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ABSTRACT

In this paper a terminal prefixing is presented as a normal form of context-free grammar and applied on a LL(1) grammar.
Its impact on the size of derivations, magnitude of parse trees and particularly on the efficiency of LL(1) parsing is
analyzed. Results show that terminal prefixing has a significant impact on size of parse trees and similarly on the efficiency
of LL(1) parser. The discussion included in this paper is helpful in the advancement of other parsers and also for the
anatomization of topical normal forms.
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1. INTRODUCTION

Parsing is the process of arranging a linear representation according to a particular grammar [1], and parser is a
program that accomplished this process. Parsing has a great importance and extensive history of academic study yet it is not
a solved problem [2], and therefore researchers have devoted decades analyzing to develop efficient parsing methods.
Parsing has diverse applications especially in the area of compiler construction [3], natural language processing [4,5] and
automatic speech recognition [6].

In classical compilers the parsing is a second phase and deals with the verification of syntax and generation of parse
tree which defines the structure of a program. In contemporary compilers the top-down and bottom-up are the common
parsing techniques.

The top-down parsing starts the parsing from the root of the parse tree and determine from the input token stream how
to develop the parse tree. Top-down parser perform this duty by using the information of the lookahead tokens and of the
productions in the grammar. Furthermore, it scan the incoming tokens from left to right.

Top-down parsing can be performed with a set of recursive functions or through table-driven approach which is easy
to construct and modify [7]. Top-down parser can only parse a restricted class of a context-free grammar. Fundamentally,
the context-free grammar (CFQG) is one of a powerful concept of computational linguistics, programming languages and
computer science.

In computer science the context-free grammar is generally used to describe the syntax of programming languages [8].
It is also very useful in the description of restricted natural language based programming languages [9, 10]. Formally the
context-free grammar is a four tuple (N,T,P,S), where N is a set of nonterminals. 7 is a set of terminals. Nonterminals and
terminals are always disjoint. P is set of productions or rules, in which each rule takes the following form [11]:

B —aq,

where B € Nand o € (N U T)". S is the start symbol and a subset of V.

The context-free grammar is usually normalized before using in any real solution and parsing is no exception. The
normalization usually restrict the structure of a grammar either by restricting the size of production or the arrangement of
symbols in the productions.

A restricted class of context-free grammar is used in top-down parsing. The top-down parsing has two main types:
recursive-descent parsing and LL(1) parsing. The recursive-descent parsing analyze the input by using the recursive
procedures where each such procedure represents one of the production of its context-free grammar. On the other hand, the
LL(1) parsing generally does not require backtracking during building a parse tree and commonly used in compilers.

LL(1) parsing is one of a simple and viable choice for syntax analysis which is a second phase of a compiler. Syntax
analyzer is one of a time consuming phase of a compiler and consequently the development of efficient parser remains an
active area of research in computer science and computational linguistics.

This paper introduced a terminal prefixing which is a more general form of Greibach normal form and apply this terminal
prefixing to simplify the LL(1) grammar and determine its impact on derivation, parse tree and LL(1) parsing.

The paper is structured as follows. In section 2 the LL(1) parsing is described and the major work conducted in the
improvement of LL parsing is included in section 3. In section 4 the terminal prefixing is introduced. The initial evaluation
and results are included in section 5. Finally, section 6 describes the conclusion.

*Corresponding Author: Dr. Muhammad Shumail Naveed, Department of Computer Science, University of Balochistan, Quetta,
Pakistan. Email: mshumailn@gmail.com
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2. LL(1) Parsing
The LL(1) parsing is a top-down, non-recursive predictive parsing technique which requires no backtracking and
constructed over the class of grammars called LL(1) grammars. The fundamental concepts of LL(1) grammars were
formally presented by Lewis and Stearns [12], and the attributes of LL(1) grammar were refined by Rosenkrantz and
Stearnsc [13]. LL(1) parsing used an explicit stack to parse the sentence. It is also used in the definition of other parsing
techniques especially in a bottom-up parsing algorithms [8]. The first “L” in LL(1) indicates that input is processed from
left to right. The second “L” indicates that it performs the left most derivation for the input, and “1” indicates that in each
step only one symbol of input is used as a lookahead to predict the parsing action. In LL parsing the lookahead symbols
may be the multiple symbols. LL parsing is the foundation of a contemporary parser generator ANother Tool for Language
Recognition (ANTLR) [14]. LL(1) parsing is usually implemented through a table called the parsing table. The construction
of a LL(1) parsing table involves the computing of two functions associated with the LL(1) grammar. These two functions,
FIRST and FOLLLOW facilitate to fill up the entries of LL(1) parsing table. LL(1) grammars are the restricted class of
context-free grammars and therefore LL(1) parsing is inherently a restricted class of parsing technique. There are several
limitations of LL(1) parsing. First, it cannot handle the ambiguous grammar. Similarly it cannot handle the left recursive
grammar and it also can’t handle a grammar containing the conflict.
If G is a context-free grammar and L(G) is a language defined over G, then grammar G is said to be ambiguous if there is at
least one string in L(G) for which G generates multiple parse trees [15]. Ambiguity is a common characteristic of natural
language; however in programming language it is necessary to remove the ambiguity if possible. Concretely there is no
well defined algorithm for the identification and removal of ambiguity, nevertheless in most of the situations it is possible
to identify and remove the ambiguity. Principally any language L can be defined by different grammars. If every grammar
that defines L is ambiguous grammar, then the said language is known as inherently ambiguous.
A grammar G is said to be left recursive, if it contains at least one left recursive production. A left recursive is one that
takes the following form:

X - Xa

X —p
Where X is a nonterminal and a and B are the strings of nonterminals and terminals and B does not begin with X. The
production having left recursion can be handled by rewriting that production into two rules: one that defines 8 first and
another one that defines the repetition of a:

X -BX

X —-aX'e
Conlflict is an undesirable condition for LL(1) parser, that occur when multiple grammar productions choices have a
common prefix:

X —>Pfa

X —By
This problem can be solved by left factoring. Through left factoring the f is factored on the left and rule is rewritten as:

X - X

X — «a

X -y

3. Previous Work

For decades, experts and scientists have worked towards expanding the recognition strength and the performance of LL
parsing. Parr et al. [16] introduced the ALL(*) parsing which integrates the plainness, effectiveness and predictability of
traditional LL(k) parsers with the ability of a GLR-type method to take parsing decisions. The significant novelty is to
move analysis to parse-time, which allows ALL(*) deal context-free grammar without any left recursion. Theoretically
ALL(*) is O(n*) but executes linearly on grammar used in practice.

Shilling [17] introduced an efficient incremental parsing algorithm. It is devised for the language-based editors and
implemented in Fred language-based editor. It can parse input at intervals of extremely tiny granularity and bound the
amount of incremental parsing required when alterations are perform internal to the editing buffer.

In [18], the notion of LLLR is introduced. An LLLR parser generates the left parse of the input in a linear time and can be
built for any LL(k) grammar. It works as an LL(k) and used as a foundation for a syntax-directed translation. LL(k) is the
backbone of the LLLR(k) parser and generate semantic action by means of top-down approach just similar to the canonical
LR(k) parser. LLLR parsing is similar to LL(¥*) parsing but does not perform backtracking and utilize LR(k) parser to
manage the LL(k) conflicts [19].

The LL(k) parser of an LL(k) grammar is fundamentally a single state deterministic push-down automaton that performs
left parse of the input string. The LL(k) parsing is evolved as duple of LR (k) parsing. LL(k) parser may be considered as a
push-down automaton. In [20] the equivalence relation that yields the canonical LL (k) are considered, and a new technique
for generating the canonical parser is introduced.
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The parsers for LL(k) grammars are usually the deterministic pushdown automata that perform leftmost derivation for the
given input string. Ukkonen [21] presented a family of LL(2) grammars and proved that all parsers developed over LL(2)
grammars have exponential size. It is possible to obtain an extended parser for the LL(k) grammar by adding to a parser the
possibility to process a constant number of pointers that point to locations in the generated part of the leftmost derivation
and to vicissitude the output in such positions [22].

In [23] a threaded parse is introduced tree by introducing threaded link in parse trees, and set forth supplementary distance
entry in LL parse tables, resultantly called augmented LL parse tables. These quantum leaps are afterwards used to develop
a potent incremental LL parser.

In [24] dynamic context-free grammars, as an expansion of classical context-free grammars is presented and identified that
deterministic top-down parsing of dynamic context-free grammars is equally robust as deterministic bottom-up parsing of
context-free grammars, and are adequate to parse all deterministic context-free languages if the lookahead symbol is one.
The dynamic LL(k) grammars integrate the universality of LR(k) parsing with the benefits of LL(k) parsing. However the
construction of dynamic LL(k) grammars is more difficult than static LL(k) grammar but the size of dynamic LL(k)
grammar is expressively smaller than an equivalent LL(k) grammar.

Bertsch and Nederhof in [25] presented a comprehensive study on the association between the size of LL(k) grammars and
the size k of lookahead, and conferred result pertaining frugality of description of languages using LL(k) grammars if £
varies.

Vagner and Melichar [26] introduced the parallel deterministic LL parser and defined a class of LLP grammars appropriate
for deterministic parallel LL parsing. The class of LLP grammar is a proper subset of LL grammars, and encompassed
significant languages, like the arithmetic expression language.

For non left-recursive grammar, a visualized LL parsing is developed which is based on relation matrix, that makes LL
parsing more efficacious for large characters based grammars [27].

The GLL parsing is presented in [28], which is based on recursive-descent paradigm and capabilities to handle left
recursive grammar. GLL parsers are completely general, worst-case cubic parsers, useful and easy to use for the debugging
of grammar. An algorithm for constructing GLL parsers which developed an SPPF illustration of the derivations of the
input is also defined. The GLL parsing algorithm is able to recognize any context free grammar, including the ambiguous
grammar [29].

4. METHOD & DISCUSSION

If L is a language defined over the LL(1) grammar G; and parsed by a conventional LL(1) parser then there exist an
equivalent LL(1) grammar G; in terminal prefixed form which can be recognized by a very similar LL(1) parser probably
with better performance. The steps required by terminal prefixed LL(1) parser to parse the LL(1) grammar are defined as
follows:

Conversion of standard LL(1) grammar into an equivalent grammar in terminal prefixed form.

Removal of useless productions (if exist).

Calculation of FIRST set for each terminal and nonterminal of a grammar.

Calculation of FOLLOW set for each nonterminal of a grammar

Construction of a parsing table.

A e e

4.1 Terminal Prefixing
Conventionally the amelioration of any parsing algorithm is performed either by increasing its grammar recognition
capability or by reducing the number of steps required during parsing. For later case of enhancement the pertinent grammar
of a parsing algorithm is usually simplified and normalized in different ways. Greibach normal form and Chomsky normal
form are two common normal forms of context-free grammar.
Greibach normal form (GNF) was introduced for context-free grammar [30]. Greibach normal form is indispensable for
several results in the domain of context-free languages. Virtual applications of Greibach normal form includes, the
conversion of a context-free grammar into an e-free pushdown automaton or the construction of efficient parser. A context-
free grammar G = (N, T,P,S) is said to be in Greibach normal form, if all the productions satisfy one of the following forms:

X—aa

X—e
Where, a € T and a € N*. Greibach normal form limits the shape of productions of a context-free grammar in a way that
with every step of derivation the terminal is generated from left to right expending terminal prefix by one symbol in every
step.
Terminal prefixed form which is introduced in this paper can be viewed as a general form of Greibach normal form. A
grammar is in terminal prefixed form, if all the productions satisfy one of the following forms:

X—aa

X—e€
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Where, a € T and o € (N U T)". Unlike Greibach normal form the o in terminal prefixed form is a sequence of terminal
symbols and nonterminal symbols. The LL(1) grammar never contains ambiguity, left recursion and conflict and therefore
any LL(1) grammar can be converted into an equivalent terminal prefixed form.
The first and the foremost step in the definition of the proposed method is to convert the LL(1) grammar into the terminal
prefixed form. The proof of this part will be by constructive algorithm. This means that an algorithm will be defined that
starts out with LL(1) grammar and ends up with a terminal prefixed grammar. This algorithm satisfies two criteria. It works
for every conceivable LL(1) and it must guarantee to complete its process in a finite number of steps.
Three cases are encountered during the transformation of LL(1) grammar productions in an equivalent terminal prefixed
form:
Case 1:
If a production in P; takes the following form:

X—aa
Where a is a terminal and o.= (N U T)", then underlying production is already in the terminal prefixed form (1).
Consider the following fragment of productions:

X—ayY

Y—-bY

Y—c
In above productions, the body of every production starts with the a terminal, then the said productions are already in
terminal prefixed form.

Case 2:
If a production in P; takes the following form:

A—¢g,
and A further produces nothing, then removes that production, and eliminate A from the body of other productions.
Consider the following fragment of productions:

B— Ac

A—eg
After the transformation of the above productions, we get the following terminal prefixed production:

B—c
However, If a production in P; takes the following form:

A—¢g,
And 4, further produces something; then removes 4 — ¢, and turn by turn replace every occurrence of nonterminal 4 on the
right side of productions by the symbols appearing on the right side of 4 including the € (the body of A).
Consider the following fragment of productions:

B — Ac

A—c¢

A —aA

A—d
After the transformation of above productions, we get the following productions:

B—c

B —aAc

B —dc

A —aA

A—d
In that situation, all the productions are in terminal prefixed form, however, if the resulting productions are not in terminal
prefixed form, then same procedure will be recursively applied by using the relevant methods (in Case 1 or Case 2) until
the productions will be transformed into terminal prefixed form.

Case 3.
If the productions in P, take the following form:

A — x0, where x € N, and a = (N UT) *, then the first step is the selection the production from the multiple

productions. Although the productions can be selected in any arbitrary order, but it is recommended to select the
productions in a bottom up fashion.
Suppose A — Baj, B — Cay, and C — cos, where A, Band C € N, aj, oz and 03 € (N U T)", and c is a terminal, then
virtually it is allowed to select any production for transformation. However in a bottom up manner, we strive to select a
production, whose suffix of the body immediately generates the string starting with a terminal, in that case B — Cop is
selected first. After selection, the suffix of a body is replaced with its generating string(s), in next step A — Bay is selected,
and transformed in the same way as B — Cap, finally and we get the productions in terminal prefixed form.
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Consider the following fragment of productions:

A — BcA

B — Cad

C—c
Since the third production is already in terminal prefixed form, so the production B — Cad, will be selected first. After its
transformation A — BcA will be selected and transformed by employing the above defined method. The equivalent
terminal prefixed productions for the above productions are:

A — cadcA

B —cad

C—oc
The same method will be applied, if 4, B and C define multiple productions.

4.2 Removal of useless productions

The second step in the construction of terminal prefixed LL(1) parser is to identify and remove the useless productions
from the grammar. A production in a terminal prefixed grammar is called useless, if it can never take part in any derivation.
There are different forms of useless production.

Case 1: Consider the following grammar:

A - adb
A - B

A - €

B - cB

The production A — B never plays any role, because no terminal string can be generated by B.
Case 2: Consider the following grammar:

A - adb
A - €
B - bB
B - €

Although B derives a terminal, but it is useless, since it cannot be reached from the start symbol of the grammar.
Dependency graph is useful for identifying this type of useless productions.

4.3 Construction of Parsing Table

Like conventional LL(1) parsing, the parsing with terminal prefixed LL(1) grammar involves the computation of FIRST
and FOLLOW set and the methods for computing these sets are quite similar to conventional methods.

Let A be a symbol (a terminal or nonterminal) of a grammar written in terminal prefixed form. Then the FIRST(A) contains
terminals and may be ¢, is defined by applying the following rules until no more entries can be inserted to some FIRST(A):

1. If 4 is a terminal symbol, then FIRST(A) = { 4 }.

2. If A is a nonterminal and produces €, then add € to FIRST(A).

3. If A is a nonterminal of a grammar, then for each rule of the form A — af;...Bs, o must be a terminal symbol and it will
be added to FIRST(A). Unlike conventional LL(1) parsing, there is no need to check the remaining symbols.

The algorithm for computing the FOLLOW set of nonterminals in the terminal prefixed grammar is similar to the standard
LL(1) parsing. If 4 is a nonterminal, then the FOLLOW(A), comprises of terminals, and possibly $ is defined by applying
the following rules until nothing can be added to FOLLOW(A):

1. If 4 is a distinguished symbol, then place $ in FOLLOW(A). Whereas $ is the input right end indicator.
. Ifthere is a production rule B — a4p, then add all symbol in FIRST (B) - € in FOLLOW(A).
3. If there is a production B — a4, or a production A — aA4p such that € is in the FIRST(B), then everything in
FOLLOW(B) is in FOLLOW(A) .

The algorithm for constructing the parsing table from the terminal prefixed LL(1) grammar is similar to the standard LL(1)

parsing and described below:

1. For every production B — o of the terminal prefixed grammar, perform the steps 2 and 3.

2. For all terminal ‘b’ exclusive of € in FIRST(), add o« to PARSINGTABLE[B,b].

3. Ife e FIRST(x), include B — o« to PARSINGTABLE[B,c] for all terminal ¢ in FOLLOW(B). If ¢ € FIRST(), and
$ € FOLLOW(B), add B — o to PARSINGTABLE[B,$].

4. Define every undefined column of a PARSINGTABLE be an error.
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5. EVALUATION AND RESULTS

The conventional LL(1) parser does not impose any condition on the prefix of the right side of any production. So the
verification of a single terminal may involves multiple steps. However, in case of terminal prefixing the LL(1) parser match
at least one terminal in each step and similarly it generates a compact parse tree because it restrict the expansion of left
subtrees.

In order to identify the real impact of terminal prefixing on LL(1), consider a universal example of arithmetic expression
grammar which is included in almost every material of the theory of automata and compiler construction [3, 8]. For
conciseness the nonterminals <expr>, <expr’>, <term>, <term’> and <factor> are abbreviated as E, E’, T, T’ and F
respectively. So in concise form the arithmetic expression grammar would be written as:

E N TE’ (1)
B N +E ©)
E’ N TE’ 3)
B’ - € (4)
T - FT’ (5)
T - *FT° (6)
T - /FT’ (7)
T - € (8)
F - D 9)
F - (E) (10)

Now we convert the above arithmetic expression grammar into a terminal prefixed form. As per rules, the productions
2,3,4,6,7,8, 9 and 10 are already in the desired form, and only the productions 1 and 5 are to be converted. According to the
defined rules, the production 5 is initially selected:

T - FT’

Since F' produces ID and (E), so for the transformation of production 5, the F will be replaced with ID and (E), and
obtained the following productions which are in terminal prefixed form:

T - DT
T - BT

Now the production 1 is selected:
E - TE’

Since T produces ID T’ and ( E ) T’, so for the transformation of production 1, T will be replaced with ID T” and (E ) T,
and obtained the following productions which are in terminal prefixed form:

E - ID T"E

E - (E)TFE
Finally we obtained the terminal prefixed grammar:

E - ID T'E

E - (E)TFE

E’ - +TE’

E’ - -TE’

E’ - €

T - IDT

T - (BE)T

T - *FT?

T - /FT’

T - €

F - ID

F - (E)

The terminal prefixed LL(1) grammar is intrinsically more coherent then the conventional LL(1) grammar as it generates at
least one terminal in each step. As an illustration consider the parse trees of “ID + ID”.
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Fig. 1: Parse tree of ID + ID

The parse tree generated by the conventional LL(1) parser is shown in Fig. 1(a) contains 15 nodes (including the g-node), in
which 9 are internal nodes, whereas the parse tree (shown in Fig 1(b)) generated by the terminal prefixed parser contains 11
nodes in which 6 are internal nodes. This indicates that the parse tree generated with terminal prefixed LL(1) grammar is
more compact than the conventional LL(1) grammar and therefore the terminal prefixing has a significant impact on the
size of parse trees. Now consider Fig. 2 for the parse trees of “(ID+ID)*ID”.
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(b) Generated with terminal prefixed
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Fig. 2:Parse tree of (ID + ID) * ID

Fig. 2 shows that the parse tree generated with terminal prefixed grammar contains 11 nodes whereas the parse tree
generated with conventional LL(1) grammar contains 16 nodes. This signifies that by restricting the productions in a way
that with every the terminal is generated from left to right expending terminal prefix by one symbol in every step generate
the succinct parse tree. As a further illustration, consider Fig. 3 for the parse trees of “ID*(ID-ID)/ ID”.

(a) Generated with LL(1) grammar
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(b) Generated with terminal
prefixed LL(1) grammar

Fig. 3: Parse tree of ID*(ID-ID)/ ID

The parse trees of “ID*(ID-ID)/ ID” illustrated in Fig 3 shows that terminal prefixed support the generation of compact
parse tree, which indicates the positive impact of terminal prefixing on parse tree generation. As an another illustration,

consider Fig. 4 for the parse tree of “(ID*(ID+ID)-ID)-ID”.
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Fig. 4: Syntax tree of “(ID*(ID+ID)-ID)-ID”
The Fig 4. clearly manifest that the parse tree generated with terminal prefixed LL(1) grammar is more compendious then
the conventional parse tree; hence the terminal prefixing has a considerable effect on the magnitude of parse trees.

The summary of above parsing trees is included in Table 1.

Table 1: Detail of Internal Nodes in Parse Trees

Internal Nodes
Input Terminal Prefixed
p LL1) Grammar LL(1) Grammar
“ID+ID” 9 6
“(ID+ID)*ID” 16 11
“ID*(ID-1D)/ID” 18 13
“(ID*(ID+ID)-ID)-ID” 29 19

The information included in Table 1 indicates that parse trees which are generated with terminal prefixed grammar are
more compact than those which are generated with conventional LL(1) grammar because the terminal prefixing restricts the
expansion of the left subtree of every parse tree. The restriction on the expansion of left subtree intrinsically force the
generation of at least one terminal at each level, so the parse trees generated with terminal prefixed grammar contain less
number of internal nodes.

The significant impact of terminal prefixing on the size of derivation and parse tree suggest that it would have significant
impact of parsing as well. In order to identify the actual significance of terminal prefixing on LL(1) parsing consider the
parsing of an arithmetic expression. The conventional LL(1) parsing table for an arithmetic expression is shown in Table 2.

Table 2. LL(1) Parsing Table

. Input Symbols
Nonterminals D = . . / ( ) 3
E TE' TE'
E' +TE’ | -TE’ € g
T FT' FT'
T € € *FT” | /FT’ € €
F 1D (E)

The LL(1) parsing developed over the terminal prefixed arithmetic expression is shown in Table 3.

Table 3. Terminal Prefixed LL(1) Parsing Table

Nonterminal D T _ In*put Symb(;ls = ( ) $
E IDT FE ETE

E' +TE’ -TE’ € €
T DT ET

T g g *FT° /FT’ g g
F ID (E)
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The method of syntax verification is far simple and same for terminal prefixed LL(1) parser and the conventional LL(1)
parser. During trace the string or a program which is to be verified by a parser is placed on the column which represents the
input of a parser. A special symbol like “$” is suffixed with input to mark the end of input. Similarly the bottom of stack is
marked with “$” and followed by the starting symbol. In the case of arithmetic expression grammar, the “E” which
represents the expression is initially pushed on the stack of a parser. During syntax checking the parsers makes the series of
moves by taking several steps. If B is the grammar symbol on the top of parser stack, and b is “$” or a terminal symbol,
then following are the possibilities.

1. IfB=*$”and b =“$”, then parser terminates and declares successful completion of syntax checking.

2. IfB=b+#“$”, then parser pops B off the stack and continue the verification of next input symbol.

3. If Bis a variable, the parser check entry PARSINGTABLE][B, b] of the parsing table. If PARSINGTABLE[B, b] = { B
— afy}, the parser replaces B on top of the parser stack by ypa, with a on top. If PARSINGTABLE [B, b] = Blank
Entry (error), the parser performs the error handling.

Now the syntax of randomly selected inputs will be checked by using the conventional and the terminal prefixed LL(1)

parsing. As a first illustration consider the parse of “ID + ID”. The entries on stack and input are delimited by double

quotation marks.

Table 4. LL(1) Parse of “ID + ID” Table 5. Terminal Prefixed LL(1) parse of “ID

Step # Stack Input + ID”

1 “$E” “ID+IDS” Step # Stack Input
2 “SE’T” “ID+ID$” 1 “SE” “ID+ID$”
3 “SE'T°F” “ID+ID$” 2 “$E’T’ID” “ID+ID$”
4 “SE'T’ID” “ID+ID$” 3 “$E'T” “£ID§”

5 “$E’T” “+ ID$” 4 “SE™ “+ID$”

6 “§E*” “+ ID$” 5 “SE’T+” “+ ID$”

7 “$E’T+” “+ ID$” 6 “SE’T” “ID$”

8 “SE’T” “ID$” 7 “$E’T’ID” “ID$”

9 “SE’T’F” “ID$” 8 “SE’T”” “§”

10 “$E’T’ID” “ID$” 9 “$E> “$”

11 “SE’T” “$” 10 “$” “$

12 “$E”” “$”

13 “g” “§”

The trace of expression illustrated in Table 4 and 5 is based on method described in the previous discussion. It can be seen
that terminal prefixed LL(1) technique required ten steps during the parse of “ID + ID”, whereas standard LL(1) parsing
required thirteen steps to parse “ID + ID”. As a further illustration, let us consider the parse of “(ID + ID) * ID”.

Table 6. LL(1) parse of (ID + ID) * ID Table 7. Terminal Prefixed LL(1) parse of (ID
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Step# Stack Input +1ID) * ID

1 “SE” “(ID+ID)*ID$” Step# Stack INPUT
2 “$E’T” “(ID+ID)*ID§” 1 “SE” “(ID+ID)*ID§”
3 “$E'T’F” “(ID+ID)*ID§” 2 “S E'T)E(” “(ID+ID)*ID$”
4 “$E’T)E( “ ID+ID)*ID$” 3 “S$E'T)E” “ID+ID)*ID$”
5 “$SE’T")E” “ID+ID)*ID$” 4 “$ ETHE'T’ID ” “ID+ID)*ID$”
6 “$SB’T)E’T” “ID+ID)*ID $” 5 “SETHET > “+ ID)*IDS$”

7 “$E'T)E'T°F” “ID+ID)*ID$” 6 “SE'T)E” “+ ID)*ID$”

8 “$E’T")E’T’ID” “ID+ID )*IDS$” 7 “SET)ET+” “+ ID)*ID$”

9 “SETHE T~ “+ ID)*ID$” 8 “SE'T)ET” “ID)*ID$”

10 “SE'T)E’” “+ ID)*ID$” 9 “$E'T)E’T’ID ” “ID)*ID§”

11 “SE'T)E’ T +” “+ ID)*ID$” 10 “SE’T)E'T” > “)*ID$”

12 “SE'T)E’ T” “ID)* ID$” 11 “SE'T)E’” “)*ID$”

13 “SE'T)E’ T" F* “ID)*IDS$” 12 “SE'T) ” “)*IDS”

14 “$E'T) B’ T’ ID” “ID)*ID§” 13 “SE'T” “*ID§”

15 “SETYE T > “)*ID$” 14 “$SE’TF* > “¥IDS”

16 “SE'T)E’ " )*ID$” 15 “SE'T°F ” “ID$”

17 “SE’T’) ” “)*ID$” 16 “SE'T’ID ” “IDS$”

18 “$E'T” “* ID§” 17 “$E'T” “s”

19 “$E'T’F* > “* ID§” 18 “$E’ 7 “§”

20 “$E'T’F” “IDS$” 19 “$” “$”

21 “$E'T’ID ” “$”

22 “$E'T” “s”

23 “$E’ “$”

24 “$” “s”




From Table 6 it can be seen that standard LL(1) parsing required twenty fours steps to parse “(ID+ID)*ID”, whereas
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parsing the same expression with terminal prefixed LL(1) parse required nineteen steps as shown in Table 7.
Now consider the parse of “ID*(ID-ID)/ ID”.

Table 8. LL(1) parse of “ID*(ID-ID)/

Standard LL(1) parse required twenty eight steps during the parse of ID*(ID-ID)/ ID as shown in Fig 8. Whereas Terminal

ID” Table 9. Terminal Prefixed LL(1) parse of
Step# Stack Input “ID*(ID-ID)/ ID"
1 “SE ” “ID*(ID-ID)/ID$” Step# Stack Input
2 “SE’T” “ID*(ID-ID)/ ID$” 1 “$E ” “ID*(ID-ID)/ID$”
3 “SE'T’F > “ID*(ID-ID)/IDS™ 2 “SE'T’ID ” “ID*(ID-ID)/ID$”
2 “$SE'T’ID ” “ID*(ID-ID)/ IDS$” 3 “$E’T’” “* (ID-ID)/ID$”
5 “SE'T" > “*(ID-ID)/ID$” 4 “$SE’T°F* “* (ID-ID)/ID$”
6 “SE’T’F* “X(ID-ID)/IDS” 5 “SE’T’E” “(ID-ID)/ID$”
7 “$E'T’F ” “ (ID-ID)/IDS” 6 “$E’T)E(” “(ID-ID)/ID$”
8 “SE'T)E( “ (ID-ID)/ID§” 7 “SE’T’)E ” “ID-ID)/ ID$”
9 “$E’T)E > “ID-ID)/ID$” 8 “$E’T)E’T’ID » “ID-ID)/ ID§”
10 “SE'T)E'T” “ID-ID)/ID$” 9 “SETHE'T ” “_ID)/ ID$”
11 SET)E'TE” “ID-ID)/ID$” 10 “SE'T)E’ > “_ID)/ ID$”
12 “$SE'T)ET’ID » “ID-ID)/ID$” 11 “SE'T)E’T- " “_ID)/ ID$”
13 SET)ET > “_ID)/IDS” 12 “SE’T)E’T » “ID)/ ID$”
14 “$E'T)E” ” “_ID)/ID$” 13 “$E'T)E’T'ID » “ID)/ ID§”
15 “$E’T)E’T-” “_ID)/ID$” 14 “SE'T)E’T > “)/IDS$”
16 “SE'T)E’T “ID)/ID$” 15 “$E'T))E’ ” “yID§”
17 “SET)ET'E ” “ID)/ID$” 16 “SE'T) " “)/ID$”
18 “SE'T)E'T'ID “ID)/ID$” 17 “$ET > “/ID$”
19 “SET)ET ™ “)/ID$” 18 “SE’T’F/” “/ID$”
20 “SE'T)E” ” “yID$” 19 “SE'T’F” “IDS$”
21 “SE'T") “)/IDS$” 20 “SE'T’ID ” “ID$”
22 “SE'T” ” “/ID§” 21 “SE'T “$”
23 “SE'T’F/” “/ID$” 22 “$E’ ” “$”
24 “SE'T’F > “ID$” 23 “§ “g”
25 “$E’T’ID “ID$”
26 “$ET > “§”
27 “$E’ “$”
28 “$ “8”

prefixed LL(1) technique performs twenty three steps during the parse of same input as shown in Fig 9.
Now consider the parse of (ID*(ID+ID)-ID)-ID.

Table 10. LL(1) parse of (ID*(ID+ID)-ID)-ID

Table 11. Terminal Prefixed LL(1) parse of

Step# Stack Input (ID*(ID+ID)-ID)-ID
1 “SE” “(ID*(ID+ID)-ID)-ID$” Step# Stack Input

2 “SE'T” “(ID*(ID+ID)-ID)-ID$” 1 “$E” “(ID*(ID+ID)-ID)-ID$”
3 “SE'TF ” “(ID*(ID+ID)-ID)-ID$” 2 “SE’T)E(” “(ID*(ID+ID)-ID)-ID$”
el “SE'T)E( “(ID*(ID+ID)-ID)-IDS$” 3 “$E’T’)E ” “ID*(ID+ID)-ID)-IDS”
5 “SE'T)E ” “(ID*(ID+ID)-ID)-ID$” 4 “SE'T’)E’'T’ID ” “ID*(ID+ID)-ID)-ID$”
6 “SE'T)E'T” “ID*(ID+ID)-ID)-ID$” 5 “SE’T)E’'T* > “*(ID+ID)-ID)-ID$”

7 “SE'T)E’T’F ” “ID*(ID+ID)-ID)-IDS” 6 “SE’T’)E’T’F*” “#(ID+ID)-ID)-ID$”

8 “SE'T)E’T’ID ” “ID*(ID+ID)-ID)-IDS” 7 “SE’T)E’T’F” “ (ID+ID)-ID)-ID$”

9 “SET)ET ” “*(ID+ID)-ID)-IDS$” 8 “$E’T)E’T")E(” “ (ID+ID)-ID)-ID$”

10 “SE'T)ET°F* ” “*(ID+ID)-ID)-ID$” 9 “SE’T)E’T’)E ” “ID+ID)-ID)-ID$”

11 “SE'T)E'T'F ” “(ID+ID)-ID)-ID$” 10 “$E’T")E’T’)E’T’ID” “ID+ID)-ID)-IDS”

12 “SE'T)E T)E(C “(ID+ID)-ID)-ID§$” 11 “SE’T)E’'T)E’'T > “+ID)-ID)-ID$”

13 “SE'T)E’T’)E ” “ID+ID)-ID)-ID$” 12 “$E’T")E’T’)E’ ” “+ID)-ID)-ID$”

14 “SE'T)E'T)E’T ” “ID+ID)-ID)-IDS§" 13 “$E’T)E’T)E’T+” “+ID)-ID)-ID$”

15 “SE'T)E’T)E’T’F” | “ID+ID)-ID)-ID$” 14 “$E’T’)E’T’)E’T ” “ID)-ID)-ID$”

16 “$E’T’)E’T’)E’T’ID” | “ID+ID)-ID)-ID$” 15 “$E’T’)E’T’)E’T’ID” “ID)-1D)-ID$”

17 “SE'T)E'T)E’T”” | “4ID)-ID)-ID$” 16 “SET)E'T)ET “)-ID)-ID$”

18 “SE'T)E’T’)E” ” “+ID)-ID)-ID$” 17 “$E’T)E’T’)E’ ” “)-ID)-ID$”

19 “SE'T)E'T)E’T+” | “4ID)-ID)-ID$” 18 “SET)E'T)” “).ID)-ID$”

20 “SE'T)E'T)E’T > “ID)-ID)-ID$” 19 “SET)E'T > “.ID)-ID$”

21 “$SE’T)E'T)E’T’F” | “ID)-ID)-IDS$” 20 “SE'T)E” “_ID)-IDS”

22 “$E’T)E’T)E’T’ID” | “ID)-ID)-ID$" 21 “SET)E'T-” “_ID)-IDS$”

23 SETHE'T)ET ” | “)-ID)-ID§” 22 “$SE’T)E’'T > “ID)-ID$”

24 “SE'T)E'T’)E* ” “)-1D)-ID$” 23 “$E'T)E’T’ID ” “ID)-ID$”

25 “SE'T)E’T?) ” “)-ID)-IDS” 24 “SE’T)E’T” “)-ID$”
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Standard LL(1) parser shown in Table 10 required forty three steps during the parse of “(ID*(ID+ID)-ID)-ID” whereas

26 “SET)E'T ” “ID)-ID$” 25 “SE'T)E’” “)-ID$”
27 “SE'T)E’ " “.ID)-ID$” 26 “SE'T’)” “)-ID$”
28 “SE'T)E’T-” “.ID)-ID$” 27 “SE'T “ID$”
29 “SE'T)E’T” “ID)-IDS$” 28 “SE’” “ID$”
30 “SE'T)E’T’F” “ID)-ID$” 29 “SE'T-” “ID§”
31 “SE'T)E’T’ID * “ID)-ID$” 30 “SE’'T” “IDS$”
32 “SET)E'T ” “)-ID$” 31 “SE'T’ID” “IDS$”
33 “SE'T)E’” “)-ID$” 32 “SE'T” “$”

34 “SE'T)” “)-ID$” 33 “SE’” “$”

35 “SE'T” “ID$” 34 “$” “$”

36 “SE’” “ID$”

37 “$E'T-7 “ID$”

38 “SE’T” “IDS$”

39 “SE'T’F” “IDS$”

40 “$E'T’ID ” “ID$”

41 SE'T” “$”

4 “SE’” “$”

43 “$” “$”

terminal prefixed parser shown in Table 11 required thirty four steps to parse the same expression.

The summary of parsing above four expressions with standard and terminal prefixed parser is given in Table 12.

From Table 12 it can be seen that parsing with terminal prefixed parsing is much efficient then the conventional method.

Table 12. LL(1) parsing versus terminal prefixed

parsing
Number of Steps
Input LLQ1) Terminal prefixed
Parsing LL(1) Parsing
“ID+ID” 13 10
“(ID+ID)*ID” 24 19
“ID*(ID-ID)/ID” 28 23
“(ID*(ID+ID)-ID)-ID” 43 34

The information included in Table 12 is graphically represented in Fig 5.

The growth rate indicated in Fig 5. shows that the performance of terminal prefixed parsing is much better then the

| —LL(1)Parsing

—— Terminal Prefixed Parsing ‘

46

41

36

e
s

31

26 4

21

Steps Required During Parsing

9 13

Size of Input

Fig. 5: LL(1) versus terminal prefixed parsing on expression grammar

conventional method and the difference between their performance increase with the size of input.

The terminal prefixing presented in this article for LL(1) grammar and its impact on the parse tree and parser is illustrated
in previous section. Every LL(1) grammar can be transformed in terminal prefixed grammar and it has been observed that
terminal prefixed LL(1) grammar is intrinsically more coherent then the conventional LL(1) grammar as it generates at least
one terminal in each step so for any string of length 7, it would take around » derivations. Therefore the worst case
complexity of string generation with terminal prefixed LL(1) grammar is O(n). Similarly the parse tree generated with
terminal prefixed grammar is quite compact because terminal prefixing restrict the expansion of left subtree.
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In terminal prefixed grammar the prefix of the body of every rule is always a terminal symbol or an epsilon production. So
the LL(1) parsing based on terminal prefixing naturally have better performance because the internal processing of
replacing nonterminal with other nonterminal is naturally eliminated.

The information included in Table 12 evidently shows that parsing with terminal prefixed grammar is much efficient then
the conventional LL(1) grammar and similarly the growth rate illustrated in Fig. 5 suggest that performance of terminal
prefixed parsing remained better with difference size of inputs and indeed the difference between the efficiency of terminal
prefixed parsing and LL(1) parsing would grow with the increase of input. Although a simple arithmetic expression
grammar is used to identify the influence of terminal prefixing on LL(1) grammar but conclusion identified with this single
instance of a grammar is rather sufficient to discern the inceptive effect of terminal prefixing to the reduce the steps
required during parsing

The overall affect of terminal prefixing on grammar, parse tree and parsing suggest its positive significance yet it has an
aftermath which is exceptionally important while the application of terminal prefixing on arbitrary grammar and further
exploration of terminal prefixing. The actual arithmetic expression grammar discussed in the start of this section contains
10 productions in which only 2 productions required terminal prefixing. After transformation of arithmetic expression
grammar into a terminal prefix form the resultant grammar contained 12 productions which indicates that terminal prefixing
would increase the size of grammar in terms of productions. Virtually the LL(1) grammar imposed no particular restriction
on the right side of any production and any arbitrary sequence of symbols may be appear on the right side of a production.
So in worst case the terminal prefixing of a LL(1) grammar with arbitrary size and sequence of productions would
exponentially increase the size of a resultant grammar and therefore terminal prefixing is more preferable for those
grammar which results in compact terminal-prefixed grammar.

7. Conclusion

In this paper terminal prefixing which is quite similar to Greibach normal form is introduced and its impact on derivation,
parse tree and LL(1) parsing is analyzed. LL(1) grammar is said to be in terminal prefixed form, if the right side of the
production starts with terminal symbol and followed by any sequence of terminals and terminals. The productions of LL(1)
grammar can’t be left recursive and always be conflict free, so every conceivable LL(1) grammar can be transformed into
an equivalent terminal prefixed LL(1) grammar and construction of parsing table from terminal prefixed grammar is almost
to the conventional method. The discussion and illustration included in this paper suggested that derivation with terminal
prefixed grammar is more efficient than the conventional LL(1) grammar and similarly the compact parse tree is generated
with terminal prefixed grammar. The terminal prefixing also increased the efficiency of LL(1) parsing but increased
increase the size of a resultant grammar and therefore more suitable for grammar which engender compact terminal-
prefixed grammar. Further study is underway in three dimensions: i) analyzing the appropriate class of LL(1) grammars
which are more suitable for terminal prefixing ii) quantifying the growth rate of the size of a terminal prefixed grammar iii)
impact of terminal prefixing on shift reduce parsing.
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