Global Analysis for artitioning Non-Strict Programs in to Sequen tial Threads Kenneth R. raub Motorola Cam bridge Researc Cen ter Da vid E. Culler UC Berk eley Computer Science Division Klaus E. Sc hauser UC Berk eley Computer Science Division Intro duction In this pap er presen new solution to the problem of compiling an eager, non-strict language in to ultiple se- quen tial threads. The solution is describ ed using an in- termediate program form dev elop ed for the programming language Id Nik90 ], functional language extended with I-structures ANP86 and M-structures BNA91 ]. similar in termediate form has also een suggested for imp erativ languages BP89 ], as of exp osing parallelism in those languages. With suitable restrictions, eliev our metho is also appropriate for lazy purely functional languages suc as Hask ell HW e90 ]. Throughout this pap er, thr ad will mean subset of the instructions comprising pro cedure dy suc that: 1. compile-time instruction ordering can determined for the thread whic is alid for all con texts in whic the con taining pro cedure can in ok ed. 2. Once the �rst instruction in thread is executed, it is alw ys ossible to execute eac of the remaining in- structions, in the compile-time ordering, without pause, in terruption, or execution of instructions from other threads. ra91b Threads of this form are required to implemen language on parallel ultithreaded hardw are e.g. Monso on PT91 PC90 and *T NP A92 ]), and they yield e�cien implemen- tations on con en tional arc hitectures when com bined with suitable abstract mac hine suc as AM CSS 91 ]. Our algorithms are greedy and the follo wing commen ts from SCvE91 apply: artitioning decisions imply trade-o�s et een parallelism, sync hronization cost, and sequen tial e�ciency Ho ev er, giv en the limits on thread size imp osed the language mo del, the use of split-phase accesses, and the con trol paradigm, simply attempt to mak partitions as large as ossible Motorola Cam bridge Researc Cen ter; One Kendall Square, Bldg. 200; Cam bridge MA 02139; kt@mcrc.mot.com Computer Science Division{EECS; 571 Ev ans Hall; UC Berk eley; Berk eley CA 94720; culler@cs.b erk eley .edu; sc hauser@cs.b erk eley .edu Obtaining suc threads is not trivial, ecause the order of sub expression ev aluation in non-strict programs is not sp eci�ed syn tactically as it is in imp erativ languages. determine an ordering, the compiler ust resp ect all data dep endences. or example, fetc from an elemen of non-strict arra dep ends on the sub expressions that yield the arra and o�set (whic are iden ti�able at compile time), and on the sub expression computing the comp onen (whic h, in general, is not). undamen tally therefore, compiler ust sort out ertain dep endence i.e. kno wn at compile time), and otential dep endence ra91a ]. This pap er extends or impro es up on prior ork ra91a Ian90 SCvE91 HDGS91 in the follo wing ys: Mor abstr act fr amework The in termediate form used here is an ordinary directed graph, where ertices are prim- itiv op erations and edges indicate o of op erands (and therefore certain dep endence), with three additional annota- tions: an inlet annotation on ertices that ma endp oin ts for incoming oten tial dep endence, an outlet annotation on ertices that ma endp oin ts for outgoing oten tial dep en- dence, and squiggly edges to indicate certain, but indirect dep endence. All relev an information ab out ho op erators eha and their in ter-relationships are enco ded in to these notations, as is information exc hanged et een graphs dur- ing in terpro cedural analysis. This is in con trast to previous approac hes whic require sp ecial and ad ho treatmen of sev eral kinds of no des in the graph. Congruenc While the concept of inlet and outlet is found elsewhere ([ Ian90 ], SCvE91 ], and HDGS91 ]), our an- notations allo for the expression of ongruenc where, for example, inlets dep end on the same (but still unkno wn at compile time) set of outlets. Ev en more complicated patterns of erlap and partial erlap are also expressible. Congruence is exploited extensiv ely our in terpro cedural analysis. Interpr dur al analysis. If pro cedure as previously compiled, information gained during its compilation ma used to form larger threads when compiling another pro ce- dure whic calls compared to compiling in isolation. If is kno wn to the only caller of then compilation information from can lik ewise impro the compilation of This pro cess ma iterated to arriv at utually impro ed ersions of oth and None of these in terpro- cedural analyses ha een considered in the prior ork. It is also in teresting to note that our in terpro cedural analysis is in some ys more erful than con en tional strictness analysis BHA85 Myc80 ]. or example, can conclude that the expressions computing the actual parameters to o-argumen function ma placed in the same thread, ev en though the function is not strict in either argumen t. Conditionals. The in terpro cedural analysis as outlined ab is extended to the case where particular call in is kno wn to call one of sev eral pro cedures dep ending on con text or input data. sp ecial case of this paradigm is conditional expression, where are the arms of conditional and is the enclosing pro cedure. Again, it is ossible to impro oth the caller and the callees etc. Another generalization, though erhaps less useful in practice, is the sp ecialization of when it is kno wn that its only callers are etc. Prior ork has ad ho treat- men of conditionals, in some cases violating the seman tics of the language (as in Ian90 ]), and in other cases inheren tly limited in e�ectiv eness e.g. SCvE91 ]). Pr eservation of ontr ol structur e. The mem ership of op erators in di�eren con trol regions is preserv ed; e.g. in- structions elonging to the \then" arm of conditional are ept separate from those in the \else" arm and from the con- taining expression. This is ery desirable for later phases of compilation; e.g. register allo cation. Previous tec hniques lose this structure in the course of partitioning. Data o Graphs Programs to partitioned are expressed in structur data ow gr aph structured data o graph consists of collection of acyclic graphs describing asic blo cks and in- terfac es whic describ ho the blo ks relate to one another. The term asic blo ck is used here in the data o sense as de�ned in ra86 ]; roughly it corresp onds to group of op- erators with the same con trol dep endence W87 ]. or example, all op erators comprising the \then" arm of con- ditional, excluding those in nested conditionals, are basic blo k. 2.1 Basic Blo cks Basic blo ks are represen ted as acyclic directed graphs, with some additional annotations. The ertices are primitiv op- erators, and straigh edges connecting them indicate the o of op erands. Figure sho ws the rep ertoire of op erators commonly used to compile Id ra86 ]. The send and eive op erators comm unicate alues et een basic blo ks, corre- sp onding to pro cedure link age and conditional expressions in the source language. (A real compiler ould lik ely emplo sev eral arieties of send and eive to enco de precise details of link age con en tions, whic ignore in this pap er.) Tw arieties of memory op erators are sho wn. Ordinary fetch and stor erform no run-time sync hronization|the basic blo represen tation is assumed to include enough edges to insure deterministic sequencing of their side-e�ects BP89 ]. I-fetch and I-stor ANP86 are examples of sync hronizing memory op erations, where the resp onse to an I-fetch is not receiv ed un til an I-stor to the same lo cation tak es place. In general, the compiler do es not kno whic I-stor go with whic I-fetch es. The op co de lab els sho wn in Figure The idea of conditional as generalization of pro cedure call is due to AA89 ]. reating conditionals in this has the ene�cial e�ect of breaking all cycles in the data o graph for legal program. There ma edges that carry no data but serv only to insure correct sequencing of op erators that cause side-e�ects. or partition- ing purp oses, these ma view ed as carrying dumm op erands of size zero; they need sp ecial treatmen only during later phases of co de generation. Figure 1: Data o Graph Base Language are extraneous as far as the partitioning algorithms are con- cerned. On the other hand, they are needed later phases of compilation, and so it is con enien to carry them along during partitioning. straigh edge in the graph sho ws the o of an op erand, but more imp ortan tly it indicates ertain dep endence. certain dep endence is an ordering constrain due to data dep endence that exists for ev ery in cation of the blo k, re- gardless of con text. squiggly edge is used to indicate an indir ct certain dep endence; that is, certain dep endence whic is completed through one or more ertices in dif- feren basic blo k. Indirect certain dep endences commonly arise in situations. First, there is an indirect certain dep endence et een ertex that issues split-phase tr ans- action AN87 and the ertex that receiv es the resp onse (the dep endence is completed through an implicit ertex that services the request). The fetch and I-fetch op erators in Figure are examples of split-phase transactions. Second, global analysis can disco er indirect certain dep endences e- een pairs of send and eive ertices that in terface to other basic blo ks. ertices separated an indirect de- endence can nev er placed in the same thread, wing to part of the de�nition of thread. Also noted in the graph are otential dep endences: or- dering constrain ts due to data dep endence that ma di�er dep ending on the con text in whic pro cedure is in ok ed, or whic are otherwise unkno wn at compile time. Rather than in tro ducing edges in to the graph, all ertices that ma endp oin ts of oten tial dep endence are annotated with inlet and outlet annotations (the circles in Figure 1). or giv en con text in whic the pro cedure is in ok ed, there will dep endence paths from some of the outlets to some of the inlets; these dep endences ust detected through sync hronization coun ters, presence bits, or other means, and will constrain the order of ev aluation. Note that oten tial dep endences are assumed to arbitrary paths, ossibly completed through no des outside the basic blo k. or this reason, an inlet annotation on an I-fetch for example, ma dep end on the outlet on send as ell as on the outlet on an I-stor Inlet and outlet annotations are sets of names; if ertex has an empt inlet (outlet) annotation, it is nev er an end- oin for incoming (outgoing) oten tial dep endence. Often, non-empt inlet and outlet sets are unique singletons, mean- ing that an inlet ma dep end on an outlet. Tw ertices ma giv en the same set of inlet names, indicating ongru- enc if ertices ha the same set of inlet names, that means they oth dep end on the same set of outlets, ev en though that set is not kno wn at compile time. Ov erlapping name sets imply partial congruence. or example, if three ertices ha inlet annotations a; b; and a; b; resp ectiv ely then an ertex whic dep ends on the �rst ertices dep ends on the same set of outlets as do es the third ertex (assuming that dep ends on no other ertices, nor has its wn inlet annotation). Apart from congruence, the compiler has no further in- formation ab out whic inlets migh dep end on whic outlets, except that oten tial dep endence is ruled out when con tra- dicted certain dep endence. This, then, is the ey to suc- cessful partitioning: the more the compiler kno ws ab out cer- tain dep endence, the larger the threads it can form. This is wh indirect certain dep endences (squiggly edges) are useful. Though they force the separation of ertices in to separate threads, they help to rule out other, oten tial, dep endences. The goal of global analysis is to transfer as uc congruence and indirect certain dep endence information et een basic blo ks as ossible. 2.2 Interfaces Interfac es describ ho basic blo ks in teract with eac other, and are used in global analysis to propagate information e- een blo ks. Global analysis alternates et een partition- ing basic blo ks in isolation and propagating information across in terfaces. Eac in terface establishes corresp on- dence et een al sites in one or more basic blo ks and the def sites of one or more basic blo ks. basic blo is essen tially an -argumen t, -result pro- cedure. The argumen ts are receiv ed via eive no des, and the results are returned via send no des. Collectiv ely these eive and send comprise an -argumen t, -result def site. Con ersely one basic blo calls another through an argumen t, -result call site, consisting of send no des and eive no des. While ev ery basic blo has exactly one def site, it ma ha an um er of call sites (including zero). The simplest in terface relates single call site to single def site, resulting from pro cedure call to kno wn pro ce- dure. The basic blo con taining the call site is the al ler and the basic blo con taining the def site is the al le Dur- ing the propagation phase of global analysis, information gained from partitioning the callee is used to hange the an- notations on the send and eive no des in the caller’s call site. These hanges include etter inlet and outlet annota- tions to indicate greater degree of congruence, as ell as squiggly arcs from send to eive to re ect certain dep en- dence paths in the callee. These can lead to larger threads in the caller during the next round of basic blo partition- ing (and in no case will result in smaller threads). Lik ewise, information gained from partitioning the caller is used to hange annotations in the callee’s def site. The compiler is, of course, free to propagate information in only one direction across an in terface, or not at all. or example, information ould not propagated from caller to callee if it as not desirable to pro duce ersion of sp ecialized to ork prop erly only when called from more complex ariet of in terface relates single call site to ultiple def sites. This case commonly arises from conditionals, where the ultiple callees are the arms of the conditional and the caller is the enclosing expression. Here, information from the caller results in new inlet/outlet/squig- gly annotations to attac hed to eac def site in the same In the other direction, the information from the callees are com bined conserv ativ ely to yield single set of new in- let/outlet/squiggly annotations for the caller. The com bi- nation, describ ed in Sections and 6, is done suc that the caller will ork prop erly regardless of whic callee is selected at run time. dual ariet of in terface with ultiple call sites and single def site is also ossible, with transp osed propagation rules. This case ould arise if all the callers of single pro ce- dure are kno wn statically and it is desirable to sp ecialize the callee for these callers (and vice ersa). In theory one could ha an in terface with ultiple call sites and ultiple def sites, but the need nev er arises in practice, and in an ev en it can expressed as the comp osition of ultiple-call- single-def in terface with single-call-m ultiple-def in terface. Basic Blo ck rtitioning This section giv es the algorithm for partitioning basic blo in isolation. This is essen tially subroutine of the full global partitioning algorithm describ ed in later sections. The goal of basic blo partitioning is to group the ertices of basic blo in to disjoin subsets that are trivially mapp ed in to threads whic meet the requiremen ts laid out in Section 1. compile-time ordering of the op erations can obtained an top ological sort according to the cer- tain dep endence edges i.e. straigh edges) wholly within the thread. The ordering hosen for one thread of basic blo do es not a�ect or constrain the orderings that ma hosen for other threads. will generally refer to suc subset of ertices simply as thread. basic blo algorithm similar to that presen ted here is indep enden tly dev elop ed Ho et al HDGS91 ], and our algorithm is also equiv alen in er to the algorithm of Sc hauser et al SCvE91 ]. signi�can di�erence is that prior algorithms had ad ho treatmen of split-phase trans- actions, while for us this falls out of the general metho for handling indirect certain dep endences (squiggly edges). Our algorithm consists of dep endenc set artitioning and demand set artitioning eac of whic is com bined with subp artitioning algorithm to insure that all squiggly edges are in ter-thread. These are then comp osed via an iterativ pro cedure to obtain the �nal algorithm. 3.1 Dep endence Set and Demand Set rtitioning Dep endence Set and Demand Set artitioning seek to group together no des of the basic blo whic ma executed as single thread, regardless of what oten tial dep endences ma ccur at run time. No distinction is made et een straigh edges and squiggly edges in the graph, and so these algorithms are com bined with Subpartitioning whic splits partitions that enclose squiggly edges. Dep endence Set partitioning forms partitions group- ing together all no des that dep end on the same set of inlets, and as originally disco ered Iann ucci Ian90 ]. De�nition The dep endence set of no de is the set of inlets on which it dep ends: Dep Pr Inlet wher Inlet is the set of inlet names that annotate no de and Pr is the set of no des fr om which ther is ath of length zer or mor to (thr ough either str aight or squiggly dges). Algorithm (Dep endence Set artitioning) Given data ow gr aph: 1. Compute Dep for all no des Because the graph is acyclic, this is easily done single tra ersal in top ological order. 2. artition the graph in to maximal sets of no des with iden tical dep endence sets. The second algorithm is the dual of dep endence set par- titioning: it groups together all no des whic are demanded the same set of outlets. That is, if an outlet dep ends on one no de in group, it dep ends on all the other no des in the group as ell. This algorithm is called Demand Set partitioning, and as �rst rep orted in SCvE91 ]. De�nition The demand set of no de is the set of outlets which dep end on it: Dem Suc Outlet wher Outlet is the set of outlet names that annotate no de and Suc is the set of no des to which ther is ath of length zer or mor fr om (thr ough either str aight or squiggly dges). The Demand Set artitioning algorithm is analogous to Algorithm 1. 3.2 Subpa rtitioning After partitioning with either of the previous section’s algo- rithms, there ma no des in the same subset whic are connected squiggly edge, violating art of the thread de�nition of Section 1. Subpartitioning is applied to divide subsets in whic this ccurs in to smaller threads. Threads ma not split in to subpartitions arbitrarily as doing so ma in tro duce cycle et een threads (Fig- ure 2). Suc cycle ould also violate the second part of the thread de�nition. The follo wing algorithm correctly sub- partitions thread, assigning subpartition um er to eac no de within thread suc that all no des with the same um- er are part of the same subpartition. The um er is simply the maxim um distance in squiggly arcs from the ro ots of the thread. Algorithm (Subpartitioning (forw ard)) Given thr ad: In SCvE91 ], the algorithm as called \dominance set partitioning." Figure 2: Incorrect Subpartitioning 1. Visit eac no de of the thread, in top ological order according to in tra-thread straigh and squiggly edges, and compute Subp art max max Pr Subp art max Pr Subp art )) where Pr and Pr are the immediate pre- decessors of via straigh edges and squiggly edges, resp ectiv ely 2. orm smaller threads grouping together no des with iden tical Subp art (). Clearly this algorithm cannot in tro duce cycle et een subpartitions, as subpartition um ers are monotonically increasing along an path. orw ard subpartitioning can easily accomplished dur- ing the same top ological-order pass made the dep endence set partitioning algorithm. or eac no de Subp art is computed just after computing Dep according to the for- ula in Step 1a, ab e, except that Pr and Pr are tak en to refer only to predecessors of whic ha the same dep endence set. Threads are then formed �nd- ing maximal subsets of ertices with oth the same Dep and the same Subp art ). Similarly bac kw ard subpartition- ing can accomplished during demand set partitioning through similar mo di�cation. Bac kw ard subpartitioning is the dual of Algorithm 2, where the tra ersal is in rev erse top ological order, and where Suc and Suc replace Pr and Pr resp ectiv ely sho these algorithms are correct, ust sho that the threads they disco er satisfy oth parts of the thread de�nition. Informally one can argue correctness sho w- ing that no static or dynamic dep endence path et een no des in partition can completed through no de out- side the partition. No static path can exist, ecause no des along suc path ust ha monotonically increasing de- endence sets (or monotonically decreasing demand sets). No dynamic path can exist, ecause suc path ould ha to completed through one of the inlets (outlets) in the thread’s dep endence (demand) set, implying cycle. Fi- nally subpartitioning insures that the second part of the de�nition of thread is satis�ed.

Figure 3: Example of Iterated artitioning 3.3 Iterated rtitioning etter partitioning algorithm can obtained the it- erated application of dep endence set and demand set parti- tioning. This is done considering eac thread computed one algorithm as no de of duc gr aph and applying the other algorithm to the reduced graph. Giv en basic blo and partitioning (a collection of disjoin subsets of ertices), the reduced graph is basic blo with: ertex for ev ery thread in the partitioning, an edge for ev ery pair of threads with an in ter-thread edge (squiggly edges taking priorit y), an inlet annotation on eac ertex whic is the union of inlet annotations on the original ertices comprising the thread, and lik ewise for the outlet annotations. The iterated partitioning algorithm is cycle of Dep en- dence Set partitioning (with subpartitioning), form the re- duced graph, Demand Set partitioning (with subpartition- ing), form the reduced graph. This is rep eated un til the um er of threads do es not hange. Figure sho ws the stages of applying the iterated parti- tioning algorithm to small example. The example consists of �v no des, three eive and send annotated with the inlet and outlet names sho wn in part (a) of the �gure. Starting with demand set partitioning, three threads, as in- dicated the shaded area, are iden ti�ed (the three demand sets are and u; ). The reduced graph, sho wn in part (b), has no de for ev ery thread and inlet/outlet annotations whic are the union of the annotations of the original no des comprising the threads in part (a). Tw de- endence sets and determine the new partitioning of the reduced graph. orming the reduced graph again and applying demand set partitioning results then in single thread, as sho wn in part (c) of the �gure. Th us, the iter- ated partitioning algorithm as able to group all �v no des of the original graph in to single thread. Global Analysis The e�ectiv eness of the partitioning algorithm presen ted ab is limited the inabilit to propagate dep endence and demand information across con trol oundaries and pro- cedure calls. Without global analysis, eac send in call site or def site is annotated with unique outlet name and eac eive is annotated with unique inlet name. Our global analysis attempts to eliminate unnecessary outlets and in- lets in call site in fa or of squiggly arcs, where certain, indirect dep endences completed through the callee can disco ered. In other cases, it will giv the same inlet (out- let) name to ultiple eive send s). This ccurs where it is disco ered that the corresp onding send eive s) in the callee ha the same dep endence set (or demand set). More generally no des ma giv en erlapping annotations de- scribing the sharing et een their dep endence or demand sets. Eliminating or re�ning annotations in this allo ws the rep eated application of the partitioning pro cedure to pro duce larger threads. The analysis orks in the opp osite direction as ell; that is, it can use information obtained from call site in caller to eliminate or re�ne annotations in the corresp onding def site in the callee. In this direction, squiggly arcs result when the caller feeds result returned the callee bac in to an argumen of the callee. The ossibilit of suc feedbac is the hief reason wh non-strict languages are more expres- siv than their strict coun terparts. ra91a In this section, all in terfaces are assumed to single- call-single-def, i.e. they relate single call site to single def site. Extensions for single-call-m ultiple-def and ultiple- call-single-def in terfaces will presen ted in the subsequen section. 4.1 Global rtitioning The global partitioning algorithm starts o� initializing all sites with the most general annotation. Then, iterativ ely one of rules is applied: either site annotation is re�ned propagating information across an in terface, or basic blo is partitioned. The algorithm terminates when neither additional propagation nor partitioning results in hange. After blo is partitioned, the sites on the other sides of in terfaces to that blo ma require up dated annotations to re ect the blo k’s new structure. eep trac of this, the algorithm asso ciates with ev ery call and def site olean, alid ), indicating whether the annotations at that site are an accurate summary of the blo on the other side of the in terface. propagation step mak es the reannotated site alid, while partitioning step in alidates all the sites to whic information ab out the blo had previously een propagated. set of blo ks, Uses ), is also asso ciated with ev ery site. If alid is true, then Uses is the set of blo ks whose structure as directly or indirectly propagated in to Uses helps determine whic sites to in alidate after partitioning step. Algorithm (Global artitioning) Given structur data ow gr aph 1. Initially annotate ev ery receiv with unique single- ton inlet and ev ery send with unique singleton outlet. Set alid true and Uses for all sites 2. Select basic blo suc that alid is true for all sites in and apply either Step or Step 4.

3. (Pr op agate information acr oss an interfac e) Cho ose site in Let denote the corresp onding site on the other side of the in terface, and let the basic blo con taining erform the follo wing three steps: (a) Reannotate the sends and eives of site as function of the site according to Algorithm 4, elo w. (b) Set alid true (c) Set Uses ;s Uses ), where denotes the set of sites that con- tains. (This rule sa ys that what site uses is the blo con taining plus an blo ks whic in u- enced the annotations at sites in other than itself. Annotations whic ma presen at it- self do not con tribute to what is propagated to according to Algorithm 4.) 4. (Partition the asic blo ck) (a) artition using an legal partitioning algorithm. (b) Set alid false for all sites in the program suc that Uses ). 5. Rep eat from Step un til there is no hange. In some sense, Algorithm is an algorithm sc hema: to obtain complete algorithm, it ust com bined with strategy for making the hoice in Step 2. The blo ks and in terfaces form call graph, through whic the algorithm ust na vigate. If the call graph is tree, one strategy is to tak sw eeps from the lea es to the ro ot, partitioning blo ks and propagating to their paren ts, alternating with sw eeps from the ro ot to the lea es. If there are cycles in the call graph, the algorithm cannot propagate information around complete cycle|if it do es, partitioning an blo in that cycle will ermanen tly in alidate all site annotations on the cycle, prev en ting further progress. This is fundamen tal limitation in our global analysis’s abilit to deal with recur- sion. realistic strategy ust con ten itself with ho osing some spanning tree (or spanning G) of cyclic call graph and limit propagation to those in terfaces. 4.2 Propagation The pro cedure for reannotating the site based on the cor- resp onding site is describ ed no in detail. The in terface relates no des cv cv cv in site to no des Send Send Send in site If is def site and call site, these no des are comm unicating argu- men ts; if is call site and def site, these no des are comm unicating results. The in terface also relates no des Send Send Send in site to no des cv cv cv in site If is def site and call site, these no des are comm unicating results; if is call site and def site, these no des are comm unicating argu- men ts. The notation cv refers to the thread con taining cv in the reduced graph. Algorithm (Propagation) 1. Let Dem cv )), where this demand set is computed in the reduced graph of the basic blo B, but where the send outlets of site are giv en new unique names, Outlet Send for the purp ose of computing these demand sets. 2. Let Dep Send )), where this dep endence set is computed in the reduced graph of the basic blo but where the eive inlets of site are giv en new unique names, Inlet cv for the purp ose of computing these dep endence sets. 3. or eac i; suc that (whic is equiv alen to oth are true if and only if there is path from cv to Send )), (a) Add squiggly arc Send cv in site (b) Set (c) Set 4. Set Outlet Send in the site for all (alpha-renamed if necessary to oid congruence with other sites in ). 5. Set Inlet cv in the site for all (alpha-renamed if necessary to oid congruence with other sites in ). 4.3 Example The eha vior of this global partitioning algorithm is illus- trated in Figure 4. The top of the �gure sho ws caller with 2-argumen t, 3-result call site (left) and corresp onding callee, whic con tains in ternal inlets due to I-fetc op erations. After Step of Algorithm 3, all site annotations are alid, and their Uses sets are empt Therefore it is ossible to partition eac basic blo in isolation efore an in ter-blo propagation (top ro of �gure). No w, consider def-to-call propagation. The callee’s argu- men receiv inlets are temp orarily renamed and and the result send outlets renamed and resp ectiv ely This giv es and The second ro of the �gure sho ws the resulting new annotations in the caller. Next, the caller is partitioned. First, dep endence set partitioning results in three partitions. orming the reduced graph and then applying demand set partitioning giv es one thread, whic subpartitioning then splits in o, as sho wn in the third ro of the �gure. Note that the ottom part of the caller has exactly the structure of Figure 3a, and so the in termediate steps in iterated partitioning of the caller are similar to what is illustrated in Figure 3. Finally call-to-def propagation is used to sp ecialize the callee for this caller. Here and u; This in tro duces no squiggly edges in the callee, but mak es all eive inlets the same and all send out- lets the same u; ). artitioning the newly annotated callee, arriv at threads (fourth ro of �gure). An- other pass of propagation across the in terface yields small hange to the caller annotation, but no impro emen is os- sible in the partitioning.

Figure 4: Example of Global Analysis

Congruence Syndromes digress for momen to answ er the follo wing question: what is the information carried in inlet (outlet) annota- tions the propagation step of Algorithm 3? Clearly the names themselv es are not relev an t. or example, in Figure the annotations ere carried from the callee to the caller, but the partitioning ould ha een the same if the caller had receiv ed the annotations instead. It is not the names app earing in the inlet (outlet) annotations that matter, only whic no des end up with the same dep endence (demand) sets|in this exam- ple, whether the ottom no des end up with the same dep endence set. Th us, the annotations ould also do as ell, ev en though this is not just renaming of On the other hand, the an- notations do not ha the same e�ect, as the ottom no des in Figure end up with di�eren dep en- dence sets: a; a; The relev an information carried set of annotations is its sharing prop erties, whic are captured its ongru- enc syndr ome de�ned elo w. De�nition The congruence syndrome of ol le ction of sets of names is matrix de�ne as fol lows: Syn Pow Pow where Syn )( i� The reader ma erify that the congruence syndrome of is the same as the congruence syndrome of but di�eren from the congruence syndrome of In the reannotation pro cedure, Step 5, bank of no des cv ere reannotated with new inlet sets In fact, the no des could reannotated with an collection of inlet sets as long as Syn Syn ), and as long as all names in are dis- join from other inlets in the caller (to prev en unin tended congruence). An analogous generalization applies to Step 4. Note that an -renaming of collection alw ys yields col- lection with the same congruence syndrome. stress that the algorithms prop ose do not require computing an congruence syndromes; ha only used congruence syndromes to explain the underlying mathemat- ics. 5.1 rtial Order on Congruence Syndromes de�ne partial order on congruence syndromes as fol- lo ws: syn syn i� syn syn The syndromes of all �nite collections of giv en size form �nite lattice under this ordering; for 2, for example, there are sev en ossible syndromes. If Syn Syn ), then is conserv ativ appro x- imation of the annotations in That is, if lab eling bank of inlets or outlets with allo ws ertices to placed in the same partition, then they can also placed in the same partition if the inlets or outlets ere lab eled with though ma also allo groupings not allo ed Therefore, in the earlier example it is safe (though not opti- mal) to reannotate the outlets with an collection where Syn Syn ). This observ ation sho ws exactly what sort of com bination needs to done at ultiple-def or ultiple-call in terface: the new annota- tions ust ha congruence syndrome whic is the greatest lo er ound (glb) of the congruence syndromes from eac of the defs or calls. ortunately it is ossible to construct collection 12 suc that Syn 12 glb Syn Syn )) without actu- ally computing an congruence syndromes. First, -rename and so that they ha disjoin sets of names i.e. no name in mem er of app ears in an mem er of and vice ersa). Then 12 lea it as an exercise for the reader to erify that the congruence syndrome of 12 as de�ned ab is indeed the glb of the congruence syndromes of and It is still op en whether there is an e�cien algorithm to compute suc collection of minimal size i.e. with as few names as os- sible. This ould help to eep the dep endence and demand sets small during partitioning. Conditionals Global analysis for single-call-m ultiple-def in terface is de- scrib ed here. In Algorithm 3, Step is sligh tly mo di�ed. When propagating from the single call to the ultiple defs, Steps 3a, 3b, and 3c are applied to eac of the ultiple defs. When propagating from the ultiple defs to the sin- gle call, the condition in Step ust true of all of the blo ks con taining the defs, and the righ hand side of the equation in Step 3c is tak en as the union er the blo ks The propagation rule in Step 3a i.e. Algorithm 4) needs to com bine the information from the def sites, and is giv en elo w. The def sites are indexed 1. Let Dem cv )), where this demand set is computed in the reduced graph of basic blo but where the result send outlets are giv en new unique names, Outlet Send for the purp ose of computing these demand sets. 2. Let Dep Send )), where this dep endence set is computed in the reduced graph of but where the argumen eive inlets are giv en new unique names, Inlet cv for the purp ose of computing these dep endence sets. 3. or eac i; suc that for all (equiv alen tly suc that for all ), (a) Add squiggly arc Send cv in the caller. (b) Set for all (c) Set for all 4. Set Outlet Send in the caller for all (alpha-renamed if necessary to oid congruence with other call sites in the caller).

5. Set Inlet cv in the caller for all (alpha-renamed if necessary to oid congru- ence with other call sites in the caller). As discussed in the previous section, the unioning op era- tion in the last steps computes collection whose con- gruence syndrome is the glb of the (or collections’ syndromes, assuming the collections are pairwise disjoin e- forehand (alpha-renaming can used to mak sure this is so). Global analysis for ultiple-call-single-def in terface is just lik what is describ ed ab e, except that the roles of caller and callee are exc hanged. 6.1 Example Global analysis across single-call-m ultiple-def is illustrated in Figure 5, whic is an example of an if-then-else expres- sion. The top ro of the �gure sho ws the caller (that is, the expression con taining the if-then-else expression), the \then" side, and the \else" side. The initial annotation and partitioning in isolation is also depicted in the top ro w. The second ro sho ws the call site annotations after propagation from the conditional sites. ollo wing the �rst three steps of the propagation rule results in three squig- glies to inserted, ecause oth conditional sites ha certain dep endence from AR1 to RS1, from AR2 to RS2, and from AR3 to RS3. Just efore Step of the propa- gation rule, ha fg fg fg and fg and fg fg and aking the pair-wise unions in Steps and yields the new annotations sho wn in the second ro of the �gure. (T mak the �gure easier to read, ha alpha-renamed and to and resp ectiv ely and and to and resp ectiv ely .) artitioning can no group all no des at the ottom of the caller in to single thread. In the third ro w, propagate from the caller to the \then" and \else" sites applying Step of Algorithm to eac side. Since all new outlet annotations are equal s; ), demand set partitioning will place all no des of the \then" site and all no des of the \else" site in to single thread. Reannotating the caller for the second time and applying demand set partitioning groups together all no des at the top of the caller in to single thread, as sho wn in the fourth ro of the �gure. The �nal partitioning consists of four threads: the top and ottom of the caller, the \then" side, and the \else" side. Summa ry ha presen ted new approac to partitioning non-strict programs in to collections of sequen tial threads, extending previous ork in the area in sev eral ys. The framew ork is simpler and less ad ho Iterated basic blo partitioning is de�ned using simple constructs: dep endence sets and demand sets. ey con tribution is the use inlet and out- let annotations to pro vide concise summary of the e�ects of dep endences external to eac basic blo k. In particu- lar, they ermit the expression of congruence among de- endences, whic can describ ed mathematically as the congruence syndrome of an annotation set. This pro vides coheren framew ork for in terpro cedural analysis and analy- sis of conditionals, since the common structure of the con- ditional arms can describ ed simple op erations on the sets of annotations, whic corresp onds to �nding safe ap- pro ximation to the syndromes. rac king dep endences and sharing across pro cedures and through conditionals re- sults in larger threads with less dynamic sc heduling. It also iden ti�es larger um er of redundan sync hronizations, thereb reducing the cost of dynamic sc heduling. do not et ha empirical measuremen ts of the qual- it of partitioning using global analysis relativ to the sim- pler algorithm in SCvE91 ], but the impro emen app ears to substan tial. The most signi�can shortcoming of the earlier ork as the eak handling of conditionals, whic resulted in large um er of ery small threads. In the presen framew ork, partitioning is applied across the con- ditional and within oth arms efore the expansion of the conditional in to primitiv con trol transfer op erations. In man cases, the need to steer ultiple threads through the conditional is eliminated. artitioning as describ ed here has similar aims to the use of strictness analysis to oid building closures in im- plemen tations of lazy functional languages. BHY88 Joh86 In fact, one could apply the partitioning approac directly to lazy languages ra89 ], the ey di�erence eing in what partitioning algorithms are ermitted. Lazy ev aluation im- oses the additional restriction that no sub expression ma computed un til it is kno wn to con tribute to the �nal an- sw er. Dep endence set partitioning is therefore ruled out, ecause in general it will form partitions whic compute sev eral outgoing alues, not all of whic ma required for the �nal answ er ev en if some of them are. Demand set par- titioning, on the other hand, corresp onds exactly to what is required lazy ev aluation, as it seeks to group together sub expressions whic con tribute to the same set of outputs. Demand set partitioning com bined with our global analysis ma yield larger threads than con en tional strictness-based approac hes: for example, giv en function def cons (x+y) nil; and call our analysis ould allo the expressions and to put in the same thread, ev en though is not strict in either argumen t. On the other hand, our global analysis is eak er than strictness analysis in its abilit to handle recursion. One area of future ork is etter treatmen of recursion in our global analysis. There are sev eral additional directions for future ork. The partitioning and global analysis algorithms ha een presen ted here in their most straigh tforw ard form. There remains lot of ro om for clev er data structures and algorith- mic tec hniques to impro the time and space complexit Related to this is the op en question of ho est to appro x- imate the glb of the congruence syndromes in conditionals so to minimize the size of the annotations. Considerable ork remains to dev elop e�ectiv strategies for partitioning and propagation throughout the collection of basic blo ks. Finally ha assumed that \bigger is etter" in forming threads, but ultimately exp ect there to some trade- o�s et een thread size, parallelism, comm unication, and sync hronization erhead.

Figure 5: Example: Global Analysis of Conditional

Ackno wlegements thank Thorsten on Eic en, Seth Cop en Goldstein, enk at Natara jan, R. S. Nikhil, and Ellen Sp ertus for pro viding man useful commen ts on earlier drafts of the pap er. Da vid Culler receiv ed supp ort from National Science oundation PYI Aw ard (CCR-9058342) with matc hing funds from Motorola Inc. and the TR oundation. Klaus Erik Sc hauser is supp orted an IBM Graduate ello wship. References [AA89] Z. Ariola and Arvind. P-T C: parallel in ter- mediate language. In FPCA ’89 pages 230{242. CM, Sep 1989. [AN87] Arvind and R. S. Nikhil. Executing pro- gram on the Massac usetts Institute of ec h- nology tagged-tok en data o arc hitecture. In ARLE: Par al lel chite ctur es and anguages Eur op olume II olume 259 of LNCS pages 1{29. Springer-V erlag, Jun 1987. [ANP86] Arvind, R. S. Nikhil, and K. K. Pingali. I- structures: Data structures for parallel comput- ing. In Gr aph duction olume 279 of LNCS pages 336{369. Springer-V erlag, Oct 1986. [BHA85] G. L. Burn, C. L. Hankin, and S. Abramsky The theory of strictness analysis for higher order functions. In Pr gr ams as Data Obje cts olume 217 of LNCS pages 42{62. Springer-V erlag, Oct 1985. [BHY88] A. Bloss, Hudak, and J. oung. Co de opti- mizations for lazy ev aluation. Lisp and Symb. Comp. 1(2):147{164, Sep 1988. [BNA91] S. Barth, R. S. Nikhil, and Arvind. M- structures: Extending parallel, non-strict, functional language with state. In FPCA ’91 olume 523 of LNCS pages 538{568. Springer- erlag, Aug 1991. [BP89] M. Bec and K. Pingali. rom con trol o to data o w. ec hnical Rep ort TR 89-1050, Cornell U. Dept. of Comp. Sci., Ithaca NY, Oct 1989. [CSS 91] D. E. Culler, A. Sah, K. E. Sc hauser, T. on Eic en, and J. wrzynek. Fine-grain par- allellism with minimal hardw are supp ort: compiler-con trolled threaded abstract mac hine. In 4th ASPLOS pages 164{175. CM, Apr 1991. [F W87] J. erran te, K. J. Ottenstein, and J. D. arren. The program dep endence graph and its use in optimization. CM TOPLAS 9(3):319{349, Jul 1987. [HDGS91] J. E. Ho h, D. M. Da enp ort, V. G. Grafe, and K. M. Steele. Compile-time partitioning of non- strict language in to sequen tial threads. In Pr c. 3r Symp. on Par. and Dist. Pr essing IEEE, Dec 1991. [HW e90] Hudak and adler (editors). Rep ort on the programming language Hask ell, non-strict purely functional language (V ersion 1.0). ec h- nical Rep ort ALEU/DCS/RR777, ale Uni- ersit Departmen of Computer Science, New Ha en CT, Apr 1990. [Ian90] R. A. Iann ucci. Par al lel Machines: Par al lel Ma- chine anguages Klu er Academic Publishers, Boston, 1990. [Joh86] T. Johnsson. arget co de generation from G- mac hine co de. In Gr aph duction olume 279 of LNCS pages 119{159. Springer-V erlag, Oct 1986. [Myc80] A. Mycroft. The theory and practice of trans- forming call-b y-need in to call-b y-v alue. In Inter- national Symp osium on Pr gr amming olume 83 of LNCS pages 269{281. Springer-V erlag, Apr 1980. [Nik90] R. S. Nikhil. Id ersion 90.0 reference man ual. CSG Memo 284-1, MIT Lab. for Comp. Sci., Cam bridge MA, Sep 1990. [NP A92] R. S. Nikhil, G. M. apadop oulos, and Arvind. *T: ultithreaded massiv ely parallel arc hitec- ture. In Pr c. 19th nn. Int. Symp. on Comp. ch. IEEE, Ma 1992. (T app ear). [PC90] G. M. apadop oulos and D. E. Culler. Monso on: an explicit tok en store arc hitecture. In Pr c. 17th nn. Int. Symp. on Comp. ch. pages 82{91. IEEE, 1990. [PT91] G. M. apadop oulos and K. R. raub. Mul- tithreading: revisionist view of data o ar- hitectures. In Pr c. 18th nn. Int. Symp. on Comp. ch. pages 342{351. IEEE, Ma 1991. [SCvE91] K. E. Sc hauser, D. E. Culler, and T. on Eic en. Compiler-con trolled ultithreading for lenien parallel languages. In FPCA ’91 olume 523 of LNCS pages 50{72. Springer-V erlag, Aug 1991. [T ra86] K. R. raub. compiler for the MIT tagged- tok en data o arc hitecture. ec hnical Rep ort TR-370, MIT Lab. for Comp. Sci., Cam bridge MA, Aug 1986. [T ra89] K. R. raub. Compilation as partitioning: new approac to compiling non-strict functional languages. In FPCA ’89 pages 75{88. CM, Sep 1989. [T ra91a] K. R. raub. Implementation of Non-Strict unctional Pr gr amming anguages Pitman Publishing, London, 1991. Also published MIT Press, Cam bridge MA. [T ra91b] K. R. raub. Multi-thread co de generation for data o arc hitectures from non-strict programs. In FPCA ’91 olume 523 of LNCS pages 73{ 101. Springer-V erlag, Aug 1991.