbols

15



induces the item [S” — Se,0] in the set S,. In that case, the word w is an element of the

language Lg generated by the context-free grammar.

In order to prove the property, we show by induction on the number of steps performed

by the Earley parser:

Proposition 2. Suppose given a word

and two elements i,j € N such that i < j < k. Suppose, moreover, that the item

[A = ueuv,i]

appears in the set S; during the parsing of the word w. In that case, the word a;---a; is

an element of the language L,.

The proof behind this assertion follows from Proposition 1 and recursively applying
Definition 2. Proposition 1 let’s us claim L, C L4. So the language L, exists here.
Furthermore, from Definition 2 consider the fact that the premise permits us to assert,

Loy =L - L, where v is a;. Now, by recursively using this definition, we simple get

aj—1
to the point where we can state L,, ., =L, - L, -, where wis ajpg ... a;. So clearly, a; ... a;
belong to L,.

Moving forward, we can establish that each of the three rules of an Earley parser—

SCANNER, PREDICTOR, and COMPLETER— corresponds to a step of the induction.

SCANNER

Define that in the Earley algorithm, given an input of x1,zs,...x,, we will have the
original set Sy and set .S; for every input x;.

Assume that we have an Earley item in set S; written as [A — ...a e ..., j] where j
is the pointer to where the production begins (the origin position) of the set S;. This
assumption is corresponding to the Proposition 2 of the Soundness Theorem which shows
that the Scanner algorithm holds true for the loop invariant of the Soundness Theorem

we are trying to prove.

16



We know that there is an intial set Sy written as [S" — S, j] where the pointer is
pointing to as the origin position.

Then, there has to exist an Earley item in set S;_; written as
[A— ...ea...,j]suchthat z;_; = aso to create a sequence of set from the origin position

that pointer j is pointing to.

PREDICTOR

Assume we have a sequence of terminals and non-terminals A written as [A— > Xab]
which can also be rewritten as [Ly— > Lx] where Ly and Lx are the language of a
non-terminal such that Ly = {ablab € Lx} (Lx contains the terminals ab).

Let sequence A be in the state [Ly— > oLx]. Since we denote that Lx = {ablab € Lx},
we will thus evaluate the terminals that Ly contains which is ab.

The statement above also preserves the invariant of the Soundness Theorem which is
that given the item [L,— > oL x], and the word x = a,b the word a,b is an element of the

language L,

COMPLETER

Assume we also have a sequence of terminals and non-terminals A written as [A— > abX cd]
which can also be rewritten as [Ly— > abLxcd|. Ls and Ly are the languages of a non-
terminal.

Then, define the language of non-terminal as a set of finite terminals represented as
follows: L4, Lp = {abla € La&b € Lp}

Using the definition above to apply to A, we have: [La— > Lx,Lxs] such that Ly,
contains ab and L x; contains cd.

Assume we are at the state of [L4 — ®Lx,Lxy,| which is the given state of Proposition
2 of the Soundness Theorem thus preserving the invariant of the induction proof. We
then evaluate the first non-terminal Ly, which contains ab as mentioned above. When
the evaluation reaches the state where [Lx,— > abe]. Following the sequence A consists of
terminals and non-terminals as defined above, the Earley parser will now evaluate the next

language of non-terminal L x; consists of terminals cd as it is in the state [La— > Lx,oLxy).

17



3.2 Completeness of an Earley Parser

Regarding completeness, our argument is less rigorous and will be a sketch to what we
believe is an argument that is correct in essence.

Assume that the set F' is the collection of all the parse trees generated by running
an Earley Parser. Furthermore, for sake of contradiction assume the Earley Parser is
incomplete. Therefore, there would exist a parse tree T' that is correct but not included
in F'. From our earlier work, we know that if 7" is correct than it each of its leaves, if
concatenated will belong to Lg. In other words, the tree the VI" € F,T NT will produce
an intersection having at least one element, S.

Now, Earley Parser is a top-down parser. It works from the root, S. The PREDICTOR
guesses possible parses in a set, S; and the COMPLETER adds those that apply to the
Earley Sets, S; such that i < j, so based on previous works, a word w such that w = a; . . . a;
is an element of the parse tree with root A, where A is a nonterminal. Due to application
of PREDICTOR and COMPLETER, only Earley Sets, S}, having the Earley element,
[S'— > Se,0] will be valid parses. Thus, a parse tree, T, will be missed if PREDICTOR
and COMPLETER are incorrect which would be a contradiction, since they are proven

correct! Thus, the Earley Parser is complete.

3.3 Implementation

After our attempts to establish the soundness and completeness of an Earley Parser we
used simple Python to prototype our primitive Earley parser [I0]. The source code is
hosted in a shared Github repository. Please keep in mind that we regard this as the first

version of the Earley Parser and may over time change from what is presented in this

paper.

4 Results and Discussion

4.1 Initial Plan and Current Implementation

Our original plan was to implement our Parser in Haskell for reasons cited in Section 2.5.
However, this proved to be beyond our current technical scope. Thus, it was decided to

quickly prototype our parser in Python; take advantage of its OOP features; and design a

18



parser that is a proof of concept.

Some of the more state-of-art treatment in the previous literature [7] [6] were neglected
for simplification and feasibility.

Thus, the issue of e-rules, improving upon established time and space efficiencies, supple-
menting rule-based parsing with probabilistic heuristics were not a point of consideration
in the present implementation of our Earley Parser.

But the Earley Parser at present is correct and complete, a subject on which we invested

the bulk of our effort.
4.2 Select Inputs and Outputs
(a) Input=aaa

Suppose we have a context-free grammar defined as such: S— > SS|a

Then, Earley Algorithm must generate a output that corresponds to the following:

Excepted Output
Set Number Earley Items
0 [S = eS,0], [ S SS,0, [ S— #a,0 ]
1 [S —Se.0], [ S—SeS,0], [ S—ae,0], [ S— eSS,1[,[ S— ea,1 |
2 [ S —SSe,0], | S—SeS,1 ], | S—ae, 1], [ S— eSS.2 || S— ea,2 |
3 [S —SSe,1], | S—SeS,2 |, [ S—ae,2 |, [ S —Se,0]

Table 2

PARSE FOR INPUT:aaa
s@:[s -»s, 8],

: [S' -»S. , 8], [5 -»5.5 S [Sh=>.55 0 1], S >.ra . 1],

2 : [S ->85. , 0], [S -»S.5 5 -585 , oL JS “xdfa . 2],

2[5 255 1) s >sash) - SEsc. o p],

Figure 7: Output for The Grammar S->SS, S->a and Input aaa

As the reader can see from [7], our prototype parser generates the right output. Note,
that the “T" in the output we get is just a character to mark “Terminal" characters

and, therefore, does not represent any character in the nonterminal or terminal set.
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(b) Input=nn

Suppose we

have a context-free grammar defined as such: S'— > E, E— > FE|n

At this point our extensive description of Earley parsers and the previous example

should give the reader a good basis to infer the theoretical output. As such, we will

leave it to the reader to see that indeed the output shown in the figure below is

correct.

PARSE FOR INPUT:aaa

Se: [s

S

—»i5 0

' 38, , 8], [5 -»5.5 s [St=>.55 1] ([S'>cra, 1],

S2:[S->SS5. , @], [5 -»5.5 s [S8=> sSERa] iSRS e ol

S

'-35, , 0],

Figure 8: Output for The Grammar S->nn, E->EE|n and Input—nn

Input= D (wojiaoD— I am D)

Suppose we have a context-free grammar defined as such:

S—>9 95—

> SPVN, P— > $(wo) ,V— > M(jiao) ,N— > D

Initializing the right grammar, our system successfully parses this simple sentence in

Mandarin into the output that is shown below.

PARSE FOR
se: [s'

InPUT: FellD »
->.5, @], [S ->.PWN [P >.7H , e],

' ->.5, @], [S ->P.WN [P ->T&. , @], [S ->P.WN , @], [v ->.Tl] , 1],

' ->.5, @], [S ->PV.N [v ->T. , 1], [S ->PV.N , @], [N ->.TD , 2],

' ->.5, 0], [S ->PWN. [N ->TD. , 2],

Figure 9: Earley Sets for A Simple Sentence In Mandarin

Thus, as the outputs above show, our parser is capable of parsing context-free grammar

and generating the correct and complete Earley Sets. The information in the Earley codes

encode the necessary information to recreate a parse tree with further processing.

4.3 Time Complexity

The literature clearly established that the worst-case time complexity of an Earley Parser

is in the order of O(n?), where n is the length of the input string. Despite, the cubic
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time-bound, Earley parser can actually attain linear runtime for a considerable subset of
problems.

For example. for arithmetic language [6] having only the addition operation, our em-
pirical study suggests that the parser will be bound by O(n), where n is the size of the
input.

Run Time For Input n+..+n y =0.0313x - 0.1243
R?=0.8155

Time In Milliseoncds

350

Number of Repeated n's

Figure 10: RunTime of Earley Parser For The Simple Input n+...+ n

depicts the input size going from 1 to 299 characters. The time taken for the code
to run was measured using the Python library time, which is sufficiently accurate for this
simple test. Importing the data on Excel and using the inbuilt tools therein we generated
the scatter plot shown above. The linear trend line has a R? value of 0.8156, thus, the
assuming that the time taken for our code to execute and the input size for this specific
set of inputs is linear is a reasonable assumption.

This bodes well for our implementation. The fact that our code attains best-case run
time is a tentative suggestion we used approrpriate data structures and good alogrithms

to build our Earley Parser.

4.4 Discussion

Our project has ample room for growth. For a start, our Python code can be the departure
point implementing our parser in Haskell, which was our original goal. Moreover, we can
address some of the problems raised in the literature [6] [7] and incorporate more state-of-
the-art treatment of Earley parsing, provide more robust time complexity analysis, both

at a theoretical and empirical level, and in general strive for greater level of refinement.
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5 Conclusion

Section 2 clearly establishes the historic context and significance of parsing and, in addi-
tion, presents a literature review of seminal papers and landmark results. Situating our
work in this bigger and broader context, at present we have successfully recreated the
foundational results of using context-free grammar to parse Mandarin.

We hope in the future to expand on these works to go above and beyond well established
results. Section 4.4 already serves as a guideposts to areas where we can further refine our

prototypes and find ourselves closer to the state-of-the-art rather than the historical.

6 Personal Contribution

While this project was a team work between Daisy Huynh and I, each of had our own
individual contributions as well. Vast majority of written report was done by me; I added
to the proof of Daisy had written, in particular the proof of the Proposition 1 and
Proposition 2 and provided a sketch of why the Earley Parser is complete. In addition,

I have written codes [I0] but ultimately those were not used for the interest of time.
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