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SUMMARY

Conven tio n al LR pa rse r ge n e r a t o r s cr e a t e t a bl e s whi c h a r e us e d t o d r i v e a s t a n d a r d p a r s e r p r o c

p a r s e r s c a n b e o b t a i n e d b y c o mp i l i n g t h e t a b l e e n t r i e s i n t o c o d e t h a t i s d i r e c t l y e xe c

wi t h a d i r e c t l y e x e c u t a b l e p a r s e r i s i t s l a r g e s i ze . I n t h i s p a p e r , we i n t r o d u c e o p t i mi z a

t h e p a r s i n g s p e e d e v e n f u r t h e r wh i l e s i mu l t a n e o u s l y r e d u c i n g t h e s i z e o f t h e p a r s e r .

KEY WORDS Pa r s i n g LR p a r s e r s Co mp i l e r s

INTRODUCTION

The syntax analysis phase of a compi l er can represent a si gni �cant proport i on of the ent i re compi l at i on

t i me. Wai te and Carter1 gi ve �gures showi ng that a recurs i ve descent parser consumed 24% of the ent i re

compi l at i on t i me i n a Pascal compi l er that they studi ed. Of course, thi s number i s strongl y dependent

on the pars i ng techni que and on the nature of the compi l er . But i t does serve as a warni ng that pars i ng

shoul d not be i gnored when the goal i s to achi eve f ast compi l at i on rates .

There are two f ami l i es of pars i ng methods i n wi despread use. One f ami l y corresponds to a top-down

approach to pars i ng, and the cl ass of grammars that are accepted i s LL(1). One method of i mpl ementi ng

LL(1) parsers i s by recurs i ve descent , but a more e�ci ent techni que i s to use a tabl e- dr i ven parser . In f act ,

Wai te and Carter managed to reduce the proport i on of t i me spent pars i ng i n thei r Pascal compi l er f rom

24%to 7%by subst i tut i ng a tabl e- dr i ven LL(1) parser coded i n assembl y l anguage.

The second f ami l y of methods i s based on bottom- up, shi f t - reduce, pars i ng. The cl asses of grammars

that are normal l y used are SLR(1) , LALR(1) or LR(1) dependi ng on the parser generator empl oyed. We

wi l l use the termLRparsi ng to ref er to thi s col l ect i on of methods. Unti l recent l y, LRparsers have al l been

i mpl emented usi ng the tabl e- dr i ven approach. The parser generator transf orms the grammar i nto tabl es

whose entr i es must be i nterpret i vel y executed by a dri ver program.

Because LALR(1) grammars have more express i ve power than LL(1) grammars, the syntax rul es f or

most programmi ng l anguages are presented i n LALR(1) f orm, whereas LL(1) grammars are provi ded f or

onl y a f ew. Theref ore, i t can be argued that a general - purpose parser generator shoul d accept ei ther the
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LALR(1) or LR(1) grammar cl ass , rather than be restr i cted to the LL(1) cl ass . Adi scuss i on of the pros

and cons of the LL and LRmethods can be f ound i n Ref erence 2, pages 196- 200.

There has been consi derabl e research i nto reduci ng the storage requi rements of parsers3, but there

has been comparat i vel y l i tt l e work di rected towards i ncreasi ng pars i ng speed. Tabl e- dr i ven LRparsers

can be made to execute very much f aster through caref ul codi ng of the dri ver program. Grosch4; 5 has

f ol l owed thi s approach and can parse C source code at a rate of approxi matel y 400, 000 l i nes per mi nute

on a Motorol a 68020 processor . Thi s i s approxi matel y twi ce as f ast as a parser generated by yacc6, the

standard parser generator suppl i ed wi th UNIX.

An al ternat i ve approach, used by Pennel l o7, i s to convert tabl e- dr i ven LRparsers i nto di rect l y- executed

code. Instead of havi ng a dri ver programaccess a tabl e entry and i nterpret i ts act i ons, each tabl e entry

can be `compi l ed' i nto l ow- l evel statements that perf ormthe act i ons di rect l y. By compi l i ng LRtabl es i nto

assembl y l anguage, Pennel l o i ncreased the speed of var i ous parsers by a f actor of 6. 5, achi evi ng a process i ng

rate of 240, 000 l i nes per mi nute on an Intel 80286 processor wi th a 8MHz cl ock rate. A speed- up by a

f actor of 10 f or a COBOL parser on a propri etary archi tecture was al so reported. As mi ght be expected,

the convers i on i nto code came at the expense of an i ncrease i n memory requi rements { a growth f actor

of 3. 6 was reported. I t i s al so poss i bl e to compi l e the entr i es of a LL(1) parser i nto code, and Gray9

has i mpl emented such a scheme. Gray chose to compi l e the LL(1) parser i nto C code, and theref ore hi s

parser generator has the advantage of bei ng portabl e. On the other hand, the C l anguage i s somewhat

l ess 
exi bl e than assembl y l anguage and some l oss of codi ng e�ci ency i nevi tabl y occurs (especi al l y when

switch statements are used i n the Csource code) .

We bel i eve that a di rect l y executabl e parser generated f romLL(1) tabl es wi l l usual l y be f aster than one

generated f romLR(1) tabl es . I f the LL(1) parser i s i mpl emented by recurs i ve- descent or by a tabl e- dr i ven

equi val ent of recurs i ve- descent wi th an expl i ci t control stack, i t wi l l per f ormmuch l ess stack mani pul at i on

than the LR(1) equi val ent . Thi s f ormof LL(1) parser pushes and pops an i temonto i ts stack no more than

once f or each appl i cat i on of a product i on rul e. The number of stacki ng operat i ons i s reduced even f urther

i f i terat i on i s used i nstead of recurs i on when recogni zi ng constructs de�ned by ri ght- recurs i ve product i on

rul es . ALRparser , however , pushes and pops an i temonto i ts state stack f or every symbol that i s read as

wel l as f or each appl i cat i on of a product i on rul e.

I n thi s paper , we i ntroduce some opti mi zat i on techni ques that consi derabl y reduce the number of stack

operat i ons perf ormed by di rect l y executabl e LR parsers , and we wi l l descr i be a parser generator that

i mpl ements these techni ques. Our parser generator i s compati bl e wi th yacc and generates a parser i n

ei ther C source code f ormor i n the assembl y l anguage of the SUN3 computer . Retarget i ng the parser

generator to a di �erent l anguage i s strai ghtf orward. The stack opt i mi zat i ons have the bene�t of reduci ng

the si ze of the parser whi l e s i mul taneousl y i ncreasi ng i ts speed. When combi ned wi th some other , s i mpl er ,

opt i mi zat i ons, we can generate parsers that are onl y sl i ght l y l arger than thei r tabl e- dr i ven counterparts ,

but execute up to ei ght t i mes f aster .

The f ol l owi ng sect i ons of thi s paper gi ve an exampl e of an unopti mi zed di rect l y executabl e parser , i n-

troduce some opti mi zat i ons that reduce stack use, expl ai n some addi t i onal s i mpl er opt i mi zat i ons, and gi ve

perf ormance resul ts achi eved by our i mpl ementat i on. No speci �c knowl edge of LRparser generat i on tech-

ni ques i s assumed. The i nterested reader can ref er to texts on LRparsi ng10 or on compi l er construct i on2
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f or thi s i nf ormati on.

The resul ts reported here represent a re- i mpl ementat i on of and an extensi on to some earl i er work11; 12.

ANEXAMPLE

Bef ore exami ni ng opt i mi zat i on of di rect l y executabl e parsers , i t woul d be hel pf ul to begi n wi th a smal l

exampl e of the parse tabl es produced by a LRparser generator , and to l ook at howthe tabl es mi ght be

transl ated i nto Ccode.

A Gramma r a nd i t s LAL R(1) Pa r s e Ta ble s

Here i s a smal l grammar f or ar i thmeti c express i ons contai ni ng i n�x addi t i on and mul t i pl i cat i on operators .

0. S ! E

1. E ! E + E

2. E ! E * E

3. E ! ( E )

4. E ! id

The symbol id represents an i dent i �er . Wi th decl arat i ons to speci f y that the + and * operators are l ef t -

associ at i ve and that * has hi gher precedence than +, the grammar woul d be acceptabl e to the yacc parser

generator . (Some grammar transf ormati ons woul d be necessary bef ore the grammar woul d be acceptabl e to

parser generators that do not support such decl arat i ons. ) Thi s grammar descr i bes ar i thmeti c express i ons

such as

a + b

a + b * c

( a + b ) * ( c )

and so on.

ALALR(1) parser generator woul d convert the above grammar i nto tabl es that encode the act i ons of a

LRparser f or thi s grammar. The mai n parser tabl es are someti mes cal l ed the Ttabl e and the Ntabl e. The

col umns of the Ttabl e are i ndexed by termi nal symbol s of the grammar, whereas col umns of the Ntabl e

are i ndexed by non- termi nal symbol s . Fi gures 1 and 2 showthe tabl es f or our exampl e grammar. The

termi nal symbol EOF represents an end- of - i nput marker . We note that a SLR(1) or LR(0) parser generator

woul d generate s i mi l ar tabl es but contai ni ng f ewer bl ank entr i es . ALR(1) parser generator woul d normal l y

create l arger tabl es wi th more rows. However , al l f our pars i ng methods use the same ki nds of tabl e entr i es

and process the tabl e entr i es i n exact l y the same way.

Aparser that i nterprets the act i ons i n these tabl es mai ntai ns a stack of state numbers. The top state

number on thi s stack represents the current state of the parser . The parser sel ects an act i on f romthe T

tabl e based on the current state and on the current i nput symbol . There are �ve di �erent ki nds of entry

used i n the Ttabl e.

� An entry l i ke ` s7' i ndi cates that a shi f t to state 7 shoul d occur. The newstate number, 7, i s pushed

onto the state stack and a newi nput symbol i s read.
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i d + * ( ) EOF

0 sr4 s3

1 acc

2 s5 s4 r0

3 sr4 s3

4 sr4 s3

5 sr4 s3

6 s5 s4 sr3

7 r1 s4 r1 r1

Fi gure 1: T-Tabl e

S E

0 s1 s2

1

2

3 s6

4 sr2

5 s7

6

7

Fi gure 2: N-Tabl e

� An entry l i ke ` r4' i ndi cates that a reduct i on usi ng product i on number 4 shoul d occur. There are

three parts to a reduct i on. Fi rst , i f there i s any semanti c act i on associ ated wi th rul e number 4, i t

shoul d be executed. Second, as many entr i es are popped o� the state stack as there are symbol s

on the r i ghthand si de of rul e number 4. Thi rd, the symbol that appears on the l ef thand si de of the

product i on rul e i s used to sel ect an act i on f romthe Ntabl e (see bel ow).

� An entry l i ke ` sr5' represents a composi te shi f t - reduce act i on. I t i s equi val ent to the pai r of act i ons:

` sk;r5' where k represents an arbi trary state number. The val ue of k i s i mmater i al because the reduce

act i on pops and di scards the val ue i mmedi atel y af ter i t i s pushed. The use of shi f t - reduce act i ons

al l ows many states to be el i mi nated f romthe parser and hence makes the tabl es consi derabl y smal l er .

� Abl ank entry i ndi cates that a syntax error has been detected. Atabl e- dr i ven parser woul d normal l y

report the error and then attempt to resume the pars i ng process af ter execut i ng a syntact i c error

recovery al gor i thm.

� Fi nal l y, the entry ` acc' (accept) i ndi cates that the parser shoul d hal t and report a successf ul parse.

There are three ki nds of entry i n the Ntabl e. Entr i es i n the tabl e are sel ected by the current state (the

topmost state number on the stack) and by a non- termi nal symbol .

� An entry l i ke ` s3' i ndi cates that state number 3 i s pushed onto the state stack. Pars i ng woul d then

cont i nue by revert i ng to use of the Ttabl e (where the next act i on i s determi ned by the newstate on

top of the stack and by the current i nput symbol ) .

� An entry l i ke ` sr2' agai n represents a composi te shi f t - reduce act i on. The e�ect i s the same as execut i ng

a entry l i ke sk f romthe Ntabl e i mmedi atel y f ol l owed by ` r2' f romthe T tabl e. Thi s i mpl i es that

another Ntabl e act i on i s executed i mmedi atel y af ter the ` sr2' act i on.

� Abl ank entry represents a \don' t care" entry because i t can never be accessed, regardl ess of whether

the i nput token sequence i s syntact i cal l y correct or not .

Di r e c t l y-Exe c ut a b l e Pa r s e r Cod e

Astrai ghtf orward transl at i on of the Tand Ntabl es i nto di rect l y executabl e Ccode i s easy to accompl i sh.

I f we make onl y a mi ni mal attempt to generate good code, the code mi ght l ook l i ke that shown i n Fi gure
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/* Code for T Table Actions */

S0: token = scan();

P0: push( 0 );

if (token == id) goto SR4;

if (token == '(') goto S3;

goto Error;

S1: token = scan();

P1: push( 1 );

if (token == EOF) return;

goto Error;

S2: token = scan();

P2: push( 2 );

if (token == '+') goto S5;

if (token == '*') goto S4;

goto R0;

code for stat es 3-6 omit t ed

S7: token = scan();

P7: push( 7 );

if (token == '*') goto S4;

goto R1;

/* Code for Rule Reductions */

SR0: push( -1 );

R0: pop( 1 ); lhs = S; goto NXT;

SR1: push( -1 );

R1: pop( 3 ); lhs = E; goto NXT;

SR2: push( -1 );

R2: pop( 3 ); lhs = E; goto NXT;

SR3: token = scan(); push( -1 );

R3: pop( 3 ); lhs = E; goto NXT;

SR4: token = scan(); push( -1 );

R4: pop( 1 ); lhs = E; goto NXT;

/* Code for N Table Actions */

NXT: switch( top() ) f

case 0:

if (lhs == E) goto S1;

goto P2;

case 3:

goto P6;

case 4:

goto SR2;

case 5:

goto P7;

g

Error:

.. . report the error

Fi gure 3: Di rect l y Executabl e Parser

3.

Each rowof the Ttabl e i s transl ated i nto a standard bl ock of code wi th two entry poi nts . The rowf or

state number n i s converted i nto code wi th the entry l abel s Sn and Pn. The f ormer cal l s the scan f unct i on

to read a newtoken whereas the l atter does not . The code cont i nues wi th a statement to push the current

state number onto the stack and then perf orms a sequence of tests on the current i nput symbol . Ami nor

opt i mi zat i on, seen i n states 2 and 7, i s to el i mi nate some compari sons by maki ng a rul e reduct i on i nto a

def aul t act i on. The onl y consequence of thi s opt i mi zat i on i s to del ay detect i on of a syntax error i n the

i nput unt i l af ter the rul e reduct i on has been perf ormed.

Each rowof the Ntabl e transl ates i nto a cl ause i n a s wi t c h statement. The rowf or state number n i s

converted to code wi th a l abel of the f ormc a s e n, f ol l owed by a sequence of tests . The subject of these

tests i s the symbol that appeared on the l ef thand si de of the previ ous rul e reduct i on. An act i on l i ke ` s2' i s

coded as a transf er to l abel P2, rather than to S2, because the parser shoul d not read a newsymbol . Si nce

bl ank entr i es i n the Ntabl e cannot be accessed, empty rows need not be converted i nto code. For the same

reason, there need not be an expl i ci t test f or the l ast poss i bi l i ty i n a sequence of tests on the l ef thand- s i de

symbol .

Each rul e i n the grammar i s transl ated i nto a standard bl ock of code wi th two entry l abel s . The l abel

wi th the f ormRn handl es a reduce by rul e n (correspondi ng to an entry of the f orm` rn' i n the Ttabl e) .
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The code f or a reduce �rst pops k val ues o� the state stack, where k i s the l ength of the r i ghthand si de of

product i on rul e number n. Then i t sets the lhs vari abl e to the l ef thand si de symbol of rul e n, and transf ers

control to the s wi t c h statement. I f a semanti c act i on i s associ ated wi th the product i on rul e, the code f or

thi s act i on shoul d be i ncl uded.

The l abel wi th the f ormSRn handl es a shi f t - reduce act i on by rul e n (correspondi ng to an entry of the

f orm` srn' i n ei ther the Tor Ntabl e) . I f the entry occurs i n the Ttabl e, a new symbol must be read. A

�ct i t i ous state number i s pushed onto the stack, and then the reduce act i on code can be executed. The

SRn l abel and the push operat i on may be omi tted i f there are no act i ons of the f ormsrn i n ei ther of the

Tor Ntabl es .

No doubt the reader wi l l have not i ced that the code i n Fi gure 3 can be consi derabl y i mproved. One

observat i on i s that states 3, 4 and 5 i n the T- tabl e produce near l y i dent i cal code (di �er i ng onl y i n the

state number that i s pushed onto the stack) . Asecond poi nt i s that not al l the l abel s de�ned i n the code

are ref erenced { i mpl yi ng that these l abel s and several l i nes of code may be del eted. The use of C as a

target l anguage i s al so a source of some mi nor i ne�ci enci es . For exampl e, i f the target l anguage permi tted

statement l abel s to be used as �rst - cl ass obj ects (as i n Fortran, PL/I or assembl y l anguage) , we coul d

i mpl ement the state stack by a stack of statement l abel s and thus repl ace the s wi t c h statement l abel l ed

NXT by an i ndi rect branch. Pennel l o' s di rect l y- executabl e parser7 used thi s approach.

We wi l l return to i ssues of code qual i ty l ater . Fi rst , we wi l l consi der opt i mi zat i ons that reduce usage

of the state stack.

STACK ACCESS OPTIMIZATIONS

Many of the push and pop act i ons perf ormed duri ng a LRparse are redundant. We present , bel ow,

the \Mi ni mal Push" opt i mi zat i on techni que that el i mi nates these redundant act i ons. I n addi t i on, we

present two addi t i onal opt i mi zat i ons that have the e�ect of i ncreasi ng the appl i cabi l i ty of mi ni mal push

opt i mi zat i on.

Mi n i ma l Pu s h Opt i mi za t i o n

Suppose that the grammar contai ns a product i on rul e

A ! a b c d

where a, b, c and d represent termi nal symbol s . Further suppose that there are no al ternat i ve product i ons

f or A that begi n wi th a. I f the LRparser begi ns recogni zi ng an i nstance of Ai n a context where there are

no poss i bi l i t i es other than A, the parser shoul d contai n a sequence of states l i ke those shown i n Fi gure 4.

(I f state 5 has been el i mi nated by shi f t - reduce opt i mi zat i on, the argument gi ven bel owrequi res onl y mi nor

changes. )

Whi l e recogni zi ng Af romstate 1, the parser reads the symbol s a, b, c, d and f ol l ows the sequence of

state transi t i ons 1 ! 2 ! 3 ! 4 ! 5 i n the �gure. The numbers of each of these states are success i vel y

pushed onto the state stack. At state 5, the parser perf orms a reduct i on act i on usi ng the rul e A ! a b

c d. The act i on causes state numbers 2, 3, 4 and 5 to be popped o� the stack and di scarded wi thout

ever havi ng been used! The state number that i s uncovered by the f our pop operat i ons (state 1) i s used,
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�
State 1 -a

�

�

�

�
State 2 -b

�

�

�

�
State 3 -c

�

�

�

�
State 4 -d

�

�

�

�
State 5

Reduce:
A ! a b c d?

A

�

�

�

�
State 6

?
etc.

Fi gure 4: State Structure f or A ! a b c d

however . I t and the l ef thand- s i de symbol , A, are needed to determi ne that a transi t i on to state 6 i s requi red

af ter the rul e reduct i on.

We make the observat i on that onl y states wi th non- termi nal transi t i ons ( l i ke state 1 i n the �gure) need

be pushed onto the stack. These state numbers are the onl y ones whi ch mi ght be consul ted af ter a rul e

reduct i on. For the parser whose tabl es are gi ven i n Fi gures 2 and 3, the states whi ch need to be pushed

are 0, 3, 4 and 5. These are the onl y states whi ch have non- empty rows i n the Ntabl e.

The obvi ous opt i mi zat i on to make to a di rect l y executabl e parser , theref ore, i s to generate statements

f or pushi ng the state number onl y i n states that have non- termi nal transi t i ons. I n the code generated f or a

rul e reduct i on, we al so need to modi f y the number of i tems to be popped o� the state stack. For exampl e,

the rul e reduct i on code f or A ! a b c d i n State 5 woul d have to be changed f rompoppi ng f our i tems to

poppi ng zero i tems. Determi nat i on of the correct number of i tems to pop at a reduct i on i s not di �cul t .

However , we wi l l provi de a moderatel y f ormal expl anat i on.

We use the notat i on S
i

X

�! S
j
to i ndi cate that the LRparser has a transi t i on f romstate S

i
to state

S
j
on symbol X. For a state S

n
where a reduct i on X! X1X2:: : Xn i s perf ormed, we de�ne the reduct i on

path set as :

n
S1S2: : : Sn

���S1 X1

�! S2; S2
X2

�! S3; : : : S
n�1

Xn

�! S
n

o

Gi ven a part i cul ar reduct i on path S1S2: : : Sn, the number of i tems to pop i s equal to the number of states

wi th non- termi nal transi t i ons among S2; S3: : : Sn. (Note that S1 i s not i ncl uded i n the l i st . )

Two probl ems ari se. The �rst probl emi s that two di �erent states may perf orma reduct i on by the same

product i on, and the count of i tems to pop i n one state may di sagree wi th the number of i tems to pop i n

the other state. The second probl emi s that a part i cul ar reduct i on i n some state may have more than one

reduct i on path, and some of these paths may requi re di �er i ng numbers of i tems to be popped.

The �rst probl em, where there i s a con
i ct between reduct i on act i ons i n two di �erent states , can be

resol ved by repl i cat i ng the rul e reduct i on code i n the di rect l y executabl e parser . Each repl i ca can be
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'

&

$

%
State 6

Reduce:
A ! a b c

Fi gure 5: A\Pop-Count" Con
i ct

modi �ed to pop a di �erent number of i tems o� the stack. I t i s then an easy matter to transf er control to

the appropri ate vers i on of the rul e reduct i on code.

The second probl em, where a reduct i on i n a si ngl e state does not have an unambi guous number of i tems

to pop, i s i l l ustrated i n Fi gure 5. I n the �gure, states 1, 2 and 4 have non- termi nal transi t i ons and cause

i tems to be pushed onto the stack. I f state 6 i s entered by the path 1 ! 3 ! 5 ! 6, the rul e reduct i on

shoul d not pop any i tems o� the stack. But i f state 6 i s entered by the path 2 ! 4 ! 5 ! 6, one i tem

(state number 4) needs to be popped. We cal l thi s s i tuat i on a \pop- count" con
i ct .

There are at l east two possi bl e sol ut i ons to such a con
i ct . One poss i bi l i ty i s to i nsert some extra stack

pushes i nto the reduct i on paths whi ch have f ewer pushes. Asol ut i on al ong these l i nes must exi st because,

at worst , we can cause every state to push i ts state number on entry { revert i ng to the behavi our of the

unopt i mi zed LRparser . An al ternat i ve sol ut i on, and the one actual l y i mpl emented i n our parser generator ,

i s to dupl i cate the states i nvol ved i n the con
i ct . For exampl e, the con�gurat i on of Fi gure 5 woul d be

transf ormed i nto the con�gurat i on shown i n Fi gure 6. By thi s means, the states 6 and 60 are gi ven di st i nct

numbers of i tems to pop f romthe stack when a reduct i on by the rul e A ! a b c i s to be perf ormed. In

other words, the second probl emwi th pop counts i s reduced to an i nstance of the �rst probl em

In pract i ce, we have f ound pop count con
i cts to be rare. Onl y a very f ewstates need to be dupl i cated

to el i mi nate the con
i cts . Some �gures appear towards the end of thi s paper i n the sect i on on exper i mental

resul ts .

For a typi cal grammar, the proport i on of stack pushes that are el i mi nated by the mi ni mal push op-

t i mi zat i on al one i s not very hi gh. We observed that onl y about 30%of pushes are el i mi nated, and thi s

�gure does not appear hi gh enough to make the opt i mi zat i on worthwhi l e. As one ref eree of thi s paper

observed, two or more adj acent termi nal symbol s i n the r i ghthand si de of a rul e are necessary f or the

opt i mi zat i on to be appl i cabl e. Typi cal l y, termi nal symbol s are used to separate non- termi nal symbol s and

they do not of ten appear i n adj acent posi t i ons. However , the opt i mi zat i on becomes hi ghl y e�ect i ve when
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Fi gure 6: The Pop-Count Con
i ct Resol ved

used i n conj unct i on wi th the \di rect goto" opt i mi zat i on, descr i bed next .

An al ternat i ve method of el i mi nat i ng some redundant stacki ng operat i ons f romthe parser woul d be to

i mpl ement l ef t - corner pars i ng8. Wi th thi s techni que, LRparsi ng i s used f or pars i ng the r i ghthand- s i des

product i on rul es unt i l i t becomes unambi guous as to whi ch r i ghthand- s i de i s i nvol ved. At thi s poi nt , LL(1)

pars i ng i s used to recogni ze the remai nder of the rul e. Si nce we can i mpl ement LL(1) pars i ng wi th f ewer

stacki ng operat i ons than f or the LRmethods, some savi ngs shoul d occur.

Di r e c t Go t o De t e r mi n a t i o n

Atabl e- dr i ven LRparser uses the Ntabl e to determi ne howto cont i nue af ter a rul e reduct i on. The state

stack i s popped and the top state on the stack i s used to sel ect a row i n the tabl e. The l ef thand si de

of the rul e determi nes the col umn, and thus the appropri ate shi f t or shi f t - reduce act i on i s sel ected. The

equi val ent act i ons i n the di rect l y executabl e parser (as seen i n Fi gure 3) are to sel ect some code to execute

based on the top state on the stack. Then a ser i es of tests on the l ef thand si de symbol i s perf ormed.

I f a rul e reduct i on i n some state al ways causes the parse to be cont i nued i n exact l y the same way, al l

the work of sel ect i ng a cl ause i n the s wi t c h statement and the tests on the l ef thand si de symbol can be

suppressed. The rul e reduct i on can be i mpl emented by poppi ng the stack, i f requi red, and then maki ng a

di rect transf er of control to the appropri ate cont i nuat i on code.

We wi l l now gi ve a more f ormal expl anat i on of mi ni mal push opt i mi zat i on and of the di rect goto

opt i mi zat i on i ntroduced i n thi s sect i on. In order to s i mpl i f y the f ormal expl anat i on, we wi l l assume that

the parser does not contai n any combi ned shi f t - reduce act i ons. ( I t i s strai ghtf orward, but not i nstruct i ve,

to remove thi s assumpti on. )

Fi rst , we wi l l i ntroduce some more termi nol ogy. Let States be the set of parser states and Rul es be the

set of product i on rul es whi ch may be used i n reduct i on act i ons. I f a state S may perf orma reduct i on usi ng

the rul e R= X! X1X2: : : Xn, we de�ne an ori gi n stat e f or thi s reduct i on as bei ng a state S1 such that

9



S1S2: : : SnS i s a reduct i on path f or rul e R i n state S. We al so de�ne the dest i nat i on state associ ated wi th

S1, R and S as bei ng the state, D, reached by the non- termi nal transi t i on on symbol X(the l ef thand- s i de

symbol of rul e R) f romstate S1. I n other words, Drepresents one of the poss i bl e states i n whi ch pars i ng

resumes af ter a reduct i on by rul e Ri n state S.

For the ent i re parser , we can de�ne the set of Reduct i ons as f < Q; D; R; S > g where Q i s an or i gi n

state associ ated wi th each rul e reduct i on Rperf ormed i n each state S, and Q! Di s a transi t i on l abel l ed

by the l ef thand- s i de symbol of R.

We can opt i mi ze the reduct i on by rul e R i n state S i f the set of poss i bl e goto dest i nat i ons

f d j <q; d; R; S >2 Reductions; q 2 St at es; d 2 St at es g

contai ns exact l y one el ement. I n thi s s i tuat i on, the parser need not consul t the state stack af ter the

rul e reduct i on and can si mpl y transf er control to the uni que dest i nat i on state. We cal l thi s part i cul ar

opt i mi zat i on di rect goto opt i mi zat i on.

Si nce di rect goto opt i mi zat i ons el i mi nate some accesses to the state stack, the mi ni mal push opt i mi zat i on

can be extended. I t i s f requent l y the case that di rect goto opt i mi zat i on el i mi nates the need f or pushi ng

many more states .

The exact condi t i ons under whi ch a state shoul d nowbe pushed are the f ol l owi ng. State Qmust be

pushed onto the stack i n a parser to whi ch both mi ni mal push and di rect goto opt i mi zat i on are appl i ed

onl y i f

(1) 9R; S; D: <Q; D; R; S >2 Reduct i ons; and

(2) 6 9 R; S; D: R2 Rules; S 2 St at es;

<Q; D; R; S >2 Reduct i ons;��� f d j <q; d; R; S >2 Reduct i ons; q; d 2 St at es g

��� >1

The �rst of the two condi t i ons requi res that state Qhas at l east one non- termi nal transi t i on. The second

condi t i on requi res that at l east one use of the non- termi nal transi t i on af ter a rul e reduct i on cannot be

el i mi nated by di rect goto opt i mi zat i on.

I f we were to appl y mi ni mal push opt i mi zat i on and di rect goto opt i mi zat i on to the parser shown i n

Fi gure 3, the f ol l owi ng changes woul d be made. Fi rst , stack push operat i ons woul d be suppressed i n states

0, 2, 6 and 7. Second, reduct i ons by rul es 0 and 4 woul d be i mpl emented by di rect control transf ers . Thi rd,

reduct i ons by rul es 1, 2 and 3 woul d requi re onl y one i temto be popped ( i nstead of the three i tems requi red

by a convent i onal LRparser) .

Ri gh t - Re c u r s i ve Ru l e Op t i mi z a t i o n

Consi der howl i sts of i dent i �ers separated by commas may be descr i bed by grammati cal product i ons. One

poss i bi l i ty i s to use ri ght -recursi ve product i on rul es , as f ol l ows.

L ! id LL

10



LL !

LL ! , id LL

An al ternate poss i bi l i ty i s by usi ng l ef t -recursi ve product i on rul es , as f ol l ows.

L ! id

L ! L , id

The l ef t - recurs i ve f ormul at i on cannot be used wi th non- backtracki ng, LL(1)- based pars i ng methods.

The parser i s unabl e determi ne whi ch of the two rul es to use when i t begi ns to match the symbol s on

the r i ghthand si de. The r i ght- recurs i ve f ormul at i on, however , works very wel l wi th recurs i ve- descent or

tabl e- dr i ven LL(1) parsers . I t i s part i cul ar l y e�ect i ve i f the tai l - recurs i on i mpl i ed by the thi rd product i on

rul e i s opt i mi zed i nto an i terat i ve l oop.

Aparser based on one of the LRmethods can be used wi th ei ther f ormul at i on. (Thi s i s one of the

reasons why the LRmethods are of ten pref erred to the LLmethods. ) But the l ef t - recurs i ve f ormul at i on i s

much pref erabl e to the r i ght- recurs i ve f orm. ALRparser , constructed by the standard method f romthe

r i ght- recurs i ve grammar, wi l l per f orma shi f t act i on f or every i dent i �er and comma i n the l i st that i s bei ng

parsed. I t wi l l not perf ormany reduct i ons unt i l a shi f t act i on has been perf ormed f or the �nal i dent i �er i n

the l i st . Thus, i f the l i st contai ns n i dent i �ers , 2n� 1 states wi l l be pushed on to the state stack wi thout

any i nterveni ng pop operat i ons. The unf ortunate i mpl i cat i on i s that the amount of storage al l ocated to

the stack restr i cts the maxi muml ength of a l i st that can be parsed by a normal shi f t - reduce parser usi ng

a r i ght- recurs i ve grammar. In contrast , i f the l ef t - recurs i ve f ormul at i on i s used, a l i st of i nde�ni te l ength

can be parsed wi th a stack that has space f or j ust three i tems.

The mi ni mal push opt i mi zat i on, i ntroduced above, reduces stack use f or the r i ght- recurs i ve grammar

somewhat. For exampl e, a l i st contai ni ng n i dent i �ers woul d requi re onl y n stack pushes, because pushes

of the state where the comma separator i s recogni zed are suppressed. However , i t woul d de�ni tel y be

advantageous to reduce stack use even f urther .

As the f ol l owi ng exampl e wi l l i l l ustrate, the push operat i ons occurr i ng duri ng recogni t i on of a construct

de�ned by a ri ght- recurs i ve rul e may i ndeed be unnecessary. To si mpl i f y the expl anat i on, we use a sl i ght l y

s i mpl er grammar than the one gi ven above. Consi der a grammar that i ncl udes the f ol l owi ng three rul es .

1. S ! ... L ...

2. L ! a , L

3. L ! b

The dots i ndi cate that some symbol s i n the �rst rul e are not shown. The non- termi nal L generates l i sts of a

symbol s termi nated by a b symbol and separated by commas. I f the grammar contai ns no other ref erences

to the non- termi nal L, the LRparser wi l l i ncl ude the states shown i n Fi gure 7.

I n thi s parser , the mi ni mal push opt i mi zat i on techni que wi l l determi ne that onl y states 1 and 5 (both

wi th non- termi nal transi t i ons on L) need to be pushed. However , state 5 i s l ocated i n a two- state cycl e

that i s traversed once f or each occurrence of the symbol a.
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Fi gure 7: Parser wi th Ri ght-Recurs i ve Rul es

Anal ysi s perf ormed f or di rect goto opt i mi zat i on reveal s that the set of reduce tupl es f or the parser

contai ns the f ol l owi ng three el ements:

<St at e5; St at e7; L ! b; St at e6 >;

<St at e1; St at e3; L! a,L; St at e7 >;

<St at e5; St at e7; L ! a,L; St at e7 >

We note that the reduct i on by the rul e L ! b i n state 6 i s a candi date f or di rect reduct i on opt i mi zat i on.

However , the cr i t i cal observat i on to make i s the f ol l owi ng. I f a reduct i on by the rul e L ! a , L i n state

7 uncovers state number 5 on the stack, control i s i mmedi atel y passed back to state 7 agai n. That i s , the

dest i nat i on state and reduct i on state i n the reduct i on quadrupl e are the same. I f there are no semanti c

act i ons associ ated wi th a reduct i on by thi s rul e, such a reduct i on has no more e�ect than poppi ng one

el ement o� the stack.

When parsi ng the l i st a,a, a, a, b, the parser wi l l push state 1 f ol l owed by f our occurrences of state 5

onto the stack. Then the top f our i tems wi l l be popped o� the stack (as f our reduct i ons by rul e number 2

occur) and control wi l l be transf erred to state 3. I f state 5 i s s i mpl y popped o� the stack wi thout havi ng

any other e�ect on the parse and i s not accessed i n any state other than state 7, i t need not have been

pushed i n the �rst pl ace.

The mi ni mal push opt i mi zat i on techni que can be extended to el i mi nate the push of state 5 i n the

exampl e. We cal l thi s extensi on ri ght -recursi ve rul e opt i mi zat i on.

The amended speci �cat i on of when a state shoul d be pushed onto the state stack i n a parser that

i mpl ements mi ni mal push opt i mi zat i on, di rect goto opt i mi zat i on, and ri ght- recurs i ve rul e opt i mi zat i on i s

the f ol l owi ng. Astate Qneed be pushed onl y i f

(1) 9 R; S; D: R2 Rul es; S; D2 St at es;

<Q; D; R; S >2 Reduct i ons; and

(2) 6 9 R; S; D: R2 Rul es; S; D2 St at es;
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<Q; D; R; S >2 Reduct i ons;��� f <q; d; R; S >j q; d 2 St at es; d 6 =S o r Rhas semanti cs g
��� > 1

The onl y change f rombef ore i s that we i gnore a reduce tupl e i n the second condi t i on i f the dest i nat i on

state i s i dent i cal to the reduct i on state and i f the product i on rul e has no associ ated semanti c act i ons.

Un i t Ru l e E l i mi n a t i o n

Grammars typi cal l y contai nmanyproduct i on rul es of the f ormA ! X, where Xrepresents ei ther a termi nal

or non- termi nal symbol . Such a product i on i s cal l ed a uni t rul e.

LRparsers generated f romgrammars contai ni ng uni t rul es usual l y have many states l i ke state S1 i n the

f ol l owi ng scenari o. Consi der state S1 whi ch has an outgoi ng transi t i on l abel l ed by symbol X, whi ch can be

ei ther a termi nal or non- termi nal symbol . When state S1 accepts X, control i s passed to state S2 where a

reduct i on by rul e A ! X takes pl ace. Thi s causes a goto act i on, correspondi ng to a transi t i on away f rom

state S1 to state S3 on symbol A, to take pl ace.

I f there are no semanti c act i ons associ ated wi th the uni t rul e, there i s no reason why state S1 shoul d not

s i mpl y have a transi t i on to S3 l abel l ed byX. And the transi t i on to S2 l abel l ed byXshoul d be del eted. Thi s

transf ormati on i s known as uni t - rul e el i mi nat i on or chai n rul e el i mi nat i on and i s a standard opt i mi zat i on

techni que f or LRparsers10; 13; 14. We menti on i t here because i t i s an opt i mi zat i on that el i mi nates many

push and pop operat i ons f romthe parser . The e�ect on a di rect l y executabl e parser i s to reduce both space

and execut i on t i me requi rements.

Al though we have speci �cal l y i mpl emented uni t rul e el i mi nat i on i n our generator f or di rect l y executabl e

parsers , branch- chai ni ng opt i mi zat i on (descr i bed bel ow) of ten achi eves the same resul t .

LOW-LEVELOPTIMIZATIONS

Caref ul attent i on to the code patterns i s necessary i f we wi sh to maxi mi ze speed whi l e mai ntai ni ng an

acceptabl e s i ze f or the parser . Agood peephol e opt i mi zer2 woul d perf ormsome of the code transf ormati ons

descr i bed bel ow. But, s i nce these transf ormati ons are i mportant f or obtai ni ng good perf ormance, they are

expl i ci t l y i mpl emented by our generator f or di rect l y executabl e parsers .

Co d e Sh a r i n g

Many states i n the parser have i dent i cal or near l y i dent i cal sets of outgoi ng transi t i ons. For exampl e, states

0, 3, 4 and 5 of the parser shown i n Fi gure 1 have i dent i cal T-Tabl e act i ons. Very si gni �cant reduct i ons

i n parser s i ze can be achi eved wi th l i tt l e or no penal ty i n terms of i ncreased execut i on t i me i f the code f or

such states i s shared.

We have f ound i t conveni ent to categor i ze state s i mi l ar i ty i nto f our di �erent cl asses , and associ ate

di �erent code transf ormati ons wi th each. Note that f or the purposes of �ndi ng si mi l ar states , we consi der

T-Tabl e act i ons and N-Tabl e act i ons i ndependent l y.

The �rst category occurs when two states have i dent i cal sets of act i ons. The obvi ous transf ormati on i n

thi s case i s to repl ace one copy of the code by a branch to the other copy.
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The second category covers the case when the act i ons i n one state f orma subset of the act i ons i n

another state. I n thi s case, the obvi ous transf ormati on i s f or the two states to share the code f or thei r

common act i ons. For exampl e, the state whi ch has more act i ons coul d contai n j ust the code f or the act i ons

whi ch are pecul i ar to i t and thi s code i s f ol l owed by a branch to the other state. We note, however , that

the code shari ng transf ormati on appl i ed to a sequence of condi t i onal tests may i ncrease the execut i on t i me

i f the sequences are subsequent l y converted i nto bi nary searches (see bel ow).

The thi rd category occurs when two states have si mi l ar , but not i dent i cal , act i ons and nei ther set of

act i ons i s a subset of the other . Asmal l - scal e exampl e appears i n Fi gure 1 wi th states 2 and 6. Agai n,

the obvi ous transf ormati on i s f or both states to contai n code f or the act i ons whi ch they do not have i n

common f ol l owed by a branch to some shared code. (The second category can be seen as a speci al case of

the thi rd category. ) In the case of states 2 and 6 i n Fi gure 1, the bene�t of themshari ng code i s smal l .

I n pract i ce, i t i s des i rabl e to requi re that two states must have a mi ni mumnumber of act i ons i n common

bef ore a code shari ng transf ormati on i s appl i ed.

The f ourth category occurs when several (more than two) states have si mi l ar , but not qui te i dent i cal ,

act i ons. As a very smal l scal e exampl e, suppose that state S1 i ncl udes act i ons f A2, A3 g , whi ch are

perf ormed when the i nput symbol i s t 1 or t 2, respect i vel y. Si mi l ar l y, state S2 i ncl udes act i ons f A1, A3 g ,

per f ormed when the i nput symbol i s t 1 or t 3, and state S3 i ncl udes act i ons f A1, A2 g , per f ormed when the

i nput symbol i s t 1 or t 2. Any two of these states can share code usi ng the techni que descr i bed above, but

a di �erent strategy must be used i f al l three states are to share code e�ci ent l y. Thi s s i tuat i on f requent l y

ar i ses wi th pract i cal grammars, but on a l arger scal e. For exampl e, there are many states associ ated

wi th recogni t i on of express i on structure. They are di �erent i ated onl y by the precedences of the express i on

operators that have been recogni zed so f ar . These states accept s i mi l ar , but not i dent i cal , sets of termi nal

tokens and have si mi l ar act i ons associ ated wi th the tokens. Theref ore, i t i s worthwhi l e to perf orma code

transf ormati on that al l ows the code to be shared. Our sol ut i on i s to group the common act i ons together

and to test a vector el ement i n each state to determi ne i f control shoul d be passed to the combi ned act i on

group. The code f or the smal l - scal e exampl e mi ght have the f orm:

S1: if ( bvector1[token] == 1 ) goto G;

. . . other act i ons f or stat e 1

S2: if ( bvector2[token] == 1 ) goto G;

. . . other act i ons f or stat e 2

S3: if ( bvector3[token] == 1 ) goto G;

. . . other act i ons f or stat e 3

G: switch( token ) f

. . . code f or act i ons A1, A2 and A3

g

The data storage requi red f or the vectors and the execut i on t i me cost of perf ormi ng the i ndexed vector

test make thi s transf ormati on worthwhi l e onl y i f a rel at i vel y l arge number of each state' s act i ons can be

i ncl uded i n the group. In pract i ce, the same vector may be tested i n several states and thi s reduces the

storage cost somewhat.
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Co n d i t i o n a l S e qu e n c e s

The T- tabl e act i ons f or each state normal l y requi re the current i nput token to be compared agai nst several

poss i bl e val ues . Si mi l ar l y, the N- tabl e act i ons f or each state requi re compari sons of the non- termi nal symbol

that appeared on the l ef thand- s i de of a reduced product i on rul e agai nst var i ous poss i bl e val ues . When the

number of poss i bi l i t i es i s smal l , say 7 or f ewer, a ser i es of compari son tests , as used i n the sampl e code of

Fi gure 3, i s reasonabl y e�ci ent . However , when the number of poss i bi l i t i es i s l arger , more e�ci ent code

shoul d be used. (Wi th the Cgrammar that was used i n our exper i ments, one state has 30 poss i bi l i t i es f or

the next termi nal symbol and several states al l ow29 poss i bi l i t i es . )

As Pennel l o observed7, a f aster approach i s to organi ze the tests as a bi nary search. An al ternat i ve

method, sui tabl e when the number of tests i s l arge and the range of poss i bl e val ues i s reasonabl y compact ,

i s to use a j ump tabl e, correspondi ng to the usual i mpl ementat i on of a s wi t c h statement i n Cor a c a s e

statement i n Pascal . Dependi ng on the number of poss i bl e val ues , our parser generator sel ects whi chever

of these schemes appears to be most appropri ate.

Gi ven i nf ormati on about the dynami c behavi our of the parser , i t woul d al so be poss i bl e to order

the tests so as to mi ni mi ze expected execut i on t i me. However , thi s poss i bi l i ty i s i gnored i n our current

i mpl ementat i on of the parser generator .

Br a n c h Ch a i n i n g

When the target of a branch statement i s another branch statement, the �rst branch can be re- targetted

to transf er control to the dest i nat i on of the second. Thi s part i cul ar transf ormati on i s commonl y i ncl uded

i n the repertoi re of peephol e opt i mi zers15, and shoul d theref ore be perf ormed by an opti mi zi ng compi l er .

However , we stress the i mportance of the branch- chai ni ng opt i mi zat i on because i t can have a si mi l ar

e�ect to other , apparent l y more sophi st i cated opt i mi zat i ons, when appl i ed to a di rect l y- executabl e parser .

For exampl e, consi der the f ol l owi ng grammar f or ar i thmeti c express i ons.

0. S ! E

1. E ! E + T

2. E ! E - T

3. E ! T

4. T ! T * F

5. T ! T / F

6. T ! F

7. F ! ( E )

8. F ! id

There are states i n the parser f or thi s grammar where the f ol l owi ng sequence of uni t rul e reduct i ons can

occur: F ! id, T ! F, E ! T. These are uni t reduct i ons, as di scussed ear l i er . I f there are no semanti c

act i ons associ ated wi th these uni t rul es , then af ter di rect goto opt i mi zat i on, the code f or one of these

states shoul d be si mi l ar to the f ol l owi ng. (We assume, f or sake of exampl e, that thi s state happens to be

numbered 7. )
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S7: token = scan();

P7: push( 7 );

if (token == id) goto SR8;

. . . omi t t ed code

SR3: goto P27;

. . . omi t t ed code

SR6: goto SR3;

. . . omi t t ed code

SR8: goto SR6;

I f branch chai n opt i mi zat i on i s appl i ed, the test i n state 7 woul d be si mpl i �ed to

if (token == id) goto P27;

Thi s i s s i mi l ar to what one woul d expect i f uni t rul e el i mi nat i on opt i mi zat i on had been appl i ed to the parse

tabl es .

IMPLEMENTATIONANDEXPERIMENTALRESULTS

S t r u c t u r e o f t h e Pa r s e r Ge n e r a t o r

Agenerator f or di rect l y executabl e parsers has been i mpl emented i n f our phases :

1. LALR(1) parse tabl e generat i on.

2. Stack use opt i mi zat i ons and PM- code generat i on.

3. PM- code peephol e opt i mi zat i on.

4. PM- code to target l anguage transl at i on.

The �rst phase reads a grammar speci �cat i on gi ven i n the same notat i on as supported by yacc6. Every

construct of yacc except f or the semanti c stack (the stack whose el ements are accessed by ` $$' , ` $1' , . . .

notat i on) and support f or error recovery are provi ded. The semanti c stack i s not supported because the

mi ni mal push opt i mi zat i on causes posi t i ons i n the state stack to l ose thei r one- to- one correspondence wi th

posi t i ons i n the semanti c stack. The user can, of course, use expl i ci t l y decl ared stacks i n the semanti c

act i on code. The l ack of support f or error recovery may be a more ser i ous de�ci ency, dependi ng on the

appl i cat i on i n whi ch the parser wi l l be used. Adi scuss i on of howerror recovery coul d be supported appears

at the end of thi s paper .

The second phase of the parser generator reads the parse tabl e i nto memory and appl i es the opt i mi za-

t i ons descr i bed i n thi rd sect i on of thi s paper . The i mpl ementat i on does not assume that the tabl es are

generated by a LALR(1) al gor i thm; thus i t woul d be rel at i vel y strai ghtf orward to subst i tute a SLR(1) or

LR(1) generat i on al gor i thmf or the �rst phase. The output of the second phase i s a di rect l y executabl e

parser , descr i bed i n an i deal i zed and very compact notat i on that we cal l PM-code (short f or parser machi ne

code) . PM- code can be vi ewed as the assembl y l anguage f or a hypothet i cal machi ne whi ch has a state stack,
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a regi ster namedTwhi ch hol ds the l ast i nput token and a regi ster named L whi ch hol ds the a non- termi nal

symbol . The machi ne has i nstruct i ons f or test i ng the Tregi ster , L regi ster or the top of stack, f or readi ng

a newtoken i nto the Tregi ster , f or stor i ng a val ue i n the L regi ster , pushi ng and poppi ng the state stack,

and so on.

The thi rd phase appl i es the opt i mi zat i ons descr i bed i n f ourth sect i on of thi s paper . Even though branch

chai n opt i mi zat i on i s perf ormed by many compi l ers (and thus woul d be appl i ed to the generated parser) ,

we perf ormthi s opt i mi zat i on because i t reduces the vol ume of PM- code and because i t makes code shari ng

opt i mi zat i ons easi er to appl y. The output f romthe thi rd phase i s i n the PM- code f ormat, except that a

greater var i ety of i nstruct i ons i s used. For exampl e, af ter thi s phase, the PM- code may contai n bi t - vector

tests , whereas none woul d have been present i n the i nput .

The f ourth phase i s constructed as a smal l , s i mpl e, programso that retarget i ng to di �erent l anguages i s

rel at i vel y easy. We current l y have two i mpl ementat i ons. One perf orms a si mpl e transl at i on f romPM- code

to the Cl anguage, the other transl ates to SUN- 3 assembl y l anguage. (The SUN- 3 computer ser i es use the

Motorol a 68020 and 68030 CPUs. ) Compari ng parsers generated by the two vers i ons al l ows us to est i mate

the extra overhead i ntroduced by the use of C.

The Cvers i on of the transl ator generates C code as descr i bed i n thi s paper . The assembl y l anguage

vers i on attempts to generate the best poss i bl e code. I t i mpl ements the stack of states as a stack of l abel s ,

and uses the systemstack f or thi s purpose. There are three bene�ts of usi ng the systemstack i nstead of

a separate stack. The �rst i s that the CPUprovi des e�ci ent i nstruct i ons f or pushi ng l abel addresses onto

the systemstack, both ` j sr ' and ` pea' can be used f or thi s purpose on the MC68020. The second bene�t

i s that the stack si ze i s l i mi ted onl y by the maxi mumstack si ze of the Uni x process . The thi rd bene�t i s

that stack over
owchecks are i mpl i ci t l y perf ormed by the machi ne.

Ex p e r i me n t a l Da t a

Grammars f or the C and Pascal l anguages were used to generate di rect l y executabl e parsers , and t i m-

i ng exper i ments were perf ormed on these parsers . Compari sons wi th parsers created by the yacc parser

generator6 were al so perf ormed, but i t shoul d be real i zed that yacc was not desi gned wi th f ast pars i ng i n

mi nd.

Two grammars f or C were used. The �rst grammar was a sl i ght l y modi �ed vers i on of a publ i shed

grammar 16. The mi nor changes to the grammar compri sed, f or the most part , the i ncl usi on of semanti c

act i ons to process decl arat i ons of type i dent i �ers . The Cl anguage separates the express i on operators i nto

15 di �erent precedence l evel s and the �rst grammar uses a di �erent non- termi nal symbol to represent each

precedence l evel . The second C grammar i s based on the �rst , except that the precedence l evel s of the

operators are not de�ned by the grammar rul es . I nstead, precedence decl arat i ons are suppl i ed to the parser

generator and are used by the al gor i thmthat constructs the LR(0) states . The second grammar el i mi nates

al most al l uni t rul e reduct i ons that occur when express i ons are parsed. Parsers based on the second

grammar woul d usual l y execute f aster than parsers created f or the �rst grammar. The two grammars are

named C and C/prec, bel ow.

Si mi l ar l y, two Pascal grammars were used. Agai n, the �rst grammar i s s i mi l ar to one that has been
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C C/prec Pasc Pasc/prec

Rul es 238 214 172 167

Non-Termi nal s 93 69 71 66

Termi nal s 84 84 61 61

LR(0) States 345 342 305 312

LR(0) States (af ter SRopt. ) 172 216 163 181

Push States 74 96 79 91

Pop Count Con
i cts 9 10 0 0

Tabl e 1: Character i st i cs of the Test Grammars

publ i shed17. (Some mi nor mani pul at i on was requi red to expand extended BNF notat i on i nto product i on

rul es sui tabl e f or use wi th a LRparser . ) The �rst grammar embodi ed the operator precedence l evel s i n the

product i on rul es . For compari son purposes , a second grammar where the precedence l evel s are decl ared

separatel y was al so created. The two grammars are named Pasc and Pasc/prec, bel ow.

The overal l character i st i cs of the f our grammars and of thei r LRparse tabl es are summari zed i n Tabl e

1. The �f th l i ne i n the tabl e shows howmany LR(0) states remai n af ter shi f t - reduce opt i mi zat i on i s

appl i ed. The si xth l i ne shows the number of states whi ch need to be stacked af ter the mi ni mal - push and

di rect- goto opt i mi zat i ons descr i bed i n thi s paper have been perf ormed. The l ast l i ne i n the tabl e shows how

many states needed to be dupl i cated to el i mi nate pop count con
i cts associ ated wi th the mi ni mal - push

opt i mi zat i on techni que.

For each of the f our grammars, three parsers were generated. Our own parser generator was used to

create two of the parsers { one created as a Cprogramand the other as an assembl y l anguage program.

The thi rd parser was created by yacc6.

The C source code �l e used f or t i mi ng the three C parsers compri sed 1395 l i nes contai ni ng 38561

characters . (The �l e was the source code f or the suntool s programi ncl uded wi th vers i on 3. 5 of the SunOS

UNIXoperat i ng system. ) But some of these l i nes were di rect i ves to the Cpreprocessor that caused several

thousand more l i nes of Ccode to be i ncl uded. The �l e s i ze af ter preprocess i ng was 10193 l i nes , contai ni ng

122880 characters or 26738 l exi cal el ements. However , a l arge proport i on of the l i nes i n the output f romthe

preprocessor were empty (because they were empty i n the or i gi nal source �l es or contai ned onl y comments

or contai ned preprocessor di rect i ves i n the or i gi nal �l es) . I f empty l i nes and l i nes contai ni ng �l e- name/l i ne-

number di rect i ves (used by the Ccompi l er to correl ate error messages wi th posi t i ons i n the or i gi nal i nput

�l es) are str i pped f romthe �l e, the s i ze i s reduced to 3169 l i nes or 105197 characters . Si nce i t i s uncl ear

whi ch �l e s i ze shoul d be used when computi ng the speed of a Cparser , we avoi d stress i ng speeds measured

i n uni ts of source l i nes or source characters per mi nute.

The Pascal source �l e used f or t i mi ng the Pascal parsers compri sed 4462 l i nes contai ni ng 100684 charac-

ters or 18526 l exi cal el ements. (Thi s l arge Pascal programi s the source code f or a l exi cal anal yzer generator

cal l ed aardvark. ) Si nce standard Pascal17 does not have a preprocessor , these �gures are unambi guous.

Str i ppi ng al l comments and bl ank l i nes f romthe �l e woul d reduce i ts s i ze to 3934 l i nes or 89241 characters .

The si zes and the execut i on t i mes f or each of the 12 parsers are gi ven i n Tabl e 2. The execut i on t i mes

do not i ncl ude l exi cal anal ysi s (or preprocess i ng t i me f or the C source �l es) . However , the C parsi ng
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C C/prec Pasc Pasc/prec

C Pa r s e r

Source code si ze ( l i nes) 1704 1872 1173 1305

Obj ect code si ze (bytes) 8256 8400 6032 6928

Execut i on t i me (seconds) 0. 54 0. 28 0. 13 0. 13

As s e mb l e r Pa r s e r

Source code si ze ( l i nes) 2614 2759 1848 2171

Obj ect code si ze (bytes) 7688 8240 5408 6248

Execut i on t i me (seconds) 0. 44 0. 23 0. 13 0. 14

Ya c c Pa r s e r

Source code si ze ( l i nes) 601 632 417 500

Obj ect code si ze (bytes) 5832 6536 4184 4840

Execut i on t i me (seconds) 2. 95 1. 54 0. 91 0. 87

Tabl e 2: Si zes and Speeds of the Parsers

Opti mi zat i ons Appl i ed

Mi ni mal Push no no yes yes

Di rect Goto no yes no yes

Push States 168 168 98 74

Si ze of Parser ( l i nes) 2004 1937 1805 1704

Obj ect Code Si ze (bytes) 9472 9264 8616 8256

Execut i on Ti me (seconds) 0. 66 0. 66 0. 62 0. 54

Tabl e 3: E�ect of Stack Opti mi zat i ons

t i mes do i ncl ude some overhead entai l ed i n recogni zi ng decl arat i ons of type i dent i �ers and enter i ng these

i dent i �ers i nto a tabl e that i s accessed by the l exi cal anal yzer . Other than the code needed to handl e type

i dent i �er decl arat i ons, no semanti c act i ons were perf ormed. Each t i me gi ven i n the tabl e i s an average

over ten measurements. I f the pars i ng rates are converted i nto l i nes per mi nute, the �gures f or the di rect l y

executabl e parsers range f rom800, 000 l i nes per mi nute to over 2 mi l l i on l i nes per mi nute, dependi ng on

howthe �l e s i ze i s determi ned.

The di rect l y executabl e parsers are �ve to ei ght t i mes f aster than the equi val ent parsers generated by

yacc6, at the expense of a modest i ncrease i n memory requi rements. Unf ortunatel y, i t i s not poss i bl e to

compare the pars i ng speeds wi th those observed by Pennel l o7. (He used a di �erent grammar, gave hi s

t i mi ngs f or a di �erent CPUand gave no compari sons wi th parsers generated by yacc. )

How e�ect i ve were the di �erent opt i mi zat i ons i n reduci ng the space and t i me requi rements of the

parsers? Tabl e 3 shows the e�ect of di sabl i ng the mi ni mal push and di rect goto opt i mi zat i ons on the

parser generated f or grammar C. Ri ght- recurs i on opt i mi zat i on i s not i ncl uded i n the tabl e because our

sampl e grammars contai n very f ew ri ght- recurs i ve product i on rul es . Al l the s i mpl er opt i mi zat i ons were

st i l l per f ormed. The i mportance of the si mpl er opt i mi zat i ons i s hard to quant i f y because some of these
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opt i mi zat i ons may or may not be automati cal l y perf ormed when the parser i s assembl ed or compi l ed.

Wi thout quest i on, they are i mportant f or reduci ng the storage requi rements to a si ze comparabl e to that

of a tabl e- dr i ven parser . As an i l l ustrat i on of thei r i mportance, we generated an assembl y l anguage parser

f or the C grammar, above, where execut i on of the thi rd phase of the parser generator was suppressed.

Thi s caused every sequence of condi t i onal tests to be i mpl emented by a j ump tabl e and no code shari ng

opt i mi zat i ons were perf ormed. The si ze of the generated parser was 13291 l i nes of SUN- 3 assembl er source

code, whi ch assembl ed i nto 28144 bytes of obj ect code { more than three t i mes l arger than the opt i mi zed

parser . The execut i on speed was al most i dent i cal to that observed f or the opt i mi zed assembl y l anguage

parser generated f or the same grammar. That i s , the average t i me needed to parse the sampl e �l e was

0. 44 seconds. We can concl ude f romthi s that the opt i mi zat i ons perf ormed i n the thi rd phase of the parser

generator are neutral i n thei r e�ect on execut i on speed.

Aquest i on whi ch i s sure to ar i se i s ` Howmuch l onger does i t take to generate a di rect l y executabl e

parser than to generate a tabl e- dr i ven parser?' . Here i s a part i al answer to the quest i on. The t i me requi red

by our parser generator when process i ng the C grammar i s 27. 3 CPU seconds on a SUN- 3/280 system

whi l e the correspondi ng t i me requi red by the yacc tool on the same computer i s 15. 4 CPUseconds. For

the smal l er Pascal grammar, there i s much l ess di �erence. Our parser generator requi res 6. 7 CPUseconds

and yacc requi res 5. 3 CPUseconds.

SUMMARY ANDFURTHERWORK

We have descr i bed three di �erent opt i mi zat i on techni ques f or di rect l y executabl e parsers whi ch si mul -

taneousl y i ncrease thei r speed whi l e decreasi ng thei r storage requi rements. When used i n conj unct i on wi th

other , s i mpl er , storage opt i mi zat i ons, the resul t i ng parsers can recogni ze thei r i nput at an i ncredi bl y f ast

rate. The parsers are �ve to ei ght t i mes f aster than the equi val ent tabl e- dr i ven parsers generated by yacc,

whi l e requi r i ng onl y a modest amount of extra memory.

Apossi bl e appl i cat i on area f or hi gh- speed pars i ng i s i n code generat i on. Some code generat i on meth-

ods18; 19 use a parser to perf ormpattern matchi ng agai nst i ntermedi ate code. Typi cal l y, each pattern

represents a machi ne i nstruct i on of the target computer that i s emi tted when the pattern i s recogni zed.

However , a standard parser i s not qui te powerf ul enough to perf ormthe j ob. I t i s necessary to attach

semanti c predi cates to some product i on rul es that have the e�ect of di sal l owi ng use of the rul e unl ess

the predi cate eval uates to true. Agenerator of di rect l y executabl e parsers woul d need to be extended to

provi de support f or semanti c predi cates . Asi mpl e techni que to provi de such support f or the yacc parser

generator has been descr i bed20 and there i s no reason why si mi l ar approach shoul d not be used wi th

di rect l y executabl e parsers .

We have de�ni tel y not reached the ul t i mate i n pars i ng speed. Our di rect l y executabl e parsers s i mpl y

represent a reasonabl e compromi se between storage and ti me e�ci ency. I t i s poss i bl e to generate a parser

wi th more states that perf orms f ewer rul e reduct i ons. For exampl e, the grammar coul d be preprocessed

by subst i tut i ng the r i ghthand si des of product i ons f or occurrences of the l ef thand si des . An al ternat i ve

approach wi th a si mi l ar e�ect i s to unrol l cycl es i n the LRparser by dupl i cat i ng states . I f carr i ed to i ts

ul t i mate concl usi on, the parser woul d approxi mate a (very l arge) �ni te state automaton. Such a parser

woul d rarel y need to push or pop the stack.
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There are at l east two possi bi l i t i es f or i mprovi ng the pars i ng speed wi thout s i gni �cant l y i ncreasi ng the

storage cost . One approach woul d be to opt i mi ze the order i n whi ch equal i ty tests on the current i nput

symbol are perf ormed. The tests shoul d be ordered accordi ng to the actual f requenci es wi th whi ch the

symbol s are encountered i n the vari ous states of the LRparser . However , some prel i mi nary exper i ments

i ndi cate that the e�ect on pars i ng speed i s not very l arge. Asecond way (suggested by one of the ref erees )

i n whi ch pars i ng speed mi ght be i ncreased i s to borrowan i dea f romRef erence 21. Af ter a rul e reduct i on,

onl y a subset of the non- termi nal transi t i ons used i n the goto act i on are poss i bl e. Wi th some anal ysi s of

the LRi tems that generate each state, i t shoul d be poss i bl e to spl i t the non- termi nal transi t i ons i nto the

appropri ate subsets , so that the number of tests needed to �nd the correct transi t i on i s mi ni mi zed. On

the other hand, the spl i tt i ng process i s l i kel y to i nter f ere wi th code shari ng opt i mi zat i ons and l ead to an

i ncrease i n total memory requi rments.

The current i mpl ementat i on of our parser generator provi des no support f or error recovery. I n an

i nteract i ve envi ronment where the compi l er i nvokes a source edi tor at the posi t i on of the �rst syntax error ,

no automati c recovery scheme i s necessary. Nor woul d error recovery be needed i f the parser i s used i n

the code generat i on phase of a compi l er . However , i f the parser generator i s to become usef ul i n other

s i tuat i ons, some recovery scheme shoul d be i mpl emented. Pennel l o observed that a stack of standard LR(0)

state numbers can be re- created and wi th a tabl e that contai ns the standard LRparsi ng act i ons, the usual

LRrecovery techni ques can be appl i ed. The same observat i on i s true of our parsers too, al though a l i tt l e

more computat i on woul d be needed to re- create the state stack (due to our mi ni mal push opt i mi zat i on

techni que) . We are i nvest i gat i ng the f easi bi l i ty of i ncl udi ng R�ohri ch' s recovery method22 i nto the di rect l y

executabl e parsers wi thout i ncurr i ng a l arge storage cost f or extra tabl es . The i mportant observat i on to

make i s that two consecut i ve i tems on the stack of the di rect l y executabl e parser de�ne a path through

the recogni zer ' s states . Fromthe path through the parser ' s states to the state i n whi ch a syntax error

i s detected, i t i s poss i bl e to construct the mi ni mumcost cont i nuat i on f or the error state. I f the parser

and the l exi cal anal yzer i nteract appropri atel y, i t woul d be poss i bl e to i nsert tokens f romthe cont i nuat i on

sequence i nto the i nput stream, and thus i mpl ement R�ohri ch' s recovery scheme.
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