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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-t ime LR parsing techniques 

as long as possible. fdling back on more expensive general techniques when necessary. 

bluch research has addressed speeding up LR parsers: in this thesis. we argue that 

this previous work is oot transferable to Tomita parsers. To speed up LR parsers. 

we reduce LR parsing overhead two ways: grammar transformations unroll recursion. 

and larger finite automata in the parser trade space for time. 

CVe 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 inputs: 

several orders of magnitude irnprovement are seen on larger grammars. 
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Chapter 1 

Introduction 

She saw tllc boy trith th€  Iclcscopr. 

Does the 110 have t h e  telescope. or ilote! T h e  arisiwr lies in t h e  st ruct i i rr  of t lie 

.* + 

seiiteiice. aritl whet her --wi t li the telescope- iiiotlifies -saw0* or -lm>-. î I i r 3  p r o c w s  of 

tleteriniriing t h e  structure of an input - l ik r  t h e  above seritencc - is ralleri [ m r s i n g  

A coiilputer program which parses iripiit is callecl a parser. 

Parsing is a fundamental  topic in cornpliter science because i t  lias so ii,an!- appli- 

cation areas. Programniing langiiage compilers. natural  laiipiiages. datalmse qliery 

larigiiages. and document markup  Ianguages like CIT'VIL al1 recluire parscrs. to riamr 

but a few exam ples. 

To guide a parser in determining an input's structure.  it lras a set of rules ivliicli 



describe al1 possible valid inputs. This set of riiles is referrecl to as a grariiiiiar. 

L'dort unately. grammars are not alrvays able to descri he a uriiqtie. uriarnbiguous way 

to iriterpret every input. As rvith t h e  Englisli grnnirnar that imposes a structure on 

the  above sentence. some grammars are ambigiioiis. 

Likr  liiimans, parsers have an casier t iiiie tiriderstanding input wtiich lias oiily a 

single interpretat ion. More important ly. parsen which cleal strict ly ivi t h iinainhigiioiis 

granimars can operat e mucli faster t han parsers for an1 bigiioiis gram riiars. r i l i s  is 

criicial wlien one considers ttiat the speed of iripiit recognition is tiiglily \-isil>lv to 

iisers. -4s a result . most art ificiai langiiages ( siich as t those for prograniiiiirig laiigtiages ) 

have uriaiii bigtious g r a m m a s  by design. arid riiuc li research lias adïirrssrcl sptwli  rig 

iip parsers for iinambiguous grammars. Hoivever. applications like riatiiral laiigiag<~ 

iinderstancling are rarely able to choose a çonveriient graniniar. so tlictre is s t i l l  a iiced 

for las t parsers for am biguoiis granimars. 

In Iiis P1i.D. tliesis [JS]. Tornita presentecl a rnethotl for parsiiig ivliicli cuiiil>irietI 

t lie bcst of hot h ivorlds. .-\ Tomita parser eriiploys tecliniques iiscd Tor uriaiiil>igiioirs 

granimars as long as possible. then falls back oii more e?tpensi\re t.ectiniqties ru liaiidle 

arnhigtiity when necessary. Besides nattiral langtiages. Toiiiita parsers are well suitecl 

to parscb any grarnmar rvhich contains areas of aiiibigtiit!-. 

Our research has fociised on speeding u p  Tomita parscrs. Returniiig to first pcinci- 



ples. we present a different way to constriict t hese parsers. ancl show t hat  our  riiet liod 

results in faster Tomita parsers. 

This thesis is arranged in the  follorvirig riianner. \\è iritroclucr grartiiiiars. laii- 

giiages. ancl parsing formally in C'hapter 2: C'liapter :l is a review of LR parsrrs. the  

specific class of parsers that  we use  in our work. Çliapter -1 descrit>es oiir inethocl For 

I>tiiltling faster LR parsers. In C'liapter 5 .  ive apply tha t  methocl to a 'Toniita parser. a 

parsing technique which can efficient ly liandle ambigui t ~ :  C'hapter 6 tlisciissrs iiiiple- 

nientation tletails. Finally. Chapter  7 prweiits ni-eiities for future work aiid concludes 

t lie t hesis. 



Chapter 2 

Languages, Grammars, and 

Parsing 

Since parsing has a large number of diverse applications. it is iiot stirprisi~ig t liat t h e  

is a large I~ocly of t heoretical work to support i t. In t liis cliapter. ive preserit sciriic of 

this material as it relates to our  work. 

2.1 Languages 

Forrnally. a langiiage is a set of strings over an alphabet [-91. .An alphabet is a finite set 

of symbols. and a string is any finite secluence of alphabet symhols: a Inngiiagc itself 



may be either finite or infinite. For example. take the alphabet I: = { u .b } .  Then 

c l .  «bu. aiid abbbbb would al1 be esarnples of strings: the lariguages over 13 incluck 

{ c l .  tib. b«}  and 2'. By S* ive mean the Kleene closiire of Y. t h e  set fornicd t liroiigli 

concatenation of zero or niore strings i r i  Y [29]. 

Vsing t h e  notation of [II. the symbol E denotes an enipty string ivitli rio syrnhols. 

and $i is a symbol that acts as a encl-of-input sentine1 at the end of stririgs. Lorvercaw 

letters late in the English alphabet. siich as W .  are usecl to represent arhitrnry striiigs. 

C'lioi~isky [14. 121 classified langiiages iiito Sour tjepes. OS tliusr lairgiiage classes. 

oril>- tivo are known to be  recognizecl by efficierit parsirig tiiotliods. so ive rtbstrict uiir 

at terit ion t O t hem: regular langiiages and contest-fret* 1aiigiiae;es ( CF Ls )  . Fort uiiat el>- 

niany -interestinge languages for practical purposes. such as pi-ograniniirig laiigiiages. 

I~elorig to tliese two classes. These classes of langiiages r n q  bt. rlistirigiiislied 1)'. otie 

o l  the ineans tised to describe tlieiii - graiiiriiars. 

2.2 Grammars 

.-\ granimar consists of a finite set of riiles. By applying these riiles. a graniiiiar 

actiially beliaves as a gaierative device for a langiiage. aiid is able to producr al1 

strings that belong to it [I?] .  So to parse an input string and divine its striictiire. a 



parser mus t  operate backwards in  t h e  sense t ha t  it needs t o  de te rmine  which riiles 

rvere used. ancl in what  order. t o  create  a particular iripiit. -4 parser riiiist also he able  

t o  cletect invalid inputs  t h a t  a r e  not part  of t he  larig~iage clefinet1 b!- t h e  graiiiiriar. 

Ciranimar rules thernselves a r e  comprised of two tlifferent types of sj-mhols: 

1. Terniinal synibols. These  a r e  jiist symbols froni a langiiage's alpliahet. aritl will 

he rvritten using lowercase English letters like b [I l .  Deperiding o n  t h e  particular 

gramniar.  otlier synibols like pareritheses niay Iw tised as terniinal syrtibols for 

clarity. 

2 .  Nonterminal symbols. Tliese a re  syinbols ma? be thought  of a s  +*variahlcs" 

t liat iiiay be substit  utecl ivitli seqiiences of terminais a n d  iiuriterriiinals [-!?]. 

T lie granimar's rules define all valitl s ~ i l ~ s t  i t iitions. L'ppercase nlplialiet ic 1t.t t t ~ r s  

rad- i r i  the  a lphabet  sucli as B a re  iisrtl to reprrsriit rioiiterriiiiials [ i l .  

Lowercase Greek lettcrs represerit strings of teriiiiiial aiirl iionterriiiiial s>riiilmls. iii- 

cliitling t h e  enipty string: iippercase Eriglish letters la te  in t tir a l p l i a l i ~ t  ( c g .  -Y) 

s tand  for a single terminal o r  rionterniirial [LI. 

Retiirning to  t he  analogy of noiiterniinals as variables. a graiiiiiiar riile .-\ i ck 

intlicates t liat the nonterminal -4 be  suhstitutect with ci wherever -4 nppears. 

Lk'hen this happens. -4 is said t o  clerive n. written .-I n. Repeatecl tlerivatioris 



rnay occitr: -4 a means that -4 tleri\,es û in zero or more steps. LI a situation 

arises where t here are several nonterminals tliat coultl he siibstituted for. siibstituting 

t lie right most nonterminal yields a right most clerivat ion. clenotccl .-L ZZ a. 

[ r i  the grammar of Figure 2.1. we have t lie terminals { a .  6. c. d }  aritl t lie rioriter- 

minals {S. -4. B}. The language definetl b ~ -  t his granirtiar is the firiite set (c.  ircdb}. 

Sorne of' the statements ive can niake ahoiit ttiis granirnar are: 

Notice t liat oor derivations nbove al1 began wi t li S. C; I I I I I I I I~~~S  bave a distiiigiiis1ic.d 

start symbol from which derivat ions begin - conventionall- the start s y n h l  is t lie 

rionterniinal on the left-liant1 side of the first grariimar rulc. Ir1 practict~. graiilmars 

will sornetimes be augmented witli a new start symbol .Y ancl a riile SI i S I. 

Ysi ng an augniented grammar simplifies spwi ficat ion arid implerneritat ion of some 

algoritlims [10]. 

Now let ils be more precise. ..\ granimar is a four-t iiple Ci = ( .Y. 5. R. S). a. herc 

.\- is a finite set of nonterminal symhols. 

1 is a finite set of terminal symbols. T: n .V = fl. ancl 



Figure 2.1: A siiiiplc granirriar. 

S E :V is a start symbol [2. 291. 

R is a set of rides whose composition depencis on tlie type of granuiiar I~eiiig de- 

finecl. Reniember t hat we are only iriterestrtl i r i  regdar larigiiages nrid coiii(2st-frcr 

languages. and that classes of languages are clefinetl by classes of graiiiniars. Reg- 

ular larigtiages are clefined by reg~ilar graniniars. for whom R is a tiriite sul>st.t of 

x ( 5  U ( 5  x V ) )  C'ontext-free grammars (C'FCis) detirie contest-frtv larigiiages: 

licre R is a finite subset of .\- x ( .VU Y)'. For exaniple. the grammar iisecl in Figiire 2. i 

was a C'FG. 

The language definecl by a gramrnar C; is deiiotecl L(C;). C; is aiiibigiious if  aricl 

only if  two or more distinct rightrriost clerivatioiis rsist for a gi\.en input string. 

'Tlicre are otlier ecluivalent defi~iitioiis, but tl i is  c)ne is coiive~~ient for ~iiscilssioll p u r ~ ~ ~ s e s .  



2.3 Parsing 

Sow that we have defined what we mean hy languages ancl ranimars .  ire can talk 

about the machinery used in parsing. As we implieti. the job of a parscr is to clieck 

tlie \-a!idity of an input string according to a granimar. It cloes so by cleterniiniug 

a secluence of derivations from the grammar's s tart  synibol t hat wotild resiilt in t lie 

production of the input  string. Different types of' parser go about t liis task in ditferent 

ways. and the met hod a parser Lises determines the  class of langiiages i t can recognize: 

some classes are larger than others. Given this fact. ive treat thc parsirig of regtilar 

grarnmars and CFGs separately. 

2.3.1 Parsing Regular Grammars 

To parse reguiar grarnmars. one niakes use of the fact tliat rcgtilar graniriiars are 

equivalent in expressive power to finite autoniata [14]. :\ finite aiitoriiat,oii (Fr\) is a 

s ta te  niachine: it is coniprised of a finite set of states. ancl the tra~isitioris betweeri 

tliern. Beginning in a uniqtie start state. a F.4 will make one or niorc transitions 

between states for every input syrnbol it reacls. -At the end of the iiipiit. tlir Fr\ 

accepts the  input as valid if  the Fr\ is in one of a set of final states. 

A direct conversion is possible from a regular grarnmar to a F.-\ [n. Y]: 



F i  2.2: Regular grammar and associatetl Fa-\. 

1. C'reate a I.'-4 state for every rionterniinal in the  grarnniar. plus a final s t a t r  F. 

2 .  For every grarnrnar r d e  .A -t a B. add a directecl eclge froiii state .-l to s ta tc  B 

labelecl a .  

. For every riile .-\ -t a. add an edge froni state -4 to state F. 

4. The state corresponding to the graniiriar's s tart  symhol is tlie start statr. 

To iiltistrate. Figure 2.2 shows a regular granirnar ancl its associatecl F.A. F.4 states 

are clrawn as circles: t h e  shaclecl circle inclicates the  start state, aritl tlie double-circle 

is a final s ta te .  

The set of regular languages is a proper subset  of tlie set of CFLs [1-11. WIiy ivoiild 

one not eschew parsing teclinicjues for regular graniriiars i i i  hvor of niore powerful 



11 

ones used for parsing CFGs? While t his rvo~ild certainly he possible. it turns out tliat 

finite automata have niuch Iower overhead tlian the corrcsponcling parsers for CFCk: 

iising a C'FG parser for anyt hiiig but C'FC;s woiild be uverkill. 

2.3.2 Parsing Context-Free Grammars 

How t lien can CFGs be parseci.! I.-nfort iiriately t here are orily a lerv gencral niet Iiocls 

kiiown. siich as Earley's algorithni [>). :{LI. Even the Toniita algoritlini wr lise iii this 

tlicsis is iiiiable to hanclle certain ambiguous graniriiars [l?]. In any  case. setieral 

C'FG parsing methods tend to have high ovrrheacl. ancl can have poor worst-case 

perforniance: 0 ( r 1 3 )  for Earley on ambiguoiis graniniars (91. and Toniita can bc eslm 

rientiall- slower t han Earley [ ly ] .  (On iiriaiiibigiious graniniars. Ear le~.  has a11 O(II '  ) 

ivorst case.) In practice. often parsers are iisetl for C'FCs wliich accept o n l ~ *  a stihset 

of C'FLs. 

One of the more important C'FL siibsets is tlie LR cliiss. iiitrodiicecl II!- Iiriiitll [2-Il. 

The LR class consists of tliose C'FLs wliose gramiiiars iiiaj. l x  recogiiizecl 11)- LR 

parsers: tliese grammars are unanibigiious bu definit ion. Not only are  riiany graiii- 

mars - l ike those for programniing languages - recognizithle using LR parsers. h u t  

deterrninist ic parsing met hods are kiiown wliicli esecitte in liriear t iriie [ 11. Bwaiisc 

of its importance. and because Tomita parsing relies upon it. LR parsing is the topic 



of the next chapter. 



Chapter 3 

Review of L R  Parsing 

By clefiriition. a LR parser reads its input from left t o  riglit. aiid produces a rightr~iost 

derivat ion in reverse for a valid input string [II. 

LR parsers belong t o  the  class of -shift-rediicew parsrrs. so naniecl because of 

liow the- operate. They "shift- tlieir inpiit onto a stack and. at appropriate tiriies. 

-reduce' t h e  stack by recognizing the use of a particular grarnniar ride. A reduct ion 

causes the stack symbols correspondhg to the  rtile's riglit-harid side to ht. poppet1 off 

the  stack. aiid replaced hy tha t  rule's left-liaiitl sicle. 

For exaniple. consicler t h e  CFC: in Figttw 3 . 1 .  The twliaviur of a LR parser for 

tliis graniniar on t h e  inpiit ancbb is sliown in Figitre 3.2. Looking at t h e  rediictions 



Input 
aac b b$ 

a c b b s  
cbbij: 
h b s  
bbY 

b.Li 
1)s 
b!$ 

$ 

.Act ion 
shift a 
shift a 

sliift c 
rediice by S + c 
shift b 
reduçe by B + h 
reducc by S + a S B 
sliift t, 
rediice by B -, b 
recliice 11'. (5: + a S B 
accept 

F e  3.2: -4 L R parser t race. 

niatle by the parser. one  can confirni t ha t  i t  lias cliscovered t lie clerivatiori 

i r i  reverse ortler. 

How does a LR parser decide what actions to take? LR parsers actiially look 

for handles - a handle can be thought of as t h e  right-hancl side of a graniinar riile. 



Ride 
S - a S B  

Table 3.1: Left contexts and viable prefises. 

c, a. aa. aaa. . . . 
aS, aaS. aaaS. , . . 

bot only ivhen reduction to t h e  rule's left-liand side iv\.oiilcl correspond to a rigtitmost 

derivation step of the input [LI. I r i  the gramrnar of Figure 3.1. c is a lianclle of tlie 

input m. bat b is not a handle of ab. Fortnally. if -4 + ct is a grariiiiiar rule aiid 

r 

q -  
rrn :3.-ltc Z JQ W .  t hen a is a handle at 3. I'rider t liese circu~iistances. .j is refcrred 

to as a left context  of A + a. and an- prefix of Jo is callecl a viable prefis. Table 3.1 

sliows sonie left contexts ancl viable pretiws for t tie graniniar of Figure 3 . 1 .  

Xotice that the LR parser makes esterisive use of its stack CU tteniporar>- nit'riior>: 

to recall ivliat synibols i t  lias sern aiid the orrler tliey occtirrccl in. I I I  tcriiis of 

cornp~itational power. LR parsers may h e  riiodelecl I)y push-domii autoriiata: t i r i i t t b  

automata augmentecl wit h a stack. Using the above terniinology. a LLR parser eiiiploys 

a n  aiitoniaton to fincl handles. ancl keeps track of viable prefises on the stack. 

Most ciirrent LR parsers are table-clriven. Tlie autoniaton's trarisitions aiicl parser 

actions are encodecl into tables. tliiis a short algorithni siicli 'as tlie one ici  Figure :3.3 is 

sufficient to drive the parser. Figure 3.2 notwithstancling. tliis algorit hni reflects t tic 

fact t hat LR parsers actually maintain a stack of state nurnbers rat lier t han graniniar 

Left C'ontexts 
6.a.aa.aaa ..., 

t. c. a. ac. an. aac. - . . 
c. a. as .  aSh. aa. aaS. aaSl>. . . . 

C'iable Pretixes 
c.a.aS.aSB.aa.aaS.aaSB .... 



symbols: this difference does not affect parser operation in aiiy material way. This 

is because '. . . parse states encode the syrnbol that has been shifted ancl the hanclles 

t bat are currently being matchcd.' [IO. page 1391 

A s  with most types of parser. a LR parser can be made to accept a larger set 

of languages by allowing it to look ahead at symbols in the input [II ']:  iiitiiitively. 

tliis allows the parser to Look into the  future arid clioose parsing actioiis Imsecl ori 

this loreknowledge. A LR parser ~ising /; s>-riibols of lookalieatl is a LK(/.) parser. 

I:riless stated ot herwise. only LR parsers and parse tables wi t hout lookaliead will be 

consiclerecl in the remainder of tliis tliesis - in o the r  wortls. LR(0 )  parsers. 

Sce [LI for a more thorough treatment of LR parsing ancl parsirlg i n  geiieral. 



f u n c t i o n  act ion(inputSymbo1, s t a t e )  { 
Based on i ts p a r a m e t e r s ,  r e t u r n s  one of : 

SHIFT n 
REDUCE A + ct 
ACCEPT 
ERROR 

T h i s  would typically be  a s imple  t a b l e  lookup .  

1 

f u n c t i o n  goto(nonterminalSymbo1, s t a t e )  { 
Based on i t s  p a r a m e t e r s ,  r e t u r n s  a state number t o  
go  t o .  Again, t h i s  is  t y p i c a l l y  a t a b l e  l o o k u p .  

1 

i n i t i a l i z e  s t a c k  t o  c o n t a i n  t h e  start state 

w h i l e  (true) { 
i n p u t  = lookAtNextInputSymbol() 
s w i t c h  ( a c t i o n ( i n p u t  , top0fS tack) )  { 

case SHIFT n :  
push n 
consumeInputSymbol() 

case REDUCE A -t o : 
pop 1 0 1  states from s t a c k  
push goto(A, newTop0fStack) 

case ACCEPT: 
accep t  i n p u t  

def a u l t  : 
e r r o r  

Figure 3.3: Table-driven LR parsing algorit hiri. 



Chapter 4 

Reducing LR Parsing Overhead 

To ncliirve oiir goal of building faster loiiiita parsers. ive begin by retliiciiig ttir 

aiiiourit of overtiead consuiricd by tlieir iiiiier iwrkirigs - L R  parsers. 

4.1 Previous Work 

.\luch attention h a  been devotecl to speetling iip LR parsers. and t lie rtiajoritj. of t liis 

resmrcli pertains to implementatiori tecliriiques. Tlie argtiiiieiit is tkiat intrrpretrtl. 

t able-driven progranis are iriherent ly slorver t han liardcodetl. direct 1~--eseciit abIr I>ro-- 

grarns: given that. t h e  best way to speed up a tablctlrivrn LR parser is to coii\-ert i t  

into a direct ly-execiitable forni t hat neecls no t.ah1es. 

(3 '1 .  18. 34. 41 all start witli a LR parser's hanclle-finding autoniaton aiid translate 



it clirectly irito source code - this source code can then be conipiled2 to create an 

executable LR parser. Basically. each state of the autoniaton is direçtly translatecl 

into source form using boilerplate cocle. This process tends to procl lice iiiefficicnt 

code. so t hese papers expend effort optiniizing t h e  source rode output. 

Several other papers [:{S. 36.27.231 have taken a iliglitlj- differerit approach. iritro- 

ducing a technique called recunive ascent parsing. Here. a LR parser is imple~~ieritetl 

cvith a set of muttially recursive functioris. one for each stateJ in a table-ciri\-en LR 

parser's Iiandle-finding aiitoinaton. To quote Griirie and Jacohs [LZ. page ' 2  1). 

-The key iclea is to have the rectirsiori stack rninlic t h  LR parsitig 
stack. To th i s  end. there is a procedure for eacli state: whcn a tokrri is to 

he shifted to the stack. tlie procediire corresporiding to tlie resiiltirig s tatr  
is called insteaci.' 

I'iifortiinately. al1 of the ahove work is of limitecl ilse when appliecl to a l'oriiita 

parser. LR parsers produce a àiriglt clerii.atioii for ail iiipiit string. 1ii ttmiis of 

implenientation. a LR parser only neecls to keep trnck of n siiiglr set of inforriiatioii: 

t h e  current pirrsrr state - what t h e  parser is doing riglit iioiv. aiid wliat it's dont. i i i  

the past. In a table-driven LR parser. this inforniation is kept on a n  tksplicit stack: 

in a tlirectly-executable LR parser. tlie information esists tlirougli a conibination of 

t lie C'PIT's execution stack ancl program coiiiiter. 

'Or cassembleci. as is the case in [32]. 
3 T ~ o  functions per s tate  are reputed to be rccliiired in ['La]. 



In contrast. a Tomita parser prodiices r i f i  clerivations for a n  iriput string. This 

nieans t hat a Tomi ta parser may neecl t o  keep track of multiple perser States curiciir- 

rently. To construct a direct l -eseçutable Toniita parser. oiie ~vould neetl to rilairitain 

niiiltiple C'PLT stacks and program counters. C'ertainly t his is possible. biit tlir o\.rr- 

tieacl in doing so and  switching between them frecliiently would br prohibitive. at least 

on a uniprocessor architecture. 

Orice direct execut ion of Tomita parsers is riiletl oiit. t h e  obvioiis l ine of inq~iiry 

is t o  investigate speecling up table-clriven LR (and thereby Toiiiita) parsrrs. Looking 

at tlie LR parsing algorithm and its operation. one soiirce of iiiiproveiiieiit tvoiild Iw 

t o  rrtliice the  reliance on tlie stack. Fewer stack operat iotis ivoiiltl iiieaii less ovcrtieatl 

aiicl siioultl result in a faster parser. 

If  stack-reiated overhead is to be reclucecl. t tien the  idcaf sit iiat ioii is to have iio 

stack a t  all. So instead of parsing wit 11 piisli-clown autoiiiata. ive ivoiild Iw iisirig tiiiitt. 

automata. 

4.2 Parsing with Finite Automata 

Tlieoretically. it is impossible t o  parse C'FLs ~ising finite aiitoinata. For esample. 

consider the Ianguage L = {anbn. n > O). Given a constant k > O. one can easilj- 



Figure 4.1: F.4 accepting u*bk.O < k 5 :l 

construct a F.4 t o  recognize ~ ~ 6 ~ .  such as  the  one  iii Figure -1.1 for O < k 5 11. 

I-nfort tinately. such a F-4 dorsn't accept t lie iriptit b"' . clcspite the Fact tliat 

that input is i r i  L.  

[ r i  coritrast. L is recognizable by a PD:\: eacli « is piislictl uiito t l i r  stack as it is 

read. the stack is popped once for each b rcatl. aricl an  enipty stack iiiiist correspoiicl 

t o  the  eiid of input. Effectively. t h e  stack is iisetl t o  coiiiit the  iiiiiiil)cr of « syiiihols 

seen. 

\.\lien parsing C' FLs wit li a PD.-\. t lie stack is tised to rerriembcr iriforniation. I ri 

t lie previous esaniple. it retainecl a single riurtilxr: iiiorc gerierally. i t cari rrtaiii t lie 

eritire left context of a tiandle. Having no esplicit meaiis of storage. F:\s caiiiiot du  

tliis - their comparative lack of expressive power is collotliiially statetl as -fiiiitr 

autoniata  can't count." 

In practice. hoivever. often a subset of a CFL is sufficieiit. In t he  above esaniple. 



if we could determine that there was an upper boiirid u on n.  tlien the  language we 

are actually interested iri is ünbn,  O < n 5 ir. This riew language is recognizable tvith 

a F-4 having 2u + 1 states. 

The same princi ple liolds t rue for programniing langiiages. C'om piler writrrs ofteri 

set Ii  mi t s  oii a programniing language for irnplerrirrit at  ion reasons. Soiiie esani  ples: 

lirniting the complexity of arithmetic expressions: restricting the deptli tliat blocks or 

fiirictions can nest: limitirig the number of labels in a case statement. The net  eflect 

of imposing such restrictions in a compiler is tliat the cornpiler no longer accepts 

the  ftilI Language as specified by the  language's gramniar. TLiat being the case. i t  is 

reasonable to consider eliminating a LR parser's stack. ancl instead constructiiig a 

large F.4 to paarse the restricted language. 

Siniilar ideas liave been esplored in tlie riatiiral language coinmunit?;. [XI] uses a 

F.4 to recognize an  approxiriiatiori of a C'FC;: bu clt~sigii. < lirir F:\ accepts a supersrt 

of t he  original language. However. since rtpc are trying to speed up LR parsiiig. it is 

important not to accept any inputs not acceptecl by the original parser. C:iveii this. 

and the  fact that language stibsets arise riaturally in practice. our ivork only corisitlers 

iisirig F.\s to accept subsets of CFGs. 



4.3 Recursion in Grammars 

How CIO we construct our parsing F.W -4 disciission of tlie e sac t  niethod is cleferrecl 

to Section -1.5. -4s it tiirns out. some gramniar transformation is needed M o r e  t lit. FA 

can be built. In this section and t h e  next. we motivate the  need for this transforniatiori 

arid describe it in detail. 

T h e  problem in constructing parsing F:\s ( PF:\s) conies from recursiori i i i  t h e  

grammar. A grammar is recursive if. for any nonterminal -4. .-1 & j.47. Left 

reciirsion is t h e  case where -4 i -47: right recursioii is wliere .-L S J.-\. 

Ré will examine t hree cases: left recursion. riglit rrciirsiori. aiitl -ot lier" rrciirsiori 

( recursion which is neither exclusively left nor riglit ). I t  is assii~iiecl. ivitliout loss of 

ge~ierality. t h a t  trivial recursioii of tlie Forrii .-I * .-I is riot preseiit in the  grainiiiar. 

4.3.1 Left Recursion and PFAs 

Left recorsion is trivial to iinnclle. In a LR parser. left reciirsiori yields a sliallow 

stack - a handle is acciimulated a top  the  stack anil is reduced atv- iniriiediately. .A 

similar process happens witli PF-4s. With a PF.-\. the Iiaiitlle of a left-rccursive riilt. 

is recognized. and  a reduction causes a simple s tate  transition. 

To illustrate. the  grammar in Figure 4.2 contains the  left-reciirsive rule S i S 

a. This  granimar.  ivliich generates the  language bu'. is easy to represent with a P Fr\ 



Figure 4.2: .A left-recursive grarnmar. 

Figure 4.3: PF.4 for a Ieft-reciirsive graniniar. 

beca~ise it only neecls to remember a sniall. finite aniou~it  of inforniatioii: lias a b Iwen 

seen? was an CL jiist seen? have we jiist seen the end  of input*! The reductions are 

straightforwartl too. If a b is seen. t h e  PF.4 can irnniediateI!- retluce hy S + 11: i f  aii 

is seeii. the PFA can retlitce by S + S a ininiecliately. Ttie PF:\ for this grariiniar 

is sliown in Figure 4.3. 

C'oniparetl to a F.A. there are two iiiiusual aspects to the PF--\ wliicli warraot 

esplanat ion: 

0 The end-of-input syinbol. S. is explicitly represented in the PF.4. eveti tlioiigli 



it was not in the  grammar. This is because t h e  PF.4 is based on  an aiignierited 

grarnmar having a new star t  symbol S' and a iiew gramniar rule S' i S O .  

Eciges are labeled with recluction actions. l lakiiig a transit iuii across oiitb of 

tliese retltiction edges does [lot cause ariy input to I>e consuriird. l j i i t  it does 

intlicate that the  PFA is performing a rediiction by a graniiriar ride. Graninior 

rules are referred t o  by number. so 1-duce 2 means a reduction by t h e  seconcl rule 

in the grarnmar. Figure 4.4 shows the augmentecl granimar coniplete \vit h rule 

nunibers - fiirther granimars will I>e shorvn ir i  tliis itiaririer when appropriate. 

Fornially. a PF.4 iriherits much from the definition o l  a F.4 [?)]. :\ Pl?:\ is a fivc-ttiplr 

.11 = (9. S. 1. S. /). where 

Q is a finite set of states. 

X is the input alphabet. 

s E Q is the star t  state. 

/ E Q is the accepting state. 

and  1 is a transition relation. a finite set ivhose metnbers are in Q x (SU RU (11) x C). 

R is a finite set of symbols t hat represent reduction by grarnmar riiles - t here is one  

distinct symbol in R per rule. and R f~ 5 = 0. ( T h e  synbols in R a re  the forma1 

eqiiivalent of r e d u c ~  n.) The  purpose of the  symbol î is esplainecl in Section 4.4: for 



Figure 4.4: An augmentecl left-rectirsive grammar. 

~iow. it is enough to knoiv t hat 1 4 ( R u 5) .  There is only a single accepting s ta te  

as a result of augmenting the grammar: t here is a unique way to make a t raiisit ion 

on the end-of-input symbol. 

4.3.2 Right Recursion 

Now consider a right-recursive grammar. siich as t the one  in Figure 4.5. aricl a v - a l i d  

inpiit string soch as nunb. The derivation of that iriput string is 

wliicli the PF.4 niiist produce in reverse - lirreiii lies the probleni. 

--\sstime for the moment tliat we can construct a PF-4 for t his graniniar. Figure 4.6 

stiows the actions taken by tliis liypotlietical PF:\. (Enipty action fields nieaii tliat 

not liing happens asicle from a P Fr\ state transit ion. ) The seclilence of consiinii rig 

inpiit and performing reductions must occur in this orcier for t lie PF:\ to  find the 



Figure -1.3: A right-recursive grarnniar. 

correct derivation. Why? For tliis grainmar. a PF;\ riiiist see tlie eiitire iripit  before 

anrioiincing any recluctions. and when it tloes. i t  ~iitist have orle 1-cdiirt i for every (L it 

reacl. In many respects. this is the  same problem as recognizing «"b" mit h a iriri t h e  

previous section - it can't be clone. The key liere is that the PFA rii~ist i r r r r e i n l t r  

wtiat it has seeri. 

In parsing terms. our hypotlietical PF:\ is lookirig for the Iiaiiclle 6. and the  PF-\ 

mtist recognize and reniember 6's entire left coritest in ortler to fintl the riglit re- 

tliictions. hfort i inately.  for the fit11 langiiage. t h e  set of left coiitests is infinite: 

{ c .  a. «a. m a .  . . .). Compare tliis to the left-recursive esariiple. where t lie set of left 

contests rvas altvays {c) .  

4.3.3 Other Recursioii 

For cotripleteness. grammars t hat cont ain ot 11 e r  types of reciirsion niust be corisicleretl. 

These t.ypes of reciirsion are sometimes unavoitlable. as in t lie ari t hmct ic expressiori 

gramrnar of Figure 4.7. the Dyck languages [%]. or the i f  -then-else constriict 



rerliice 2 
recltiçe 1 
reclttce L 
reduce 
accept 

Figure 4.6: --1 PF.4 trace of <inub. 

Stmt -t if  Expr tlieii Stnit else Stnit. 

In actiial fact. the problem that  0 t h  forrns of gramniar reciirsiori poso is es- 

actlj* the same one presented by right-recursive ~)ratiiriiars. Tu produce the correct 

clcrivation. t h e  PF,-1 tvould have to remember an infinite set of left contttxts. 

For example. in the  granmiar of Figure 4.7. a P F;\ woulcl ticecl to keep coiiiit of 

the nuniber of left parentlieses seeri. Otlicrwisc. i t  ivoiiltl not lx able t.o look for 

the correct number of rnatcliing riglit parentlieses. Agairi. ive are I~ack to the (Pb" 

problem. 



0 y + Esj  
1 E + E + F  
2 E . F  
3 F ( E )  
4 F . n  

Figure 4.7: .A grammar for simple arithmetic esprrssions. 

4.4 Grammar Expansion 

To solve t lie pcoblems posed by non-left-recursive grammars. LW apply t lie iticas froni 

Section 4.2. W h a t  we want t o  clo is to niake finite the set of left contests t hat the PFA 

niiist recognize and remember. In terms of the  grammar. ive want to liinit i ts drpt li  of 

reciirsion: for example. one can imagine a granimar for ari t hniet ic espressioris w livre 

parenthesizccl expressions may not be nestetl greater than ten deep. 

.-\ straiglitforward approach to limiting graniniars [15] is to ~ssent . ial l~f -uiiroll- the 

recitrsion in the gramniar. A n  exampie is sliown in Figure 4.8. \Ve use t h e  notation 

.-l!rt to inclicate t h a t  t h e  nonterniinai .-L shotild he espanclecl n times. The point in 

t lie gramiiiar rvliert. expansion occors is callecl a linii t point. 

\Vilen a grammar has been fitlly expantlecl. t he  rioritermirial at the liriiit point is 

replaceci il\; the s p c i a l  synibol I. Iipon ericountering 1 i i i  the transition relation. 

t h e  PFA outputs a n  error message a n d  rejects the input. .A PF-4 for the  espanclrd 

granimar of Figure 4.8 would accept inputs b. ab. aiid au6. hiit output a n  error For 



Figure -1.8: Grarnrnar rxpansiori. 

( t a  (1 6.  

ive devised t lie following algori t hm t o  expand t lie graniriiar: 

1. C'lioose a riile I-, = .A + ci- B!n .L 

2. If n = O .  replace r,  with -4 i o I 3 .  

(a) For each rule r = C + 7 soch tliat B =& i C - ' r l  ( th is  incliides the case 

where B = C ) .  add a new rule r'. To map r into r'. replace al1 nonterinirial 

symbols  D in r with D,,. If I-  = r - , .  tlien the liniit  point B!IZ sliould be 



mapped into B!(n  - 1 )  in r' insteacl. 

( b )  Replace r, with A + a B,, 3. 

4. Repeat steps 1-3 until t here are rio more liriiit points to  espancl. 

For recluction purposes, a rule added through expansion shoiild retain its parent 's  

rulc riiimber. This is so reductions reported by a PF:\ make sense in terrns of tlie 

original grammar. 

4.5 Constructing the PFA 

Once t h e  grammar has been augrnented and riecessarx graniniar esparisioiis have I> t r i i  

performed. the PF.4 can be hirilt. 

4.5.1 Background 

T lie t heoret ical basis for PF:\s coiiies from soriie early work in LR parsing. 111 Linut ti's 

seriiinal paper  on LR parsing [?-LI. he proposecl two ways to deterniine if a graiiiniar 

C; was LR(k)  for sonie integer C 3 0: 

1. Siiccessfiilly constriict a hanclle-fincling autoinaton for C;. This nietliotl tlirect1~- 

yielcls a m e t  hod for parsing the grariiniar ( if the graniiiiar is inclcid LK( k )  ). L R  

parsers and research in LR parsing are almost excliisively basecl oii this rnetliod. 
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2 .  Derive a new grarnmar F from C;. then test. t h e  language gerierated by F for a 

specific condition. Only a few researchers [3. 131 have explorcd tliis niet hod. 

For oiir  purposes. we a re  not concernecl witli wlietlier or iiot C; is LR(k). jiist 

wit li t he  construction met  hod itself. Cysing the  secoiid inet hot1 ahove. t lie following 

sect ions clescri be ou r  t eciinique for reducirig L R parsi rig 01-erlieatl. 

4.5.2 The Derived Grairimar 

A s  mentionecl. we need to  derive a new grarnmar F from C; [il]. Both terrninals and 

rionterminals in G are  t reated as terminal syrribols in F. F has a tlifferent set of 

noriterniinals. which are derivecl from the  rionterniinals of Ci. T'lie iiotatiori [.-11 is 

iisect to refer to  a nonterminal in F which was cleïived froni t he  rioriter~riirial .-1 i r i  Ci. 

Initially. F consists of t he  single rule 

is added to F for every rule B i n .-\ 3 in G. Finally. we delete direct c>-cles froiii 

F (e.g. [.A] + [.A]), which does not change L(F) [l?]. but niakes F easier t o  handle 

from a n  impiementation poirit of view. 



Figure 4.9: -4 derivecl grammar. 

Figure 4.9 shows F for the grammar in Figure 4.7 ( page %). T h e  ride [El + [El 

lias been deletecl. 

4.5.3 Properties of the Derived Grammar 

F' lias one extrernelp useful property. Talie LI;.( [.A] ) to iiieari L(  F )  ~vliere [.-"] is iisod 

as t lie start synihol. Then the  set of left contcsts for a rtile -4 i (1 i i i  I ;  is Lc.( [. l] ) [3]. 

l\:e will refer to tliis set of left contests as LC'( .-\ ). 

-Io iintlerstarid iv11y. recall t lie definit ion 

tlieri n is a handle at 3. Going back a step further. .-l niust also be part of a liaiidle. 

Say .j = .jl!12- (L? = IL<[ ( ~ 2 .  and B -t 3 2  :\ m l  is a rule in C;. Tlieri i v e  liaw 
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finite number of theni).  If ive dit1 not have a separa te  path in t h e  PF.-\ fur eacli. tlien 

t h e  PF--\ would have no  idea what handles to s t a r t  looking for following a retliictioii. 

4.5.4 PFA Construction Algorithm 

Now t liat we have a theoret ical basis for tlie P F.4. we  cari descrilw uiir iilgori t l t i i i  for 

i ts  coiist riict ion. Ç tart ing wit. h ari augmentecl. esparidcd C'FG C;. c r r a t e  t lit* cIrri\+rd 

gramniar  F. ancl the  set <P. Then. the algorit h m  is: 

1. C'hoose a unique star t  s t a t e  s For the PFA. For al1 menibers S1.S2.. . .Y,, E <P. 

adcl to  the PF.4 t h e  rnirtinlal niiniher of transitions neecled so t hat t t i e r c  is a 

patli Sl -YL . . . -Sri in the  PF:\ starting a t  S. S o  transitioris or1 t are  a<lded to 

the P FA. 

For tlie expandecl g r ammar  in Figure 4.S. 9 = { t  .5%. d'2. t6. ~ u . 5 ' ~ .  (16. ( i « d .  w b } .  

aiid its PF.4 woiild look like Figure -1.10 af ter  tliis step. The resiilt of tliis s tep  

is a trie data s t ruc ture  [25] .  

2. Xow t lie reduction transitions cari be  atldect t o  tlie PF-4. Take  al1 iiitmIwrs 

-Y1-\:L.. . Sm-Ym+, . . . -Yn E a. where ,y,+l . . . -Y,, is a tiandle of tlic ride 

:\ + . . . Sn a t  point -Y&.. . -Y,, . 

Let y0 be the  s t a t e  a t  the end of the  path Si -Y2 . . . Sm . . . .Y, starting witli 



S :  ci, is the end state of the path S i . V 2 . .  . .Y,.-\. also startirig with .>. :\ssiiniing 

the ride .-\ -+ .Y,+l . . . Sn is numberecl k. t hen adcl a transition froni (1" to q1 

labeled r ~ d u c e  k. As a special case. tlie fiiial s ta te  f for tlie PF-4 is tlir state at 

the end of the  pat h SS. 

Figiire -1.1 1 shows the PF.4 from Figure -1.10 with its reductioii edges addecl. 

3. Delete transit ions i r i  t lie P F-4 t hat are labelecl wit li a iioiiteriiiiiial syriibol frorti 

C;. Tliey are superfiuous. since the  PF-4 can rievrr read noritrriiiiiials froni a n  

input string. T h e  final PF-4 for oiir riiririing esarnple is sliocvii iii  Figiire 4.12. 

4.6 Choosing Limit Points Automatically 

.-ifter iriiplenieriting our algorit h m  froni t lie previoiis sectioii. i v e  t rictl tu cotist rtict 

PF.k for increasingly larger granimars. :\s i ve  dit1 so. i t  I~ecaiiie iiicreasirigly tlitfi- 

cult to select appropriate limit points by inspectioii. Sortie ira>- to haïe liiiiit points 

sttggested ail t omat ically was neecleci. 

Since tlie goal of limit points is to erisiire that Q is finite. the first step \vas to 

deterniine what could make 9 ' s  size infinite to I~rgiri witli. This  is quite easy: tlicre 

a re  a finite number of grammar rules in Ci. so the set of lianclles riiust I>e finite. 

Tlierefore, i f  9 is infinite in size. i t  must bc becaiise of t.he set of lcft coritests. 



Figure 4.10: PF:\ after Step 1. 



reduce I 

reduce I 

Figure 4.11: PFA alter Step 2. 



Figure 4.12: PFA afteï Step 3. 



Figure 4. IR: Derivecl graiiiniar's cquivalcnt Fa-!. 

Si nce the left contexts are generated using t lie derivecl graiiiniar I;'. aiinlysis of 

it should yield a set of limit points. Ideally. we woulcl also like a minimal set of 

liinit points - this would allow the PF:\ to accept t lie largest sul~set of the original 

( iines pandecl) grammar's langiiage. 

Becaiise F is a rcgiilar gramniar. it is eqiiivalent to a F.4 [l-11 - cal1 i t  FE., . Tlie 

F.-\ for the cierived grammar of Figure 4.9 is sIiuw\-ri iii Figure 4.113. 

\ive also kriow that a FA'S transition diagrani contains a (noii-c) cycle if aiitl oiilj- 

if  the F.-1 aaccepts an infinite langtiage [l-11. So i f  ive reriia-e a set of transitions froim 

FE.! such that it no longer contains any cycles. t hen t lie langiiage acceptecl/grneratecl 

hy it niust be fiiiite. This set would provide LIS with the liniit points. 

The probleni of rernoving a minimal set of edges froni a directecl grapli so tliat 



Table 4.1: Liniit points clerivecl Iieiirist, ically. 

the resulting graph has no cycles is iwll-known in graph t tieory: tlie fcrdlxtck arc set 

( FAS) probleni [Ji]. Unforttinately. the F.4S decision problem is N P-cornplete [2]. 

ancl the  corresponding optimization probleni - finding tlic niiriinial F-AS - is  NP- 

hard [ l  11. ï h e r e  are. hoivever. tieurist ic algorit linis for t he  probleni. W r  have çhoseii 

to  iiiiplcnient the algorithm from [SI due to its relati\.e siliiplicit>.. 

The nimber of limit points ol)tairietl for \-arioiis progrrrmriiing langiiage graiiiiiiars 

is s h o w  in Table 4.1. It is important to reniernber tiiat thrse riuriilwrs iiiay lx 

lower. depenclitig on FE4 and the  lieuristic algorithm. For esairiple. start iiig wit l i  the 

coriiputecl lirnit points. tiand experinientation rcvealed tliat rio more t liari twelvr liiiiit 

points are nedecl for the Motlula-:! graniniar. 

C'learly. the work i r i  tliis thesis will directly I~enefit froni fiirtlier work 011 the F:\S 

problem. 



4.7 Incorporating a Stack 

One ol~vious drawhack t o  the  PF.4 so far is tliat it only recognizes a siibsrt  of t lie 

origirial iinexpanded gramrnar.  To rernove this restriction. a s tack is atltletl to tlie 

PFA to form a parsing pushdown au tomaton  (PP.4). 

Flow can a stack be incorporated into  a PF.-1:' Intiiitit-el?. t h e  places wliere a 

grariiniar C; is espandeci a r e  tlie riatural places to ptish information o n t 0  a stack [l(i]: 

a 
ivhen a transition appears.  essentially t h e  PM is stating t hat  it  rio longer lias a 

stifficient riiirnher of s ta tes  t o  remeiiiber aiiy iiiore. By pusliing iiifor~iiat ion a t  tliosr 

points. a PP.4 is ab le  t o  rernember tha t  ivhich t he  PF:\ cannot. 

.-\ PPr\ is a s imple  estension of a PF:\. To construct a PP:\ for C. ive tirst hiiiltl 

a PFr\ for Ci. PE-lc, in t h e  ilsual rnanner. Tlien. wliile t h e  are 1 transitions i i i  

PI.-lc. choose one and d o  tlie folloiving: 

1. Find tlie nonterniinal SI tliat tvas initially espanded aritl wliich caitsed I t u  I>r 

placecl in Pac. Ln Figiire 4.12. I appears  as a resiilt of t h e  iiiitial cspaiisiuri 

of S (see  Figure 4.S). 

2. C'reate a new grarnmar  C;I from G. Initially. 811 rules il1 C; a r e  placeci i i i  CL. 

Tlien. set  t h e  s t a r t  symbol for CiL to he SL. and  re rnow al1 riilcs froiii Ci I  

t hat a re  not reactiable from this new s t a r t  s-rnhol. :\iigrneiit CiL witli t lie rule 



Ç; + SL pop. Due to the simplicity of the granimar in Figure -1.S. t h e  net effect 

of this step is to replace S' + S S in C'lL with 51 + Sl pop.  

3. Construct a PF.4 for GL: cal1 it PF.-LL. The States of PE-lc; aiid PEqL t ~ i ~ i s t  

be disjoint. Pml tvi l l  act u a -siibroiitirien for PF-Ir: i r i  the serise t liat wtieii 

PE-lc reaclies the I transition. it irill pus11 a *-rrt~irri stat<.- orito é i  stack. tlien 

go to PE.lL's start state. Wlien PE-IL reaches a pop trarisitiori (wliicli niiist be 

uniqiie due to GL's augmentation). it goes to a state irliicti is popptd off the 

stack. 

4. Say tliat the transition on I in PE-lc \vas ma& froni state rio to state q , .  Deletr 

that  transition froni P M G .  replace it wit h a trarisitioii frorri (1, to t lie start s t a t e  

of PF.4 L. ancl label the  new transition ptcsh ( I L .  

5 .  XIerge PF-il irito PE-lc. Since tliese PP:\ constriict ion stcps (*ont i r i ~ i e  i v t i i l ~  

tliere are I synibols in PRlc.  tliis nieans tliat al1 I synibols i i i  PE-l l  eveiititally 

get replacecl. 

The resiilt of the above steps is the PPA for Ci. A s  all the PF..LL -subroutirics" arc 

I~iiilt independently of any left contevt seeri by their -caller.'- th- can bt. re-usecl 

in o ther  contexts. So t h e  maximum number of PF.4 ttiat will he creat,ed for Ci' is 

bouncletl by the number of limit points. -Uso. notice that the constructioti of CiI 



preserves any gramrnar expansion that has occurrecl in C. 

The final PPA for the grammar in Figure 4.S is shown in Figures -1.14-4- 15. com- 

piete witli state numbers. -4 trace o l  the PP.4 or1 input nuümb is shown i r i  Figure 4.16. 

The forniel definition of a PP-4 resenibles that of a p~ishdowri autoriiatoii (291. :\ 

PPA is a six-tuple M = (Q. Y. r. A. S. /). wliere 

Q is a finite set of states. 

5 is the input alphabet. 

r is the stack alphabet ( r  = Q).  

s E Q is t he  start state. 

f E Q is tlie accepting state. 

aiid 1 is a transition relation. a finite set wliose menibers are in Q x ( 5  u RU P )  x (2. 

R lias t lie sanie definition as it clid for a PFA. P is a finite set. tlisjoiiit frorii 5 ancl 

R. IV hose niembers are in ( Q LJ O )  x ( Q  ü fl ). P motlels stack operat iuiis: for esariiplr. 

(c .  12) is a. pilsli and (13-1. E )  is a pop. 

Table -1.2 shows some PP.4 sizes and tlie relatively srnall nurnhcr of stack op- 

erations in each. The arithmetic expression grammar iised is Ironi Pfahler [:&Il: liis 

autoinaton for the same grammar had twelve states. The .\Lotlula-'-> gramriiar we iisetl 

is recognizable using 3S6 states. according to the  L.-\LR( 1 ) parsu generator yacc [?O]. 

In tmt h grammars. the expansion factors at the liniit points w r e  al1 set to zero. :\s a 



s 

0 
1 

Figure 4.14: An example PPA. 



(tu popped siclte ) 

Figure 4-15: .-\ri exaniple PP.4 (coritinued). 



Figure 4.16: PPA trace 

[>lisil O; 

reciuce 2 
reduce 1 
recltice 1 
POP 
reduce 1 
reduce 1 
recliice 1 

accept 

crac~cruh. 



1 Total Stack 

Espression 1 S 1 5 6 16.1'2 

Table 4.2: Xurnber of PP.4 states and stack oprrations. 

P P.-\ niiist recognize more t han a liandlcfincling air tornaton. i t lias rriiirii?. niore sr ates. 

li'liile t he  PPAs niay seem large. remeniber t liat we are trading space for t itiir. \\?it h 

r lie proliferation of large. iriexperisi ve mcriiory i r i  niotlerri r-orripii trrs. t lie P P.-\ sizr 

slio~ilcl not typically be a concern. 

4.8 Modified LR Parsing Algorithm 

l'lie LR parsiiig algoritlim. niodified to Lise a PP.4. is sliown in Figurc -1.1;. ( For 

coniparison. the  original table-clriven LR parsiiig algoritlini appeared iri  Figiirr 3.3.) 



f u n c t i o n  act ion(inputSymbo1, s t a t e )  { 
Based on i t s  paramete rs ,  r e t u r n s  one o f :  

SHIFT n 
REDUCE A + a ,  GOTO n  
PUSH m ,  GOTO n  
POP 
ACCEPT 
ERROR 

This  can be implemented as a s imple  table lookup.  

1 

i n i t i a l i z e  s t a c k  t o  be empty 
c u r r e n t s t a t e  = start s t a t e  

w h i l e  ( t r u e )  { 
inpu t  = 1ookAtNext InputSymbol() 
swi tch  ( a c t i o n ( i n p u t  , c u r r e n t s t a t e )  ) { 

case SHIFT n :  
c u r r e n t s t a t e  = n 
consumeInputSyrnbol() 

c a s e  REDUCE A -, a, GOTO n: 
c u r r e n t s t a t e  = n 

case PUSH m ,  GOTO n :  
push m 
c u r r e n t s t a t e  = n 

case POP: 
c u r r e n t s t a t e  = s t a t e  popped o f f  stack 

c a s e  ACCEPT: 
accep t  i n p u t  

def a u l t  : 
e r r o r  

Figure 4.17: Table-driven LR parsing algori t tiin iisirig a Pi?.-\. 



Chapter 5 

Application to Tomita's Algorit hm 

5.1 Background 

Toniita's parsing algorithm. also kriown as generalized LR (GLR) parsirig. \vas devel- 

opecl to parse natural languages efficiently [3S]. Toniit,a ohservcd tliat graniiiiars for 

nat lira1 languages were rnost ly LR. wi t h occasional ambigui t ies. 

\\lit11 tliat in mind. Tomita's algorithni behaves as a norinal LR parser ~iiitil i t  

reaclies a LR parser state ivhere t here is a coiiflict - the LR parser lias a s e t  or  

conflicting actions it could perform. aiid is iinable to clioose betwceii tlieni. :\ Toiiiita 

parser is not able to choose the correct action either. and iristeacl siniu1at.e~ noritleter- 

rninism by cloing a breadth-first search over al1 t he  possibilities [l'L]. C'onceptually. 
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one  can think of t he  Tomita  parser reaching a conflict. aiid s tar t ing up a ricw parsrr 

rrtnning in parallel for every possible action: each new parser -processm woiikl have 

a copy of the original stack. A parser process that  fincls wliat s e m i s  t o  I>e crmnrotis 

iripiit ni- assume tha t  t he  action it took from the  coiiflict point was tiie w o n g  me. 

arid çan terminate. 

This cycle of a parser process starting ot tiers yieltls a rvholly inipract ical algori t liiii .  

T h e  t ime spent making copies of parser stacks coiilcl be eriornious. iiot to iiieiit ion 

the  potentially esponential growt h of t h e  riiiniber of processes [ - !O) .  Tu adclress t liis. 

'rotnita macle two important  optimizations: 

1. .-\ riew process need riot have a copy of i ts parent's stack. .\- proccssrs cari .ihnir 

a cornnion prefix of a stack. Froni a n  inipleriientat ion perspcct i vcx. cleriitwt s 

of t h e  stack can al1 contairi pointers to poirit to t lie previoiis t~lctiic'rit of' r lie 

stack. Tlicn. niultiple stack eiemerits can point to a coriimoii prcf S.  Figure 5.1 

illitstrates wliat liappens to the stnçk wlien a co~!ttict hetiveeii tlirrc actions 

arises in s t a t e  56: t h e  top  of the  s tack is on tiie left sicle. 

2. Tliere a re  a finite nurnber of autornat.on states the parçrr cati be i c i .  Several pro- 

ccsses ni- be in the  s a m e  state. albeit  they rnay h a ï e  different stack coiitcwts. 

.-\ set of processes t hat  a r e  in the  sanie s t a t e  can merge tlieir stacks togetlier. 

leaving one resulting process. This  places a n  upper boii~icl oti t h e  iiiitiil>er of 



parsi og processes t hat can exist . 

In a LR parser. its current state is t tie toprnost state on t lie stack (see Figure 3.3 

on page 17). Ço t o  merge .V stacks. one would remow the top node Crorii each 

- t hey must ail have the same state number s - aiid create one node with 

state .s that points to the remainder of the ;V stacks. In Figure 5.2. two stacks 

are 

The resu 

merged toget her since t heir processes are bot h in state 17. 

It of these optiniizations is called a graph-striictiirecl stack. ( --\ s light niis- 

nonier. since the stacks act~ially form a clirected acyclic grapli. 1 Tlir grapli-st riirt iirecl 

stack in Figure .5.3. for instance. corresponds to four processes and fi ve roticrpt iial 

stacks. 

To riow iiiiderstand how rve have applietl Our PPAs to Tortiita's work. ive tirst 

examirie what constitrites a state conflict i r i  a PP:i. 

5.2 Characterization of PPA State Conflicts 

Nornial LR(O) parsers are suhject to two types of conflicts [LOI: 

1. Sliift/retluce conflicts. where 110th a sliift action aiid ir retliice artiori arc pussil>Itb 

from a single parser state. 



Figure 5.1: Stacks stiaring a conimon prefix. 



Figure 5.2: Stacks niergiiig. 

Figure 5.3: A graph-structured stacli. 



Table 5.1: PP.4 state conflicts. 

shift 
reduce 
pus h 
POP 

2 .  Keduce/rediice coiiflicts. where two or more tlist inct recliict ion actions are pos- 

sible frorii a single parser state. 

shift recluce pusli pop 
S S S 

S S S S 
S S S S 
S S S 

The ot her conibination. sliift/shift. cnnnot esist as a coriflict brcaiise t liere cari 1 x 3  

only one shift edge for a given input symbol [rom a single state. 

Recall t h a t  ottr PP..\s are also LR(0) parsers. but me have more types of actions 

possilde and hence more types of conflict t liat can arise. In fact. if a PP:' state lias an!. 

combinat. ion of two or more edges leaving i t. t here is a conff ict iinless al1 t hc eclges are: 

al1 --sliift" actions labeled mit11 terniitial synibols: al1 pop actions. ( --\ct iially. riiiilt iple 

pop eclges from a PP.4 state cannot occur if t he  PP-\ is buiit iising t lie algorithni 

in c t i o r  4.7.) Table 5.1 shows the  varioiis comhinations: a -S- in the table rntr>- 

inclicates a coriflict. 

Sirice a Tomita parser starts a new parsirig process wheriever it reaclirs ari LR(0) 

conflict. a PPA-based Tomita parser also cloes so rvhenever i t  discovers oiie of the 

abow PP-4 conflicts. While this may seem like a great cleal more work. reiiieriil>er 



tliat stack actions in a PPA are infreqiient: in practice. inost PPAs are urllikely to hr 

riciclleci wit h coriflicts. 

5.3 PPA-Based Tomita Parsing 

To use a PPA as t h e  engine for a Tomita parser. we have tleviseti a11 algori t l i r t i  tvliicli 

is the combinat ion of oiir modifiecl LR parsing algorit hni in Sectioii 4.S aiitl t lie work 

of Toniita [YS. 139. 401. Its pseudococle is shoivn in Figiires 5.5-5.6. 

Some disciission of the data structures we usecl is appropriate. Tlirre are two 

riiajor types of structures: one for processes. the 0 t h -  for stack riocles. 

1. Processes. Each process striictiire lins a PP:\ state nuritber arid a puititcr to a 

stack top associated witli it. 17nlike LR parsers. a PP;\'s ciirrcBiii statcb iiiiiiilwr 

is stored separately from the stack. so rach proccss iniist riiaiiitaiii a PPA s ta tc  

r~iin~lm-.  

Process structures are linked into orie of two lists. Tlic ctirrerit procrss list 

coritains the processes that still require processirig fur tlic ciirreiit iiipiit syiiibol: 

t lie pending process list contains processes t liat will riced processirig wlien t tic 

iiext input symbol is read. Every time a new input synibol is reatl. the peiicling 

process list beconies the corrent process list. 



2. Ç tack nodes. There are two types of stack riodes: 

(a) Data nodes. This type of nocle contains the actiinl data of a process' 

stack. Eacli data node holds a single PP.4 state nomber. ancl a poiritcr to 

a previous stack node (i.e. pointing away [rom the stack top). If  wc iised 

onlg t his type of stack node. t hen we would have a t ree-st ruct uretl stack. 

(1 ) )  Fan-in nodes. These nocles are iised to niake the graph-structiired stack: 

eacli one contains a set of pointers to previous stack iiotles. \Vlirn trvo 

process' stacks are merged. a fan-in iiotle is creat,erl whicii lioltls [miriters 

to 110th stacks. In our implenientation. to boiiiitl tlie anioiint of effort 

requirecl to find a data riode. we adcl the constraiiit tliat a Fan-iii riotle in-- 

only point to data nodes. 

Figure 3.4 illustrates a sample parser corifigiiratiori ( the  prritlirig procoss list is riot 

sliomn). Maving now described the niechanics of oiir aigori t t i r i i .  t lie riat iiral qiiest ion 

is: how does it perforni? 

5.4 Empirical Results 

\\.é perlormed sonie timingexperiments to compare a stariclard Tuniita parser iv i t l i  our 

PP-1-l~ased Tomita parser. in the reniainder of tliis section we discuss oiir esperiiiieiits 



Cu rren t 
Process 

List 

Figure 5.4: .-1 sample parser configuratioii. 



f unct  i o n  p r o c e s s  ( P  , i n p u t )  { 
f o reach  a E act i on ( i npu t  , P .  s ta t  e) { 

s w i t c h  (a) { 
case SHIFT n :  

mergeIntoPending(n,  P - s t a c k )  
c a s e  REDUCE A + a, GOTO n: 

m e r g e h t o c u r r e n t  (n,  P. s t a c k )  
case PUSH m ,  GOTO n:  

mergeIntoCurrent  (n , push(m, P .  s t a ck )  ) 
case POP: 

l e t  S be t h e  set  of  s t a c k  d a t a  nodes a t o p  P - s t a c k  
f o reach  node ( s t a t e ,  s t a c k )  E .5' { 

mergeIn toCur ren t ( s ta te ,  s t a c k )  

} 
1 

1 

i n i t i a l i z e  pending p rocess  l is t  t o  be empty 
i n i t i a l i z e  c u r r e n t  p roce s s  list t o  be a single p r o c e s s ,  

a t  t h e  PPAJs start s t a t e  wi th  an empty s t a c k  

whi le  ( c u r r e n t  p roce s s  l i s t  is nonempty) { 
i npu t  = getNextInputSymbol() 
wh i l e  ( c u r r e n t  p roce s s  list is nonempty) { 

rernove a p roce s s  P from t h e  l i s t  
p r o c e s s ( P .  i npu t )  

1 
exchange the c u r r e n t  and pending p roce s s  l i s t s  
i f  ( i npu t  == EOF) { 

if  ( p r o c e s s  i n  c u r r e n t  p rocess  l ist is i n  accep t  s t a t e )  
a c c e p t  i n p u t  

e l s e  
reject i n p u t  

} 
1 
r e j e c t  i n p u t  

Figure 5.5: PPA-based Tomita parsing algoti tlini. 



f u n c t  i o n  mergeIntoPending(s ta te ,  s t a c k )  { 
Looks i n  t h e  pending process  l i s t  f o r  a p r o c e s s  wi th  
a matching state as that passed i n .  If it f i nds  such 
a p r o c e s s ,  it s imply  merges i t s  s t a c k  w i t h  t h e  one 
passed  i n ;  i f  n o t ,  it c r e a t e s  a new p r o c e s s  s t r u c t u r e  
w i t h  t h e  g i v e n  state number and s t a c k  p o i n t e r ,  and adds  
it t o  t h e  pend ing  process  l i s t .  

1 

f unct  i o n  m e r g e h t o c u r r e n t  ( s t a t e  , s t a c k )  { 
The same as mergeIntoPending() ,  b u t  u s i n g  t h e  c u r r e n t  
p r o c e s s  l i s t  i n s t e a d .  

1 

f u n c t i o n  p u s h ( s t a t e ,  s t a c k )  { 
Returns  a  new s t a c k  data node c o n t a i n i n g  t h e  g i v e n  
s ta te  and s t a c k  p o i n t e r .  

1 

f u n c t i o n  ac t ion( inputSymbol ,  s t a t e )  { 
Based on i ts  paramete r s ,  r e t u r n s  a s e t  c o n t a i n i n g  
z e r o  o r  more o f :  

SHIFT n 
REDUCE A + 0, GOTO n 
PUSH m ,  GOTO n  
POP 

T h i s  can  be implemented as a s imple  t a b l e  lookup.  

1 

Figure 5.G: PP.-l-based Toniita parsing algorithm ( continuecl). 



and the  results. 

5.4.1 Timing Particulars 

As a hasis for cornparison. we iisecl t h e  piihlic doniain Toriiita parser availal~l<t frorii 

t lie comp. compiiers Usenet nervsgroup archivei. It uses LR(O) parse tal~les iriter- 

nally which are cornputecl at startup. Both it and  our PP-\-basecl 'Vomita parses artb 

irnplemented in C!. 

To erisure tliat t h e  timings reflect only parsing speed. ive have extricatetl tlie 

lcsical analyzer and t he  LR(0) parse table coniputation rode froni the public tloriiaiii 

parser ancl iiseci it in Our PP.4-hased parsPr. In otlier rvorcls. oiir parscr iiiciirs tlir 

sanie start iip penalty and lexical analysis overheatl as t lie pi1 hlic tloiiiaiii parser. 1 -  l i i  

oril? change we have made to the public domain parser's source coclt~ is to iiirrwst- 

t ltc size of a. string table used hy tlie lexical aiialyzer: t his  is so t lie Ie'tical arialyzer ( as 

iisvd iri botli parsers) w o d d  be able to liandle our tests involvittg long iripiit strings. 

:\lI tests were run on  a Sun SPARCsystem 300 witli 3211 of R;\It. Bot li parst3rs 

irerc cornpilecl iising gcc with compiler optiniizatioti (-0) enablecl. 'To try and iiii t igatr 

t l i ~  effect of itnpredictable systern conditions on oiir timings. ive  ran t he  tests five tinies 

on each input:  the  results we report are the arithmetic mean of those t inies. 

*5http: //auw . i ecc  .corn as of this writing. 



10 100 1000 10000 100000 
Input symbols 

Figure 5.7: ï irnings for Ciraiiirnar 1. 

Our restilts a r e  shown in Figures 5.7-5. L I  dong with  the graiiiniars iised. For 

corivenience of reference. wve have nunibered the grammars  1 t iiroiigli 2. Tlie grammars 

t iaw the linii t points shown tliat were used for t lie P P.4: t liey werv of course i i o t  ricrrled 

for the public domain parser. 



PPA - 
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11 101 1001 10001 
Input symbols 

Figure 5.8: Timings for Graiiirnar 2 .  



Figure 5.9: Timings for C;raniniar il. 



20  3 O 4 0  
I n p u t  symbols 

Figure 5.10: Timings For Gramniar 4. 



Figure 5.1 1: Timings for Cirammar 5 .  



5.4.2 Discussion of the Results 

Ci ramniars L and 2 a re  itnatnbig~ioiis. anci were selectecl to iliiist rate several points 

abolit PP.4 operation. First. since ttiese two gramniars a re  iinanibigiious. an- Tociiita 

parser shoiild exhibit rtin times tliat are linear with the  input size. as our resiilts 

sliow. ( T h e  public domain Tomita parser r a i  out  of rneniory on saniples larger tliaii 

about 2500 symbols for hotli grammars after about  t1iirt.y secoiicls. so orily partial 

resiilts are shown for i t . )  

Second. C;ranimar L is one of the best possibie cases for a PP.-\. Berause it is 

left reciirsive. the set of left contexts is e: tlie PPr\ reqtiires rio stark operatious and 

essentially spencls its t ime sitting in a tiglit loop reatling input aiitl riiakirig t rniisitiuiis 

hctwceri two states. 

'Tliircl. t lie liniit point in C;raniniar 2 forces the PP.4 to perforiii a pair i>l ojtacl; 

operations for every tiaiiclle of S i a S b it sees. T h e  PP:\ stills beha\prs liiicarl>-. l ~ i i t  

witli a greater overhead thsn the PP:\ for G r a r n ~ n a r  1 had. 

C;raiilinar 9 is a n  ambiguoiis grarnmar iisetl in [23]. It is one of tlic worst caws For 

éi PP.-\-lmsecl T o ~ n i t a  parser. recluiring it t o  perforrn nunicrous stack uprratioiis or1 

iiiiiltiple stacks. The iiiterestiiig featiire ive  see in tliis sct of tests is ii crossoïrr point 

tliat occurs betiveen input strings of lengtli $15 t o  LOO. \LVe sprciilate tha t  tliis 111- hl 

i i i  part due to  oiir algoritlim's use of rneniory. Looking at  t h e  anioiint of --systeni" 



t ime our parser spends in the  operat ing systeni kerncl. it spencis iio riieasurable tiiiir 

t here tint il an input lengt h of 60. The aniount of systein tinie t hen stays steatlj. uritil 

a lengtli of about SO-85 wliere it jumps hy a factor of 2-5: at length LOO it jiirtips 1)'- 

a factor of 3. In contrast. the public doniairi parser's syste~ii  h i e  terids tu rartip tip 

gratltially with the input leiigth. Sirice tliere is iio I/O overlieacl for tliese short inputs 

to speak of. the systern tinie is niost likely d u e  to the iiirrnory allocator rrqiirstiiig 

Iicap pages froni the kernel. That  heing the case. if tlic iiirrnory iisagr of t lie PP.4- 

Imsecl Tomita parser is t uned. it may improve its performance uii t his granirnar. To 

test t iiis Iiypot hesis. we mocli fied bot li parsers so t hat al1 iriernory ivas preallucatrcl: 

after stnrt tip. no further reqtiests to t lie operat i ng systerii for Iieap spacc iwre niade. 

For a Fair coniparison. ive preallocated tlie saine aiiiourit for botli parsers. ancl iiiacle 

iio furt lier nieriiory opt iniizat ions in t lie P P:\-based parscr. The preallocatiuii rrsit lts 

For parsing Cirammar 3 are shown in Figure 5-12. 

In addition. profiling of our parser lias shoirn tlint ovcr 40% of total rtiii tiiiie 

caii I)c spent cloing niemory allocation aiitl tleallocatiori tvlieii parsing aiiil~iguoi~s 

grammars. Figure 5-19 shows the resiilts obtainecl for C;raitiiiiar 3 ivlieii iw atltlecl a 

ciistoni-l~iiiit niemory allocator to our parser. 

Cirammar 4. another ambiguous graminar. is derived from one in ['JI. For rmsoris 

clisciissecl in Section 7.1.3. reductions in ambiguous grarniiiars by rtiles m i t h  longer 
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Figure 5.12: Preallocation timings for Graiiiniar 3. 



F i e  5 . 1 :  C'ustom allocatioii t iniiiigs for Grarriniar 3. 
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and  longer right-hand sides are exponentially more e s p e t i s i ~ c  to parsr. On the otlier 

hand. a PPA aiways takes negligiblr t ime for retluctions. as rrflected in tlie rwiilts. 

Cirammar -5 is includecl t o  show the  effect of graniniar espansiori on parsing t inie: 

t lie case where I r  = O is t h e  sanie as C;rarririiar :I's P PA. -4s niight I)e espectecl. tiiort. 

graniniar expansion - a n d  t herefore lewer stack operat ions aricl sliallo~vcr stac-ks - 

translates into faster parsing times. Tlie rr > O espansions reqiiirr I ~ s s  iiieiiiory. ancl 

their t iming ciirves a re  substantially tlifferent than the  orle for n = 0. teiitliiig to 

support the  hypot hesis t ha t  meniory usage patterns may influence the PPA resiilt for 

G r a ~ t m i a r  3. 



Chapter 6 

Implement at ion 

6.1 PPA Generation 

l'lie code to generate PPAs is coniprisetl of approximateiy L-100 lines of Pytlioli [:NI. 

an oljject-oriented scripting larigiiage. The prograin is divitlecl iritu a front crid arid a 

back end. as follows: 

1. Tlic front end takes as input a file containiiig a C'FC and biiiltls t tir PP.4 for t lie 

grammar. It then -pickles- the result h ~ .  storing t h e  PPA ohjrct and associated 

inlorination into a. file for ister coiisiiri>ption. 

2 .  -4 back end reacls the pickled P P-4 ancl processes i t in sonie way. C'iirrctit ly. t liere 

are three different back end  progranis: print. whicli prints tlie PP.4: s t a t s .  
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rvliich generates statist ics about the PPA (e.g. the riiinit~er of states): table. 

which outputs the PPA as a set of tables silitable for inclusiori i r i  a table-drivexi 

parser. 

In t lie present irriplemeritat ion. t hc user is resporisible for set t ing liriiit poirits iii 

the grammar. However. the program doc.5 compute a F;\S and t h e r ~ b ~ *  is ahle to 

siiggest a set of b i t  points: a PP.4 is not generatetl uriiess the set of lrft roiitibsts is 

fini te. 

Tlie front end is capable of performing a connect ivi ty check on t lie i riterr!ietiiate 

PF.b that  are biiilt. In other words. it can verify tliat every PF:\ st.ate is reacliablr 

froni t tie start state and that each state has a patli to the final state. For large IIP:\s. 

this check takes a great deal of t in ie  arid rarely finds iiseless states. so i t  is iisiiall!- 

disabled. We conjecture that the preserice of iiseless states i n  tl1e PP.4 rtwilts  l o i i i  a 

Harv in the input grammar. 

6.2 PPA-Driven Recognition 

L\é  liaw implemented t hree recognizers. al1 of which use t lie samr t,ables as gerleratetl 

by the table  back end: 

1. IrO. a LR(0) recognizer using the algorithm from Section LIS. 



2 .  tree. a Tomit a recognizer wit h a t ree-st roct  irec cl stack - cornriion stack prefixes 

are  preserved dur ing  parsing. T r e e  was a prototype for graph. below. 

3. graph. a Tomita  recognizer tvitli a grapli-striict itretl stack. Th i s  ir~iplcriimts 

the algorithin from Section 5.3.  and is the  prograni ~isrcl in the  tiiiiiiig t.rsts 

of Section 5.4. It uses a reference-coiint ing garbagc collection schetiie [21] to 

reclaim unreferencetl nodes iii t lie graph-st ructurcd stack. 

:\Il t he  recognizers a r e  written in C'. and together consist of approxiriiately 1000 lirics 

of code (cxclutlirig t h e  PP.4 tables). 

Tlie PP:h generated for niost grariiriiars tend to  Ilo rstrriiielj- sparse. aiitl have ii 

large nuniber of states.  To conserve nieriior?. at  parsr tiiiir. i v e  use an atljaccwcy-list 

represerit a t  ion for t he  P P.-\ tables [6 ] .  These adjacency lists are s t u r d  coiisecut ivrly 

i i i  ari arr- Anotlier array. iridesecl by PP.4 state iiunil>rr. liolds p i r i t e r s  tu  eacli 

PPA state's list. If a PP:l 11a.s c vertices a n d  c eclges in its transit ion tliagraiti. tlieri 

it lias O ( r c )  space rcc[~iirernents. 



Chapter 7 

Conclusions and Future Work 

7.1 Future Work 

7.1.1 Adding Lookahead 

To again cliiote Grune and .Jacobs [12. page 20.51: 

-Our initial enth~isi~zsm about t h e  clci:er aricl eficicrit i ~ i g  
tcchriiclue will soori be dampetl coiisiclerally wlieii wr fiiicl out t liat \r>ry 
feiv graniniars are in fact LR(O).' 

C'orisicler the graniniar in Figure 7.1: its PP:\ is sliown i i i  Figure 7.2. * r k  graItirnar 

is riot LR(0) .  which manilests itself CU the retloce/retluce coiiflict at the PP:\ statf-  

markecl *.S." By looking at the PP.4. one can sce t hat if oiie lookaürlieacl s~mibol twre 



Figure 7.1 : :\ riori- LR(O) graiiiiiiar. 

i r e  7.2: PP:\ for a nori-LR(0) graiiiniar. 

usecl at -S.'- it would be easy for tlie PP:\ to clecicle wliicli irdricc d g e  to traverse. 

.As me have presented and inipleriienttd tlieiii. PPAs talie iio lo«kalicad iiito ac- 

coiint aiid are tlierefore LR(0) parsers. Hoiveiw. tliey cati he cliaiigctl iiito L H (  L J 

parsers witfi re 

wliich are not a 

' T h  basic i( 

at ively li ttle effort. Lookaliead syinbols arc orily rie~tclid oii rclges 

ready la beled wi t l i  a tcrniinal sy  nibol: rvd ii ct . p r r . 4 .  a~ id  pop. 

ea is as follows. Start at tlie encl of the cclge t wliicii netds a set 

of lookaliead syrnbols. Frorn that point in the PP:\. follow al1 paths iiritil ari edgv 

is founcl labeled wi t li  a terminal syrnbol ( t his incliides alreacly-conipii ted 1ookalit.atl 

syrnbols adorning eclges too). T h e  collection of al1 siicli terminal synibols constitiites 

the set of lookahead synibols For c .  



-- 
1 1  

In computing lookahead sets for a PP.4. pop edges add a slight ivrinkle. This is 

because at riin time, traversing a pop edge causes the PP.4 to go to one of a set of 

states. Fortunately. the set of states T a pop can go to is determinahle at parsrr I~uild 

t inie. This leaves several approaches as to Iiocv to find t h e  lookaheatl across a pop 

eclge: 

1. Blind luck. .As a special case. some grainmars tvill tia\+e P P:\s wliere t lie looka- 

l i ed  set for a pop cdge is t he  sanie rio niatter wliicti state ici T is ret iirnrd to. 

T liis case can be checketl for at parser t ~ i t i l t l  t iriie. 

2. .-ilniost LR( 1 ). .At parser biiild t iriie. a n  irirsact lookali~~atl set cari Iw roriipii tccl 

by taking t lie union of al1 lookahead sets for states in T .  i\lt hotigli fiirt ticr stiitl>- 

is rieecled. tliis may Le suitable for niost practical grammars. 

3. FiiII LR( 1 ). -At ruri t ime. t he  exact lookaliead set for a pop eilgr c - a n  1x1 kiioirii i f '  

ptisli actions place the appropriate lookalieatl set orito the stack alorig rvi t t i  t l iv 

state they push. Of course. this rnethotl rvould incur a sliglit ruii-t imc pwalty. 

Ciiven tha t  t h e  primary application of our work is Tomita's algorithni. a L R (  1 )  

PP.4 niay sseem pointless. Alter all. Toniita's algorit hni is ticsigrid to deal w i t  li LR 

confiicts! I f  even a single lookahead is iised. liowever. it rediices the arrioiiiit of work 

a Toinita parser must do - there are feiver dead-end patlis to follow tliiririg parsiiig. 



.-\ PP:\ may be  further extended to he LR(k) by annotating edges witli k syrnbols 

of lookaliead [l;]. but this is not necessa- in most cases. Tlie iiuniber of lookahead 

synhols is a t radeoff between space ( to store k > O lookalieatl synibols ) ancl t lie çlass 

of granimar t hat can be recognized. LR( 1 ) is a gootl choicc heçause i t oiily rrqiiircs 

a siiiall amount of extra spiice over LR(0).  yet tlie LR( 1 ) class of langiiages eiicorn- 

passes iiiost niniportant- ones siich as prograriiniing laiigiiages. I i i  addition. loublieacl 

arialysis For a PPA would becorne niore expensive For more tlian one 1ooka~it.acl. 

7.1.2 Recognition vs. Parsing 

Tliere is a diff-erence between recognition ancl parsing. :\ recognizer reacls aii input 

st ririg arid will simply say --es- or -no." depending on wliet lier or riot t lie input is iii 

t lie langiiage that  the  recognizer accepts. h parser also does the job of a recognizer. 

biit in addition will output at least one derivation if given a mlid input st.riiig [ 2 ] .  

Oiir work h a ,  priniarily focusecl on recogiii t ioii. LYliile P P:\s Et noir wlieii rrdiict iotis 

are perforiiiecl. they make rio attempt to record this iiiforriiatioii. Iii the c-asse of 

iinariil~igiious grammars. t here can be ocil' otie clerivat ion for a valid iripu t .it i-irig. 

and niany LR parsers defer the work of reniemhering this derivation to tlie user. By 

permitting semantic actions to  be attachecl to redtictions. a LR parser allows t.he user 

to supply code to store al1 or part of a derication (as neetlecl). Exteiidirig t lie PPh 



riioclel to inclucle semantic actions woiild be st raiglit forvard. 

--\rnhigiious granirnars pose a greater cliallenge. Here. ari input string rii-- Iiavf. 

iiiiiltiple derivations. Tornita [:M. 39. -101 solved the prohler~i of recording these deriva- 

t ioiis b- -sub-tree sharing." Basically. Toinita took advantage of t lie 1 1 0 ~ 1 ~  sliaririj i r i  

t lie graph-structiired stack to constriict a directecl acyclic grapli ( Da\(;) oii t lie Hy: 

t liis D r \ C  represents al1 possible clerivat ions of t lie input. I t  i s  present ly ii~ir-lrar if 

PPAs. with  tlieir different method of iising the stack. can eiiipl- a siniilar trchniqtie. 

7.1.3 Even Faster Tomita Parsing 

\\G see t wo approaclies to building everi faster P PA-hasetl 'Tutiii t a parsers: 

1. Our impieinentation of the parser esterisively uses tly~iaiiiic riieriior?- allocat iori. 

Stiidy of t h e  parser's meniory usage patterns. aloiig tv i t l i  t lit: t uliiiig or ~ i t r  

custoiii-l>uilt rnernor'; allocator. shotilcl further tlecrcasr oiir pars~r's riin titile. 

2 .  Tlie worst-case performance boiincl for Toniita's original algoritlm is kiiorvii tu 

he O ( r i ~ + ' ) .  wliere p is t he  lengtli of the lungest riglit-liaricl sitle of aiiy riilo i ~ i  

the grammâr [-31. This bound was reclucetl to O ( n 9  witli a reforrnulation of 

Totiiita's algorit hm by Iiipps [23j. 

.A doniinarit factor in t lie tinie complesity of Tomita's original algorit lirii is 



t hat. upon reduction by a rule .A i a. al1 paths of lengt h In 

top have to be found in the  graph-structurecl stack. To obtaii 

1 from a stack 

2 his bouncl of 

O( n 3 ) .  Iiipps reduced the  amount of ivork necessary cluriiig this s tep  by cactiing 

previously-corn putecl pat hs. In Our P PA-hasecl parser. recluct ions do not require 

any stack operations. And. ivhen a PP.4 cloes rieed to access t h e  stack. it is only 

ever accessing the topmost entry in the  stack. Tlierefore. we suspect that  by 

conibining our ivork with Kipps'. ive niay be able to iriiprove the  iipper tinie 

t>ouncl of Tomita's algori t h m  beyoiicl O( ri". 

7.2 Conclusions 

Parsing is a key topic in cornpliter science I~ecause of its witle variety of application 

areas. Iri part icular. parsing user input cl~iickly is iniportaiit becaiise of i t s  Iiigli clegree 

of user visibility. 

T h e  class of context-free grammars is siiffirient t o  clescri he niaiiy prograiiiniing 

!angiiages arid parts of natural language. For a Iarge siihset of coritest-frw graiiiriiars 

- the LR class - deterministic linear-time nietliocls are k~iown. Parsers for general 

contest-free grammars tend to  he slower ori iiriarribigtioiis granimars iiot in LR. and 

slower s t  il1 on ambiguous grammars. Tomi ta's parsing met hocl [vas clesigned for Lise 



in parsing natural Ianguages. and handles ambiguoiis gramniars efficiently. 

LTnfortunately. while rnuch work has heen directecl at  spertlirig up LR parsers. not 

ni~icli of this is applicable to  the niore general case of Toriiita parsers. I r i  th is  t l i t 4 i  

ive have taken steps to remedy tliis gap i r i  knowleclge: uiir ~ r o r k  lias resitlted i r i  t lie 

speediip of Tomi ta parsers. 

Revisi t ing early research ori LR parsers. we <le\-elopecl an original algori t lini to 

constroct PPr\s. a variant of pushdown autoniata. Tliese PP:\s recognize niore tliaii 

the lianclle-fintling automata itsed in stanclarcl LR parsers. and as a resiilt pcrforrii 

nnich fewer stack operations t han their coiiriterparts. 

Then. we devised a methocl t o  combine our PP:\s ivith Tomita's parsers. Oiir 

PP;\-l~asetl Tomita parser typically takes sul~staiitially less tirne to  parse tliaii a rcg- 

iilar Tomita parser. even for highly arnbigiious granirnars. I i i  t l i r  rvorst casta. a i  

i~iiprovernent by a factor of ten is shown to occur on niost iripiits. 

Oiir conclusion is t hat by trading space for time - a larger LR parser i i i  rsrliaiigc 

for Iaster execution times - i v e  are able to I>uiltl Toriiita parscrs wliich are laster and 

Iletter siiited to more wiclespread application outsitle the tiatiiral langiiage tlo~iiaiii. 

C\e kdieve that further research will make tliem faster still. 
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