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Our goal is synta
ti
, and no attention is devoted to ill-formed lexi
ons orsemanti
 
orre
tion, fo
using instead on enhan
ing robustness with respe
t toparse errors, in
ompleteness or deviations from standard language. To 
omplywith these requests, we integrate an error repair algorithm [1℄ and a strategy todeal with in
omplete senten
es in a parser for 
ontext-free grammars (
fg's).We also provide a dynami
 programming approa
h whi
h allows us both tosave in 
omputational eÆ
ien
y and to simplify the formal de�nition.2 The standard parserWe parse a senten
e w1:::n = w1 : : : wn a

ording to an unrestri
ted 
fgG = (N;�; P; S), where N is the set of non-terminals, � the set of terminalsymbols, P the rules and S the start symbol. The empty string is representedby ". We generate from G a push-down transdu
er (pda) for the languageL(G). Although any shift-redu
e strategy is adequate, we 
hoose an lalr(1)devi
e provided by I
e 1 [2℄, a generation environment for in
remental parserson 
fg's. A pda is a 7-tuple A = (Q;�;�; Æ; q0 ; Z0;Qf ) where Q is the setof states, � the set of input symbols, � the set of sta
k symbols, q0 the initialstate, Z0 the initial sta
k symbol, Qf the set of �nal states, and Æ a �nite set oftransitions Æ(p;X; a) 3 (q; Y ) with p; q 2 Q, a 2 �[ f"g and X; Y 2 �[ f"g.Let A be in a 
on�guration (p;X�; ax), where p is the 
urrent state, X� is thesta
k 
ontents with X on the top and � 2 (� [N)�, and ax is the remaininginput where the symbol a is the next to be shifted, x 2 ��. The appli
ationof Æ(p;X; a) 3 (q; Y ) results in a 
on�guration (q; Y �; x) where a has beens
anned, X has been popped, and Y has been pushed.To get polynomial 
omplexity, we avoid dupli
ating sta
k 
ontents whenambiguity arises. Instead of storing all the information about a 
on�guration,we determine the information we need to tra
e in order to retrieve it. Thisinformation is stored in a table I of items, I = f[q;X; i; j℄; q 2 Q; X 2f"g [ frr;sg; 0 � i � jg; where q is the 
urrent state, X is the top of thesta
k, and the positions i and j indi
ate the substring wi+1 : : : wj spanned bythe last terminal shifted to the sta
k or by the last produ
tion redu
ed. Thesymbolrr;s indi
ates that the part Ar;s+1 : : : Ar;nr of a rule Ar;0 ! Ar;1 : : : Ar;nrhas been re
ognized.We des
ribe the parser using parsing s
hemata [3℄; a triple hI;H;Di, withI the table of items previously de�ned, H = f[a; i; i + 1℄; a = wi+1g aninitial set of triples 
alled hypotheses that en
odes the senten
e to be parsed 2 ,1 For In
remental Context-free Environment.2 The empty string, ", is represented by the empty set of hypotheses, ;. An inputstring w1:::n, n � 1 is represented by f[w1; 0; 1℄; [w2; 1; 2℄; : : : ; [wn; n� 1; n℄g.2



and D a set of dedu
tion steps that allow new items to be derived fromalready known ones. Dedu
tion steps are of the form f�1; : : : ; �k ` � /
ondsg,meaning that if all ante
edents �i 2 I are present and the 
onditions 
ondsare satis�ed, then the 
onsequent � 2 I should be generated. In the 
ase ofI
e, D = DInit [ DShift [ DSel [ DRed [ DHead, where:DShift = f[q; "; i; j℄ ` [q0; "; j; j + 1℄, 9 [a; j; j + 1℄ 2 Hshiftq0 2 a
tion(q; a) gDSel = f[q; "; i; j℄ ` [q;rr;nr ; j; j℄ , 9 [a; j; j + 1℄ 2 Hredu
er 2 a
tion(q; a) gDRed = f[q;rr;s; k; j℄[q; "; i; k℄ ` [q0;rr;s�1; i; j℄ /q0 2 reveal(q)gDInit = f ` [q0; "; 0; 0℄ g DHead = f [q;rr;0; i; j℄ ` [q0; "; i; j℄ /q0 2 goto(q;Ar;0) gwith q0 2 Q the initial state, and a
tion and goto entries in the pda tables.We say that q0 2 reveal(q) i� 9 Y 2 N [ � su
h that shiftq 2 a
tion(q0; Y ) orq 2 goto(q0; Y ), that is, when there exists a transition from q0 to q in A. Thisset is equivalent to the dynami
 interpretation of non-deterministi
 pda's:� A dedu
tion step Init is in 
harge of starting the parsing pro
ess.� A dedu
tion step Shift 
orresponds to pushing a terminal a onto the top ofthe sta
k when the a
tion to be performed is a shift to state q0.� A step Sel 
orresponds to pushing the rr;nr symbol onto the top of the sta
kin order to start the redu
tion of a rule r.� The redu
tion of a rule of length nr > 0 is performed by a set of nr steps Red,ea
h of them 
orresponding to a pop transition repla
ing the two elementsrr;sXr;s pla
ed on the top of the sta
k by the element rr;s�1.� The redu
tion of a rule r is �nished by a step Head 
orresponding to a swaptransition that re
ognizes the top element rr;0 as equivalent to the left-handside Ar;0 of that rule, and performs the 
orresponding 
hange of state.These steps are applied until no further items 
an be generated. The splittingof redu
tions into a set of Red steps allows us to share 
omputations, attaininga worst 
ase time (resp. spa
e) 
omplexity O(n3) (resp. O(n2)) with respe
tto the length n of the senten
e [2℄. The input is re
ognized i� the �nal item[qf ;r0;0; 0; n+ 1℄; qf 2 Qf , is generated.3 The error repair strategyOur next step is to extend the standard parser with an error repair strategy.Given that we 
hoose to work using the te
hnique and terminology des
ribed3



in [1℄, we limit our des
ription to the essential 
on
epts.3.1 The frameworkFollowing Mauney and Fis
her in [4℄, we talk about the error in the input tomean the di�eren
e between what was intended and what a
tually appears.We talk about the point of error as the point at whi
h the di�eren
e o

urs.De�nition 1 Let w1::n be an input string, we say that wi is a point of errori� 6 9 [p; "; Swl ; Swi ℄ 2 Swi =Æ(p;X; wi) = (q; wi)In order to lo
ate the origin of the error at minimal 
ost, we limit the impa
ton the parse, fo
using on the 
ontext of subtrees 
lose to the point of error.De�nition 2 Let wi be a point of error for the input string w1::n, we de�nethe set of points of dete
tion asso
iated to wi, as follows:dete
tion(wi) = fwi0=9A 2 N; A +) wi0�wigand we say that A +) wi0�wi is a derivation de�ning wi0 2 dete
tion(wi).The error is lo
ated in the left parse 
ontext, represented by the 
losest viablenode, or in the right 
ontext, represented by the lookahead. Sometimes it 
analso be useful to isolate the parse bran
h in whi
h the error appears.De�nition 3 Let wi be a point of error for w1::n, we say that [p;X; Swl ; Swi ℄is an error item i� 9 a; Æ(p; "; a) 6= ;. We say that [p; "; Swi0 ; Swi0 ℄ is a dete
tionitem asso
iated to wi i� 9 a; Æ(p; A; a) 6= ;; and A de�ning wi, su
h that:Æ(q1; "; wi0) 3 (q1; B2); Æ(q1; B2; wi0) 3 (q2; ")... ...Æ(qn�1; "; wi0) 3 (qn�1; Bn); Æ(qn�1; Bn; wi0) 3 (qn; ")Æ(qn; "; wi0) 3 (qn; wi0); Bi +) "; 8i 2 [1; n℄The 
ondition for error items implies that no s
an a
tion is possible for wi.In the dete
tion 
ase, we disregard empty redu
tions whi
h are not relevanthere.De�nition 4 A modi�
ationM to a string of length n, w1::n = w1 : : : wn, is aseries of edit operations, E1 : : : EnEn+1, in whi
h ea
h Ei is applied to wi andpossibly 
onsists of a series of insertions before wi, repla
ements or deletionof wi. The string resulting from the appli
ation of M to w is written M(w).4



We now restri
t the modi�
ations to fo
us on substrings, introdu
ing the
on
ept of error repair. We look for 
onditions that guarantee the ability tore
over the parse from the error, while at the same time allowing us to isolaterepair bran
hes by using the 
on
ept of redu
tion. We are also interested inminimizing the impa
t in the parse tree, and �nally in introdu
ing the notion ofs
ope as the lowest redu
tion summarizing the pro
ess at a point of dete
tion.De�nition 5 Let x be a pre�x in L(G), and w 2 ��, xw is not a pre�x. Wede�ne a repair of w following x as M(w), so that 9A 2 N verifying:(1) S +) x1::i�1A +) x1::i�1xi::mM(w); i � m (3) A �) 
C�; 8C +) xi::mM(w)(2) B �) �A�; 8B +) xj::mM(w); j < iWe denote the set of repairs of w following x by repair(x; w), and A bys
ope(M), but this notion is not yet suÆ
ient for our purposes. Our aim isto extend the repair to 
onsider all points of dete
tion asso
iated to a givenerror, whi
h implies 
onsidering di�erent pre�xes and repair zones.De�nition 6 Let e 2 � be a point of error, we de�ne the set of repairsfor e, as repair(e) = fxM(w1::n) 2 repair(x; w1::n)=w1 2 dete
tion(e)g, wheredete
tion(e) denotes the set of points of dete
tion asso
iated to e.We now need a me
hanism to �lter out undesirable repairs. To do so, weintrodu
e 
riteria to only sele
t those repairs with minimal 
ost.De�nition 7 Let I(a), D(a), and R(a) be positive insert, delete andrepla
e 
osts for a 2 �. The 
ost of a modi�
ation M(w1::n) is given by
ost(M(w1::n)) = �j2JaI(aj) + �ni=1(�j2JiI(aj)) + D(wi) + R(wi), wherefaj; j 2 Jig is the set of insertions applied before wi; and a the end of �le.When several repairs are available on di�erent points of dete
tion, we need a
ondition to ensure that only those with minimal 
ost are 
onsidered.De�nition 8 Let e 2 � be a point of error, we de�ne the set of regionalrepairs for e, as follows:regional(e) = fxM(w) 2 repair(e), 
ost(M) � 
ost(M 0); 8M 0 2 repair(x;w)
ost(M) = minL2repair(e)f
ost(L)g gIt is also ne
essary to take into a

ount the possibility of 
as
aded errors, thatis, errors pre
ipitated by a previous repair diagnosis. Prior to dealing with theproblem, we need to establish the existing relationship between the regionalrepairs for a given point of error, and future points of error.5



De�nition 9 Let wi; wj be points of error in an input string w1::n, su
h thatj > i. We de�ne the set of viable repairs for wi in wj, as follows:viable(wi; wj) = fxM(y) 2 regional(wi)=xM(y) : : : wj pre�x for L(G)gThe repairs in viable(wi; wj) are the only ones 
apable of ensuring the
ontinuity of the parse in wi::j and, therefore, the only possible repairs atthe origin of the phenomenon of 
as
aded errors.De�nition 10 Let wi be a point of error for the input string w1::n, we saythat a point of error wj; j > i is a point of error pre
ipitated by wi i�8xM(y) 2 viable(wi; wj); 9A 2 N de�ning wj0 2 dete
tion(wj) su
h thatA +) �s
ope(M) : : : wj.A point of error wj is pre
ipitated by the result of previous repairs on a pointof error wi, when all redu
tions de�ning points of dete
tion for wj summarizesome viable repair for wi in wj.3.2 The parsing s
hemeTo begin with, we assume that we are dealing with the �rst error dete
ted.We extend the initial stru
ture of items, as a quadruple [p;X; i; j℄, with anerror 
ounter e; resulting in a new stru
ture of the form [p;X; i; j; e℄. On
ethe point of error wi has been �xed, we 
an asso
iate to it di�erent points ofdete
tion wi01 ; : : : wi0k . So, for ea
h error item, de�ned from the fa
t that noa
tion is possible from it when the lookahead is wi, we investigate the list ofits asso
iated dete
tion items; that is, those items representing the re
ognitionof a terminal in the input string where we e�e
tively lo
ate the error. Thesedete
tion items are lo
ated by using the ba
k pointer, whi
h indi
ates the inputposition where the last pda a
tion was applied. In pra
ti
e, we re
ursively goba
k into its an
estors until we �nd the �rst des
endant of the last node thatwould have had to be redu
ed if the lookahead had been 
orre
t. On
e thedete
tion items have been �xed, we apply the following steps:DShift
ount = f[q; "; i; j; 0℄ ` [q0; "; j; j + 1; 0℄ , 9[a; j; j + 1℄ 2 Hshiftq0 2 a
tion(q; a) gDInserterror = f[q; "; i; j; 0℄ ` [q; "; j; j; I(a)℄ = shiftq0 2 a
tion(q; a)gDDeleteerror = f[q; "; i; j; 0℄ ` [q; "; j; j + 1;D(wi)℄ = 9[a; j; j + 1℄ 2 HgDRepla
eerror = f[q; "; i; j; 0℄ ` [q; �; j; j + 1; R(a)℄ , 9[b; j; j + 1℄ 2 H9shiftq0 2 a
tion(q; a); b 6= a g6



This pro
ess 
ontinues until a repair applies a redu
tion verifying de�nition 5
overing both error and dete
tion items and a

epting a token in the remaininginput string, as is shown in the left-hand-side of Fig. 1, where [wi0001 ; wi001 ℄delimits the s
ope of a repair dete
ted at the point wi01 2 dete
tion(wi). On
ewe have applied the previous methodology to ea
h dete
tion item 
onsidered,we take only those repairs with regional lowest 
ost, applying de�nition 8. Atthis moment the parse goes ba
k to standard mode. Error 
ounters are addedat the time of redu
tions, even when error mode is �nished:DSel
ount = f[q; "; i; j; e℄ ` [q;rr;nr ; j; j; e℄ , 9 [a; j; j + 1℄ 2 Hredu
er 2 a
tion(q; a) gDRed
ount = f[q;rr;s; k; j; e℄[q0; "; i; k; e0℄ ` [q0;rr;s�1; i; j; e + e0℄ /q0 2 reveal(q)gDHead
ount = f [q;rr;0; i; j; e℄ ` [q0; "; i; j; e℄ /q0 2 goto(q;Ar;0 ) gWe apply a prin
iple of optimization, saving only those items with minimal
ounters for 
omputation purposes.When the 
urrent repair is not the �rst one, it 
an modify a previous repair inorder to avoid 
as
aded repairs by adding the 
ost of the new error hypotheses,in order to pro�t from the experien
e gained from previous ones. This ariseswhen we realize that we 
ome ba
k to a dete
tion item for whi
h any parsebran
h in
ludes a previous repair pro
ess. This pro
ess is illustrated in Fig. 1for a point of error wj pre
ipitated by wi, showing how the variable Aj01de�ning wj summarizes Ai0001 , the s
ope of a previous repair de�ned by Ai01 .
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Fig. 1. Dealing with pre
ipitated errorsRegional repairs have two properties. First, they are independent of the shift-redu
e parser used. The se
ond one is a 
onsequen
e of the lemma below.Lemma 11 (The Expansion Lemma) Let wi, wj be points of error in w1::n 2��, su
h that wj is pre
ipitated by wi, thenminfj 0=wj0 2 dete
tion(wj)g < minfi0=wi0 = y1; xM(y) 2 viable(wi; wj)gPROOF. 7



Let wi0 2 �, su
h that wi0 = y1; xM(y) 2 viable(wi; wj) be a point of dete
tionfor wi, for whi
h some parsing bran
h derived from a repair in regional(wi)has su

essfully arrived at wj.Let wj be a point of error pre
ipitated by xM(y) 2 viable(wi; wj). Byde�nition, we 
an assure that9B 2 N=B +) wj0�wj +) �s
ope(M) : : : wj +) �xl::mM(y) : : : wj; wi0 = y1Given that s
ope(M) is the lowest variable summarizing wi0, it immediatelyfollows that j 0 < i0, and we 
on
lude the proof by extending the proof to allrepairs in viable(wi; wj). 2Corollary 12 Let wi, wj be points of error in w1::n 2 ��, su
h that wj ispre
ipitated by wi, thenmaxfs
ope(M); M 2 viable(wi; wj)g � maxfs
ope( ~M); ~M 2 regional(wj)gPROOF.It immediately follows from lemma 11. 2This allows us to get an asymptoti
 behavior 
lose to global repair methods.This property has profound impli
ations for the eÆ
ien
y, as measured bytime and spa
e taken, the simpli
ity and the power of 
omputing regionalrepairs.Lemma 13 Let w1::n be an input string with a point of error in wi; i 2 [1; n℄,then the time and spa
e bounds for the regional repair algorithm are O(n3)and O(n2), in the worst 
ase, respe
tively.PROOF.It immediately follows from the previous 
orollary 12. 23.3 Previous worksError repair methods 
an be 
lassi�ed into lo
al, global and regional strategies.Lo
al repair algorithms [5,6℄ make modi�
ations to the input so that at leastone more original input symbol 
an be a

epted by the parser. There are 
ases,however, in whi
h their simpli
ity 
auses them to 
hoose a poor repair.8



Global algorithms [7℄ examine the entire program and make a minimum of
hanges to repair all the errors. Global methods give the best repairs possible,but they are not eÆ
ient. Sin
e they expend equal e�ort on all parts of theprogram, in
luding areas that 
ontain no errors, mu
h of that e�ort is wasted.Finally, the main problem to be dealt with in regional approa
hes [4℄ is howto determine the extent of the repair in order to avoid 
as
aded errors.In between the lo
al and global methods, regional repair algorithms �x aportion of the program in
luding the error and as many additional symbols asneeded to assure a good repair. Our proposal is a least-
ost regional strategy,asymptoti
ally equivalent to global repair ones. That is, in the worst 
ase,spa
e and time 
omplexity are the same as those attained for global repairsand, in the best 
ase, are the same as for lo
al ones. The repair quality isequivalent to global approa
hes. Compared to other regional algorithms [4℄, weprovide a least-
ost dynami
 estimation of this region, whi
h is an advantagein the design of intera
tive tools, where eÆ
ien
y is a priority 
hallenge.4 Parsing in
omplete senten
esIn order to handle in
omplete senten
es, we introdu
e two symbols, \?" standsfor one unknown word, and \�" stands for an unknown sequen
e of words.4.1 The frameworkThe problem 
an be stated in similar terms to error repair, with somerestri
tions: points of dete
tion are redu
ed to the point of error, modi�
ationsare insertions and no variable de�nes the s
ope of the repair. Here, the stop ofthe parser 
an only be 
aused by the presen
e of unknown words, not by thein
lusion of errors in the portion of input already parsed. It is therefore moreappropriate to talk about point of stop asso
iated to an unknown symbol.De�nition 14 Let w1::n be an in
omplete senten
e, we say that wi is a pointof stop i� wi =? or wi = �On the other hand, the parse may not only be 
ompleted from insertions, butit must be re
overed using ex
lusively this kind of hypotheses. Finally, theparser must not 
ontinue to introdu
e insertions on
e the pro
ess is able to
onne
t with the right 
ontext. Otherwise, we would be altering the originalinput, whi
h is in 
ontradi
tion with the initial hypothesis of 
orre
tness. So,the 
onsideration of the s
ope of a modi�
ation here 
annot be the same asin error repair, de�ned in the latter 
ase in terms of grammati
al redu
tions.9



De�nition 15 Let w1::n be an in
omplete senten
e in L(G), and wi a pointof stop. We de�ne a re
overy of w in the position i as a modi�
ation M(wi)given by a sequen
e of insertions before wi followed by the deletion of wi, sothat S +) w1::i�1wi� +) w1::i�1M(wi)�. We denote the set of re
overies of win the position i by re
overy(w; i), and M(wi) by s
ope(M).To �lter out undesirable parses in order to redu
e the 
omplexity, we re-takethe insertion 
osts, I(a); a 2 �; sele
ting only those re
overies with minimal
ost. So, the 
ost of a modi�
ation in a re
overy pro
ess will here be given by
ost(M(wi)) = �ni=1(�j2JiI(aj)) +D(wi), where in this 
ase D(wi) = 0.When several re
overies are available, we need a 
ondition to ensure that onlythose with the same minimal 
ost are 
onsidered.De�nition 16 Let w1::n be an in
omplete senten
e, and let wi be a point ofstop in w, we de�ne the set of 
ompletions for w in i, as follows:
ompletions(wi) = fM 2 re
overy(wi)=
ost(M) � 
ost(M 0); 8M 0 2 re
overy(wi)gIn 
ontrast to error repair, it is not now possible to 
onsider the overlapping ofre
overy pro
esses 
orresponding to di�erent points of stop in an in
ompletesenten
e. Thus, it makes no sense to talk about pre
ipitated re
overies.4.2 The parsing s
hemeOn
e the parser dete
ts that the next input symbol is a point of stop, we applythe set of rules Din
omplete, whi
h in
ludes the following two sets of dedu
tionsteps, as well as DShift
ount previously de�ned:DShiftin
omplete = f[q; "; i; j℄ ` [q0; "; j; j + 1℄, 9 [?; j; j + 1℄ 2 Hshiftq0 2 a
tion(q; a)a 2 � g
DLoop shiftin
omplete = f[q; "; i; j℄ ` [q0; "; j; j℄ , 9 [�; j; j + 1℄ 2 Hshiftq0 2 a
tion(q;X)X 2 N [ � g

From an intuitive point of view, DShiftin
omplete applies any shift transitionindependently of the 
urrent lookahead available, provided that this transitionis appli
able with respe
t to the pda 
on�guration and that the next inputsymbol is an unknown token. In relation to DLoop shiftin
omplete, it applies to items10




orresponding to pda 
on�gurations for whi
h the next input symbol denotesan unknown sequen
e of tokens, any valid shift a
tion on terminals or variables.Given that in this latter 
ase new items are 
reated in the same startingitemset, shift transitions may be applied any number of times to the same
omputation thread, without s
anning the input string.All dedu
tion steps are applied until every parse bran
h links up to theright-
ontext by using a shift a
tion, resuming the standard parse mode andde�ning a re
overy for the 
urrent point of stop. In this pro
ess, when we dealwith sequen
es of unknown tokens, we 
an generate nodes deriving only \�"symbols. This over-generation is of no interest in most pra
ti
al appli
ationsand introdu
es additional 
omputational work.We are interested in generating 
ompletions rather than simple re
overies. Ouraim is to repla
e those variables with the unknown subsequen
e terminal, \�".To solve this problem, we re-take the 
ounters introdu
ed in error mode, inorder to tabulate the number of 
ategories used to rebuild the noisy senten
e.The �nal goal is to sele
t an optimal re
onstru
tion. Therefore, it makes nosense to di�erentiate between 
ounter 
ontributions due to the appli
ation ofone or another parsing me
hanism. When several items representing the samenode are generated, only those with minimal 
ounter are saved. Formally, werede�ne the set of dedu
tion steps as follows:DShiftin
omplete = f[q; "; i; j; e℄ ` [q0; "; j; j + 1; e+ I(a)℄, 9 [?; j; j + 1℄ 2 Hshiftq0 2 a
tion(q; a)a 2 � g
DLoop shiftin
omplete = f[q; "; i; j; e℄ ` [q0; "; j; j; e + I(X)℄ , 9 [�; j; j + 1℄ 2 Hshiftq0 2 a
tion(q;X)X 2 N [ � g

where I(X) is the insertion 
ost for X 2 N[�, and we maintain the de�nitiondomain previously 
onsidered for DRed
ount, DSel
ount and DHead
ount. The in
ompletesenten
e is re
ognized i� [qf ;r0;0; 0; n+ 1; e℄; qf 2 Qf , is generated.Lemma 17 Let w1::n be an in
omplete senten
e with a point of stop inwi; i 2 [1; n℄, then the time and spa
e bounds for the 
ompletion algorithmare O(n3) and O(n2), in the worst 
ase, respe
tively.PROOF.It follows from the 
omplexity of the standard parse s
heme. 211



4.3 Previous worksPrevious proposals, su
h as Tomita et al. [8℄ and Lang [9℄, also apply dynami
programming, although the approa
h is di�erent in ea
h 
ase. Lang introdu
esitems as fragments of the pda 
omputations that are independent of the initial
ontent of the sta
k, ex
ept for its two top elements. This relies on the 
on
eptof dynami
 frame for 
fg's [2℄ and, in parti
ular, to the dynami
 frame S2.Tomita et al. use a shared-graph based stru
ture to represent the sta
k forest.We work in a dynami
 frame S1, whi
h means that items only represent thetop of the sta
k. This results in improved sharing for both synta
ti
 stru
turesand 
omputations.In relation to the parsing s
heme, Lang separates the exe
ution strategy fromthe implementation of the interpreter, while Tomita et al.'s work 
an beinterpreted simply as a spe
i�
ation of Lang's for lr(0) pda's. We 
onsidera lalr(1) s
heme, whi
h fa
ilitates lookahead 
omputation, whilst the statesplitting phenomenon remains reasonable. This enables us to a
hieve highlevels of sharing and eÆ
ien
y as well as to in
rease the deterministi
 domain.Neither Lang nor Tomita et al. avoid over-generation in nodes deriving only\�" symbols. Only Lang in
ludes an additional phase to eliminate these nodesfrom the output parse shared forest. We solve both the 
onsideration of anextra simpli�
ation phase and the over-generation on unknown sequen
es by
onsidering the same prin
iple of optimization applied on error 
ounters.5 The robust parserIn order to favor understanding, we di�erentiate two kinds of parse steps. Wetalk about extensional steps when they in
lude 
onditions over shift a
tions instandard parsing mode, and we talk about intensional steps in any other 
ase,i.e. when they are related to redu
e a
tions in the kernel. Whi
hever is the
ase, the robust mode must guarantee the 
apa
ity to re
over the parser fromany unexpe
ted situation derived from either gaps in the s
anner or errors.To deal with this, it is suÆ
ient to 
ombine the dedu
tion steps previouslyintrodu
ed. More exa
tly, we have that the extensional steps are de�ned by:DInit [ DShift
ount [ DInserterror [ DDeleteerror [ DRepla
eerror [ DShiftin
omplete [ DLoop shiftin
ompleteand the intensional ones by DRed
ount [ DSel
ount [ DHead
ountwhere there is no overlapping between the dedu
tion subsets. In e�e
t, inrelation to the extensional 
ase, no 
ollision is possible be
ause the steps12



in question are distinguished by 
onditions over the lookahead. For theintensional 
ase, the steps remain invariable from the beginning, when wede�ned the standard parser. The ill-formed input string is re
ognized i� the�nal item [qf ;r0;0; 0; n+ 1; e℄; qf 2 Qf , is generated.Lemma 18 Let w1::n be an in
omplete senten
e, then the time and spa
ebounds for the robust parsing algorithm are O(n3) and O(n2), in the worst
ase, respe
tively.PROOF.It follows from lemmas 13 and 17. 26 Experimental resultsWe 
onsider the language, L, of arithmeti
 expressions to illustrate ourdis
ussion, 
omparing the standard parsing on I
e [2℄, with the 
onsiderationof full robust parsing. We introdu
e two grammars, GL and GR:GL: E ! E + T j T GR: E ! T + E j TT ! (E) j number T ! (E) j numberto generate the running language, L. As a 
onsequen
e, parses are built fromthe left-asso
iative (resp. right-asso
iative) interpretation for GL (resp. GR),whi
h allows us to estimate the impa
t of traversal orientation in the parsepro
ess. Our goal now is essentially des
riptive, in order to illustrate there
overy me
hanism and its behavior in a variety of situations. In this 
ontext,our example 
ombines stru
tural simpli
ity and topologi
al 
omplexity in alanguage whi
h is universally known. In the same sense, larger languages donot provide extra 
riteria to be 
onsidered.
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Fig. 2. Items generated for unknown and error 
orre
tion examples13



In this sense, we shall 
onsider four di�erent patterns to model ill-formed inputstrings. The �rst, that we shall 
all error-
orre
tion, is of the formb1 + : : : + bi�1 + (bi + : : :+(b[n=3℄ + b[n=3℄+1b[n=3℄+2 + : : :+ b`b`+1 + b`+2 + : : :+ bnThe se
ond, that we shall 
all unknown, is of the formb1 + : : : + bi�1 + (bi + : : :+(b[n=3℄ + b[n=3℄+1 �+b[n=3℄+3 �+ : : : + b` �+b`+2 + : : : + bnThe third pattern, that we shall 
all total overlapping, is of the formb1 + : : : + bi�1 + (bi + : : :+(b[n=3℄ + �b[n=3℄+1b[n=3℄+2 + : : :+ �b`b`+1 + b`+2 + : : :+ bnThe last pattern, that we shall 
all partial overlapping, is of the formb1 + : : :+ bi�1 + (bi + : : :+ (b[n=3℄ + b[n=3℄+1b[n=3℄+2 + : : :+ b`b`+1 � b`+2 : : : � bnwhere i 2 f[n=3℄; : : : ; 1g and ` = 3[n=3℄� 2i+ 1, with [n=3℄ being the integerpart of n=3.
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Fig. 3. Items generated for total and partial overlapping examplesThese examples seek to illustrate the variety of situations to be dealt within robust parsing. The unknown example only requires the treatment ofunknown sequen
es, while the error-
orre
tion example only applies the errorrepair strategy. The total overlapping example for
es the system to applyboth unknown sequen
es re
ognition and error repair, although only theerror re
overy me
hanisms are �nally taken into a

ount. Finally, the partial14



overlapping example also 
ombines the re
ognition of unknown sequen
es anderror repair, but in this 
ase both strategies have an a
tive role.In the 
ase of unknown pattern, the set of minimal 
ost robust parse pro
essin
ludes the senten
es obtained by inserting 
losed bra
kets in the positionsindi
ated by the unknown sequen
e. In other patterns, the set of minimal 
ostrobust parse pro
ess is formed by the senten
es obtained by repla
ing tokensb[n=3℄+2k with k 2 f1; : : : ; [n=3℄� i+ 1g by 
losed bra
kets. As a 
onsequen
e,one minimal 
ost parse alternative is given by \b1 + : : : + bi�1 + (bi + : : : +(b[n=3℄+ b[n=3℄+1)+ : : :+ b`)+ b`+2+ : : :+ bn"; whose parse 
ost we shall use asreferen
e to illustrate the pra
ti
al 
omplexity of our proposal in these tests.points of dete
tion, GL 
ase points of dete
tion, GR 
ase s
ope of T (E), either 
aseb1 + : : : bi�2 + bi�1 + ( bi + : : : ( b[n=3℄�1 + ( b[n=3℄ + b) ) : : : ) + b[n=3℄+1 b[n=3℄+2 + : : :
Fig. 4. Error dete
tion points for total overlapping exampleThe results for the unknown and error-
orre
tion examples are shown in Fig. 2,in the left and the right-hand-side of the �gure respe
tively. In the 
ase of totaland partial overlapping examples, the tests are shown in the left and the right-hand-side of Fig. 3. The results are provided for GL and GR, with the numberof items generated being taken as a referen
e for appre
iating the eÆ
ien
y,rather than temporal 
riteria, whi
h are more dependent on implementation.These items are measured in relation to the position, `, of the addend \b`" inthe input, around whi
h all the tests have been stru
tured.The �rst detail to note is the null slopes in the graphs of the total overlappingexample, while for all the others the slopes are as
endent. This is due tothe parti
ular distribution of the zone where the robust parse operates. Ine�e
t, as is shown in Fig. 4, the error dete
tion points from the very �rstpoint of error in the input string lo
ate the beginning of the error 
orre
tionzone [1℄ at the addend \b1". In pra
ti
e, as part of the more general robustparse pro
ess, the error 
orre
tion strategy already 
overs all the input string,although only in the 
ase of GR does the error repair s
ope extend to global
ontext. This apparent 
ontradi
tion in the 
ase of GL is due to the fa
t thatalthough the e�e
tive repair me
hanisms do not have a global s
ope, mostunsu

essful repairs are only reje
ted at the end of the robust parse pro
ess. Asa 
onsequen
e, for both grammars in this example the 
orre
tion me
hanismsare applied on all the input positions, and the lo
ation of \b`" has no in
uen
eon the number of items generated, as 
an be seen in Fig. 3. This is alsoillustrated in Fig. 5, representing on its left-hand-side the in
rease in the size15



of the repair s
ope for both error 
orre
tion and partial overlapping examples,and on its right-hand-side the same information for the total overlapping 
ase.
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Fig. 5. Repair s
ope for error 
orre
tion, partial and total overlapping examplesThe situation is di�erent in the error 
orre
tion and partial overlappingexamples, for whi
h the size of the error repair zone in
reases with the positionof \b`", as is shown in Fig. 6. In this sense, the �gure illustrates both thedependen
e of the error repair region on the grammar used, and the asymptoti
behavior of the error repair strategy [1℄ in dealing with 
as
aded errors.se
ond point of error, GL 
ase�rst point of error, either 
asepoints of dete
tion: se
ond point of error, GR 
ase: : : + ( b[n=3℄�1 + ( b[n=3℄ + b[n=3℄+1 b[n=3℄+2 + b[n=3℄+3 b[n=3℄+4 + : : :Fig. 6. Error dete
tion points for error 
orre
tion and partial overlapping examplesIn relation to 
omplexity, although the theoreti
al 
ost is the same for both theerror repair strategy and the treatment of unknown senten
es, in pra
ti
e thesetests show that the greater weight is due to error repair. This is illustrated bythe results displayed for the error 
orre
tion and the two overlapping exampleson the right-hand-sides of Fig. 2 and Fig. 3, respe
tively. In e�e
t, these resultsshow that the number of items generated is appre
iably larger in these 
ases,in 
ontrast to the work developed for the unknown example, whi
h we 
ansee in the left-hand-side of Fig. 2, and for whi
h no error repair pro
ess isapplied. From an operational point of view, this behavior is a 
onsequen
e ofthe 
ontextual treatment in ea
h 
ase. So, the parse of unknown sequen
esonly generates, for ea
h symbol �, items in the 
urrent itemset. However, inthe 
ase of error repair the s
ope depends, for ea
h error, on the grammati
alstru
ture and 
an range from one to the total 
olle
tion of itemsets, as isshown in Figs. 4 and 6. Whi
hever is the 
ase, the smoothness of the slopesproves the 
omputational eÆ
ien
y of our proposal.16



7 Con
lusionsRobust parsing is a 
entral task in the design of dialogue systems, wherethe deterioration of the signal, and the presen
e of under-generation or over-generation phenomena due to 
overing grammati
al problems make it diÆ
ultto perform 
ontinuous unrestri
ted language re
ognition. In this sense, robustparsing seeks to �nd interpretations that have maximal thresholds. Ourproposal provides the 
apa
ity to eÆ
iently re
over the system from externalsynta
ti
 fa
tors or user errors. We 
on
entrate on enhan
ing robustness byusing the me
hanisms o�ered by dynami
 programming in order to improveperforman
e and provide a formal parse de�nition. In 
ontrast to previousworks, we solve both extra simpli�
ation phases and the over-generationphenomena asso
iated with the re
ognition of unknown sequen
es of unknownlength. We also avoid distortions due to 
as
aded errors by integrating aregional repair me
hanism that, in 
ontrast to global approa
hes, limits there
overy e�ort to those areas in the input that 
ontain errors.Referen
es[1℄ M. Vilares, V. Darriba, F. Ribadas, Regional least-
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