Chapter able Optimizati on and Generatio In general, one of the main ob jectiv es that ust ac hiev ed in generating parsing tables is that they ust time- and space-e�cien t. In addition, if the resulting parser ust reco er from input errors, the tables generated ust retain enough imp ortan information ab out the input grammar and its LR(0) automaton to accommo date error reco ery Un- fortunately these goals are sometimes con icting. or example, as men tioned earlier, when space-sa ving optimizations suc as default reductions (and others that will de- scrib ed in this hapter) are used, the resulting parsing tables lose certain information ab out the automaton. Space-sa ving optimizations are necessary in order to reduce the parsing tables to an acceptable size but the information they lose (suc as the viable candidates in giv en state) is usually imp ortan to insure go reco eries. In the past, authors who ha studied LR error reco ery ha prop osed that some tradeo�s made regarding space-e�ciency time-e�ciency and qualit of reco eries. or example, in 21 ], it is suggested that default reductions not used in certain states to prev en premature reductions in these states and that only terminal sym ols on whic transitions are de�ned in giv en state considered as simple reco ery candidates (this information ust ailable in the parsing tables). In 37 ], deferred parsing tec hnique using parsers is used to oid premature reductions and all terminal sym ols are con- sidered as ossible candidates during simple reco ery; in e�ect, time-e�ciency is sacri�ced in order to gain space-e�ciency and obtain go reco eries. By con trast, the approac tak en in this metho is to treat the issue of table compaction and optimization for parsing separately from the issue of table compaction and optimization for error reco ery The data for eac activit is aggressiv ely optimized and compacted, separately The result is that the amoun of space used for eac of these sets of tables is ery small, (usually the total amoun of space used is uc smaller than it ould for single set of parsing tables in other metho ds). Nonetheless, these tables are ery time-e�cien and no useful error reco ery information is lost. 75 5.1 arsing ables As describ ed earlier, an LALR( parser with arying-length lo ok ahead strings can represen ted pair of parsing tables in matrix form: CTION and GOTO Eac ro of parsing table is lab eled with distinct state of the parser. Eac column of CTION is lab eled with terminal sym ol and eac column of GOTO is lab eled with non terminal sym ol. The en try in parsing table for giv en ro and column is the parsing action asso ciated with the corresp onding state-sym ol pair. In essence, the matrix is used to store the haracteristics of the pushdo wn automaton that ob eys the grammatical rules of the language. In terms of sp eed erformance, the matrix is an e�cien metho for represen ting an LR parsing table. Unfortunately suc matrix is usually ery sparse, requiring an excessiv amoun of space relativ to the um er of useful en tries it con tains. or example, an LALR(1) parser for the Ada language with 541 states and 403 sym ols only con tained 4151 useful en tries, th us utilizi ng only 1.9% of the matrix. An LR automaton can also represen ted as directed graph, where eac ertex of the graph represen ts state of the automaton and eac edge, lab eled with sym ol, represen ts transitions et een states. (In this represen tation, one ust able to dif- feren tiate et een lo ok ahead states and regular states. In addition, sp ecial duc states (called \lo ok ahead states" in ]) and shift-r duc states ust also used for reduce and read-reduce actions, resp ectiv ely .) This represen tation has the adv an ta ge of compactness since it needs only as large, prop ortionally as the um er of signi�can en tries in the corresp onding matrices. Ho ev er, the computation of an action using this represen tation is slo since it ma require that eac out-edge connected to state explored. rom this discussion, one gathers that desirable goal in generating LR parsing tables is to �nd represen tation that erforms as ell as the matrix in terms of time-e�cienc but whose space requiremen is close to that of the graph represen tation. um er of metho ds are kno wn in the art for the compression of LR parsing tables. The compression can ac hiev ed, for example, the use of hashing, linear lists 33 ], ro w-displacemen 33 30 23 15 ], or graph-coloring 30 ]. Hashing is standard tec hnique for storing and searc hing large sparse tables, but it is seldom used for LR parsing applications ecause of its or orst -case erformance. It also consumes large amoun of space. Substan tial space sa vings result when the signi�can en tries in eac ro of matrix are stored in linear list. The list, ho ev er, ust searc hed sequen tially when parse action is needed. Therefore, the time required to determine parse action is not constan t, but dep ends on the um er of signi�can en tries in the state in question. This metho d, discussed in 33 ], do es sa space but at the exp ense of time. In the ro w-displacemen metho d, the ro ws of sparse matrix are overlaid on eac other in one dimensional table and an auxiliary table is used to retriev the starting index of eac ro in the erla table. Eac en try in the erla table con tains che ck �eld that is used to erify whether or not that en try corresp onds to the original useful en try in the matrix. This metho is adv cated Aho, Sethi and Ullman in 33 and Ziegler in 15 ], and is discussed in detail in 30 and 23 ]. It is also used together with list searc hing in the CC parser generator, as describ ed in 33 ]. The ro w-displacemen metho do es ell with resp ect to time-e�ciency but its space utilization is not alw ys optimal unless the 76 matrix in question has \harmonic deca y" prop ert 23 and �rst-�t de cr as ing heuristic is used. In the GCS (graph-coloring sc heme) metho prop osed 30 ], the ro ws of the original matrix are partitioned in to classes of ro ws that do not ha di�eren signi�can en tries in an column osition. These ro ws are then merged to form shorter matrix. Next, the columns of this new matrix are partitioned and merged, using the same metho d, to obtain �nal reduced matrix. ector owmap indexable the ro indexes of the original matrix and ector olumnmap indexable the column indexes of the original matrix are used to map the ro and column indexes of the original matrix in to the ro and column indexes of the reduced matrix. In addition, when this metho is used to compress the CTION table of an LR parser, olean matrix sigmap indexable the indexes of the original matrix, is required to alidate en tries in the reduced matrix. If the olean alues in sigmap are con tained in single bit, this metho yields relativ ely small parse tables where actions can computed with constan um er of op erations. Ho ev er, since accessing bit elemen of matrix is usually complex op eration in most mac hines and sigmap ust accessed for eac terminal action, the time-p erformance of this metho ma not so go d. In the metho presen ted here, the compaction of LR parsing tables is erformed in three steps. In the �rst step, um er of transformations are applied on the original parsing tables to signi�can tly reduce the um er of ro ws and useful en tries in them. (The resulting tables usually ha the harmonic deca prop ert . In the second step, ro w- displacemen is used to compact the resulting transformed matrices. The �nal step is clean-up step where the actions in the compressed table are up dated and all auxiliary tables are eliminated. This approac often yields erfectly compacted tables that require �xed um er of primitiv op erations on in tegers to compute an action. 5.1.1 The Ro w-Displacem e Sc hem Let sparse matrix with ro ws, columns and useful en tries. Suc matrix is usually stored in ro w-ma jor order as one-dimensional arra con taining elemen ts. In this represen tation, eac elemen i; of the matrix corresp onds to the elemen (( 1) of the one-dimensional arra Let ow an auxiliary one- dimensional arra of elemen ts, eac con taining the o�set of its corresp onding ro in the matrix; i.e., ow (( 1) Using ow an elemen i; corresp onds to the elemen ow The ro w-displacemen sc heme is metho for compressing sparse matrix in to parallel one-dimensional arra y s, CHECK and INF with few er ositions than Giv en pair i; the CHECK arra is used to test whether or not that pair is asso ciated with useful en try in If it is, the relev an information is retriev ed from the INF arra The compaction is erformed erlapping the ro ws of and placing their alues in INF in suc that no useful en tries end up in the same osition. The algorithm can stated more formally as follo ws. or eac ro in sequen tial searc is erformed on the elemen ts of INF un til set of alid ositions is found that can accommo date the useful en tries of ro Next, the th en try of the ow ector is initiali zed with the displacemen of ro in INF eac useful en try i; is placed in its assigned lo cation, INF ow and the corresp onding CHECK ow elemen is set to 77 ow INF CHECK 10 11 12 13 Figure 5.1: matrix and its compressed represen tation 78 (a) tar INF CHECK 10 11 12 13 (b) Figure 5.2: �nite state automaton and its compressed represen tation 79 to indicate that the elemen ow of INF is an elemen of ro in This algorithm is kno wn as the �rst-�t metho d. (It is NP-complete to �nd set of displacemen ts that minimizes the size of the compressed ector 23 16 ]). Figure 5.1 depicts matrix and ossible compressed represen tation for that matrix. Non-useful en tries in con tain the alue 0. The columns of are lab eled with the sequence of letters [a,b,c,d,e] to oid confusion. These indexes can easily mapp ed in to the in tegers [0..4] as the ro w-displacemen sc heme assumes that the indexes of the matrix are in tegers. lo ok up an elemen i; one hec ks whether or not CHECK ow If the test succeeds then INF ow is the relev an alue of i; otherwise, i; is not useful en try and is the relev an alue. Note that if eac ro of matrix has unique displacemen in its compressed repre- sen tation then the column indexes of the matrix can used as hec alues instead of the ro indexes. This is particularly useful if (sa 256 and can stored in smaller storage unit than Note also that the lo er ound of the compressed ector do es not ha to 1, but instead can an arbitrarily hosen in teger. Assume that the matrix of Figure 5.1 is table represen tation of the transitions of �nite state automaton (Figure 5.2(a)). Assume that state is the ro ot state and as efore, the edge lab els [a,b,c,d,e] are mapp ed in to the in tegers [0..4]. In suc case, as as stated earlier, the direct access capabilit of the matrix do es not need to preserv ed and the auxiliary displacemen ector can eliminated replacing eac useful en try in INF its displacemen alue. See Figure 5.2(b). Of course, in suc case the displacemen of the starting state ust still stored in an auxiliary tar ariable. Ziegler suggested that the ro ws of matrix to compacted with the ro w-displacemen sc heme sorted in decreasing order the um er of useful en tries they con tain efore applying the compaction algorithm. This approac is kno wn as the �rst-�t de cr as ing metho d. arjan and ao 23 sho ed that this approac alw ys pro duces erfectly compacted ector \if the distribution of nonzeros among the ro ws are reasonably uniform". Their analysis as stated as follo ws: Our in tuition is that ro ws with only few nonzeros do not blo to man ossible displacemen alues for other ro ws; it is only the ro ws with man nonzeros that cause problems. quan tify this phenomenon, de�ne for to the total um er of nonzeros in ro ws with more than nonzeros. Our �rst theorem sho ws that if =n decreases fast enough as increases, then the �rst-�t decreasing metho orks ell. Theorem 5.1.1 Supp ose the arr ay (to ompr ess d) has the fol lowing \harmonic de ay" pr op erty: H: or any n= 1) Then every ow displac ement ow ompute for by the �rst-�t de cr as ing metho satis�es ow If has harmonic deca at least half the nonzeros in ust in ro ws with only single nonzero. In addition, no ro can ha more than nonzeros. 80 5.1.2 ransformations Giv en an augmen ted grammar and its LALR( parser with arying- length lo ok ahead strings and LR(0) reduce states remo ed, an en try in the CTION matrix of suc parser can ha one of six alues. They are: shift duc shift-r duc la-shift ac ept err or where is an LR(0) state of the parser, and is lo ok ahead state. The err or parsing action is constan alue that is asso ciated with eac elemen of the CTION matrix whose indexes corresp ond to state-terminal pair on whic no action is de�ned in the automaton. The parsing action ac ept is also constan alue. When an LR parser is constructed from an augmen ted grammar, ac ept is asso ciated with single en try in the matrix. During parsing, ac ept signals the successful completion of parse. An en try in the GOTO table can ha one of three alues. They are: goto goto-r duc don ’t ar where and are de�ned as efore. non-useful en try in the GOTO table is referred to as don ’t ar en try instead of as an err or en try ecause suc an en try is nev er consulted during parsing. 5.1.2.1 GOTO Default Actions Since \don’t care" en tries in the GOTO table are nev er accessed, signi�can decrease in the um er of useful en tries in that table can obtained in tro ducing default actions on non terminals 33 ]. In this metho d, this is ac hiev ed as follo ws. Let GOTO DEF UL ector whose elemen ts are indexed the non terminals. or eac non terminal scan the column of GOTO indexed and �nd the most frequen action, act in that column. Remo all ccurrences of act found in the column and set GOTO DEF UL T(A) act. Lo oking at this transformation from the oin of view of the directed graph represen tation, this is equiv alen to remo ving all incoming edges lab eled that oin to the state asso ciated with the action act (If act is shift or lo ok ahead-shift then all the incoming edges of its corresp onding state are lab eled .) When actions are remo ed from the GOTO table, these en tries and all the \don’t care" en tries are replaced error en tries. During parsing, if state-non terminal pair p; yields err or GOTO DEF UL T(A) is used. 81 5.1.2.2 Merging of Compatible States and Default Reductions In hapter 3, the concept of default reduce actions as in tro duced as to optimize space in the CTION matrix. In this metho d, the \default reduce actions" optimization is com bined with the mer ging of omp atible states ogether, these optimizations result in signi�can decrease in the space requiremen of the CTION matrix. De�nition 5.1.1 state is said to compatible with another state if and only if the follo wing conditions are satis�ed: has the same terminal transitions as i.e., the ro ws of the CTION matrix asso ciated with and ha the same shift, shift-reduce and lo ok ahead-shift actions de�ned in their corresp onding columns. The set of rules on whic reduce actions are de�ned in is the same as the set of rules on whic reduce actions are de�ned in or eac terminal on whic reduce action is de�ned in oth and the reduce action is the same. Tw compatible states and can merged in to single state where the terminal transitions of are the same as the terminal transitions of (or and the reduce actions of is the union of the reduce actions in and the reduce actions in During parsing, if state is en tered in con text where should ha een en tered and reduce action that originated solely from is executed, that action has the same e�ect as default reduction. Similarly if is en tered instead of and reduce action of is executed in it can view ed as default reduction. Th us, unlik the metho of 30 ], when states are merged based on the ab criteria, the resulting merged states retains their error detecting capabilt and no external olean hec matrix is needed. The set of states in parser can partitioned in to set of omp atible classes based on the concept of compatible states describ ed ab e. In other ords, compatible class of states is subset of the set of states where an states in the class are compatible. In general, �nding an optimal partition of compatible classes whic minimizes the um er of subsets in the partition is NP-complete. Ho ev er, the practical goal one tries to ac hiev in merging compatible states is to tak adv an tag of the fact that most languages, esp eciall programming languages, con tain some phrases that are used in di�eren con texts, but the actions induced these phrases in the di�eren con texts are compatible. or example, most pro cedural languages supp ort arithmetic and relational expressions whic are deriv ed from generic non terminal exp ression and used in di�eren statemen ts suc as: statement va riable := exp ression; while exp ression lo op un ti exp ression lo op for exp ression do if exp ression then Giv en set of states of an LR parser whose ernel items are all of the form A� ], where and are arbitrary strings, an suc states satisfy conditions and of the compatibilit test. In the ab example, the non terminal exp ression app ears in phrases 82 that are all pro duced from the same source, statement and no of these phrases share the same pre�x in that con text. The LR parser for grammar con taining suc rules will con tain state for eac rule whose sole ernel item is the item deriv ed from the righ t-hand side of the rule in question with the \dot" in fron of exp ression These states form compatible class. Exp erimen ts ha sho wn that, in most cases, set of states that meets conditions and of the compatibilit test ab is made up of states with ernel items ha ving iden tical dot sym ols. This is an imp ortan observ ation ecause it is condition that renders the problem of �nding the smallest partition of compatible classes NP-complete (see App endix for pro of ). tak adv an tag of this, practical algorithm for merging states can implemen ted in three steps based on the three conditions of the compatibilit steps as follo ws: step1: Construct coarse partition based only on condition 1; i.e., states are group ed together if their terminal transitions are iden tical. step2: Eac partition class obtained from step is brok en do wn in to smaller classes applying condition 2. step3: Finally eac class obtained from step whose states con tain reduce actions more than one rule is further fragmen ted rep eating the follo wing heuristic pro cess un til is empt y: Remo an arbitrary state from and use it to initiali ze new singleton class Next, eac state in is considered, in turn. If is compatible with all the states in it is remo ed from and added to Once the states of an LR parser ha een partitioned in to compatible classes, eac class of states is merged in to single merged state. The new merged states obtained this pro cess are used to form new CTION matrix. An extra column indexed sp ecial default symb ol is app ended to the fron of CTION default reduce action is computed for eac merged ro and that alue is en tered in the default column osition of the ro in question. The default reduce action of giv en ro w, as describ ed efore, is the most frequen tly ccurring reduce action in that ro if there is an otherwise it is the error action. No w, since the terminal transition en tries in the new CTION matrix still refer to the original state um ers and ha ving merged the ro ws of the CTION matrix indep e nden tly of the GOTO table, one ust able to relate eac original state of the parser (still asso ciated with ro of GOTO with its merged coun terpart in CTION This can ac hiev ed adding new column to the GOTO table, eac elemen of whic oin ts to its asso ciated merged ro in the new CTION matrix. rom no on, CTION will denote the new matrix obtained after compatible states ha een merged and default reductions computed. 5.1.3 Compaction of the arsing ables Recall that in order to execute reduce action giv en rule, the length of the righ t- hand side and the left-hand side non terminal of the rule ust kno wn. Therefore, to 83 accommo date these actions, ector, RHS SIZE, indexable rule um ers is initiali zed with the length of the righ t-hand side of eac rule and ector, LHS, also indexable rule um ers is initial ize with the left-hand side sym ol of eac rule. LR parsers ha imp ortan prop erties whic will used as the basis of some imp ortan optimizations to impro oth space utilization and the time erformance of the compacted tables. They are review ed here: 1. Since eac time parsing action is executed it determines the next state that will en tered, the direct access prop ert of the matrix do es not ha to preserv ed. In other ords, since the parser can only en ter state if read transition places it in or read transition had previously placed in the state stac and reduce action re-exp osed on top of the stac opping states corresp onding to the righ t-hand side of rule, only actions that are read transitions to state need to able to access 2. Another automaton, isomorphic to the original automaton, that recognizes the same language ma constructed erm uting and/or relab eling the ro ws and columns of the parsing tables, and hanging the read transition en tries accordingly View ed as graph, erm uting the ro ws constitutes relab elin of the ertices (states) of the graph; and lik ewise, erm uting the columns constitutes relab eling of the edges of the graph or renaming of the sym ols. 5.1.3.1 The GOTO Matrix Usually the GOTO matrix con tains man ro ws with no useful en tries in them. After non terminal actions are remo ed from GOTO default, the usually sparse matrix ends up eing ev en sparser. With the addition of the column that iden ti�es the corresp onding ro ws in CTION as the �rst column in GOTO man ro ws that previously had no action end up with single action and the resulting matrix almost alw ys has harmonic deca Before compacting the GOTO matrix, its columns are sorted in decreasing order the um er of useful en tries they con tain. The GOTO matrix is then compacted in to one-dimensional arra ys GOTO CHECK and GOTO INF O, with lo er ound 1. Since eac elemen of the iden ti�cation column con tains useful en try this column will the �rst column in GOTO after the columns ha een sorted. It follo ws that eac ro of GOTO will ha unique displacemen in its compressed represen tation and the column indexes (non terminal sym ols) of GOTO can used as hec sym ols in GOTO CHECK. urthermore, since the application of default actions to GOTO usually remo es all useful en tries in some columns, the sorting places these empt columns in the upp er range of the column indexes minimizi ng the index alues that ma app ear in GOTO CHECK. Finally observ that the elemen ts of GOTO CHECK that corresp ond to state iden ti�cation en try in GOTO INF can used for an purp ose since they are not asso ciated with an parsing action. One only has to ensure that alue placed in these lo cations do es not fall in the range of the column indexes of GOTO 84 5.1.3.2 Enco ding of the arsing Actions Since the goto actions in GOTO INF represen the transitions of �nite state automaton, eac suc state en try can replaced its corresp onding ro displacemen t. This mapping eliminates the need for displacemen ector. urthermore, it allo ws con enien enco ding of the di�eren kinds of alues that ma app ear in the parsing tables. Let the highest displacemen asso ciated with state, an in teger suc that represen ts rule; an in teger suc that can oten tially represen state; the ac ept action is represen ted the constan and the err or action is represen ted an in teger sr suc that err or sr err or represen ts shift-reduce action; �nally an in teger suc that err or oten tially represen ts lo ok ahead-shift action. With this enco ding, one can easily iden tify what kind of action giv en en try in compressed parsing table represen ts. Reduce and goto-reduce actions are represen ted the um er asso ciated with the rule in question. Shift and goto actions are represen ted the um er asso ciated with the state in question. Shift-reduce actions are enco ded as describ ed ab and the constan err or ust subtracted from these alues to obtain the rule in question. Similarly the constan err or ust subtracted from the alue of lo ok ahead-shift action to obtain the lo ok ahead state in question. After the GOTO table has een compressed, enough information is kno wn to enco de all parsing actions in oth matrices except the lo ok ahead-shift actions since these actions are transitions to lo ok ahead states that are asso ciated with ro ws in CTION that ha no coun terpart in GOTO The initiali zation of the state iden ti�cation en tries in GOTO INF ust also deferred un til after CTION has een compacted. Th us, clean-up phase is required after the compaction of CTION has een erformed. This will discussed later. 5.1.3.3 The Action Matrix ypical LR parser usually con tains man states (but less than half the total um er of states) on whic only single terminal action is de�ned. The remo a of man reduce actions default further increases the um er states with single action as ell as the sparseness of the CTION matrix. If an optimized CTION matrix is considered without its default reduction column, it usually has harmonic deca Therefore, go theoretical approac for compacting CTION is to remo the default reduction column from it, store the default reduce action asso ciated with eac state in the un used en try in GOTO CHECK asso ciated with that state, and compress CTION without the default reduction column. Note that when this approac is used, the ro ws of CTION will not automatically ha unique displacemen ts. rom practical oin of view, it ma ene�cial to enforce this restriction ecause ypical grammar con tains few er than 255 terminals but parser for suc grammar usually con tains sev eral undred states. Therefore, if the column indexes of CTION can used as hec alues they can accommo dated in single 8-bit byte On the other hand, the um er of states ma not only exceed 255 but, moreo er, when states are replaced their displacemen ts, this further increases their range. second approac is to assume that eac en try in the default reduction column is useful and sort the columns of CTION in decreasing order the um er of useful en tries in them. As in the case of the GOTO matrix, this guaran tees that column con taining only 85 useful en tries will the �rst column in CTION and eac ro of CTION will ha unique displacemen in the compressed represen tation. CTION is compressed in to one-dimensional arra ys CTION CHECK and CTION INF O, with lo er ound 1. If the input grammar used to generate an LR parser do es not con tain useless non termi- nals (non terminals that do not pro duce an terminal string), eac state of the parser will ha at least one terminal action. In that case, when the en tries of the default reduction column are considered to useful en tries, eac ro of CTION has at least useful en tries and th us, CTION do es not ha harmonic deca Ho ev er, exp erimen ts ha sho wn that when the columns of CTION are sorted in decreasing order prior to apply- ing the �rst-�t decreasing metho d, this rearrangemen tends to pro duce go compaction. This second approac for compacting CTION is the one that is used in this metho d. or practical reasons whic will ecome clearer later, it turns out that in most cases, this approac sa es space and, in an case, it pro duces tables that giv sligh tly faster time erformance. 5.1.3.4 Compressed ables Up date In this section, the �nal clean-up phase of the compaction pro cedure is describ ed. Let the displacemen (in CTION INF O) of ro asso ciated with lo ok ahead state. Eac en try in CTION INF that is transition in to that lo ok ahead state is replaced the alue err or Th us, when lo ok ahead-shift action is deco ded, it is the displacemen of the relev an lo ok ahead state in CTION INF that is obtained. Next, the displacemen elemen in GOTO INF asso ciated with eac state is up dated with the displacemen of its corresp onding CTION ro in CTION INF O. The enco ding of all parsing actions in the compressed tables is no complete. In order to oid ha ving to hec for oundary conditions during parsing, one ust able to hec whether or not useful en try is de�ned for an state-sym ol pair. This implies that the GOTO CHECK ector ust con tain at least elemen ts, where is the highest displacemen asso ciated with state. Similarly the CTION CHECK ector ust extended to con tain elemen ts, where is the highest displacemen asso ciated with an CTION ro w. Finally since eac elemen of GOTO CHECK whose lo cation corresp onds to the lo ca- tion of state iden ti�cation en try in GOTO INF is still un used, the original ro index (negated to di�eren tiate it from hec alues) asso ciated with the state in question can stored at that lo cation in GOTO CHECK. This information is not needed for parsing (ev en though it migh useful for debugging purp oses), but it pro vides con enien remapping of eac displacemen in to its original state um er whic is useful for storing the error reco ery maps symb ols and nt symb ols The domain of these maps is the set of states of the parser. This remapping allo ws the states to represen ted the ro indexes of GOTO instead of the displacemen ts in GOTO INF whic fall in the larger range :: ac ept Note that when this remapping of the states is used with the �rst approac for compact- ing CTION discussed in the previous section, an additional DEF UL ector, indexable the states, ust used to store the default reduce action asso ciated with eac state. This arrangemen not only requires extra space for the new ector but it also requires 86 Figure 5.3: Compressed parsing tables 87 -- Assume NUM RULES and LA OFFSET err or NUM RULES. 1. function CTION (q, ..t ); 2. q’ := OTO INF (q); 3. if CTION EC (q’ then 4. act := CTION INF (q’ ); 5. else act := CTION INF (q’); 6. end if 7. := 1; 8. while (act LA OFFSET) lo op 9. := 1; 10. q’ := act LA OFFSET; 11. if CTION EC (q’ then 12. act := CTION INF (q’ ); 13. else act := CTION INF (q’); 14. end if 15. end lo op 16. return act; 17. end CTION 1. function OTO (q, A); 2. if OTO EC (q A) then 3. return OTO INF (q A); 4. else return OTO EF (A); 5. end if 6. end OTO Figure 5.4: arsing functions 88 an additional indexing op eration to compute default reduce action. Exp erimen ts ha sho wn that the um er of useful en tries in an optimized CTION matrix is usually so small that the extra space lost not obtaining erfect compaction using the second approac is exceeded the space required to store the DEF UL ector. The compu- tation of terminal action with the second approac alw ys requires the same um er of op erations. 5.1.3.5 Computing arsing Actions on the Compacted ables Figure 5.3 sho ws graphical represen tation of the compacted tables. denotes the ro index of GOTO with displacemen .) Giv en suc represen tation the CTION and GOTO functions of Figure 5.4 compute the action asso ciated with state-terminal or state-non term inal pair, resp ectiv ely Note that if the tables ere constructed from an LALR(1) parser, the co de segmen in lines through 15 of the CTION function can omitted. The alue returned the CTION function is either reduce action if it is less than or equal to shift action if it is greater than but less than ac ept or shift-reduce action if it is greater than err or In the case of shift- reduce action, err or is subtracted from the alue returned CTION to obtain the rule in question. The alue returned the GOTO function is either goto-reduce action if it is less than or equal to or goto action, otherwise. 5. rr e ables The error reco ery metho prop osed in the previous hapter requires that some information precomputed from the input grammar and its automaton. This information include the scop es, discussed in section 4.3.3.1, the map symb ols from eac state in to relev an subset of viable terminal error reco ery candidates for the map nt symb ols from eac state in to relev an subset of viable non terminal error reco ery candidates for and the names asso ciated with eac viable error reco ery candidate. 5.2.1 ptimization of Can ates Consider the case of secondary substitution in whic reco ery goal ust inserted in to the input stream. In suc case, ev ery non terminal candidate in the reco ery state in question is oten tial reduction goal. Ho ev er, an implemen tation that hec ks all oten tial candidates for eac error phrase ould prohibitiv ely slo w. Tw optimizations are applied to the set of non terminal candidates in giv en state to obtain, in most cases, substan tially reduced subset of elevant duction go als In 27 ], the follo wing concept is presen ted: reduction goal of error phrase in error con�guration is imp ortant if has no reduction goal suc that In this metho d, more restricted concept of an imp ortan sym ol is used. The new concept tak es in to consideration the full con text of the error phrase: De�nition 5.2.1 non terminal on whic transition is de�ned in state is said to imp ortant if do es not app ear in single item of the form in 89 Figure 5.5: Items in state or example, assume reco ery state con tains the set of items sho wn in Figure 5.5. By the de�nition of 27 ], the only imp ortan reduction goal in suc state is since and can deriv ed from via hain of unit pro ductions. By the more restricted de�nition of this metho d, and ould also considered imp ortan sym ols since they app ear immediately to the righ of the dot in more than one item. understand the imp ortance of and assume that the rules from whic the items of Figure 5.5 are deriv ed are all the pro ductions of grammar and consider the follo wing erroneous input strings: If is the only imp ortan sym ol considered, then the est secondary repair that is ac hiev able is the replacemen of in the �rst sen tence and in the second sen tence. Ho ev er, it is clear from the grammar that replacing in the �rst sen tence and in the second sen tence ould preferable. One further notices that using as reduction goal in the �rst sen tence ould ha ork ed just as ell, since after transition on with the sym ol \*" as lo ok ahead, reduction the rule ould applied. Similarly could ha een used as suitable reduction goal in oth sen tences. This leads to the follo wing concept, on whic the second optimization is based: De�nition 5.2.2 nonterminal element of set of nonterminal andidates in an state is said to relev an with esp c to if ther do es not ist nonterminal such that and an suc es sful ly substitute for as duction go al for any err or phr ase with as the overy state. Giv en set of non terminal candidates for giv en state, the ob jectiv is to �nd the largest subset suc that con tains only relev an reduction goals. emma 5.2.1 et for is elevant such that The pro of follo ws directly from the de�nition of an LR parser. If non terminal can substituted for an error phrase, then the reco ery sym ol in question ust alid lo ok ahead sym ol for an rule deriv able from In particular, if and is substituted for an error phase where is kno wn to alid reduction goal, the reco ery sym ol will cause to reduced to 90 or eac state in an LR automaton, the set nt symb ols is obtained as follo ws. Starting with the set of non terminal sym ols on whic an action is de�ned in remo all unimp ortan sym ols from that set, and reduce the resulting set further remo ving all irrelev an reduction goals from it. or example, consider the state of Figure 5.5. State con tains non terminal transitions on the sym ols and The only unimp ortan sym ol in that set is After is remo ed, the irrelev an sym ols and are remo ed from the subset lea ving as the only relev an reduction goal in The notion of an imp ortan sym ol can also extended to terminal candidates in the symb ols sets. Once again, consider the state of Figure 5.5. This state con tains single terminal action on the sym ol id but, since id app ears only in the item id it is not an imp ortan candidate in The remo al of unimp ortan terminals impro es the time erformance of the primary reco ery and sa es space. Ho ev er, it ma suppress some opp ortunities for merging and missp elli ng corrections. In section 5.2.3, an algorithm is presen ted that can used to further reduce the space used symb ols and nt symb ols 5.2.2 ptimization of ames In order for the error reco ery to issue meaningful diagnoses, the names of the sym ols used in the grammar should sa ed. In fact, it is ery helpful to allo the user to map terse sym ol names used in his grammar in to more descriptiv names. or example, non terminal relop migh mapp ed in to the string \relational op erator"; the end-of-�le terminal in an Ada grammar migh mapp ed in to the string \End of Ada source", etc. Dep ending on the nature of an input grammar, some non terminals ma nev er used in issuing diagnosis. Therefore, the names asso ciated with these sym ols can remo ed. Tw kinds of non terminals fall in this category: ullable non terminals and non terminals that are alw ys subsumed another non terminal. The pro cessing of ullable non terminals in issuing diagnostic messages as discussed in section 4.4.3. non terminal is said to alw ys subsumed another non terminal if whenev er app ears in the righ t-hand side of rule, the rule in question is single-pro ducti on of the form for some non terminal In suc case, (actually the name asso ciated with will nev er app ear in diagnostic message since the left-hand side sym ol in question ould higher sym ol (see section 4.4.3) than 5.2.3 ptimization of inite bsets of Small ni erse Observ that most of the information generated for error reco ery consists of �nite sub- sets of small univ erse. If the only op eration erformed on these subsets is iteration, sequen tial represen tation of these sets will yield go time-p erformance. or example, symb ols and nt symb ols are mappings from states in to subsets of terminals and non ter- minals, resp ectiv ely During error reco ery the only op eration erformed on these sets of candidates is iteration. In practice, man of the subsets in olv ed in these applications are iden tical and can share the same space. In addition, the resulting collection of unique subsets can further optimized with new algorithm, called Optimal artition 40 ], that tak es adv an ta ge of the fact that some subsets in that collection are prop er subsets of others. Optimal artition is 91 used to optimize the subsets in the range of symb ols and nt symb ols as ell as the sets of states asso ciated with the scop es. The op eration erformed on the set of states asso ciated with scop is lo okup. Ho ev er, suc set is usually so small that, in practice, lo ok up on sequen tial represen tation of it is acceptable. 5.2.3.1 The General Problem Let an alphab et and let collection of unique subsets of Find sequen tial represen tation of that minimizes the storage space required suc that the elemen ts of eac ccur in consecutiv lo cations. set is said to ha the onse cutive etrieval pr op erty with resp ect to univ erse if there exists an organization of (without duplication of an sym ol) suc that for ev ery all relev an sym ols of can stored in consecutiv storage lo cations. olynomial time algorithm for �nding suc an arrangemen t, if it exists, as presen ted ulk erson and Gross ]. Ho ev er, in most practical cases, pair do es not ha the consecutiv retriev al prop ert Hence, duplic ation of sym ols ust allo ed so that ertinen sym ols corresp onding to an subset in are alw ys stored consecutiv ely This problem can stated more formally as follo ws: Is there string with suc that for eac the elemen ts of ccur in consecutiv blo of sym ols of This problem kno wn as Consecutiv Sets(CS) as osed Kou in and pro en to NP-complete. No w, consider the problem of �nding string of minim um length, required to store the subsets of suc that the elemen ts of eac subset ccur in consec- utiv blo of sym ols of and if an subsets and share common elemen ts then one is prop er subset of the other.

This problem can stated more formally as follo ws: Is there partition of suc that for giv en in teger K: either or Let represen the largest subset in then This problem is the Optimal artition problem, OP for short. In App endix C, OP is pro ed to solv able in olynomial-time reducing it to the maxim um eigh ted bipartite matc hing problem 40 ]. In the remainder of this section, algorithm based on OP is used to optimize the space required to store set of sets sequen tially follo ed the description of time-e�cien heuristic for OP whic h, in most cases, �nds partition that is ery close to eing optimal. 5.2.3.2 Application of OP With OP one can tak adv an tage of the fact that there is no erlap of subsets in the elemen ts of the partition to construct string suc that eac subset can iden ti�ed with only one index indicating its starting oin t. Assuming is sp ecial mark er sym ol, one pro ceeds as follo ws: 92 step0: initiali ze to the empty string step1: for eac do steps 1.1-1.3 step1.1: construct :::; ], an ordered list of the elemen ts of where and It is kno wn that suc linear ordering of the elemen ts of is ossible the de�nition of OP step1.2: for in ::m app end to all sym ols that are in but not in step1.3: app end to the sym ol 5.2.3.3 OP euristic Ev en though OP can computed olynomial-time algorithm, the algorithm in question is not ery e�cien and in certain en vironmen ts ma pro to impractical. simple heuristic for OP will describ ed elo w. In most cases, this approac orks ery ell and can computed in time. set that is not included in an other set in giv en partition is called ase set. The follo wing heuristic is essen tially greedy algorithm that constructs the classes of the partition one at time and tries to minimize the length of the �nal string alw ys includi ng the largest subset it can �nd. The partition is constructed as set of ordered lists of subsets, where eac suc list mak up class of the partition and the order of the elemen ts in the list is exactly the prop er linear ordering for the subsets: step 0: step 1: onstruct artition [1 :: of wher e: and step 2: do steps 2.1 and 2.2 step 2.1: et the class in with the lar gest subsets. et an arbitr ary subset of emove fr om and initiali ist := ]; step 2.2: if then emove fr om end if step 3: for in :: 1] lo op if then emove fr om ist := ist ]; := if then emove fr om end if end if end lo op step 4: ist step 5: if then goto step 2; else stop end if 93 Using buc et sort, step can computed in time. or steps 2-5, the orst case ccurs when no subset is sup erset of another and eac con tains exactly one elemen t. In that case, eac subset is remo ed, in turn, from and tested against the elemen in eac The total um er of subset hec ks in that case is 1) 2, whic giv es us total running time of ). Exp erimen tal results using oth OP and this heuristic algorithm are presen ted in Figure C.1 in section C.3. 5. ar When parsing tables are compressed with this metho d, eac parsing action can com- puted with �xed um er of primitiv op erations on in tegers and arra ys of in tegers. or an LALR(1) parser, the computation of terminal action costs exactly indexing op erations, addition and comparison. or an LALR( parser, in addition to the initial LALR(1) action, extra lo ok ahead transitions ma required. Eac lo ok ahead transition costs additions, subtraction, comparisons and indexing op erations. The computation of non terminal action alw ys costs indexing op erations, addition and comparison. Figure D.1 of App endix sho ws the space requiremen of the parsing and error reco ery tables of programming language grammars. 94 on ion new metho has een presen ted for constructing practical and e�cien LALR( parsers with automatic error reco ery Signi�can con tributions and impro emen ts er the cur- ren state-of-the-art ere made in three areas: parser generation, error reco ery table optimization and table compaction. In the parser generator describ ed in this thesis, only the minim um amoun of lo ok ahead information necessary (up to lev els) to disam biguate inconsisten states in the LR(0) au- tomaton is computed. Consequen tly this parser generator is e�cien since, in practice, few states require more than one lo ok ahead. urthermore, the generated parsers are e�cien t, ecause at run-time the parser consults extra lo ok ahead sym ols only when necessary The LR( error diagnosis and reco ery metho presen ted here is completely language- and mac hine-indep end en and more e�cien than other kno wn metho ds. It features the follo wing inno ations and tec hniques: new deferred driv er that alw ys detects an error at the earliest ossible oin t; generalized simple reco ery metho that uses oth terminal and non terminal sym- ols; phrase-lev el reco ery that is an e�cien (and completely automatic) generalization of the error pro duction metho d; new, completely automatic metho for scop reco ery um er of inno ativ space optimization ideas are in tro duced in this thesis. The um er of useful en tries in the parsing tables and the error reco ery maps are reduced and space is shared among similar sets. ollo wing optimization, the parsing tables and the error reco ery maps are compacted separately This allo ws complete and accurate information to retained. The resulting compacted parsing tables are the most time- and space-e�cien kno wn to date. 95 no led emen There are man eople without whose help ould not ha een able to reac this goal. ould lik to giv ery sp ecial thank ou to ran Allen for her encouragemen t, supp ort and for giving me the opp ortunit to go bac to sc ho ol and �nish degree. thank the IB Corp oration for its �nancial supp ort. giv sp ecial thanks to advisor, Edmond Sc hon erg, for his guidance and insigh tful suggestions and to Gerry Fisher, .S. advisor, who got me in terested in this �eld and with whom dev elop ed the table compression algorithm. thank the mem ers of the PTRAN group: ik Burk e, aul Carini, Ron Cytron, ong Deok Choi, eanne erran te, Sue Flynn, Emily Plac Edith Sc hon erg and Da vid Shields. ik and ha een friends for man ears. am particularly thankful to him for helping me with writing and for man useful tec hnical discussions on error reco ery and parsing in general. The error reco ery metho describ ed in this thesis as inspired previous ork done ik and Gerry Ron and joined IB around the same time and ha een friends ev er since. Ron has alw ys een ery supp ortiv and helpful. eanne review ed some of pap ers and made some helpful commen ts. an eople ha con tributed some useful ideas to this ork: Lauren autet as co- author of the Optimal artition solution; ranco Gasp eroni pro ed the NP-completeness of the string compatibili problem; ritz Henglein help ed me on man ccasions with some theoretical problems; atthew Smosna made man orth while suggestions whic found their in to this ork; Yv onne Lesesne translated the original PL/I co de to C; Kirk Sn yder help ed me unco er some bugs and o�ered man aluable suggestions. Some ideas presen ted in this ork ere dev elop ed as result of requests made from the LPG user comm unit at IB in particular, Kile Reev es and Ira Sheftman made some helpful suggestions. an thanks to family esp ecially mother. Sp ecial thanks to Andrea Erstling who has een ery supp ortiv and help ed me edit this ork. Thank ou to all friends, esp eciall Elys ee, ritz, and Selena. am ery grateful to Professor alcolm Bro wn of Bro oklyn College, Sherman Lee, undergraduate advisor, and Professor Harry Hamilton of the State Univ ersit of New ork at Alban for their ositiv in uence during undergraduate ears. This ork is dedicated to aun t, s. eanne Leonard. 96 pp erimen tal lt it ori In this app endix, exp erimen tal results obtained from six grammars of di�eren sizes and complexit are presen ted. The table of Figure A.1 summarizes the haracteristics of eac of the grammars used. The ascal1 and ascal2 grammars are LALR(2) and the others are LALR(1). ascal2 is the grammar of App endix F. Ada is the grammar of 31 ]. Note that for the ascal1 and ascal2 grammars, under the \states" column um ers are rep orted. The �rst is the um er of LR(0) states and the second is the um er of lo ok ahead states. The automaton for these grammars also con tains lo ok ahead-shift action for eac lo ok ahead state. ram m ascal 63 110 213 626 193 396 329 336 574 ascal1 63 111 215 625 189 393 324 332 569 ascal2 63 111 215 627 191 393 326 334 569 85 98 266 786 206 349 987 975 322 96 304 523 1527 516 593 700 884 1779 Se 123 362 746 2398 824 1987 5755 2250 4360 Figure A.1: Grammar information The �rst three columns in the table of Figure A.1 indicate the um er of terminals, non terminals and pro ductions, resp ectiv ely in eac grammar; the it ms column indicates the total um er of items in the grammar, i.e., let represen the list of sym ols on the righ t-hand side of pro duction then it ms 1; the stat column indicates the um er of states in the LR(0) automaton; the ts and otos columns indicate, resp ectiv ely the um er of shift and goto transitions in the LR(0) automaton. Figure D.1 giv es more information ab out these grammars and their automata. The main goal of the exp erimen ts as to compare the time erformance of eac metho in terms of the um er of union op erations it required to compute the LALR(1) lo ok ahead sets for eac grammar. Note that lo ok ahead sets ere computed only when necessary to 97 resolv con icts. In particular, lo ok ahead sets asso ciated with LR(0) reduce states ere not computed. The DP and PCC metho ere implemen ted. It as not necessary to implemen the BL metho since its time erformance, in terms of um er of union op erations erformed, is iden tical to the DP metho d. The algorithm as implemen ted as describ ed in section 2.2.1. The um er of union op erations required is rep orted under the nions column. When the impro emen suggested in section 2.3.1 is added, the um er of union op erations required is calculated as the um er of visits isits made to TRANS Recall that in suc case preliminary pass is required to compute the DR sets for eac state. The total um er of elemen ts in these sets is equal to ts The data from the exp erimen ts is sho wn in �gure A.2. ascal 1176 3382 13651 36829 5861 12038 Se 30770 67479 Figure A.2: Results of exp erimen ts The table of �gure A.3 sho ws the um er of union op erations required to compute the necessary FIRST sets. The nions column indicates the um er of union op erations required to construct the FIRST sets for non terminals. The nions column indicates the additional op erations required to compute the FIRST sets for su�xes that follo non terminal in pro duction of The cost of computing these maps as incurred the DP and PCC algorithms. ammar ascal 137 10 ascal1 137 11 ascal2 137 13 166 372 Se 508 10 Figure A.3: Unions required for FIRST maps The DP metho as implemen ted with the impro emen ts suggested in section 2.3.2. The data from the DP exp erimen ts is sho wn in the table of �gure A.4. The READ column indicates the um er of union op erations required to construct the READ sets from FIRST sets. The OLLO column indicates the um er of union op erations required to construct the OLLO sets from READ sets. The LA column indicates the um er of union op erations required to construct the LA sets from OLLO sets. The otal column includes the union op erations incurred the construction of the FIRST sets. 98 The data from the PCC exp erimen ts is sho wn in the table of �gure A.5. The TH column indicates the um er of union op erations required to construct the TH sets. The OLLO and LA columns indicate the um er of union op erations required to construct the OLLO and LA sets, resp ectiv ely The otal column includes the union op erations incurred the construction of the FIRST sets. Finally the table of �gure A.6 sho ws ho the di�eren metho ds erformed. Eac en try in the table indicates the total um er of union op erations that ere required the particular metho that lab els the column and the grammar that lab els the ro w. 99 rles EA LA ascal 93 769 384 1393 ascal1 90 764 381 1383 ascal2 91 764 415 1420 106 1684 1212 3168 132 1868 750 3127 Se 281 7083 3154 11036 Figure A.4: Results of DP exp erimen ts LA ascal 853 759 805 2564 1888 2114 2317 6485 3978 1824 1354 7533 Se 6886 7926 6154 21484 Figure A.5: Results of PCC exp erimen ts ammar ascal 1176 1393 2564 ascal1 1383 ascal2 1420 13651 3168 6485 5861 3127 7533 Se 30770 11036 21484 Figure A.6: Comparison of the metho ds 100 pp trin ompatibil i Let an alphab et con taining sp ecial blank haracter, denoted Consider set of strings of haracters, eac of length := string is said to compatible with another string if and only if for either or or This compatibilit relation is re exiv and symmetric, but not transitiv e. The String Compatibilit problem is: giv en some ositiv in teger can par- titioned in to omp atible classes omp atible class of is subset of whose elemen ts are pair-wise compatible. The String Compatibilit problem is NP-complete. This will sho wn reducing cli ue over (also kno wn as artition into li ues 22 ]) to String Compatibilit 44 ]. Recall the de�nition of artition in to Cliques: nstance: Graph ) ositiv in teger uestion: Can the ertices of the graph partitioned in to disjoin sets suc that for the subgraph induced is complete graph (also called clique). Re ction Giv en an instance of \P artition in to Cliques", construct ne gative graph where Let eac represen ted an in teger in the range :: and let The set is constructed mapping eac ertex in to string of length and adding to The mapping is done as follo ws. If then otherwise This transformation can clearly computed in olynomial-time. laim subset of the strings in form compatible class if and only if the corre- sp onding ertices in form clique. Let subset of that forms compatible class, then for eac pair of strings and in Therefore, It follo ws that the ertices that corresp ond to the strings in induce clique in 101 nly if Con ersely giv en clique in and an edge in that clique, the cor- resp onding strings and are compatible. In fact, if is not compatible with then there exists an edge suc that and But, this implies that whic is con tradiction. Th us, can partitioned in to cliques if and only if can partitioned in to compatible classes. 102 pp Optimal artition .1 eig ar ing Pr ble Giv en an alphab et and collection where for eac and an e�ectiv metho is presen ted to construct bipartite graph with eigh function de�ned on suc that maxim um eigh ted matc hing obtained from de�nes an Optimal artition for with the elemen ts of eac class in the partition linearly ordered. C.1.1 ipartite raph The bipartite graph is constructed fron the collection as follo ws. Firstly eac subset is asso ciated with unique no de and unique no de Next, bijectiv functions and are used to mak the resp ectiv asso ciations: The no de yielded is denoted and the no de yielded is denoted Tw no des and corresp onding to the same subset are said to twins Let the op erator denote prop er inclusion, i.e., means that is subset (sup erset) of but binary relation is de�ned as follo ws: is transitiv e, non-re exiv e, and non-symmetric. The set of edges in is constructed as follo ws: 103 Giv en an edge is said to suc essor of and is pr de ess or of Let bipartite matc hing, not necessarily maximal, on then lemmas and follo w: emma C.1.1 ach is onne cte to at most one suc ess or in emma C.1.2 ach is onne cte to at most one pr de ess or in Pro of: de�nition of bipartite matc hing. no de ha ving no successor is called terminal no de. no de whose win has no predecessor is called ase no de. Let the set of base no des induced and let the set of terminal no des induced emma C.1.3 Pro of: Assume that Then ev ery no de in is matc hed to some no de in This implies that for eac subset and in suc that but, this implies that the relation is circular, whic is con tradiction. Corollar C.1.1 and Pro of: By the same argumen used for lemma C.1.3 ab e, By de�nition of bipartite matc hing, it follo ws that the um er of unmatc hed no des in ust equal to the um er of unmatc hed no des in Consider an arbitrary matc hing and the sets and induced it. or ev ery let the set of no des suc that there is sequence where and 1. function is de�ned on eac elemen where as follo ws: subset corresp onding to base no de is referred to as ase subset and is said to de�ne the set ). emma C.1.4 et where then is artition of and the subsets ontaine in ach element an line arly or der by the elation 1. Giv en an arbitrary subset it is included in one of the set elemen ts of Pro of: If is base subset then it is clearly includ ed in If is not base subset then its corresp onding no de has predecessor in sa corresp onding to subset Since is transitiv and non-circular then so is Therefore, there exists base subset suc that Hence, is con tained in an elemen of 2. Giv en base subsets and if then Pro of: Lemma C.1.1 and C.1.2 and de�nition of 104 3. The total order of the elemen ts of can determined from the ordering of the corresp onding sequence of ). (1), (2) and (3) ab imply that is partition of and the subsets con tained in eac can linearly ordered according to emma C.1.5 et artition of such that the elements of ach an line arly or der d, then orr es onds to matching in Pro of: Consider eac ordered sequence in turn. Include the set of edges in the matc hing. Theorem C.1.1 is artition of whose elements an line arly or der ase on the elation if and only if it is induc by matching on the orr esp onding gr aph The pro of follo ws from lemmas C.1.4 and C.1.5. C.1.2 eigh nction eigh function is de�ned on edges of as follo ws: Applying maxim um eigh ted bipartite matc hing algorithm to yields matc hing that induces set of base no des: suc that the total eigh of is: Let the total sum of the lengths of the elemen ts of Let the sum of the lengths of the base subsets. can computed giv en and the eigh of the matc hing as follo ws: Recall that the elemen ts of the base subsets are concatenated to construct the string Therefore, since is constan and the sum of the eigh t of the non-b ase subsets is maximized the maxim um eigh t ed bipartite matc hing algorithm, it follo ws that is minimized Hence, the �nal result whic is restated as follo ws: Theorem C.1.2 min min The pro of follo ws from Theorem and maxim um eigh ted bipartite matc hing. 105 le Assume that one can test whether or not giv en set is prop er subset of another set in unit time. This is reasonable assumption if the length of is not to large and bit-strings are used to represen the subsets. With that assumption, the construction of the graph from the collection requires op erations. arjan in sho ed that the maxim um eigh ted bipartite matc hing problem can reduced to the max- o w/min-cost problem with no negativ cost cycles. He also presen ted an algorithm for �nding minim um cost maxim um o in net o rk with no des and edges in log time. In this case, the cost of constructing the graph is dominated the max- o w/min-cost algorithm and n= 2. Hence, the total running time is: nm log eri en al es Exp erimen tal results with the symb ols maps of the six programming language grammars men tioned in App endix are presen ted in �gure C.1. ammar symb ols merged Heuristic OP ascal 80 1051/193 425/73 173/29 172/28 ascal1 63 1036/189 423/72 172/29 171/28 ascal2 63 1040/191 425/73 172/29 171/28 85 2598/206 1153/88 478/32 451/30 Ada 96 2847/516 1229/180 545/67 538/62 Sedl 123 11855/824 3465/266 1465/91 1429/84 Figure C.1: Exp erimen tal results In the column headed symb ols um ers are sp eci�ed for eac grammar. The �rst um er indicates the sum of the sizes of the sets in the range of symb ols and the second um er indicates the um er of elemen ts in the map. Giv en symb ols map, efore OP is applied to it, the sets in its range that are iden tical are merged. In the column headed \merged", the �rst um er sp eci�ed for eac elemen indicates the sum of the sizes of the sets in the merged map and the second um er indicates the um er of merged sets. The column headed \Heuristic" sho ws the length of the resulting string and the um er of bases in the partition obtained using the heuristic algorithm describ ed in section 5.2.3.3. The column headed \OP" sho ws the length of the resulting string and the um er of bases obtained using OP 106 pp tati ti The table of Figure D.1 sho ws some statistics ab out the grammars describ ed earlier and their LALR( parser constructed with this metho d. The information in the table is self-explanatory In sp ecifying storage alues, an 8-bit yte mac hine is assumed. That is, in teger alues less than 255 are assumed to stored in single yte; in teger alues that are greater than 255 are assumed to stored in ytes. 107 ascal ascal1 ascal2 Se erm inals 63 63 63 86 96 124 Nonterminals 110 111 111 98 304 362 ro ctions 213 215 215 266 523 746 tor for ules tem 626 625 627 786 1527 2398 Scop es 13 13 13 30 25 93 States 193 189 191 206 516 824 Lo -a ea states actions 396 393 393 349 593 1987 oto actions 336 332 334 975 884 2250 Re ce actions 329 324 326 987 700 5755 oto Re ce actions 574 569 569 322 1779 4360 Re ce actions 326 320 390 1262 1554 4113 oto entries remove lt 245 244 245 915 705 1763 oto Re ce entries remo ve lt 484 481 481 270 1592 3958 Non-terminals elim inate lt 60 62 61 52 216 206 Len OTO EC able 485 477 480 417 1187 2076 Len OTO INF able 374 365 368 318 882 1713 Use entries in OTO INF 374 365 368 318 882 2076 Sto ra com resse OTO 1455 1431 1440 1251 3561 1713 erm inal states ter m er in 130 128 133 159 356 513 actions remove m er in 456 450 451 541 679 5484 Re ce actions remove m er in 30 47 48 109 579 1450 Re ctions rem ove lt 263 261 326 1143 908 2544 Len CTION EC able 475 471 490 1076 1133 3014 Len CTION INF able 428 420 436 1049 1037 2951 Use entries in CTION INF 412 420 417 964 1037 2890 Sto ra com resse CTION 1331 407 1362 3174 3207 8916 tor for rsi les ctions in pressed les ts Re ces LA ts 269 268 273 795 614 2258 otos oto Re ces 181 176 177 112 366 889 Re ces 55 53 62 90 212 343 tor for rror ps m ap 399 392 394 928 1651 3188 m ap 328 323 327 346 1636 2578 m ap 282 280 281 442 780 2843 uired stor for rror ps Unoptim NA m ap 2721 2728 2728 2786 8899 9491 pti ed NA ot tor uire en for rsi nd rror eco er les es not incl NA m ap) Figure D.1: arser Statistics 108