
AssociativityRight recursion produces right associativity.Treewalk evaluation produces \wrong" sequence.
* * *id id id id
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AssociativityRight recursion produces right associativity.Left recursion results in left associativity.This is the \natural" associativity.
***id id id id
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Left recursion versus right recursionRight recursion: (e.g., E ::= id + E)� needed for termination in predictive parsers� requires more stack space� right associative operatorsLeft recursion: (e.g., E ::= E + id)� works �ne in bottom-up parsers� limits required stack space� left associative operatorsRule of thumb:� right recursion for top-down parsers� left recursion for bottom-up parsersCPSC 434 Lecture 11, Page 3



The role of precedencePrecedence and associativity can be used to resolveshift/reduce con
icts in ambiguous grammars.� lookahead with higher precedence ) shift� same precedence, left associative ) reduceAdvantages:� more concise, albeit ambiguous, grammars� shallower parse trees ) fewer reductions) a simpler expression grammar<expr> ::= <expr> * <expr>j <expr> / <expr>j <expr> + <expr>j <expr> - <expr>j ( <expr> )j -<expr>j idj numCPSC 434 Lecture 11, Page 4



Error recovery in LL(1) parsersKey notion:� for each non-terminal, construct a set ofterminals on which the parser can synchronize.�When an error occurs looking for A, scan untilan element of SYNCH(A) is found, then pop Aand continue.Building SYNCH:1. a 2 FOLLOW(A) ) a 2 SYNCH(A)2. place keywords that start statements inSYNCH(A)3. add symbols in FIRST(A) to SYNCH(A)If we can't match a terminal on the top of stack:1. pop the terminal2. print a message saying the terminal was inserted3. continue the parseCPSC 434 Lecture 11, Page 5



Error recovery in shift-reduce parsersThe problem� encounter an invalid token� bad pieces of tree hanging from stack� incorrect entries in symbol tableWe want to parse the rest of the �leRestarting the parser� �nd a restartable state on the stack� move to a consistent place in the input� print an informative message (line number)For a general discussion, see J.J. Horning's What the compilershould tell the user in Compiler Construction, An AdvancedCourse, Springer-Verlag, 1974.CPSC 434 Lecture 11, Page 6



Error recovery in yaccYacc's error mechanism� designated token error� valid in any production� error shows synchronization points
When an error is discovered� pops the stack until error is legal� skips input tokens until it matches 3 tokens� error productions can have actionsThis mechanism is fairly general
See x7 of Yacc: yet another compiler-compilerby Stephen C. JohnsonCPSC 434 Lecture 11, Page 7



Error recovery in yaccstmt list : stmtj stmt list ; stmtcan be augmented with errorstmt list : stmtj errorj stmt list ; stmtthis should� throw out the erroneous statement� synchronize at \;" or \end"� invoke yyerror("syntax error")Other \natural" places for errors� all the \lists"� missing parentheses or brackets� extra operator or missing operatorCPSC 434 Lecture 11, Page 8



LR(1)SLR(1) parsers may not be able to parse some LRgrammars.Problem is that lookahead information is added toLR(0) parser at the end of construction.We can get more powerful parser by keeping trackof lookahead information in the states of the parser.If, in a single left-to-right scan, we can constructa reverse rightmost derivation, while using atmost a single token lookahead to resolveambiguities, then the grammar is LR(1)Of course, we would like a more formal de�nition.Unfortunately, that requires some more notation.CPSC 434 Lecture 11, Page 9



LR(1) grammarsGiven these de�nitions, we can formally de�ne anLR(1) grammar.An augmented grammary G is LR(1) if the threeconditions1. Start)� �Aw)� ��w,2. Start)� 
Bx)� ��y,3. FIRST(w) = FIRST(y)imply that �Ay = 
Bx(That is, � = 
, A = B, and x = y)To extend this to LR(k) grammars, we de�neFIRSTk(�) as the leading k symbols that beginstrings derived from �The de�nition extends naturally by changing rule 3y An \augmented grammar" is one where the startsymbol appears only on the lhs of productionsFor the rest of LR parsing, we will assume thegrammar is augmented with a production S 0 ::= SCPSC 434 Lecture 11, Page 10



LR(k) itemsThe table construction algorithms use LR(k) itemsto represent the set of possible states in a parseAn LR(k) item is a pair [�; �], where� is a production from G with a � at someposition in the rhs� is a lookahead string containing k symbols(terminals or eof)What about LR(1) items?� example LR(1) item: [A ::= X � Y Z; a]� LR(1) items have lookahead strings of length 1� several LR(1) items may have the same core[A ::= X � Y Z; a][A ::= X � Y Z; b]we represent this as[A ::= X � Y Z; fa, bg ]CPSC 434 Lecture 11, Page 11



LR(1) lookaheadWhat's the point of all these lookahead symbols?� carry them along to allow us to choose correctreduction when there is any choice� lookaheads are bookkeeping, unless item has �at right end.| in [A ::= X � Y Z; a], a has no direct use| in [A ::= XY Z�; a], a is useful� allows use of grammars that are not uniquelyinvertibleyRecall, the SLR(1) construction uses LR(0) items!The pointFor [A ::= ��, a] and [B ::= ��, b], we can decidebetween reducing to A and to B by looking atlimited right context!y G is uniquely invertible if no two productions have the same rhsCPSC 434 Lecture 11, Page 12



Canonical LR(1) itemsThe canonical collection of LR(1) items:� set of items derivable from [S 0 ::= �S; eof]� set of all items that can derive the �nalcon�gurationEssentially,� each set in the canonical collection of sets ofLR(1) items represents a state in an NFA thatrecognizes viable pre�xes.� Grouping together is really the subsetconstruction, x3.6To construct the canonical collection we need twofunctions:� closure(I)� goto(I;X)CPSC 434 Lecture 11, Page 13



LR(1) closureGiven an item [A ::= � �B�; a], its closure containsthe item and any other items that can generatelegal substrings to follow �.Thus, if the parser has viable pre�x � on its stack,the input should reduce to B� (or 
 for some otheritem [B ::= �
; b] in the closure).To compute closure(I)function closure(I)repeatnew item  falsefor each item [A ::= � �B�; a] 2 I,each production B ::= 
 2 G0,and each terminal b 2 FIRST(�a),if [B ::= �
;b] 6 2 I thenadd [B ::= �
; b] to Inew item  trueendifuntil (new item = false)return IAho, Sethi, and Ullman, Figure 4.38CPSC 434 Lecture 11, Page 14



LR(1) gotoLet I be a set of LR(1) items and X be a grammarsymbol.Then, goto(I;X) is the closure of the set of allitems[A ::= �X � �;a] such that [A ::= � �X�;a] 2 IIf I is the set of valid items for some viable pre�x
, then goto(I;X) is the set of valid items for theviable pre�x 
X.goto(I;X) represents state after recognizing X instate I.To compute goto(I;X)function goto(I, X)J  set of items [A ::= �X � �; a]such that [A ::= � �X�; a] 2 IJ0  closure(J)return J0Aho, Sethi, and Ullman, Figure 4.38CPSC 434 Lecture 11, Page 15



Collection of sets of LR(1) itemsWe start the construction of the collection of sets ofLR(1) items with the item [S 0 ::= �S; eof], whereS 0 is the start symbol of the augmented grammar G0S is the start symbol of G, andeof is the right end of string markerTo compute the collection of sets of LR(1) itemsprocedure items(G0)C  fclosure(f[S 0 ::= �S; eof]g)grepeatnew item  falsefor each set of items I in C andeach grammar symbol X such thatgoto(I;X) 6= ; andgoto(I;X) 6 2 Cadd goto(I;X) to Cnew item  trueendforuntil (new item = false)Aho, Sethi, and Ullman, Figure 4.38CPSC 434 Lecture 11, Page 16



LR(1) table constructionThe Algorithm1. construct the collection of sets of LR(1) itemsfor G0.2. State i of the parser is constructed from Ii.(a) if [A ::= � � a�;b] 2 Ii and goto(Ii; a) = Ij,then set action[i, a] to \shift j". (a mustbe a terminal)(b) if [A ::= ��; a] 2 Ii, then set action[i, a] to\reduce A ::= �".(c) if [S 0 ::= S�; eof] 2 Ii, then set action[i,eof] to \accept".3. If goto(Ii; A) = Ij, then set goto[i, A] to j.4. All other entries in action and goto are set to\error"5. The initial state of the parser is the stateconstructed from the set containing the item[S 0 ::= �S; eof].Aho, Sethi, and Ullman, Algorithm 4.10CPSC 434 Lecture 11, Page 17



Example The Grammar1 goal ::= expr2 expr ::= term + expr3 j term4 term ::= factor * term5 j factor6 factor ::= idACTION GOTOid + * eof expr term factorS0 s4 | | | 1 2 3S1 | | | acc | | |S2 | s5 | r3 | | |S3 | r5 s6 r5 | | |S4 | r6 r6 r6 | | |S5 s4 | | | 7 2 3S6 s4 | | | | 8 3S7 | | | r2 | | |S8 | r4 | r4 | | |CPSC 434 Lecture 11, Page 18



ExampleStep 1I0  f[g ::= � e, eof]gI0  closure(I0)f[g ::= � e, eof], [e ::= � t + e, eof],[e ::= � t, eof], [t ::= � f * t, +],[t ::= � f * t, eof], [t ::= � f, +],[t ::= � f, eof], [f ::= � id, +],[f ::= � id, eof]gIteration 1I1  goto(I0; e)I2  goto(I0; t)I3  goto(I0; f)I4  goto(I0; id)Iteration 2I5  goto(I2; +)I6  goto(I3; *)Iteration 3I7  goto(I5; e)I8  goto(I6; t)CPSC 434 Lecture 11, Page 19



ExampleI0: [g ::= � e, eof], [e ::= � t + e, eof],[e ::= � t, eof], [t ::= � f * t, f+, eofg],[t ::= � f, f+, eofg], [f ::= � id, f+, eofg]I1: [g ::= e �, eof]I2: [e ::= t �, eof], [e ::= t � + e, eof]I3: [t ::= f �, f+, eofg], [t ::= f � * t, f+, eofg]I4: [f ::= id �, f+, *, eofg]I5: [e ::= t + � e, eof], [e ::= � t + e, eof],[e ::= � t, eof], [t ::= � f * t, f+, eofg],[t ::= � f, f+, eofg], [f ::= � id, f+, *, eofg]I6: [t ::= f * � t, f+, eofg], [t ::= � f * t,f+, eofg],[t ::= � f, f+, eofg], [f ::= �id; f+, *, eofg]I7: [e ::= t + e �; eof]I8: [t ::= f * t �; f+, eofg]
CPSC 434 Lecture 11, Page 20


