Compilation of Id Subset of Id Zena M. riola Aik en Computational Lab oratory Harv ard Univ ersit rvind Lab oratory for Computer Science Massac usetts Institute of ec hnology No em er 1, 1990 Abstract Compilation of Id, higher-order non-strict functional language augmen ted with I- structures, is describ ed in terms of languages. The �rst language is called Kid, whic is Kernel language for Id. Kid is further translated in to language where all Kid data struc- tures and functions are represen ted using only one data structure. This second language is called P-T for arallel Three Address Co de. The op erational seman tics of oth Kid and P-T are presen ted in terms of ontextual duction systems ormalization of man commonly kno wn optimizations is also presen ted in the con textual reduction framew ork. Keyw ords and phrases erm Rewriting Systems, Con textual Reduction Systems, Data o w, unctional Languages, I-structures, Compiler Optimizations. In tro duction 2.53in Figure 1: Compilation sc heme describ the compilation of Id subset of the Id language, in terms of successiv translations in to di�eren languages. Eac of the successiv languages has precise op erational seman tics, whic is giv en in terms of rewrite rules. The compilation sc heme is sho wn in Figure 1. Id do es not con tain the follo wing features of Id: abstract yp es and algebraic yp es except lists; erloading; utable structures. Id is �rst parsed in to de-sugared Id where enough paren theses are inserted to mak op era- tor asso ciativit and precedence irrelev an t. Desugared Id also do es not con tain patterns in func- tion de�nitions. During the de-sugaring phase list-comprehensions and arra y-comprehensions are transformed in to nested lo ops. will informally describ this phase in the next Section. In the next phase de-sugared Id is translated in to Kid, the Kernel language for Id. Kid is subset of Id except for the notion of multiple values whic ha een inspired data o graphs. Essen tially Kid program con tains only primitiv patterns and simple expressions. The Kid syn tax and op erational seman tics are giv en in Section 3. The translation from de-sugared Id to Kid, including the compilation of complex patterns in to primitiv patterns, is describ ed in Section 4. Kid serv es sev eral purp oses. Since Id is to complex to giv en direct op erational seman- tics, it is preferable �rst to giv translation of Id in to smaller language suc as Kid. Th us, Id is de�ned indirectly in terms of the rewrite rule seman tics of Kid. Kid is also the in ter- mediate language in whic large um er of arc hitecture indep enden compiler optimizations are erformed. These optimizations are describ ed in Section 5. think that man other yp es of analyses suc as Milner st yle yp hec king, or abstract in terpretation for storage recla- mation should erformed at the Kid lev el. These analyses are not describ ed in this do cumen t. An implemen tation metho that is preferred man researc hers eliminates explicit en vi- ronmen ts con taining the alue of free ariables of function. This requires applying program transformation kno wn as lam da-lifting. Lam da-lifting in olv es steps: �rst, all nested function de�nitions -expressions) of Kid program are \closed" turning their free ariables in to parameters. In the second step, all closed de�nitions are lifted to the top lev el. Lam da- lifting should done after optimizations ha een erformed on Kid programs. There are man algorithms for doing lam da-lifting and do not describ an of them in this do cumen t.

In terested reader is referred to Johnsson’s pap er ]. The next step is to translate lam da-lifted Kid program in to P-T ], whic is uc smaller language than Kid. This translation calls for ho osing mac hine represen tation for eac yp of Kid alue and th us, in olv es man lo lev el e�ciency issues. P-T and its op erational seman tics are giv en in Section 6. translation from Kid in to P-T is giv en in Section 7. end the do cumen sho wing in Section ho P-T program is extended with Signals whic are needed to detect termination and for resource managemen t. Our compiling approac allo ws the formalization of questions related to correctness ]. or example, it will mak sense to talk ab out the correctness of lam da-lifting, or the correctness of the translation from Kid to P-T C. Moreo er, since there exists an indep enden op erational seman tics of Id in terms of ev en smaller subset of ernel Id ], it ma ossible to pro the correctness of the translation et een de-sugared Id and Kid. Another adv an tage of our approac is that are able to dela the in tro duction of concepts tied to sp eci�c mac hines or ev en to the data o computation mo del un til actually generate mac hine co de. Ho ev er, in this do cumen do not go elo the P-T lev el. Desugared Id The syn tax of de-sugared Id is describ ed in Figure 2. As can seen from the grammar, de- sugared Id is fully paren thesized and th us has no op erator precedence. Th us, an Id expression lik (f x) map xs ecomes ((f x):((map f) xs)) Id has curried ersions of in�x binary op erators whic are written enclosing the op erator in paren thesis. Th us, (+) represen ts the curried and it mak es sense to write ((+) 2) in Id. In de-sugared Id treat the curried ersion of an op erator as constan t, whic has standard function de�nition asso ciated with it. or the sak of symmetry ha also included curried ersions of all unary op erators in de-sugared Id

Unary Op erator Binary Op erator Expression attern ar iabl ::= onstant ::= nteg er ool ean () Nil Not (+) Mak nD rra ::= Negate Not nD Bounds nD rra Op en cons ::= == Eq And ::= ar iabl Next ar iabl onstant cons cons If then else Case of ause ause While do tatement Finally ar iabl to step do tatement Finally un ar iabl es un ar iabl es ock ock ::= tatement In tatement ::= inding ommand inding ::= ommand ::= cons cons ause ::= ::= Nil ar iabl Next ar iabl og am ::= ock Figure 2: Grammar of de-sugared Id

During the de-sugaring phase ulti-clause functions, are turned in to equiv alen case expres- sions, as sho wn in the example elo Def map Nil Nil map x:xs (f x) map xs; ecomes Def map t1 t2 Case (t1, t2) of (f, Nil) Nil (f, x:xs) (f x) map xs where t1 and t2 are new ariables. urthermore, all function de�nitions are turned in to expressions. map Fun t1 t2 Case (t1, t2) of (f, Nil) Nil (f, x:xs) (f x) map xs If the Id function is de�ned as substitutable Defsubst then the corresp onding -expression un is underlined. The \underlined" -expressions are then expanded in line during optimiza- tions (see Section ). The most complex part of the de-sugaring phase is the transformation of comprehensions in to lo ops. This is describ ed in detail in ]. Here only illustrate the idea using the follo wing example: {: || <- xs <- ys} ypical translation of this list-comprehension is giv en in terms of nested map-list op erations follo ed list attening op eration. In Id mak use of \op en lists" to generate tail recursiv program. Basically in the follo wing program, op en list (signi�ed in the inner lo op) is generated for eac elemen of xs and then these op en lists are \glued" together in the outer lo op.

h1 Open_cons (); hn For <- xs do Next h1 Case ys of Nil h1 y:yss Open_cons (); h1.cons_2 h.cons_2; In For <- ys do Open_cons (); t.cons_1 e; h.cons_2 t; Next t; Finally }}}; Finally h1 }; hn.cons_2 Nil; In h1.cons_2 The ab translation is correct if treat op en lists and lists as the same yp e. Ho ev er, there are sev eral subtle issues regarding yp hec king that are still not resolv ed. Kid The Kernel Id Language 3.1 Kid Kid has only uncurried op erators and no complex expressions. ma jor subset of Kid is simply the -calculus with constan ts and let blo ks. Ho ev er, unlik other functional languages, let blo ks pla fundamen tal role in the op erational seman tics of Kid. The syn tax of Kid is giv en in Figure 3. Ev ery expression, except blo or -expression, consists of com binator follo ed the corresp onding um er of argumen ts. The translation from Id to Kid also has the a or of turning an applicativ TRS in to functional one. An imp ortan feature of Kid is the concept of ultiple alues. The expression x; In a; is ell-formed-expression, where x; indicates ultiple ariables, not to confused with 2-tuple. The after the curly brace indicates that alues are to returned this blo

Multiple ariable Simple Expression Primitiv unction with argumen ts and outputs Ap Applicativ Expression with outputs ase Case Expression with outputs Loop Lo op Expression with outputs ambda Lam da Expression Expression with outputs ar iabl ::= ::= ar iabl e; ar iabl {z onstant ::= nteg er ool ean () Not (+) Nil Mak nD rra Erro ::= ar iabl onstant ::= {z ::= Negate Not nD Bounds nD rra Op en cons Cons Cons ::= Detuple ::= Equal Eq And Cons Apply nD select Mak tuple ::= Mak tuple Ap ::= Ap +1 ase ::= Bo ol case List case Loop ::= WLo op +3 FLo op +4 ambda ::= ::= Ap ase Loop ambda ock ::= Ap ase Loop ock ock ::= tatement In tatement ::= inding ommand inding ::= ommand ::= nD sto re Cons sto re Cons sto re Sto re erro og am ::= ock Figure 3: Grammar of Kid expression. Multiple alues oid pac aging alues in data structure, and they are useful in expressing some optimizations. Th us, in Kid binding has the form where stands for ultiple ariable. Supp ose ha ariables on the left-hand-side, then the expression on the righ t-hand-side ust return alues. In the sequel capture the um er of alues that an expression pro duces subscripting the corresp onding syn tactic category Th us, to express the ab binding will write Note that the com binator Apply app ears as in the grammar ecause all Id pro cedures return only one result. also use subscripted com binators to express family of com binators. or example, Mak tuple stands for Mak tuple Mak tuple etc. Subscripts in com binator do not necessarily represen the um er of alues to returned the application of the com binator. will use the follo wing con en tions to minimize the use of subscripts. is the same as Bo ol case is the same as Bo ol case List case is the same as List case WLo op is the same as WLo op FLo op is the same as FLo op Ap is the same as Ap is the same as 3.2 The Rewrite Rules of Kid no presen set of rewrite rules, id to de�ne the op erational seman tics for Kid. id is Con textual Rewrite System describ ed in ]. assume that primitiv function is only applied to argumen ts of appropriate yp es, i.e., the yp hec king has een done statically All the ariables that app ear on the left-hand-side of the rules are meta-v ariables that range er appropriate syn tactic categories. By con en tion, use capital letters for meta-v ariables and small letters for Kid ariables. All ariables that app ear on the righ t-hand-side of the rules are either meta-v ariables or \new" Kid ariables. will mak use of the follo wing con en tion regarding meta-v ariables: ar iabl and onstant onstant tatement tatement xpr ession It should noted that in con textual rewriting, the statemen ab the line ust in the con text (lexical scop e) of the expression elo the line. This raises some subtle free ariable capture ossibilities in case of function application. oid these problems, will assume that all ound ariables in Kid program ha een assigned unique names to egin with. When the ossibilit of free ariable capture arises during rewriting, will rename all ound ariables of an expression to completely new ariables explicitly applying the function RB to the expression. or example, RB a; 1) In a; 1) In The notation =X means the substitution of for in Usually this implies oiding capture of free ariables. Ho ev er, due to our assumption that all ariables ccurring in term to reduced are unique, =X will simply indicate naiv substitution, that is, substitution where no danger of free ariable capture exists and where can replaced without regards to scop e. Moreo er, will use the notation n;m to stand for for ;m and for =X =X whic is the same as (( =X ]) =X ]) =X ]) In the follo wing, represen ts umeral. rules +( m; Equal rue Equal alse (if 10

Case rules Bo ol case rue Bo ol case alse Nil List case Op en cons () List case Arit Detection rule :E Apply Apply :E Apply Ap Apply 1) Apply +1 Apply +1 Apply 1) Apply Ap Similar rules apply for Application rule Ap RB ]) similar rule applies for 11

Lo op rules WLo op rue Ap ); Ap ); WLo op In WLo op alse In the follo wing rules assume that the index ariable is the �rst ariable in FLo op rue ;n Ap ); ); ); FLo op In FLo op alse uple rule Mak tuple Detuple List rules Cons Op en cons (); Cons sto re t; ); Cons sto re t; In Cons sto re Cons 12

Cons sto re Cons Cons sto re Cons sto re Cons sto re Cons sto re Arra rules nD rra nD Bounds nD sto re nD select nD sto re nD sto re Multiv ariable rule Substitution rules 13

Blo Flattening rule In In In Propagation of In In 14 ranslating Desugared Id in to Kid 4.1 Simpli�cation of Expressions giv the translation in terms of the follo wing functions: ranslate Expression, TE Id Expression Kid Expression ranslate Statemen t, TS Id Statemen list (Kid Statemen t) ranslate Binding, TB Id Binding list (Kid Binding) ranslate Op erator, TO Id Op erator Kid Op erator attern Matc hing, PM Case expression Kid Expression The exact syn tax of Case expression is giv en in Section 4.3. will write TE where the expression enclosed in double brac ets represen ts an Id expression and is the corresp onding Kid expression. The whole translation is giv en in terms of syn tactic categories. The prop er of reading translation function suc as TE [( )] TE ]; TO ); In is that TE when applied to unary expression in Id pro duces the Kid expression on the righ t-hand-side. Throughout, the emphasis is on clarit of Id to Kid translation rather than its e�ciency will use the same con en tions in tro duced in Section 3.2, with the addition of meta-v ariable that ranges er atterns. As efore indicates ultiple meta-v ariables. The lo er case ariables, suc as that app ear in the translated expression represen new Kid ariables. The translation pro cedure giv en elo do es not require lexical scop analysis for ariables. Ho w- ev er, after the translation is complete pro cedure to mak all ound ariables unique has to applied efore an rewriting can done. common situation in the translation pro cedure is the need to replace ariable new ariable in some Id expression This idea can expressed addding another blo around as in In oid clutter, will write t=X as shortand for 15

In (As an aside, it should noted that since do not assume unicit of ariables during translation, can not use the notion for naiv substitution. Con ersely the use of in the application rewrite rule, giv en earlier, ould ha een incorrect, ecause it could lead to duplication of ound ariables while expanding di�eren applications of the same function). TE: Id Expression Kid Expression TE TE Next next Where next is function on iden ti�ers that eeps the asso ciation et een ariable and its corresp onding nexti�ed ersion during the lo op translation phase. After the translation is complete, next is treated lik an ordinary iden ti�er whic is di�eren from TE TE [( )] TE ]; TO In TE [( )] TE ]; TE ]; TO In TE [( )] TE ]; TE ]; Apply In TE ]] TE ]; TE ]; Ap Select In 16 where Select is standard function de�nition in Kid (see Section 4.2). TE cons TE ]; List case Erro Cons )) In Similarly for cons TE [( )] TE ]; TE ]; Mak tuple In TE [( If then else )] TE ]; Bo ol case TE TE ]) In TE Case of TE ]; PM Case of TE TE In Where PM is describ ed in the Section 4.3. TE While do Finally TSLE While TE do TS ]; TS ]; Finally TE Note that TE uses an auxiliary function TSLE whic stands for \T ranslate simple lo op expression". Ho ev er this is only done for clarit of exp osition. In fact, are sligh tly abusing our notation ecause the expression inside TSLE is mixture of Id and Kid syn tax. 17

TSLE While do next next Finally ); n;n next next In next next ); Ap p; ); WLo op p; b; ); In Notice that the corresp ondence et een the formal parameters of the pro cedure and the ultiple alue returned is not acciden tal. It will wrong to ha as input and next next )) as output, ecause the alues of the nexti�ed ariables come either from the surrounding scop or from the previous iteration. The -expressions corresp onding to the predicate and lo op dy are underlined indicating the fact that they can inlined at compile time. TE to step do Finally TSLE TE to TE step TE do TS ]; TS ]; Finally TE 18

TSLE to step do next next Finally n; next next In next next ); ); FLo op b; ;n ); In TE un TE ]) TE un TE ]) TE In TS ]; TS ]; TE In TS: Id Statemen list (Kid Statemen t) Often an Id statemen translates in to group of Kid statemen ts. will enclose the translated statemen or statemen ts within paren thesis ev en though paren thesis are not part of Kid syn tax. These paren thesis do not in tro duce new lexical scop e. TS TE ]; TB ]) 19

TS TE ]; TE ]; TE ]; Ap Sto re )) where Sto re is standard function de�ned in Kid (see Section 4.2 ). TS cons TE ]; TE ]; List case Sto re erro In () Cons sto re In () Similarly for cons TB: Id Bindings list (Kid Binding) TB [( Detuple ); TB ]; TB TB [( List case Erro Erro Cons Cons )) ); TB ]; TB ]) TB TB Next next TO: Id Op erator Kid Op erator TO the corresp onding Kid TO the corresp onding Kid The Kid op erator corresp onding to Id is Cons and for == is Equal? 20

4.2 De�nition of Standard unctions In our translation from Id to Kid ha in tro duced new functions Select and Sto re These are not primitiv op erators in Kid, therefore giv their de�nitions. Similarly giv de�nition for Mak 1D rra or the sak of brevit giv these de�nitions in Id These de�nitions and Mak 1D rra can written as follo ws Make_1D_array Fun (l,u) I_array b; l; While do a[i] i; Next i+1 Finally () In Lik lists are treating I-arra ys and functional arra ys as the same yp e. Ho ev er, functional arra ys ha di�eren degree of olymorphism than nD rra are ignoring these subtle issues in the ab translation. Select Fun (l,u) 1D_Bounds x; In If (i Or l) then Error else P_1D_select Store Fun (l,u) 1D_Bounds x; In If (i Or l) then Store_error In () else P_1D_store In () The ab Id de�nitions can translated in to Kid adding the follo wing rules: TE nD select nD select x; TS nD sto re nD sto re x; i; 21

TE Erro Erro TE Sto re erro Sto re erro 4.3 attern Matc hing: Elimination of Complex atterns attern matc hing in Id follo ws di�eren philosoph than other functional languages suc as Miranda and Hask ell. In oth these languages clauses in patterns are examined from top to ottom and patterns in clause are examined from left to righ t. Within the limitations of the ab rule, pattern matc hing do es not force the ev aluation of pattern whose yp is irrefutable (tuples are examples of irrefutable patterns) ]. Miranda in addition allo ws rep eated ccur- rences of ariable in clause. Id pattern matc hing is designed to order-insensitiv and is maximally non-strict for se- quen tial implemen tations. In Id, patterns ust not erlap to allo order-insensitivit Id also do es not ermit rep eated ariables. Determination of whic ariables are necessary to ev aluate to resolv patterns is quite tric ky as illustrated the follo wing example (due to Lennart Augustsson): Case (x, y, z) of (1, 0, w) (0, w, 1) (w, 1, 0) First of all notice that the patterns are non-o erlapping, i.e., only one can true for giv en and Second, notice that top-to-b ottom and left-to-righ rule will ev aluate and then ev aluate or dep ending up on the alue of Th us, if do es not terminate no answ er will ev er pro duced. Notice if and one could demand the answ er regardless of the ra ersal of patterns in di�eren order will force ev aluation of di�eren ariable. Id pattern matc hing rules will force the ev aluation of all three ariables in this example ecause no unique sequen tial order exists. (In Miranda and Hask ell, all three ariables will ev aluated only if turns out to or turns out to ). No informally describ simpli�ed ersion of the pattern matc hing algorithm used 22 the Id compiler ]. or Id tak in to consideration lists and tuples only In the follo wing describ arious cases that arise during pattern matc hing. The signature of the pattern matc hing function is PM Case expression Kid Expression where Case-expression is de�ned as follo ws Case expression ::= Case SE of Clause] Clause ::= Kid Expression ::= Nil ariable () (P P) (P P) (P P) SE ::= () (V ariable, ariable If the pattern is ariable, sa ", then is equiv alen to \( )". As as stated earlier, no scop analysis of ariable names is required for the translation from Id to Kid. Th us, will not assume that all ound ariable names are unique in the Kid program that is generated the translation pro cess. ariable rule The column of patterns corresp onding to case ariable consists only of ariables. PM Case ;i +1 ;n of ;i +1 ;n ;i +1 ;n PM Case ;i +1 ;n of ;i +1 ;n t= ;i +1 ;n t= In Note that meta-v ariables ma distinct. 23

Irrefutable pattern rule The column of patterns corresp onding to case ariable consists of at least one tuple and zero or more ariables. Without loss of generalit in the follo wing rule assume the tuple to 2-tuple. PM Case ;i +1 ;n of ;i +1 ;n ;i +1 ;n ;i +1 ;n ;i +1 ;n Detuple ); PM Case ;i +1 ;n of ;i +1 ;n t= ;i +1 ;n t= ;i +1 ;n ;i +1 ;n In 24

Refutable pattern rule The column of patterns corresp onding to case ariable consists of only Nil ’s and )’ s. PM Case ;i +1 ;n of ;i Nil +1 ;n ;i Nil +1 ;n ;i +1 ;n ;i +1 ;n List case PM Case ;i +1 ;n of ;i +1 ;n ;i +1 ;n Cons Cons ); PM Case ;i +1 ;n of ;i +1 ;n ;i +1 ;n In Note that if the case expression is not exhaustiv then an alternativ that will raise run-time error is generated. As, for example: PM Case of PM Case of Nil Erro PM Case of Nil PM Case of Nil Erro 25

Mixed ariable-refutable patterns The column of patterns corresp onding to case ariable consists of at least one refutable pat- tern. In suc case eac ariable is replaced all the ossible alternativ es, as sho wn elo w: PM Case of Nil Nil Nil PM Case of Nil Nil Nil Nil Nil Nil Nil Nil Nil In This rule can applied only after hec king that none of other rules apply It should noted that patterns can tested in man di�eren orders, eac giving rise to correct program though non necessarily the same program. The ab rules co er all legal cases. If ev er get tuple and list patterns in one column, the compiler will ag it as yp violation. Empt ariable rule PM Case () of () () Compiler Error \o erlapping patterns" PM Case () of () 26

Optimizations of Kid Programs ollo wing is partial list of optimizations rules for Kid. Optimizations include all id rules, except the application rule. Optimizations should erformed after yp hec king and after all ound ariables ha een assigned unique names. Applicabilit of certain optimization rules requires some seman tic hec suc as 0". write suc seman tic predicates ab the line but follo wing an \&". It is eliev ed that all optimizations to presen ted in this section preserv at least partial correctness. So far this has een pro en for only small subset of them ]. Kid Rewrite rules All Kid rewrite rules can applied at compile time except for the Application rule, whic can cause non-termination. Inline Substitution Ap RB ]) artial Ev aluation Apply (( RB ]) ;n ]) In similar rule applies for etc Elimination Cons Cons 27

Cons Cons Algebraic Iden tities And rue Or alse 0) 1) The ab rules preserv total correctness, while the follo wing rules preserv only partial cor- rectness. An algebraic rule that do es not ha precondition can included in the follo wing rules. And alse alse Or rue rue 0) Equal rue The follo wing rules are also partially correct but are not con uen t. Less rue Less alse 28

Greater alse Equal alse Common Sub expression Elimination Primitiv functions nD rra Op en cons Apply and Ap are excluded from this optimization ecause they (ma y) cause side-e�ects. Lift ree Expressions In )) In In In Where e; return true if the expression is free in This optimization allo ws us to deal with lo op in arian ts, that is, expressions that do not dep end on the nexti�ed ariables. similar rule applies for (See the restrictions in the common sub expression elimination rule). Hoisting Co de out of Conditional Bo olcase In In ))) Bo ol case In In Bo ol case In In In 29

Eliminating Circulating ariables Supp ose in the lo op dy of an Id program there exists an expression lik Next then the ariable can made in to free ariable of the lo op and its circulation can oided. Without loss of generalit assume that the nexti�ed ariable to eliminated is the last one. In WLo op RB =X ]); RB In =X ]); WLo op p; b; In similar optimization applies to for-lo ops. Eliminating Circulating Constan ts Supp ose in the lo op dy there exists an expression lik Next ", where the ariable is free ariable of the lo op dy then its circulation can oided. Suc situations ma arise as consequence of lifting in arian ts from lo op. The follo wing example illustrates this transformation: While (p y) do Next t; Next y; Finally y} This ma transformed as follo ws: If (p y) then y1 y; In While (p y1) do Next y1 y1; Finally y1} 30 else Notice that it is only after the �rst iteration that the alue of is Th us, to oid the circulation of the nexti�ed ariable ", the lo op has to eeled once. This rule can expressed as follo ws. Please note that could ha also written instead of on the righ t- hand-side. In {z WLo op Bo ol case RB =X ]); RB In =X ]); Ap ); Ap p; ); WLo op p; b; ); In eeling the Lo op once FLo op Bo ol case ;n Ap ); ); ); FLo op In 31

Lo op Bo dy Unrolling times remainder (( =D FLo op ;n Ap ); ); ;n Ap ); ); ;n Ap In ;n ); FLo op b; ); In Supp ose emainder (( =D and is not zero. can still apply the ab trans- formation �rst eeling the lo op times. P-T C: arallel Three Address Co de 6.1 P-T The syn tax of P-T is giv en in Figure 4. In P-T C, I-structure Storage is mo delled in greater detail whic requires the notion of Lab els. All comp osite ob jects, that is, data structures and closures are stored in I-structure store and assigned unique lab els, whic are treated as constan ts that can substituted freely 6.2 Rewrite rules of P-T In the follo wing stands for ground alue. rules +( m; 32

User De�ned unction Ground alue nteg er ::= ool ean ::= rue alse ar iabl ::= ::= ar iabl e; ar iabl {z Label ::= ::= Negate Not Allo cate ::= Less Equal select ::= Ack sto re ::= ::= ar iabl ::= {z ::= nteg er ool ean () Label Erro ::= Ap +1 Dispatch {z WLo op FLo op ock ::= Ap +1 Dispatch {z WLo op +3 FLo op +4 ock ock ::= tatement In tatement ::= inding ommand Sto re Erro ommand ::= sto re inding ::= Figure 4: Grammar of P-T 33

Conditional rule Dispatch +1 ;n structure rules Allo cate where is brand new lab el. sto re L; select L; sto re L; sto re L; where is either an In teger or Bo olean or Lab el or Erro The follo wing rules are the same as the corresp onding rules in Kid. Application rule Ap RB ]) similar rule applies for Lo op rules WLo op rue Ap ); Ap ); WLo op In WLo op alse 34

FLo op rue ;n Ap ); ); ); FLo op In FLo op alse Multiv ariable rule Substitution rules where is either an In teger or Bo olean or Lab el or Erro Blo Flattening rule In In In Propagation of In In 35 ranslation of Kid in to P-T Prior to translating Kid to P-T C, -lifting is erformed. Kid program after -lifting only con tains closed -expressions. The translator, giv en Kid program, pro duces the corresp onding P-T program and set, \D" of de�nitions. The set is initialized with constan ts that are in tro duced the translator. 7.1 Simple Kid Expressions TE TE where ranges er In tegers and Bo oleans. TE Negate )] Negate The same holds for Not TE )] TE WLo op )] WLo op The same holds for FLo op. TE Bo ol case )] ool toI nt ); Dispatch t; ); In ool toI nt is co ercion function whic con erts rue to and alse to 36

TE In TE ]; TE ]; TS ]; TS ]; In 7.2 Data Structure Represen tations There are usually sev eral reasonable ys to represen eac data structure in terms of P-T arra or eac yp presen one represen tation, though not necessarily the most e�cien one. ha included \t yp e" tag �eld for all comp osite ob jects, ev en though it is not needed the P-T in terpreter since Id is statically yp ed language. migh need yp es information for other reasons, suc as, garbage collection, and prin ting alues in partially executed program. uples All n-tuple data yp es ma represen ted as follo ws: 1.5in TE Mak tuple )] Allo cate ); sto re t; yp tupl "); sto re t; ); sto re t; ); In 37

TE Detuple )] select 1); select ); In 38

1D-Arra ys 1D-arra ys Arra )" ma represen ted as follo ws: 2.5in The constan de�nition Headersize should included in the set \D". TE nD Bounds )] select Bounds TE rra )] select Lo er ); select Upp er ); u; ); siz s; 3); Allo cate siz ); sto re t; yp Ar ay "); sto re t; Bounds ); In TE 1D select )] select Bounds ); select Lo er ); ); Headersize ); select In TE 1D sto re )] select Bounds ); select Lo er ); ); Headersize ); sto re In represen tation that will more e�cien for computing the slot address ma an to store and alues redundan tly in additional �elds. 39

2D-Arra ys The translation giv en elo assumes that the matrix is stored in the ro ma jor order. The follo wing constan de�nitions should included in the set \D". First dim Second dim First index Second index TE 2D rra )] select First dim ); select Second dim ); select Lo er ); select Upp er ); select Lo er ); select Upp er ); ); ); 1); 1); ); siz s; Headersize ); Allo cate siz ); sto re t; yp Ar ay "); sto re t; Bounds ); In ranslation for nD rra can giv en in similar fashion. 40

TE 2D select )] select Bounds ); select b; First dim ); select b; Second dim ); select Lo er ); select Upp er ); select Lo er ); select Upp er ); ); 1); select First index ); select Second index ); i; ); ); ); o; ); ad o; ); ad ad; Headersize ); select ad In similar rule applies for 2D sto re and higher dimensional arra ys. Lists The list data yp can represen ted as follo ws: 3in It is often ossible to store niladic constructors using uc less space com bining them with oin ters. on’t discuss suc mac hine dep enden represen tations in this pap er. The follo wing constan de�nitions should included in the set \D". 41

Nil size Cons size Nil ag Cons ag TE Nil Allo cate Nilsize ); sto re t; yp List "); sto re t; ag Nil ag ); In TE Op en cons ()] Allo cate Cons size ); sto re t; yp List "); sto re t; ag Cons ag ); In TE Cons )] select Hd TE Cons )] select Tl TE Cons )] Allo cate Cons size ); sto re t; yp List "); sto re t; ag Cons ag ); sto re t; Hd ); sto re t; Tl ); In TS Cons sto re )] sto re Hd ); TS Cons sto re )] sto re Tl ); TE List case )] select ag ); Dispatch t; ); In 42

7.3 unction Calls and Closures the mac hine lev el, the apply op erator hec ks if the arit of the function has een satis�ed or not, and in case the arit has not een satis�ed, it stores the argumen in data stucture called closure. There is great hoice in represen ting closures and asso ciated function calling con en tions. In fact, function can compiled using sev eral di�eren calling con en tions and the compiler can pic up the most appropriate one for giv en application. As an illustration hose the follo wing represen tation for the closure data yp e: 2in The constan de�nition Closure size should included in the set \D". egin describing pro cedure that builds closure giv en an old closure and an argumen t. Mak closure cl select cl uncname ); select cl astcallname ); select cl Arit ); ch select cl Chain ); cl Allo cate Closure size ); sto re cl yp osur "); sto re cl unctionname ); sto re cl astcallname ); sto re cl Arit ); sto re cl Chain ch ); n; 1); ch Ap Arg chain ch ); In cl where the function to build argumen hains is de�ned as follo ws: 43

Arg chain xs Allo cate (2); sto re xs Arg ); sto re xs Rest ); In xs The argumen hain can destructured using the follo wing function: Args select hain ); select Arg ); select Rest ); select Arg ); select Rest ); select Arg ); In These three de�nitions ust included in the \D" set. No can giv the translation for the apply op erator. As stated earlier, the apply basically hec ks to see if the arit is satis�ed and either mak es new closure or calls Ap TE Apply )] select Arit ); ir Equal n; 1); ir ool toI nt ir ); es Dispatch ir un select unctioname ); as select Chain ); as Ap Arg chain as ); es Ap un; as ); In es Ap Mak closure )) In es TE Ap )] select astcallname ); Ap ); In The only thing that remains to describ ed is the creation of the �rst closure for function. It is built as consequence of translating -expression. 44

TE )] cl Allo cate Closure size ); sto re cl yp osur "); sto re cl unctioname ); sto re cl astcallname ); sto re cl Arit ); sto re cl Chain nd "); In cl The follo wing function de�nitions are included in the set D. Ap Args ); TE ]; In TE indicates the name and not the alue asso ciated to Note that TE can computed once and shared et een the curried aab the fastcall ersion of the function. The same trans- lation rule applies for Signals Before in tro ducing signals, the P-T program is canonicalized, that is, all blo ks are attened and ariables and alues are substituted. urthermore, dead co de should eliminated. add signals only to non-strict com binators, and to com binators that pro duce side-e�ect, suc as sto re The output of strict op erator can in terpreted as the signal that the instruction has indeed �red. giv the signal transformation using the translation functions SE and SC The transformation is applied also to eac constan de�nition in \D" 45

+1 se se In +1 SE se SE se +1 SC ]; SC ]; Sync eadv ar iabl es; In Where stands for an expression in olving strict op erators, whilst se stands for either an applicativ or lo op expression. eadv ar iabl es are the parameters that are not eing used in the dy of the function. SE WLo op )] WLo op Where is the signal asso ciated with the in cation of the predicate. SE Ap )] Ap SC sto re )] Ack sto re Where Ack sto re is new P-T function sym ol of arit 3, whic generates Signal when the store actually tak es place. The new rewrite rules are: 46

WLo op rue Ap ); Ap ); Sync ); WLo op In WLo op alse Ack sto re L; Signal sto re L; ); In Sync () Sync pro duces oid alue when all the signals are receiv ed. Ac kno wledgmen ts ould lik to thank Shail Adit for reading sev eral earlier drafts of this pap er and suggesting hanges for etter readabilit This pap er has ene�tted lot informal discussions with the mem ers of Computation Structures Group. References [1] Z. M. Ariola and Arvind. P-T C: parallel in termediate language. In Pr c. CM Con- fer enc on unctional Pr gr amming anguages and Computer chite ctur e, ondon 1989. Also: CSG Memo 295, MIT Lab oratory for Computer Science, 545 ec hnology Square, Cam bridge, MA 02139, USA. [2] T. Kenneth R. Compiler for the MIT agged-T ok en Data o Arc hitecture. ec hni- cal Rep ort LCS TR-370, MIT Lab oratory for Computer Science, 545 ec hnology Square, Cam bridge, MA 02139, August 1986. [3] R. S. Nikhil. Notes on ranslating List Comprehensions in Id. ec hnical rep ort, MIT Lab oratory for Computer Science, 545 ec hnology Square, Cam bridge, MA 02139, USA, Jan uary 1988. 47

[4] R. S. Nikhil and Arvind. Notes on attern Matc hing Algorithm. ec hnical rep ort, MIT Lab oratory for Computer Science, 545 ec hnology Square, Cam bridge, MA 02139, USA, ebruary 1988. [5] R. S. Nikhil and Arvind. Pr gr amming in Id ar al lel pr gr amming language 1990. (b ok in preparation). [6] J. Simon L. The implementation of unctional Pr gr amming anguages Pren tice-Hall In ternational, Englew Cli�s, N.J., 1987. [7] J. Thomas. Lam da lifting: ransforming programs to recursiv equations. In Springer- erlag LNCS 201 (Pr c. unctional Pr gr amming anguages and Computer chite ctur e, Nancy, anc e) Septem er 1985. [8] A. Zena Matilde and Arvind. Con textual Rewriting. 545 ec hnology Square, Cam bridge, MA 02139, USA, 1990. In preparation. 48

Con ten ts In tro duction Desugared Id Kid The Kernel Id Language 3.1 Kid 3.2 The Rewrite Rules of Kid ranslating Desugared Id in to Kid 15 4.1 Simpli�cation of Expressions 15 4.2 De�nition of Standard unctions 21 4.3 attern Matc hing: Elimination of Complex atterns 22 Optimizations of Kid Programs 27 P-T C: arallel Three Address Co de 32 6.1 P-T 32 6.2 Rewrite rules of P-T 32 ranslation of Kid in to P-T 36 7.1 Simple Kid Expressions 36 7.2 Data Structure Represen tations 37 7.3 unction Calls and Closures 43 Signals 45 49