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Abstract

Tomita’s parsing method, or generalized LR parsing, was designed to parse am-
biguous grammars efficiently Tomita uses specific linear-time LR parsing techniques
as long as possible, falling back on more expensive general techniques when necessary

Much research has addressed speeding up LR parsers, 1n this thesis, we argue that
this previous work 1s not transferable to Tomita parsers To speed up LR parsers.
we reduce LR parsing overhead two ways grammar transformations unroll recursion,
and larger finite automata 1n the parser trade space for time

We have devised a variant of Tomita’s algorithm which incorporates our low-
overhead LR parsers Our timings show that our Tomita variant gives an order
of magnitude improvement for the worst case ambiguous grammar on most mputs,
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Chapter 1

Introduction

She saw the boy with the telescope

Does the boy have the telescope. o1 not’ The answer lies in the structure of the
sentence, and whether “with the telescope™ modifies “saw ™ or “boy ™ The process of
determiming the stiucture of an mput — like the above sentence — 1s called parsing
A computer progtam which parses mput is called a parser

Parsing 1s a fundamental topic m computer science because 1t has so many appli-
cation ateas Programming language compilers, natural languages, database query
languages, and document markup languages like HTML all 1equite paisers, to name
but a few examples

To ewde a parser m determining an mput s stiucture. 1t has a sct of rules which
o La ]



descnibe all possible valid mputs  This set of rules 1s 1eferred to as a grammar
Unfortunately, grammais ate not always able to desciibe a unique, unambiguous way
to mterpret every mput  As with the Enghsh grammar that imposes a stincture on
the above sentence, some grammars are ambiguous

Like humans, patsers have an easier time understandimg mput which has only a
single mterpretation  More importantly, parsers which deal stuictly with unambiguous
grammats can opetate much faster than parsers for ambiguous grammais  This s
crucial when one considers that the speed of mput recognition 1s highly visible to
users  As a tesult, most artificial languages (such as those for programming languages)
have unambiguous grammais by design, and much research has addiessed speeding
up parsets for unambiguous grammars However, applications like natural language
understanding are rarely able to choose a convenient grtammat . so there 1s still a need
for fast paisers for ambiguous grammais

In lus Ph D thesis [38], Tomita presented a method for parsing which combined
the best of both wotlds A Tomita parser employs techniques used for unambiguous
grammars as long as possible, then falls back on more expensive techniques to handle
ambiguity when necessaty Besides natural languages. Tomita paisers are well suited
to parse any grammar which contains areas of ambiguity

Our research has focused on speeding up Tomita parsers Returning to first punci-



ples, we present a different way to constiuct these parsers, and show that our method
results i faster Tomita parsers

This thesis 1s arranged m the following manner  We mtroduce grammars lan-
guages. and parsing formallv in Chapter 2, Chapter 3 1s a 1cview of LR paisers the
specific class of parsers that we use m omr work Chapter 4 describes our method for
building faster LR paisers In Chapter 5, we apply that method to a Tonmita paiser, a
parsig technique which can efficiently handle ambiguity Chapter 6 discusses mple-
mentation details Finally, Chapter T presents avenues for future work and concludes

the thesis



Chapter 2

Languages, Grammars, and

Parsing

Since parsing has a large number of diverse applications, 1t 1s not suiprising that there
1s a large body of theotetical work to suppott 1t In this chapter, we present some of

this material as 1t 1elates to our work

2.1 Languages

Formally, a language 1s a set of stungs over an alphabet [29] An alphabet 1s a imite set

of symbols, and a stung 1s any finite sequence of alphabet symbols, a language 1tself



may be either finite o1 mfinite For example, take the alphabet ¥ = {a.b} Then
a. aba, and abbbbb would all be examples of stiings. the languages over ¥ mclude
{a,ab,ba} and ¥* By ¥* we mean the Kleene closute of ¥, the set formed thiough
concatenation of zero o1 mote strgs i X [29]

Using the notation of [1], the symbol ¢ denotes an empty stiing with no symbols.
and $ 1s a symbol that acts as a end-of-mput sentinel at the end of stimgs  Lowercase
letters late in the English alphabet, such as w, are used to represent arbitiary stiings

Chomsky [14, 12] classified languages mto four tyvpes Of those language classes
only two are known to be recognized by efhcient paising methods. so we restiiet o
attention to them regular languages and context-fiee languages (CI'Ls) Fortunately
many “interesting” languages for practical puiposes, such as programnung languages,
belong to these two classes These classes of languages may be distinguished by one

of the means used to describe them — granunars

2.2 Grammars

A grammar consists of a fimte set of rules By applying these 1ules, a gramma
actually behaves as a generative device for a language. and 15 able to produce all

stiings that belong to 1t [12] So to parse an mput stimg and divine 1ts stiuctuie, a
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parser must operate bachwards i the sense that 1t needs to determine which rules
were used, and 1 what order, to create a particular imput A parser must also be able
to detect mvalid mputs that are not pait of the language defined by the grammai

Grammai 1ules themselves are compiised of two different types ol symbols

I Termunal symbols These are just symbols fiom a language’s alphabet, and will
be wnitten using lowercase English letters ike b [1] Depending on the paiticula
gramimat, other symbols like parentheses may be used as terminal symbols for

clatty

2 Nonterminal symbols These are symbols may be thought of as ‘vanables™
that may be substituted with sequences of termunals and nonterminals [42]
The grammai’s 1ules define all valid substitutions Uppercase alphabetic letters

eatly 1 the alphabet such as B aire used to 1epresent nontermmals [1]

Lowercase Greek letters represent stings of terminal and nonterminal symbols -
cluding the empty string, uppercase English letters late m the alphabet (¢ g X)
stand for a sigle terminal or nontermmal [1]

Returning to the analogy of nontermmals as vauables, a grammar 1ule A — o
mdicates that the nonterminal A mayv be substituted with a wherever A appears

When this happens, A 1s said to derive a. written 4 = a Repeated denvations



may occur, A = a means that 1 dernives a m zero o1 more steps Il a situation
anises where there are several nonterminals that could be substituted for, substituting
the 1ightmost nonterminal yields a nghtmost derivation. denoted A 7 a

In the grammar of Figuwie 2 1, we have the termmals {«, b, c. d} and the nonter-
minals {S, A, B} The language defined by this gtammai 1s the fimte set {c, acdb}

Some of the statements we can make about this grammai are

S ¥ aABb 7 aAdb % acdb
S ¥ acdb

S = acdb

Notice that our derivations above all began with S Girammais have a distinguished
start symbol from which dernivations begin — conventionallv. the stait symbol 1s the
nonterminal on the left-hand side of the first gtammar 1ule In practice, grammars
will sometimes be augmented with a new start symbol 5" and a rule 8" — 5§ 5
Using an augmented grammar simplifies specification and mmplementation of some
algorithms [10]

Now let us be more precise A grammar 1s a four-tuple ¢/ = (N, X, R. 5), where

N 1s a finite set of nontetmimal symbols,

¥ 1s a finite set of tetmunal symbols ¥ NN = (). and
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S — aABbD
S =«
A = ¢
B — d

Figure 2 1 A sunple grammai

S € N 1s a start symbol [2, 29]

R 1s a set of 1ules whose composition depends on the type of grammar bemng de-
fined Remember that we ate only mterested m regular languages and context-free
languages, and that classes of languages are defined by classes of grammars  Reg-
ular languages are defined by regular grammars, for whom £ 1s a fmite subset of
N x (U (X x N))' Context-free gtammars (CFGs) dehine context-fiee languages,
here R 1s a finite subset of N x (NUX)® For example, the grammai used i Figure 2 1
was a CI'G

The language defined by a grammar (' 1s denoted L(G) G 15 ambiguous 1f and

only 1if two o1 more distinct rightmost derivations exist for a given mput strng

UThere are other equivalent definitions, but this one 1s convenent for discussion purposes



2.3 Parsing

Now that we have defined what we mean by languages and grammais, we can talk
about the machinery used 1n parsing As we imphed. the job of a paiser 15 to check
the validity of an imput sting according to a grammar [t does so by determining
a sequence of derivations from the grammai’s start symbol that would 1esult i the
production of the mput sting  Different types of paiser go about this task i different
ways, and the method a parser uses determines the class of languages 1t can recognize,
some classes are larger than others Given this fact, we treat the parsing of 1egulai

grammars and CFGs sepaiately

2.3.1 Parsmg Regular Grammars

To parse 1egular grammars, one makes use of the fact that regular grammars are
equivalent 1 expressive power to finite automata [14] A finite automaton (FA) 1s a
state machine 1t 1s compused of a finite set of states. and the transitions between
them Begmning mn a unique start state. a FA will make one o1 more tiansitions
between states for every mput symbol 1t reads At the end of the mput. the FA
accepts the mput as valid 1f the FA 1s 1n one of a set of final states

A direct conversion 1s possible from a regular grammar to a FA [5, 7]
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a
2
S = aA
A —= bB
A — ¢
B — aA

Figure 2 2 Regular grtammai and associated '\

I Create a FA state for every nontermial in the grammar, plus a final state F

2 Foi every grtammai rtule A — a B, add a dinected edge fiom state 1 to state B

labeled «@
3 For every tule A — a, add an edge from state 4 to state [
4 The state corresponding to the grammai’s start symbol s the stait state

To illustrate, Figure 2 2 shows a regular grammar and 1ts associated FA FA states
are diawn as circles, the shaded ciicle indicates the stait state, and the double-cicle
1s a final state

The set of regular languages 1s a proper subset of the set of CFLs [14] Why would

one not eschew paisig techniques for regular grammars i favor of more powerful
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ones used for parsing CFGs? While this would certamly be possible, 1t tuins out that
finite automata have much lower overhead than the cotresponding paisers for CFGs

using a CFG parser for anything but CFGs would be overlkall

2 3.2 Parsing Context-Free Grammars

How then can C'FGs be paised’ Unfortunately there aie only a few general methods
known, such as Eatley’s algonithm [9. 31] Even the Tomita algotithm we use m this
thesis 1s unable to handle certamn ambiguous grammars [12] In any case, general
CFG parsing methods tend to have high overthead, and can have poor worst-case
petformance O(n?) for Earley on ambiguous grammars [9], and Tomita can be expo-
nentially slower than Eatley [19] (On unambiguous gtammais, Earley has an O(n?)
wotst case ) In practice, often parsers are used for C'FGs which accept only a subset
of C'FLs

One of the more important CFL subsets is the LR class mtioduced by Knuth [24]
The LR class consists of those CFLs whose grammais may be recognmzed by LR
parsets, these grammais ate unambiguous by defimition  Not only are many gram-
mais — like those for programming languages — 1ecognizable using LR parsers, but

determimstic parsing methods are known which execute m linear time [1]  Becausc

of 1ts importance. and because Tomita parsing relies upon 1t, LR parsing 1s the topic



of the next chapter



Chapter 3

Review of LR Parsing

By definition, a LR parser reads 1ts input from left to night. and produces a nightmost
dervation 1 reverse for a vahd mput stung [1]

LR parsers belong to the class of “shift-reduce”™ paisers. so named because of
how they operate They “shift” their mput onto a stack and. at appropriate times,
“reduce” the stack by recogmzing the use of a particular gtammar rule A reduction
causes the stack symbols corresponding to the rule’s nght-hand side to be popped off
the stack. and replaced by that 1ule’s left-hand side

For example, consider the CFG mm Figuie 31 The behavior of a LR parser for

this gtammar on the mput aacbb 1s shown 1 Figute 3 2 Looking at the reductions



S = aSB
S — C
B — b

Figwe 31 A simple CFG

Stack Input | Action

63 aacbb$ | shift a

$a acbb$ | shift a

$aa chb$ | shuft ¢

$aac bb$ | reduce by S — ¢
$aaS bbs | sluft b

$aaSh b$ | reduce by B = b
SaaSB bS | reduce by S =+ a S B
$aS b$ | sluft b

$aSh $ | reduce by B = b
$aSB $ | rteduceby S —a S B
$S $ | accept

[igute 32 A LR paiser tiace

made by the paiser, one can confitm that 1t has discovered the denvation

ST aSB T aSh T aaSBb i aaSbhb T aacbb

n 1everse order
How does a LR patser decide what actions to take’ LR parsers actually look

for handles — a handle can be thought of as the right-hand side of a gramman rule,
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Rule | Left Contexts ‘ Viable Prefines

S —=al B]|e a. aa, aaa. ¢.a. aS. aSB. aa, aaS. aaSB.
S —F €, a, da, dad, £, C, &, ac., aa, aac,

B—b ad, aaS, aaad €, a, a5, adh, aa. aal, aaSh,

Table 3 1 Left contexts and viable prefives

but only when reduction to the rule’s left-hand side would correspond to a nightmost
derivation step of the mput [1] In the grammar of Figute 3 1. ¢ 1s a handle of the

mput ac, but b 1s not a handle of b Formally, if A = o 1s a grammar 1ule and

S T BAw T Bow, then a1s a handle at 3 Under these ciicumstances. /4 1s ieferted
to as a left context of A — a, and any prefix of Fa 15 called a viable prefix Table 3 |
shows some left contexts and viable piefixes for the grammar of Figure 3 1

Notice that the LR paiser makes extensive use of its stack as temporary memony
to recall what symbols it has seen and the oider they occurred m In terms ol
computational power, LR parsers may be modeled by push-down automata finite
automata augmented with a stack Using the above tetminology. a LR paiser employs
an automaton to find handles, and keeps tiack of viable prefixes on the stack

Most cutrent LR paisers are table-diiven The automaton s transitions and paiser
actions are encoded mto tables, thus a shoit algorithm such as the one i Figure 3 315
sufficient to diive the parser Figuie 3 2 notwithstanding, this algorithm reflects the

fact that LR parsers actually maintam a stack of state numbers rather than grammai
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symbols, this difference does not affect parser operation m any material way This
1s because ¢ paise states encode the symbol that has been shifted and the handles
that are currently bemng matched * [10, page 139]

As with most types of parser. a LR paiser can be made to accept a laiger set
of languages by allowing 1t to look ahead at symbols in the mput [12], mtmtively.
tlis allows the paiser to look nto the future and choose paising actions based on
this forehnowledge A LR paiser using A symbols ol lookahead 15 a LR(A) parser
Unless stated otherwise, only LR paisers and parse tables without lookahead will be

considered 1 the remaimder of this thesis — m other words. LR(0) parsers

See [1] for a more thorough treatment of LR parsing and parsing in general



function action(inputSymbol, state) {
Based on 1ts parameters, returns one of
SHIFT n
REDUCE A — «
ACCEPT
ERROR
This would typically be a simple table lookup

}

function goto(nonterminalSymbol, state) {
Based on 1ts parameters, returns a state number to
go to  Again, this 1s typically a table lookup

initialize stack to contain the start state

while (true) {
input = lookAtNextInputSymbol ()
switch (action(input, topOfStack)) {
case SHIFT n
push n
consumeInputSymbol ()
case REDUCE A — «
pop |a| states from stack
push goto(A, newTopOfStack)
case ACCEPT
accept input
default
error

Figure 3 3 Table-driven LR paising algorithm



Chapter 4

Reducing LR Parsing Overhead

To achieve owr goal of building faster Tomita parsers. we begmm by reducing the

amount of overhead consumed by then mner workings — LR patsers

4.1 Previous Work

Much attention has been devoted to speeding up LR paisers, and the majouity of this
research pertains to implementation techniques  The argument 1s that mterpreted.
table-diiven programs are inherently slower than haidcoded, dnectly-executable pro-
grams, given that, the best way to speed up a table-diiven LR paiser 1s to convert it
into a directly-executable form that needs no tables

[32. 18, 34, 4] all start with a LR parser’s handle-finding automaton and tianslate
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it directly mto source code — this source code can then be compiled? to cieate an
executable LR parser  Basically, each state of the automaton 1s directly translated
mmto source form using boilerplate code This process tends to produce meflicient
code, so these papers expend effort optimizing the source code output
Several other papers [35, 36, 27, 28] have taken a shightly different approach. mtio-
ducimg a technique called recursive ascent parsmg  Here. a LR paiser 1s implemented
with a set of mutually 1ecursive functions, one for each state® m a table-diiven LR

paiser’s handle-finding automaton To quote Grune and Jacobs [12. page 221].

"The key 1dea 1s to have the recursion stack mumie the LR paising
stach To this end, thete 1s a procedure for each state, when a token 1s to
be shifted to the stack, the procedure corresponding to the resulting state
1s called instead

Unfortunately, all of the above work 1s of hmited use when applied to a Tomita
paiset LR paisers produce a single denivation for an mput stimg In terms of
mmplementation, a LR parser only needs to keep tirack of a single set of mnformation
the current paiser state — what the paiser 1s domg nght now. and what 1t’s done m
the past In a table-driven LR parser, this information 1s kept on an exphaeit stack.
i a directly-executable LR parser, the mformation exists thiough a combimation of

the CPU’s execution stack and program countel

2Or assembled, as 15 the case m [32]
FTwo functions per state are reputed to be required n [28]
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[n contrast, a Tomita parser produces all derivations for an mput stimg  This
means that a Tomita parser may need to keep track of multiple parser states concui-
tently To constiuct a directly-executable Tonta parsci, one would need to mamtain
multiple CPU stachs and program counters Certanly this is possible, but the over-
head m doing so and switching between them frequently would be prohibitive, at least
on a uniprocessor architecture
Once dnect execution of Tomita parsers 1s ruled out. the obvious hine of mquny
1s to investigate speeding up table-duiven LR (and thereby Tomita) paisers Looking
at the LR parsing algorithm and 1ts operation, one source of improvement would be
to reduce the rehance on the stack Fewer stack operations would mean less overhead
and should result 1 a faster paiser
If stach-related overhead 1s to be 1educed, then the ideal situation 1s to have no
stack at all So instead of parsing with push-down automata, we would be using huite

automata

4.2 Parsing with Finite Automata

Theoretically, 1t 1s impossible to paise CFLs using iinite automata For example.

consider the language L = {a"b",n > 0} Given a constant A > 0. one can easily



Figure 4 1 FA accepting «*0*,0 < & < 3

construct a FA to tecognize «*bf, such as the one m Figuie 41 for 0 < A < 3
Unfortunately, such a FA doesn’t accept the mput a*+t'0*+!, despite the fact that
that mput 1s n L

[n contrast. L s recogmzable by a PDA each « is pushed onto the stack as it 1s
read, the stack 1s popped once for each b read, and an empty stack must correspond
to the end of mput Effectively, the stack 1s used to count the number of « symbols
seen

When parsing CFLs with a PDA, the stack 1s used to 1emember mformation In
the previous example, 1t retaimed a single number, more generally, 1t can retam the
entire left context of a handle Having no explicit means of storage, FAs cannot do
this — their comparative lack of expressive power 1s colloquially stated as “finite
automata can’t count ”

In practice, however, often a subset of a CFL 1s sufficient In the above example,
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il we could determine that there was an upper bound w on n, then the language we
are actually mterested mm 1s ¢"0",0 < n < u This new language 1s 1ecognizable with
a I'A having 2u + | states

The same principle holds tiue for progiamming languages Compiler wiiters often
set limits on a programming language for implementation rcasons  Some examples
limiting the complexity of atithmetic expressions, 1estiicting the depth that blocks o
functions can nest, imiting the number of labels in a case statement The net effect
ol imposing such restiictions m a compiler 1s that the compiler no longer accepts
the full language as specified by the language’s grammar That being the case, 1t 1s
reasonable to consider ehiminating a LR parser’s stack, and stead constiucting a
large I'A to paise the restricted language

Sumilar 1deas have been explored m the natural language commumity [33] uses a
A to 1ecognize an approximation of a CFG, by design, then FA accepts a superset
of the onginal language However, since we are tiying to speed up LR parsing, 1t 1s
mmpottant not to accept any mputs not accepted by the onigimal parser  Given this
and the fact that language subsets arise naturally in practice, our work only considers

using I'As to accept subsets of CFGs



4.3 Recursion in Grammars

How do we construct our parsing FAs? A discussion of the exact method 1s deferied
to Section 4 5 As it turns out, some grammai transformation i1s needed before the FA
can be built In this section and the next, we motivate the need for this transformation
and desciribe 1t in detail

The problem m constructing parsing FAs (PFAs) comes [tom 1ecuision i the
grammar A grammai 1s 1ecutsive if, for any nonterminal 4, A = 345y  Lelt
recutsion 1s the case where A = Ay, night recursion 1s where 4 = 31

We will examine three cases left recursion, 1ight recursion and “othet ’ recursion
(recursion which 1s neither exclusively left nor night) It 1s assumed. without loss of

generality, that tuvial recursion of the foom 4 == 1 1s not present i the grammai

4.3 1 Left Recursion and PFAs

Left recursion 1s tuivial to handle In a LR parser. left recuision yields a shallow
stack — a handle 1s accumulated atop the stack and 1s 1educed away immediately A
similar process happens with PFAs With a PFA. the handle of a left-tecursive rule
18 recogmized, and a 1eduction causes a simple state transition

To 1llustiate, the grammar i Figure 4 2 contains the left-rtecuisive 1ule S — S

a This gtammar, which generates the language ba™, 1s casy to 1epresent with a PFA



S — Sa
S = b

Figure 4 2 A left-1recursive grammar

b reduce 2

Figure 4 3 PFA for a left-recursive grtammai

because 1t only needs to remember a small, finite amount of information has a b been
seen’? was an a just seen? have we just seen the end of mnput’ The reductions are
straightforward too If a bis seen, the PFA can immediately reduce by 5 — b, 1f an
a 15 seen, the PFA can reduce by S — S a immediately The PFA for this gramman
1s shown m Figure 4 3

Compated to a FA, there are two unusual aspects to the PFA which warant

explanation

e The end-of-input symbol, $, 1s exphicitly represented in the PFA. even though



it was not n the grammar This 1s because the PFA 1s based on an augmented

grammar having a new start symbol 5" and a new grammai rule 5" — 5 5

o lidges are labeled with 1eduction actions  Making a transition across one ol
these reduction edges does not cause any mput to be consumed. but 1t does
indicate that the PFA 1s performing a reduction by a grammar rule Gramman
rules are referred to by number, so 1educe 2 means a reduction by the second rule
m the grammar Figure 4 4 shows the augmented grammat complete with rule

numbers — fuither grammars will be shown i this manner when appropnate

Formally, a PFA mherits much from the definition of a A [29] A PIA 15 a hve-tuple

M= (Q.X,A,s, f), where

() 1s a finite set of states,
¥ 1s the mput alphabet,
s € () 1s the start state,

f € Q 1s the accepting state,

and A 1s a transition 1elation, a finite set whose members are in Q@ x (SURU{L})xQ
I 15 a finite set of symbols that represent reduction by grammar rules — there 1s one
distinet symbol m R per 1ule, and RNY =0 (The symbols m R are the formal

equivalent of reduce n) The purpose of the symbol L is explamed in Section 4 4, for
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0 8 —= §5%
1 S = S a
2 S = b

Figure 4 4 An augmented left-recursive grammat

now, 1t 1s enough to know that L ¢ (R U Y] There 1s only a single accepting state
as a result of augmenting the grammar there 1s a unique way to make a transition

on the end-of-input symbol

4.3.2 Right Recursion

Now consider a right-tecursive grammai, such as the one m Figure 1 5, and a vald

mput string such as aaab The derivation of that mput stiing 1s

o

T S8 TR aS$ T auS$ T awalS$ T aaab$

which the PFA must produce 1 1everse — hereimn lies the problem

Assume for the moment that we can construct a PFA for this gtammar Figuire 4 0
shows the actions taken by this hypothetical PFA (Empty action fields mean that
nothing happens aside fiom a PFA state tiansition ) The sequence of consuming

mput and performing reductions must occur i this order for the PFA to find the



0 5 —= S5
1 8§ = aSl
2§ = b

Figute 4 5 A night-recursive gramman

cortect derivation Why? For this grammai, a PIFA must see the entire mput before
announcing any reductions, and when 1t does, 1t must have one reduce 1 for every a it
read In many respects, this 1s the same problem as recogmzing ¢"6™ with a FA m the
previous section — 1t can’t be done The key hete 1s that the PFA must remembe
what 1t has seen

In paising terms, our hypothetical PFA 1s looking for the handle b, and the PFA
must recognize and remember b’s entire left context mm oirder to find the nght re-
ductions  Unfortunately, for the full language, the set of left contexts s mhnite
{c.a,aa,aaa, } Compare this to the left-recursive example. where the set of left

contexts was always {¢}

4.3.3 Other Recursion

[For completeness, grtammais that contamn other types of 1ecursion must be considered
These types of recursion are sometiumnes unavordable, as i the anthmetic expression

grammar of Figute 4 7, the Dyck languages [26], or the 1f-then-else constiuct
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Input | Action
aaab$
aab%
ab%
b%

$ | reduce 2

S | reduce |

$ | 1educe 1

$ | reduce |

accept

Figure 4 6 A PFA trace of aaab

Stmt — 1if Expt then Stmt else Stmt

[n actual fact. the problem that other forms of grammar 1ecursion pose 1s ex-
actly the same one presented by right-iecuisive grammars  To produce the conrect
dervation, the PFA would have to 1emember an infinite set of left contexts

For example, in the gtammar of Figure 4 7. a PFA would need to keep count of
the number of left parentheses seen Otherwise, 1t would not be able to look for
the correct number of matching right parentheses Agam. we ate back to the «"b"

problem



0 S —- E¥%

1 E - E+F
2 E = F

3 F = (E)
4 F — n

Figure 4 T A grammai for simple anithmetic expressions

4.4 Grammar Expansion

To solve the problems posed by non-left-tecursive grammarts. we apply the ideas from
Section 4 2 What we want to do 1s to make finite the set of left contexts that the PI'A
must recognize and remember In terms of the grammar. we want to hmt its depth of
recutsion for example, one can 1imagine a grtammai for atithmetic expressions where
parenthesized expressions may not be nested greater than ten deep

A straightforward approach to limiting grammars [15] 1s to essentially “unioll™ the
recutsion 1n the grammar  An example 1s shown i I'igute 48 We use the notation
A'n to indicate that the nontermimal A should be expanded n times The pomt m
the grtammar whete expansion occurs 1s called a limit point

When a grammai has been fully expanded, the nontermimal at the limit pomnt 15
replaced by the special symbol L Upon encountermng L i the transition relation.
the PFA outputs an error message and rejects the mput A PFA for the expanded

grammat of Figute 4 8 would accept mputs b, ab, and aab. but output an error for
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S" =+ S5 |
0 S — S3% > S = ab, >
1 § — alS™2 g =% b —
2 S —= b S, — a¥s'l
S, = b
S —= SS S = S%
_ S = abl; S —= ab;
> S = b | > S = b
v Se — al, S; = a¥l;
Se = b S, — b
Si — aS'0 S, — al
S] —r I) :‘)‘1 =i I_)

Figure 4 8 Grammal expansion

aaab

We devised the following algorithm to expand the gramma

| Choose atuler;, = A = a B'n 3

2 Ifn =0, 1eplace r;, with A = a L

3 Ifn>0

(a) For each tule 1 = ¢ = 4 such that B = (('y (this mcludes the case
whete B = ('), add a new 1ule v’ To map 1 into ', 1eplace all nonterminal

symbols D m » with D, If » = r,, then the limit pomt B'n should be
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mapped mto B'(n — 1) m 1" stead

(b) Replace r; with A — a B, 4
4 Repeat steps 1-3 until there are no mote himit pomnts to expand

For 1eduction purposes, a rule added through expansion should retamn 1ts parent s
rule number  This 1s so reductions reported by a PFA make sense i terms of the

01 1g111al glaminazl

4.5 Constructing the PFA

Once the grammar has been augmented and necessary grammar expansions have been

petformed, the PFA can be bult

4.5.1 Background

The theoretical basis for PFAs comes fiom some eatly work m LR paising  In Knuth’s
seminal paper on LR parsing [24], he proposed two ways to detetmine 1if a grammai

G was LR(K) for some iteger £ > 0

| Sll(.’CC‘.‘:&.‘SfliH\’ construct a handle-finding automaton for G This method (hll’(‘th
J =] :
2

yields a method for parsing the grammar (if the gramman 1s indeed LR(A)) LR

parsers and research in LR paising are almost exclusively based on this method
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2 Detive a new grammat I fiom (. then test the language generated by F' for a
g g )

specific condition Only a few 1esearchers [3, 13] have explored this method

For our puiposes, we are not concerned with whether o1 not & 1s LR(A). just
with the constiuction method itself Using the second method above, the following

sections describe our technique for 1educing LR parsing overhead

4.5 2 The Derived Grammar

As mentioned, we need to derive a new grammar /' from ¢ [3] Both termunals and
nonterminals in G are treated as termunal symbols m F' F has a different set of
nonterminals, which are denved from the nontermunals of (¢ The notation [A] 15
used to refer to a nonterminal in /' which was derived from the nonterminal 4 mn &

Imtially, ' consists of the single rule
[S'] — ¢

Then. one rule

is added to F for every tule B = a A 3 1n ¢ Fmally. we delete diect cycles from
F (eg [A] = [A]), which does not change L(F) [12]. but makes [ easier to handle

from an implementation point of view



ST —

E] — [Y]

F] — [EJE+
(E] — [F](

Figuie 49 A derived grammai

Figure 4 9 shows F for the grtammai i Figure 4 7 (page 29) The wule [E] — [E]

has been deleted

4.5.3 Properties of the Derived Grammar

[ has one extremely useful propeity Take Lp([A]) to mean L(F) where [A] 1s used
as the start symbol Then the set of left contexts for a tule A — a m Ghs Lp([1]) [3]
We will 1efer to this set of left contexts as LO(A)

To understand why. recall the defimtion of a handle in Chapter 3 1If

'ﬁ" o BAw T Baw

then a 1s a handle at 3 Going back a step further, A must also be part of a handle

Sav 3 = 3,0y, w = wywy, and B = 33 A wy1s a rule in ¢ Then we have
3 21 102 2

W s 2 ==
._H’ ﬁ? "}l B'H-'-z ﬁ:t’ .'_)Jl._fg."lif‘lt‘{'g rm -3[.j3(}ff'| {5
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This means that LC(B) € LC(A) Mote specifically, because B — 3, A w;, we can
strengthen 1t to say LC(B) (; € LC(A) (LC(B) 3215 wntten as shorthand for
(3:ly € LC(B)})

Using a grammar as a generative device, we can express the above relation between
LC(B) and LC(A) with the rule [A] = [B] 2, in F' The 1ule [S'] = ¢ 15 added to Ff
because the left context of ("s start symbol must be ¢

Given that Lp([A]) = LC(A), the handle of A — a can be found by lookimg for
Lr([A]) a from the start of the mput sting, call this set LEC(A — a) This ability
to find handles gives us a means to parse mput But can it be done with a FA?

Another property of F 1s that it 1s a 1egulai grammar by construction’ [3]
As a result, Lp([A]) 15 1egular for all nontermmals [A]  The night-hand sides of
(’s grammar rules, as strings, form a regular language as well  So the set ¢ =
{U‘,-\ i gealLROA— n)} of all G"s handles and then left contexts 1s regular due
to closure properties of regular languages [14] 1t 1s therefore sufficient to use a FA
to find handles and then left contexts — not a surprising result!

As we realized, what s different 1s that F' gives us a systematic method fo
generating all left contexts of a handle This way. all handles and all then left

contexts can be enumerated m the PFA (due to granimar expansion. there will be a

4To be precise, F 1s lefthnear [14, 3]
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finite number of them) If we did not have a separate path mn the PIA for each, then

the PFA would have no 1dea what handles to stait looking for following a reduction

4.5.4 PFA Construction Algorithm

Now that we have a theoretical basis for the PFA. we can desciibe our algonithm for
1ts construction Starting with an augmented. expanded CI'G (i, create the denved

grammar [, and the set & Then, the algonithm s

I Choose a unmque start state s for the PFA For all members X,.X;, X, € &,
add to the PFA the munumal numbel of tiransitions needed so that theie 15 a
path X; Xy, X, m the PFA starting at s No tiansitions on ¢ are added to

the PIFA

For the expanded grammai in Figuie 4 8, & = {59, caS,, ¢b, aaS,, ab, aaa L, aab}.
and 1ts PFA would look like Figure 4 10 after this step The result of this step

1s a tre data stiucture [25]

r

2 Now the reduction transitions can be added to the PFA Take all members

XX, XoXaa X, €9, whete Xjpy X, 1s a handle of the rule

A= X, 4 X, at pont X;X; X,

Let ¢o be the state at the end of the path X, X, X, XN,41 N, starting with
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s. q1 1s the end state of the path X; X, X, A also starting with s Assuming
the tule A — X,,41 X, 1s numbered A, then add a transition from ¢, to ¢
labeled reduce b As a special case. the final state [ for the PFA\ 1s the state at

the end of the path S%

Iiguie 4 11 shows the PFA from Iiguie 4 10 with its reduction edges added

3 Delete transitions i the PFA that aie labeled with a nonterminal symbol from
(i 'They are superfluous, since the PFA can never read nonterminals from an

mput string  The final PFA for our running example 1s shown n igure 4 12

4.6 Choosing Limit Points Automatically

After implementing our algonthm from the previous section we tried to constiuct
PFAs for mcaeasingly laiger gtammars  As we did so. 1t became mereasimgly diffi-
cult to select appropriate limit pomnts by mspection Some way to have hmit points
suggested automatically was needed

Sice the goal of lumit ponts 1s to ensure that @ 1s finmite, the first step was to
determine what could make ®’s size mfinite to begin with  This 1s quite easy there
are a finite number of grammar 1ules m (. so the set of handles must be hinite

Therefore, if @ 1s infinite m size, 1t must be because of the set of left contexts



Figure 4 10 PFA after Step 1

i



reduce 2

reduce |

Figuie 4 11

reduce 2

reduce |

reduce |

PFA after Step 2

rechice 2

oo
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reduce 2 reduce 2 reduce 2

reduce |

reduce |

reduce |

Figme 4 12 PFA after Step 3
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E +

Figure 4 13 Derived grammai’s equivalent A

Simce the left contexts are generated using the denved grammar F'. analysis of
it should yield a set of limit points Ideally, we would also like a mimmal set of
limit points — this would allow the PFA to accept the laigest subset of the oniginal
(unexpanded) grammar’s language

Because F'1s a regular grammar, 1t 1s equivalent to a I'A [14] — call it /iy The
FA for the denived grammar of Figure 4 9 1s shown n Figuie 4 13

We also know that a IFA's transition diagram contains a (non-¢) cyvele if and only
il the FA accepts an infinite language [11] So if we remove a set of transitions from
[Fiz4 such that it no longer contains any cycles, then the language accepted/generated
by 1t must be fimte This set would provide us with the himit points

The problem of removing a minimal set of edges fiom a directed graph so that



Ada 42
ANSI C Bh
Java 23

Modula-2 23
Table 4 1 Linut pomts detived heunstically

the resulting graph has no cycles 1s well-known m graph theory the feedback arc set
(FAS) problem [37] Unfortunately, the FAS decision problem 1s NP-complete [22],
and the cotresponding optimization problem — finding the mimmal FAS — 1s NP-
hard [11] There ate, however, heuristic algorithms for the problemi We have chosen
to implement the algotithm from [8] due to its relative simpheity

The number of himit pomnts obtaned for various programming language granmars
1s shown i Table 41 It 1s important to remember that these numbers may be
lower, depending on Fpy and the heunstic algorithm  For example. starting with the
computed it poimnts. hand experimentation revealed that no more than twelve linut
points are needed for the Modula-2 gramma

Clearly, the work mn this thesis will directly benefit from further work on the FAS

problem



4.7 Incorporating a Stack

One obvious diawback to the PI'A so fai is that 1t only 1ecognizes a subset of the
ongmal unexpanded grammar To remove this 1estiiction, a stack 1s added to the
PFA to form a parsing pushdown automaton (PPA)

How can a stack be incorporated mto a PFA? Intwitively, the places where a
grammat (¢ 1s expanded are the natwal places to push mformation onto a stack [16],
when a L transition appears, essentially the PFA 15 stating that 1t no longer hu’n
sufficient number of states to remember any more By pushing mformation at those
pomts, a PPA 1s able to remember that which the PFA cannot

A PPA 15 a simple extension of a PFA To construct a PPA for G, we fist build

a PFA for (. PFAq, in the usual manner  Then, while thete are L transitions

PFAg, choose one and do the following

| Find the nonterminal S; that was mitially expanded and which caused L to be
placed m PFA; In Figuie 4 12, L appears as a 1esult of the mitial expansion

of S (see Figure 4 8)

2 (reate a new grammar (7; fiom ¢ Imtially, all tules m G are placed m G/
Then, set the start symbol for G to be Si. and remove all 1ules from 7

that are not 1eachable from this new start symbol Augment (7 with the rule
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S, = S1 pop Due to the simpheity of the grammar in Figuie 4 8. the net effect

of this step 1s to 1teplace S’ = S S G with 8, = S; pop
] I L 1oj

3 Constiuct a PFA for Gy, call it PFA; The states of PFA¢ and P4, must
be disjomnt  PFA; will act as a “subioutine”™ for PFAg, i the sense that when
PFAg reaches the L transition, 1t will push a “retiin state”™ onto a stack then
go to PFA s stait state When PFA | reaches a pop transition (which must be
unique due to (7 ’s augmentation). 1t goes to a state which 1s popped ofl the

stack

4 Say that the tiansition on L in PFA; was made fiom state ¢ to state ¢, Delete
that transition from PFAq. replace it with a transition from ¢y to the start state

of PFA .. and label the new transition push ¢,

5 Merge PFA, mto PFAq  Smce these PPA constiuction steps continue wlile
there are L symbols m PFAg, this means that all L symbols m PFA | eventually

get 1eplaced

The result of the above steps 1s the PPA for ¢ As all the PFAL “subioutines  arc
built idependently of any left context seen by then “caller.” they can be re-used
i other contexts So the maximum number of PFA; that will be created fo1r ¢/ 15

bounded by the number of limit points  Also, notice that the constiuction of (v



preserves any grammat expansion that has occurred m
The final PPA for the gtammar m Figuie 4 8 1s shown 1 Figures 4 14-4 15, com-
plete with state numbers A trace of the PPA on mput aacaabis shown m Figure 4 16
The formal definition of a PPA resembles that of a pushdown automaton [29] A
PPA 15 a six-tuple M = (Q, X, ', A, s, f), where
() 15 a finite set of states,
¥ 1s the mput alphabet,
[" 15 the stack alphabet (I' = Q),
s € (Q 1s the start state,

| € Qs the accepting state,

and A 1s a transition relation, a finite set whose membersaie n Q x (YU RU P) x @
R has the same definition as 1t did for a PFA P 1s a finite set. disjomnt from ¥ and
R, whose members ate i (QUD) x (QUD) P models stack operations for example,
(¢.12) 15 a push and (34, ¢) 15 a pop

Table 4 2 shows some PPA sizes and the 1elatively small number of stack op-
erations m each The anthmetic expression grammar used 1s from Plahler [34]. hus
automaton for the same grammar had twelve states The Modula-2 grammar we used
15 recogmizable using 386 states, according to the LALR(1) paiser generator yace [20]

In both grammaus. the expansion factors at the himit pomts were all set to zeto As a



push 6 reduce 1

(to state 12)

Figure 4 14

reduce |

reduce 2

reduce |

An example PPA

reduce 2



push 17

reduce 2 reduce 2

reduce |

reduce |

(ro popped state)

Figure 4 15 An example PPA (continued)
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Stack | State Input | Action

$ 0 | aaaaab¥

$ 1 | aaaab$

$ 2 aaab$

g 5 aab$ | push 6
$6 12 aab®

$6 13 ab$

S0 LG b

$6 I8 $ | reduce 2
$6 20 $ | reduce |
$6 21 $ | reduce |
56 22 $ | pop

b3 6 $ | reduce |
$ 8 $ | reduce |
S 9 $ | 1educe |
by 10 $

$ |1 accept

[Figure 4 16 PPA trace of aaaaab



Total Stack

‘ Pushes Pops States Operations
1928 8 18279 10 6%
S 1 50 16 1%

Modula-2
Expression

Table 4 2 Number of PPA states and stack operations
PPA must recogmze more than a handle-finding automaton. 1t has many more states
While the PPAs may seem laige, 1temember that we are trading space for time With
the proliferation of large, mmexpensive memory m modern computers, the PPA size

should not typically be a concern

4.8 Modified LR Parsing Algorithm

The LR parsing algorithm, modified to use a PPA, 1s shown mn Figuwie 4 17 (For

compatison, the original table-driven LR paising algorithm appeared i Iiguie 3 3 )



function action(inputSymbol, state) {

Based on 1ts parameters, returns one of
SHIFT n
REDUCE A — «a, GOTO n
PUSH m, GOTO n
POP
ACCEPT
ERROR

This can be implemented as a simple table lookup

initialize stack to be empty
currentState = start state

while (true) {
input = lookAtNextInputSymbol()
switch (action(input, currentState)) {
case SHIFT n
currentState = n
consumeInputSymbol ()
case REDUCE A — «, GOTO n
currentState = n
case PUSH m, GOTO n
push m
currentState
case POP
currentState = state popped off stack
case ACCEPT
accept input
default
error

1}
=

Figute 4 17 Table-diiven LR parsing algotithm using a PPA

19
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Chapter 5

Application to Tomita’s Algorithm

5.1 Background

Tomuta’s parsing algorithm, also known as generalized LR (GLR) parsing, was devel-
oped to parse natural languages efficiently [38] Tomita observed that grammais for
natural languages were mostly LR, with occasional ambiguities

With that m mind, Tomita's algorithm behaves as a normal LR paiser until 1t
teaches a LR paiser state whete there 1s a confhet the LR paiser has a set of
conflicting actions 1t could perform, and 1s unable to choose between them A Tomita
paiser 1s not able to choose the cortect action either, and mstead simulates nondeter-

mimism by domg a breadth-fitst seaich over all the possibilities [12]  Conceptually.



one can think of the Tomita paiser reaching a confhict. and starting up a new parse
running 1n parallel for every possible action, each new paiser “process’ would have
a copy of the original stack A patser process that finds what seems to be enoneous
mput may assume that the action 1t took from the conflict pomt was the wiong one
and can terminate

This cycle of a parser process staiting others yields a wholly impractical algonithm
The time spent making copies of parser stachs could be enormous. not to mention
the potentially exponential gtowth of the number of processes [10] To addiess this,

Tomita made two important optimzations

I A new process need not have a copy of its patent’s stack N processes can shaie
a common prefix of a stack From an mmplementation perspective, clements
of the stack can all contamn pomters to pomt to the previous element of the
stack Then, multiple stack elements can point to a common prefix  Figuie 5 1
lustiates what happens to the stack when a conflict hetween thiee actions

arises 1 state 56, the top of the stack 1s on the left side

2 There are a finite number of automaton states the paiser can be i Several pro-
cesses may be m the same state, albeit they may have different stack contents
A set of processes that are i the same state can meige then stacks together.

leaving one resulting process This places an upper bound on the number ol



paising processes that can exist

In a LR parser. 1ts current state 1s the topmost state on the stack (see I'iguire 3 3

on page 17) So to merge N stacks, one would 1emove the top node from each
they must all have the same state number s — and create one node with

state s that pomnts to the remander of the N stacks In Figure 5 2, two stacks

are merged together since then processes are both i state 17

The tesult of these optimizations 1s called a graph-stiuctured stack (A shght mis-
nomet . since the stacks actually form a directed acyclic graph ) The graph-stiuctured
stack i Figure 5 3, for mstance, corresponds to fouwr processes and hve conceptual
stacks

To now understand how we have applied our PPAs to Tomita’s wotk, we fust

examine what constitutes a state conflict i a PPA

5.2 Characterization of PPA State Conflicts

Normal LR(0) parsers are subject to two types of conflicts [10]

| Shift/reduce conflicts, where both a shift action and a reduce action are possible

from a single parser state



Figute 51 Stacks sharing a common prefix



Figure 5 2 Stacks meiging
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A graph-stiuctured stack



shift  reduce push pop
shift N AN X
teduce | X X . ! X
push X N N X
pop \ N X

Table 5 1 PPA state conflicts
2 Reduce/reduce conflicts, where two o1 more distinet reduction actions are pos-

sible fiom a single parser state

The other combination, shift/shift, cannot exist as a confhict because there can be
only one shift edge for a given mmput symbol from a single state

Recall that our PPAs are also LR(0) paisers, but we have more types of actions
possible and hence more types of conflict that can arise In fact, if a PPA state has any
combination of two or more edges leaving 1t. there 1s a conflict unless all the edges are
all “shift” actions labeled with terminal symbols, all pop actions (Actually, multiple
pop edges fiom a PPA state cannot occur 1f the PPA 1s built using the algonithm
im Section 4 7 ) Table 5 1 shows the various combinations, a *N™ 1 the table entiy
mdicates a conflict

Since a Tomita parser starts a new parsing process whenever it reaches an LR(0)
conflict, a PPA-based Tomita paiser also does so whenever 1t discovers one ol the

above PPA conflicts While this may seem like a great deal more woik, remember
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that stack actions in a PPA are mfiequent, in practice. most PPAs ate unlikely to be

rnddled with conflicts

5.3 PPA-Based Tomita Parsing

To use a PPA as the engine for a Tomita paiser, we have devised an algonithm which
1s the combination of our modified LR parsing algorithm m Section 4 8 and the work
of Tomita [38, 39, 40] Its pseudocode 1s shown m Figures 5 5-5 6

some discussion of the data structures we used 1s appropuiate  There are two

major types of structures one for processes, the other for stack nodes

I Processes Each process stiucture has a PPA state number and a pomter to a
stack top associated with it Unlike LR parsers, a PPA’s cunrent state number
1s stored separately from the stack, so each process must mamtain a PPA state

number

Process structures are hnked mto one of two hsts  The current process hst
contains the processes that still tequire processing for the current mput symbol,
the pending process list contains processes that will need processing when the
next mput symbol 1s read Every time a new mput symbol 1s 1ead, the pending

process hist becomes the cuirent process hst



=3

2 Stack nodes There aie two types of stack nodes

(a) Data nodes This type of node contains the actual data of a process’
stack Fach data node holds a sigle PPA state number, and a pointer to
a previous stack node (1 e pomting away from the stack top) If we used

only this type of stack node, then we would have a tree-structured stack

(b) Fan-in nodes These nodes are used to make the graph-stiuctured stack,
each one contamns a set of pointers to previous stack nodes  When two
process’ stacks are merged, a fan-mn node 1s created which holds pomnters
to both stacks In our mmplementation, to bound the amount of effort
required to find a data node, we add the constramt that a fan-in node may

only pomt to data nodes

Iigure 5 4 illustrates a sample parser configuration (the pending process list 15 not
shown) Having now described the mechanics of our algonthm, the natural question

1s how does 1t perform?

5.4 Empirical Results

We performed some timing experiments to compate a standard Tomita parser with o

PPA-based Tomita parser In the remainder of this section we discuss our experiments
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Figure 54 A sample paiser configuration
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function process(F, input) {
foreach a € action(input, P state) {
switch (a) {
case SHIFT n
mergeIntoPending(n, P stack)
case REDUCE A — a, GOTO n
mergeIntoCurrent(n, P stack)
case PUSH m, GOTO n
mergeIntoCurrent(n, push(m, P stack))
case POP
let S be the set of stack data nodes atop P stack
foreach node (state, stack) € S {
mergelntoCurrent(state, stack)
}

i1nitialize pending process list to be empty
initialize current process list to be a single process,
at the PPA’s start state with an empty stack

while (current process list 1is nonempty) {
input = getNextInputSymbol()
while (current process list 1s nonempty) {
remove a process I from the list
process(/F, input)
}
exchange the current and pending process lists
1f (input == EOF) {
1f (process in current process list 1s 1n accept state)
accept input
else
reject input

}

reject input

Figure 55 PPA-based Tomita parsine aleorithm
2 ] g alg



function mergelntoPending(state, stack) {
Looks 1n the pending process list for a process with
a matching state as that passed in  If 1t finds such
a process, 1t simply merges its stack with the one
passed 1n, 1f not, 1t creates a new process structure
with the given state number and stack pointer, and adds
1t to the pending process list

}

function mergelntoCurrent(state, stack) {
The same as mergelntoPending(), but using the current
process list instead

}

function push(state, stack) {
Returns a new stack data node containing the given
state and stack pointer

J

function action(inputSymbol, state) {
Based on 1ts parameters, returns a set containing
zero or more of
SHIFT n
REDUCE A — «a, GOTO n
PUSH m, GOTO n
POP
This can be i1mplemented as a simple table lookup

INgute 56 PPA-based Tomita parsing algorithm (contimued)

6O
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and the results

5 4.1 Timing Particulars

As a basis for comparison, we used the public domam Tomita paiser available hrom
the comp compilers Usenet newsgioup archive’ It uses LR(0) parse tables mtci-
nally which are computed at startup Both 1t and our PPA-based Tomita paiser are
implemented in C

To ensure that the timmgs reflect only parsing speed. we have extiicated the
lexical analyzer and the LR(0) parse table computation code from the public domain
parser and used 1t m our PPA-based parser In other words. om parser mcws the
same startup penalty and lexical analysis overhead as the public domain parser The
only change we have made to the public domam paiser’s source code 15 to mncrease
the size of a string table used by the lexical analyzer, this 1s so the lexical analyzer (as
used 1 both parsers) would be able to handle our tests mvolving long mput stiimgs

All tests were 1un on a Sun SPARCsystem 300 with 32M of RAM Both paisers
were compiled using gce with compiler optimization (-0) enabled To tiy and nutigate
the effect of unpredictable system conditions on our timings. we 1an the tests five times

on each mput, the results we report are the anthmetic mean of those times

"http //wwu 1ecc comas of this wiiting
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Our results are shown i Figures 5 7-5 11 along with the grammars used

Figure 5

7

Timings for Grammar 1

o1

convenience of reference, we have numbered the gtammais 1 thiough 5 The grammars

have the limut points shown that were used fo1 the PPA. they weie of course not needed

for the public domain parser
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5.4.2 Discussion of the Results

Grammats | and 2 are unambiguous, and were selected to illustrate several pomnts
about PPA operation First, since these two grtammais are unambiguous. any Tomita
parser should exhibit run times that are linear with the mput size, as our results
show (The public domain Tomita parser 1an out of memory on samples laiger than
about 2500 symbols for both grammars alter about thity seconds. so only partial
tesults are shown for 1t )

Second, Grammar 1 1s one of the best possible cases for a PPA  Because 1t 15
left 1ecursive, the set of left contexts is ¢, the PPA 1equires no stack operations and
essentially spends 1ts time sitting 1 a tight loop reading mput and making transitions
between two states

Thud, the hmut pomnt i Grammar 2 forces the PPA to perfoim a pan of stack
operations for every handle of S — a S b1t sees The PPA stills behaves lineaily, but
with a greater overhead than the PPA for Grammair | had

Grammar 3 1s an ambiguous grammai used 1 [23] [t 1s one of the woist cases for
a PPA-based Tomuta paiser, requiring it to petform numetous stack operations on
multiple stachs  The mteresting feature we see i this set of tests 1s a crossover point
that occurs between mput stings of length 93 to 100 We speculate that this may be

m part due to our algorithm’s use of memory Lookmg at the amount of “svstem’
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time our parser spends in the operating system kernel, it spends no measurable time
there until an mput length of 60 The amount of system time then stays steady until
a length of about 80-85 where 1t jumps by a factor of 2-5. at length 100 1t jumps by
a factor of 3 In contiast, the public domain paiser’s system time tends to ramp up
gradually with the mput length Smece theie 1s no 1/0 overhead for these short mputs
to speak of, the system time 1s most likely due to the memory allocator 1equesting
heap pages from the kernel That bemg the case, if the memory usage of the PPA-
based Tomita paiser 1s tuned, 1t may improve its peirformance on this gtammar To
test this hypothesis, we modified both paisers so that all memory was preallocated,
after startup. no further requests to the operating system for heap space were made
For a fan comparison, we preallocated the same amount for both parsers. and made
no further memory optimizations in the PPA-based paiser The preallocation results
for parsing Grammar 3 are shown 1 igure 5 12

In addition, profiling of our parser has shown that over 40% of total 1un time
can be spent doing memoty allocation and deallocation when paising ambiguous
grammats Figure 5 13 shows the results obtamed for Grammai 3 when we added a
custom-bult memory allocator to our parser

Grammar 4, another ambiguous grammaz. 1s derived from one i [23]  For reasons

discussed m Section 7 1 3, reductions in ambiguous grammars by rules with longer
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and longer right-hand sides are exponentially more expensive to parse On the other
hand. a PPA always takes neghgible time for 1eductions. as reflected m the results
Grammar 5 1s imcluded to show the effect of grammar expansion on parsing time
the case where n = 0 1s the same as Grammar 3's PPA As might be expected morc
grammar expansion — and therefore fewer stack operations and shallower stachs —
translates nto faster parsing times The n > 0 expansions 1requite less memory. and
therr timing curves are substantially different than the one for n = 0. tending to
support the hypothesis that memory usage patterns may influence the PPA result for

Grammar 3
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Chapter 6

Implementation

6.1 PPA Generation

The code to generate PPAs 1s compuised of approximately 1400 hnes of Python [30],
an object-oriented sciipting language The program 1s divided mto a front end and a

back end. as follows

| The fiont end takes as mput a file containing a CFG and builds the PPA for the
grammat It then “pickles” the result by storing the PPA object and associated

information mto a file for later consumption

2 A back end 1eads the pickled PPA and processes it in some way Curtently there

are thiee different back end programs prant, which prnts the PPA, stats.
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which generates statistics about the PPA (e g the number of states), table.
which outputs the PPA as a set of tables suitable for inclusion m a table-driven

paisel

In the present implementation, the user 1s 1responsible for setting limit points m
the gtammar  However, the progiam does compute a FAS and thereby 15 able to
suggest a set of hmit ponts, a PPA 1s not generated unless the set of left contexts 1s
finite

The front end 1s capable of performing a connectivity check on the mtermediate
PFAs that ate built In other words. 1t can verify that every PFA state 1s 1eachable
fiom the start state and that each state has a path to the final state For large PPAs.
this check takes a great deal of time and rately finds useless states, so 1t 1s usuallv
disabled We conjecture that the presence of useless states in the PPA 1esults from a

flaw in the mput grammai

6.2 PPA-Driven Recognition

We have implemented three recognizers, all of which use the same tables as generated

by the table back end

| 1r0, a LR(0) recognizer using the algorithm from Section 4 8
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2 tree.a Tomita1ecognizer with a tree-stiuctured stack — common stack prefixes

are preserved duting parsing Tree was a prototype for graph, below

3 graph. a Tonuta recogmizer with a graph-stiuctured stack  This implements
the algorithm from Section 53, and 1s the progiam used mn the timing tests
of Section 54 It uses a reference-counting garbage collection scheme [21] to

reclaim unreferenced nodes n the graph-structured stack

All the recognizers ate wiitten m C, and together consist of approximately 1000 hnes
of code (excluding the PPA tables)

The PPAs generated for most grammauis tend to be extiemely spatse. and have a
large number of states To conserve memory at paise time. we use an adjaccney-list
representation for the PPA tables [6] These adjacency hsts are stored consecutively
m an atray Another anay, mdexed by PPA state number. holds pomters to each
PPA state’s hst If a PPA has v vertices and e edges m 1ts transition diagram, then

it has O(ve) space requirements



Chapter 7

Conclusions and Future Work

7.1 Future Work

7.1.1 Adding Lookahead
To again quote Grune and Jacobs [12, page 205)

‘Our mitial enthusiasm about the clever and efficient LR(0) paising
techmque will soon be damped considerably when we find out that very

few grammars are m fact LR(0)

Consider the grammar m Figuie 7 1. its PPA 1s shown mm Iiguire 7 2 The gramman
1s not LR(0). which mamfests itself as the reduce/reduce conflict at the PPA state

marked “X 7 By looking at the PPA, one can see that 1f one lookahead symbol were
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used at “X.” 1t would be easy for the PPA to decide which reduce edge to traverse

As we have presented and mmplemented them, PPAs take no lookahead mto ac-
count and are therefore LR(0) paisers  However, they can be changed mto LR(1)
parsers with relatively hittle effort  Lookahead symbols are only needed on edges
which are not aliready labeled with a termnal symbol 1educe. push, and pop

The basic 1dea 1s as follows Start at the end of the edge ¢ which needs a set
of lookahead symbols From that pomnt i the PPA, follow all paths until an edge
15 found labeled with a termunal symbol (this mcludes alicady-computed lookahead
symbols adoining edges too) The collection of all such terminal symbols constitutes

the set of lookahead symbols for ¢



In computing lookahead sets for a PPA, pop edges add a shght wunkle This 15

because at 1un time, traveising a pop edge causes the PPA to go to one of a set of

time

edge

Given that the prmary application of our work 1s Tonuta’s algonithm. a LR(1)

states Fortunately, the set of states T" a pop can go 1o 1s deternnable at parser build

This leaves several approaches as to how to find the lookahead across a pop

Blind luck As a special case, some grammais will have PPAs where the looka-
head set for a pop edge 15 the same no matter which state i 7' 1s retwined to

This case can be checked for at paiser build time

Almost LR(1) At paiser build tune, an mexact lookahead set can be computed
by takig the unmion of all lookahead sets for states i 7" Although further study

1s needed, this may be switable for most practical grammars

Full LR(1) At 1un time, the exact lookahead set for a pop edge can be known if
push actions place the appropniate lookahead set onto the stack along with the

state they push Of course, this method would incur a shght run-time penalty

PPA may seem pomntless After all, Tomita's algotithm 1s designed to deal with LR

conflicts! If even a single lookahead 1s used. however, 1t reduces the amount of work

a Tomita paiser must do - there are fewer dead-end paths to follow duting paising
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A PPA may be further extended to be LR(A) by annotating edges with A symbols

of lookahead [17]. but this 1s not necessary m most cases The number of lookahead
symbols 15 a tiadeofl between space (to store A > 0 lookahead symbols) and the class
of gtammai that can be recogmzed LR(1) 1s a good choice because 1t only 1equires
a small amount of extra space over LR(0), vet the LR(1) class of languages encom-
passes most “impottant” ones such as programming languages In addition, lookahead

analysis for a PPA would become more expensive for more than one lookahead

7.1 2 Recognition vs. Parsing

There 15 a difference between recognition and parsing A recognizer reads an mput

. - . — 1 22 ™ [ e g : o :
string and will simply say “yes” or “no,” depending on whether o1 not the mput 1s mn

the language that the recogmzer accepts A paiser also does the job of a recognizer.
but n addition will output at least one derivation if given a valid mput sting [2]
Ow work has primanly focused on recognition While PPAs know when reductions
ate petformed. they make no attempt to record this mformation In the case of
unambiguous grammars, there can be only one denvation for a valid mput sting,
and many LR paisers defer the woik of temembermg this denvation to the user By

permitting semantic actions to be attached to reductions, a LR parser allows the usel

to supply code to store all o1 pait of a dervation (as needed) Extendmg the PPA
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model to mclude semantic actions would be straightforward
Ambiguous grammars pose a greater challenge IHere an mput stimg may have
multiple denivations  Tomita 38, 39, 40] solved the problem of recording these detiva-
tions by “sub-tree sharmg "7 Basically, Tomita took advantage of the node sharmg m
the graph-stiuctured stack to construct a diected acyche graph (DAG) on the fly.
this DAG 1epresents all possible denvations of the mput It 1s presently unclear 1

PPAs. with themr different method of using the stack, can employ a simlar technique

7 1.3 Even Faster Tomita Parsmng
We see two appiroaches to building even faster PPA-based Tomita parsers

I Our mmplementation of the paiser extensively uses dynamic memory allocation
Study of the paiser’s memory usage patterns, along with the tummng of om

custom-built memory allocator, should further decrease our parser’s run time

2 The warst-case petformance bound for Tomita’s oniginal algorithm 1s known to
be O(nPt'). where p1s the length of the longest right-hand side of any rule m
the grammar [23] This bound was reduced to O(n?) with a reformulation of

Tomita’s algotithm by Kipps [23]

A dominant factor n the time complexity of Tomita’s ongmal algorithm is
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that, upon reduction by a rule A — a, all paths of length |a| from a stack
top have to be found m the graph-structured stack To obtam s bound of
O(n?). Kipps teduced the amount of work necessary during this step by caching
previously-computed paths In our PPA-based parser, teductions do not requure
any stach operations And, when a PPA does need to access the stack, it 1s only
ever accessing the topmost entry 1n the stack Therefore, we suspect that by
combimng owr work with Kipps'. we may be able to unprove the upper time

bound of Tomita’s algonthm beyond O(n?)

7.2 Conclusions

Paising 1s a key topic i computer science because of 1ts wide variety of application
areas In particular, parsing user mput quickly 1s important because of its high degree
of user visibility

The class of context-free grammars 1s sufficient to describe many programming
languages and paits of natural language For a laige subset of context-fiee grammars
— the LR class — determimistic hnear-time methods are known Parsers for general
context-free grammais tend to be slower on unambiguous grammars not m LR and

slower still on ambiguous grammars Tomita s parsing method was designed for use
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m parsing natural languages, and handles ambiguous grammars efficiently

Unfortunately, while much work has been diected at speeding up LR parsers, not
much of this 1s applicable to the moie general case of Tonuta parsers In this thesis
we have taken steps to remedy this gap i knowledge our work has resulted m the
speedup of Tomita parsers

Revisiting eaily research on LR paisers. we developed an oniginal algonthm to
construct PPAs. a variant of pushdown automata These PPAs recognize more than
the handle-finding automata used 1 standard LR paisers. and as a result perform
much fewer stack operations than then counterparts

Then, we devised a method to combine our PPAs with Tomita’s parsers  Owm
PPA-based Tomita parser typically takes substantially less time to parse than a 1eg-
ular Tomita parser, even for highly ambiguous grammars In the worst case, an
mmpirovement by a factor of ten 1s shown to occur on most mputs

Ow conclusion 1s that by tiading space for time — a laiger LR parser i exchange
for faster execution times — we are able to build Tomita paisers which are faster and
hetter smited to more widespread apphication outside the natural language domamn

We believe that further research will make them faster still
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