Register Allo cation via Hierarc hical Graph Coloring Da vid Callahan Brian Koblenz era Computer Compan 400 34th Street, Suite 300 Seattle, 98103 Abstract presen graph coloring register allo cator de- signed to minimize the um er of dynamic memory references. co er the program with sets of blo ks called tiles and group these tiles in to tree re ecting the program’s hierarc hical con trol structure. Registers are allo cated for eac tile using standard graph coloring tec hniques and the lo cal allo cation and con ict information is passed around the tree in phase algorithm. This results in an allo cation of reg- isters that is sensitiv to lo cal usage patterns while retaining global ersp ectiv e. Spill co de is placed in less frequen tly executed ortions of the program and the hoice of ariables to spill is based on usage pat- terns et een the spills and the reloads rather than usage patterns er the en tire program. In tro duction examine the problem of e�cien tly allo cating registers to hold program ariables and compiler tem- oraries. In this problem, program is represen ted as con trol o graph consisting of basic blo ks con- nected with edges represen ting ossible transfers of con trol. Eac basic blo consists of sequence of instructions accessing ariables. The target mac hine has �nite set of ph ysical registers and an un- ounded set of memory lo cations. Eac reference to program ariable ust asso ciated with ei- ther ph ysical register or memory lo cation during This researc as supp orted the United States Defense Adv anced Researc Pro jects Agency under Con tract MD A972- 89-C-0002. The views and conclusions con tained in this do cu- men are those of era Computer Compan and should not in terpreted as represen ting the o�cial olicies, either expressed or implied, of ARP or the U. S. Go ernmen t. compilation. The goal of the register allo cator is to minimize the um er of dynamic memory references in the program placing hea vily used ariables in registers. Most of the ork in recen ears has cast the reg- ister allo cation problem in terms of coloring graph where the no des represen ariables and the edges represen con icts. Tw ariables in the graph are connected if they cannot sim ultaneously share reg- ister at some oin in the program. The goal of the allo cator is to assign register (\color") to ev ery no de suc that eac no de has di�eren color than an of its neigh ors. When it is imp ossible to color ev ery no de di�er- en tly from its neigh ors then some form of spilling is required. The placemen of co de to implemen spill decisions has not receiv ed as uc atten tion as the question of whic ariables to spill. Ev en though new er pro cessor designs ha more registers, e- liev that the appropriate placemen of spill co de will ecome more imp ortan in the near future. The reason for this is that these pro cessors ha longer pip elines, longer latencies et een the time an op er- ation is issued and the time the result is ailable, and more op erations executing concurren tly In or- der to �nd these concurren op erations and hide the pip eline latency aggressiv lo op unrolling and op er- ation sc heduling are required, oth of whic increase register pressure at arious oin ts in the program[5]. In Chaitin’s allo cator[6] the decision to spill ari- able is based on eigh ted reference coun and the um er of con ict edges in the in terference graph. This heuristic su�ers ecause the program o struc- ture is not represen ted in the in terference graph and lo cal reference patterns are not visible. In addition, ariable is spil le er section of the program when references to that ariable are asso ciated with memory rather than registers. The term elo ad is used to indicate transition oin in the program where spilled ariable ecomes asso ci- ated with register and the term spil refers to the opp osite transition. age once ariable is spilled to memory all references ust fetc its alue from memory and all de�nitions ust store the alue bac k. Simple metho ds within basic blo k[2][6] can used to oid ultiple loads (or stores) of ariable if the register has not een used since the previous load, but no global mec ha- nism allo ws the ariable to allo cated register er some larger ortion of the program. In the ex- ample sho wn in Figure 1, Chaitin’s allo cator will spill either or for the en tire program resulting in the or execution of one of the lo ops. Our ork describ es graph coloring allo cator that is sensitiv to program o structure. Spilling ccurs in less frequen tly executed ortions of the program. The hoice of ariables to spill is based on usage pat- terns et een the spills and the reloads rather than usage patterns er the en tire program. The metho allo ws ariable to assigned to one register er ortion of the program, memory in second or- tion, and di�eren register in et third ortion. Pro�ling information can trivially incorp orated to impro the selection of spilled ariables and the lo- cation of the spill co de ecause all analysis is based on the probabilit of eing in particular basic blo or o wing along particular con trol o edge. The main idea is to represen the program’s lo op and conditional structure tree of tiles Tiles are visited in ottom up fashion and lo cal in terference graph is created and colored (using pseudo registers) for eac tile. tile’s lo cal spill decisions are made based on lo cal usage and compact summary of the lo cal in terference graph is passed to the paren tile to incorp orated in to its in terference graph. After the ottom-up pass has allo cated ariables to pseudo registers for the en tire tree, top do wn alk binds pseudo registers to ph ysical registers and in tro duces spill co de where desirable and required, but not nec- essarily where the decision to spill as made. In addition to etter spill co de placemen t, our ap- proac also allo ws smaller con ict graphs to con- structed. are not claiming to asymptotically smaller, but with this tec hnique it is not necessary to construct the full con ict graph at an one time. This is similar to the ene�t of clique separators describ ed Gupta, So�a, and Steele[11] et are able to re- tain global view of the program ermitting etter spill analysis. The next section describ es the tile tree. Section giv es details for the allo cation and section describ es ho spill decisions are made. conclude with com- parisons to other ork and some observ ations ab out the generalit of our approac h. Tiles and Tile rees Our goal is to represen the hierarc hical structure of program as tree ecause the tree represen tation is easy to reason ab out and separates areas of high and lo execution frequency start with some de�nitions: program is represen ted con trol o graph start stop where is the set of basic blo ks, is the set of con trol o edges et een elemen ts of start is the unique blo with no predecessors and stop is the unique blo with no successors. Let collection of sets of basic blo ks whic co ers the set sa that is tile tree and eac elemen of tile if the follo wing conditions hold: 1. Eac pair of sets in are either disjoin or one is prop er subset of the other. If and there is no suc that then sa that is hild or subtile of and is the paren of denoted par ent ). also de�ne the set blo cks to the set of basic blo ks whic are mem ers of but whic are not mem ers of an hild of 2. or eac edge n; and tile suc that ha or bl ock par ent )). If bl ock par ent )) sa that is an en try edge 3. or eac edge m; and tile suc that ha or bl ock par ent )). If bl ock par ent )) sa that is an exit edge 4. There is some tile suc that bl ock star t; stop This tile is called the ro ot tile The �rst restriction is cen tral to our hierarc hical ap- proac to making spill decisions. The second and third are somewhat tec hnical and observ that empt basic blo ks can inserted along an edge to allo the original endp oin ts to further \apart" in the tile tree. In tuitiv ely eac empt blo ecomes oin where spill co de can inserted if needed. The �nal condition ensures simple oundary case. Man collections satisfy the ab de�nition in- cluding the trivial tree consisting of tiles, one of whic is the ro ot tile. Our goal is to mak the tile tree represen the structure of the program so com bine couple of heuristics to build the tree from the con- trol o graph. The algorithm to construct the tile tree is giv en in app endix A. Figure sho ws the tile tree resulting from the pro- gram in �gure sup erimp osed on the new con trol o age Figure 1: Example allo cation problem in olving lo ops, four ariables and o-register mac hine. Optimal allo cation requires to spilled efore blo and reloaded efore should spilled after The righ hand �gure sho ws the hierarc hical tile tree and the basic blo inserted during tree construction. age graph. The blo lab eled F1 is generated the �x- up co de in �gure 3. Though represen ting only the lo op hierarc ma su�ce in man cases, include oth lo ops and con- ditionals in our hierarc By including the condi- tionally executed ortions of the program the size of the in terference graphs are further reduced and the placemen of spill co de is impro ed. or example, consider ariable that is used inside deeply nested conditional that is rarely ex- ecuted. There ma not enough register pressure to cause the ariable to spill un til higher in the tile tree, but the oin higher in the tree is executed more frequen tly than the conditional where the ariable is used. This corresp onds to the case where it is desir- able to spill ariable inside conditional lo er in the tile tree than is necessary Alternativ ely consider pair of nested lo ops and ariable that cannot allo cated register for the inner lo op (represen ted tile ). It is ossible to spill inside of the outer lo op (corresp onding to spilling along ’s en try and exit edges), but if there are no references to in the outer lo op it is etter to spill the ariable outside of the outer lo op, in tile still higher in the tree. Allo cation Eac basic blo is opulated with uses and de�- nitions of ariables assume that eac program ariable has een fully renamed[9] and that ariables corresp ond to an un ounded set of pseudo-registers. sa ariable is lo cal to tile if all refer- ences to are made blo ks within and is not liv along an en try or exit edge of ariables ref- erenced in tile but not lo cal to the tile are called global with resp ect to that tile. The allo cation pro cess has phases. In the �rst phase, ph ysical and pseudo registers are allo cated in ottom-up fashion for eac tile using graph color- ing. Lo cal spill decisions are made and summary of the tile’s allo cation is passed to its paren t. Once the en tire tile tree has had pseudo registers allo cated, the second phase mak es top-do wn alk of the tile tree mapping pseudo registers to ph ysical registers and up dating spill decisions. distinguish ph ys- ical and pseudo registers in that pseudo register will ound to some ph ysical register during the sec- ond phase. When certain alues ust in particular ph ysical registers, e.g. to satisfy link age con en tions, Renaming is not required but allo ws ariable with dis- tinct liv ranges within tile to receiv distinct registers for eac liv range. phase1(tile foreac subtile of do phase1( endfor compute con icts based on references in blo cks(t) add preferences based on references in blo cks(t) foreac subtile of do incorp orate ’s tile summary ariable con- icts foreac ariable global in that is also in register in do incorp orate ’s con icts endfor add preferences from endfor color tile in terference graph up date spill information sa con ict and preference information for ar ent(t) phase2(tile reconstruct in terference from global ariables and tile summary ariables include global ariables in registers in ar ent(t) set preferences based on allo cation in ar ent(t) color in terference graph using ph ysical registers sa allo cation for eac subtile of foreac subtile of do phase2( endfor Figure 2: Ov erview of the passes for register al- lo cation. The initial call passes the ro ot tile. those ariables are assigned to the appropriate ph ys- ical registers during the �rst phase. Figure giv es brief algorithmic erview of the allo cation pro cess. The steps are describ ed in more detail in the succeeding sections. Allo cation and Con ict Summary After the �rst phase has pro cessed tile, eac ariable refer- enced in the tile will either assigned ph ysical or pseudo register, or spilled to memory The �rst phase summarizes the allo cation of lo cal ariables creating one new ariable for eac distinct register to whic lo cal ariable is allo cated. These new ari- ables are referred to as tile summary ariables and de�ne the mapping ts whic maps eac lo cal ariable in to the tile summary ariable asso ciated age with the register allo cated to Tile summary ari- ables represen the coalescing of lo cal ariables that ere allo cated to the same register and allo an e�- cien represen tation of the con icts et een lo cal and global ariables. The um er of tile summary ariables for an giv en tile is ounded the um er of ph ysical reg- isters and the con icts with other tile summary ariables can represen ted with small bit matrix. or eac global ariable that as assigned reg- ister in tile retain sets of con icting ari- ables. The �rst set, ), describ es the lo cal ariables in that con ict with If is the set of ariables lo cal to tile and is the relation that and con ict then de�ne: ts and The second set of con icts describ es the global ariables in that oth con ict with and ere as- signed to registers in observ that at most global ariables can in registers at an en try or exit oin to the tile and so the total amoun of in- formation in the summary is (( where is the um er of blo ks whic are the destination of en try edges to tile or sources of exit edges from tile or structured programs, this um er is 2. Tile In terference Graph or eac tile pro cessed in ottom-up manner, an in terference graph is built. The in terference graph for tile consists of kinds of ariables: ariables referenced in and tile sum- mary ariables for eac hild of The �rst kind of ariable corresp onds to the ypical uses and de�ni- tions found in while the second kind of ariable corresp onds to the registers used ariables lo cal to subtile of subtle implication is that ariables that are liv but not referenced in do not require ariable in ’s in terference graph. The motiv ation here is that if an ariable ust spilled, these ariables ould the �rst candidates. Omitting unreferenced liv ariables also pro vides reduction in the size of the con ict graphs. An example of this is in �gure where tile do es not need to represen in its in terference graph. Edges in the graph represen con icts et een ariables and prev en ariables from eing as- signed the same register. These con ict edges come from ariet of sources. 1. con ict edge exists et een ariables if they con ict in blo in blo cks ). This initial con ict graph is built ignoring the subtile infor- mation using an algorithm similar to Chaitin[6]. 2. ariable con icts with tile summary ariables and other global ariables as indicated in the con ict summaries for eac subtile. 3. An ariable that is liv in subtile but as not part of the subtile’s allo cation summary con icts with all of the subtile’s tile summary ariables. This includes ariables that are not referenced an ywhere in the subtree ro oted at the subtile plus ariables that ha een spilled in the subtile but are liv in the curren tile. second sa vings in graph size ccurs ecause ariables liv across tile normally con ict with all lo cal ariables in the tile. These con icts are more compactly represen ted as con icts with the tile summary ariables whic represen set of ariables lo cal to the subtile. 4. Eac no de corresp onding to tile summary ariable con icts with other tile summary ari- ables from the same subtile as indicated in the con ict summaries for eac subtile. Tile sum- mary ariables do not con ict with tile sum- mary ariables from sibling tiles ecause tile summary ariables in sibling tiles corresp ond to ariables with non-o erlapping liv ranges. Coloring Once the in terference graph has een constructed it is colored using standard heuristic: all ariables with less than con icts are placed on colorable stac along with their edges. When ariable is placed on the stac all asso ciated edges are remo ed from the graph enabling other ariables to no placed on the stac k. When the remaining graph consists solely of ari- ables with at least con icts, spill analysis is used to determine the next ariable to push on the col- orable stac k. ariables that are least aluable for eeping in register as determined in section are pushed on the colorable stac next. Ev en tually ev ery ariable is on the colorable stac as suggested Briggs et al. [3]. this oin the assignmen of ph ysical and pseudo registers egins. set of colors is main tained consisting of ph ysical and pseudo register colors as- signed to ariables. The set is initialized to con tain the ph ysical registers that certain lo cal ariables re- quire. The coloring pro cess ops ariables from the col- orable stac and giv es the ariable color from the color set excluding an color already allo cated to con icting ariable. If less than colors ha een used and the ariable requires new color then pseudo register is selected and added to the set of used colors. age An exception is made for global ariables liv at the tile oundaries and those ariables that are pref- erenced to them (see elo w). In order to oid erly constraining these ariables, attempt to select color that is separate from an other color already used sub ject to the constrain of using only col- ors. Because eep summary of the tile’s con icts, it is ossible to bind these distinct lo cal colors to the same ph ysical register during the top do wn phase. Alternativ ely if had coalesced lo cal and global ariables during the ottom up phase, it ould imp ossible to separate them ev en if it as desirable. An ob vious implication of the preceeding discussion is that when coloring lo cal ariable try to oid colors that are allo cated to uncoalesced global ari- ables. Since the algorithm ma place ariable with or more con icts on the colorable stac k, some ari- ables on the stac ma not receiv color. Ho ev er, due to the stac ordering of ariables, it is guaran teed that the more imp ortan ariables, based on the spill analysis, will receiv registers efore the less imp or- tan ones. After all ariables ha either een giv en color assignmen ts or spilled, compute the tile con ict summary describ ed earlier for ariables still in reg- ister. Preferencing It is sometimes desirable to allo cate di�eren ariables to the same register. Sources of these preferences include: 1. If ariable is used as pro cedure call argu- men or result and the link age con en tion re- quires the argumen or result in particu- lar ph ysical register, then the ariable ecomes preferenced to that register. 2. If there is simple assignmen from one ari- able to another, than those ariables ecome preferenced. Explicit preferencing is used as an alternativ to o- alescing [6] where no des satisfying the ab condi- tions, esp ecially the last, ould simply subsumed in to single no de efore coloring. feel our metho is sup erior ecause the separate liv ranges of the in- dividual ariables allo more precise spill decisions to made. The ab cases are di�eren in that the �rst case has sp eci�c register requiremen ts, while the second case simply desires to ha ariables in the same, arbitrary register. handle these cases separately implemen the �rst case of preferencing as- so ciate an optional lo al pr efer enc register with eac ariable. When coloring ariable whic has lo cal preference, if the desired register is ailable, then that register is assigned; otherwise the preference is ignored. When coloring ariable without lo cal preference, color is found that do es not con ict with either the already colored con icting ariables or with the lo cal preferences of still uncolored con- icting ariables. If no suc color exists, rev ert to standard coloring tec hniques ho osing color whic is distinct from already colored con icting ariables. This mec hanism prev en ts ariable from arbitrar- ily ho osing register that is the lo cal preference of con icting ariable. The only time lo cal prefer- ence will not arded is if higher priorit ari- able (based on the order of the coloring stac k) desires the preferenced register, or ev ery ailable register is some other ariable’s lo cal preference. The second yp of preferencing describ ed ab do es not set lo cal preference alue ecause there is no particular register the ariables ust share. Instead, eac ariable is added to the other’s pr efer- enc list When ariable is colored, eac uncolored ariable on ’s preference list is giv en ’s color as its lo cal preference. Th us, after one ariable in group of preferenced ariables is colored the mec hanism de- scrib ed in the previous paragraph will then ork to eep the register ailable for the other mem er’s of the group. In order to supp ort in ter-tile preferencing and reg- ister targeting couple of sp ecial cases are imple- men ted: 1. If global ariable is allo cated to ph ysical register in subtile, then that ph ysical register ecomes lo cal preference in the paren tile. This propagates preferences up the tile tree and allo ws earlier de�nitions of ariable to target desirable lo cation. 2. If global ariables are preferenced in sub- tile and are allo cated to the same pseudo regis- ter (the preferencing as successful in the sub- tile), then the pair is added to list of pairs of ariables that should preferenced in the paren tile. When the paren tile’s in terference graph is constructed the ariables on this prop- agated preferences list are preferenced to one another. 3. also add preferences et een global ari- ables and tile summary ariables if there is lo cal ariable that as preferenced with the global ariable and oth ariables are assigned the same color. This handles the case where there is preference et een the global and age lo cal asso ciated with the tile summary ariable without the need to retain additional preference information et een phases. Mapping pseudo registers to ph ysical registers When the ro ot of the tile tree is colored, the �nal assignmen of pseudo registers to ph ysical registers ccurs in top-do wn fashion. eac tile, the paren will ha already placed certain global ariables in to registers and assigned some tile summary ariables to registers. Other global ariables will spilled to memory and some tile summary ariables will also spilled to memory mak the �nal register assignmen t, the tile con- ict graph is recreated from the summary information and is colored based on curren preferences. Since, during the ottom-up alk, ignored global ari- ables that ere not referenced in the subtree ro oted at the curren tile, ust no include those ari- ables that receiv ed registers in the paren tile and are liv across the subtile. mak these ariables con- ict with ev ery other ariable in the con ict graph and preference them to the ph ysical register they re- ceiv ed in the paren t. ariables with ph ysical preferences are assigned to those ph ysical registers. Global ariables assigned to register in the paren are preferenced to those registers if there is no ph ysical lo cal preference. Inserting Spill Co de Once the �nal coloring for tile is kno wn, spill co de ma need to added on en- try and exit edges. There are four general situations: Spill When the paren assigns register to global ariable that is spilled in the hild, then on eac en try edge where is liv store to mem- ory is inserted and on eac exit edge where is liv load is inserted. ransfer When the paren assigns register to global ariable whic is assigned di�eren reg- ister in the hild, then on eac en try or exit edge where the ariable is liv register mo is in- serted. Reload When the paren spills to memory ariable assigned to register in the hild, and it is cost e�ectiv to reload that ariable, then on eac en try edge where the ariable is liv load from memory is inserted and on eac exit edge where the ariable is liv store to memory is inserted. No Change When oth the paren and the hild al- lo cate the ariable to memory no pro cessing is necessary ecause there is single memory lo- cation asso ciated with eac spilled ariable. The phrase \inserted on an edge" means that new basic blo is created whic is executed only when this edge is tra ersed; �x-up co de is placed in this blo k. The �x-up co de on en try and exit edges ust ordered: stores and mo es from register ust preceed loads and mo es to register. It is ossible for cycle of register to register mo es to exist er- uting the con ten ts of set of registers in whic case an idle register is used to break the cycle. In the orst case register ust spilled just to pro vide an idle register. The ab description of when to spill and reload is actually bit to essimistic. Consider the case of de�nition of ariable prior to lo op, some uses of inside the lo op, and �nally another use of after the lo op. Assume that gets register for the tile asso ciated with the lo op, but do es not get register outside of the lo op. As describ ed, there ould reload of efore the lo op is en tered, and spill of after the lo op exit. The spill is unnecessary ecause as nev er mo di�ed in the lo op so the correct alue is already in memory simple solution is to mark eac tile where ariable is de�ned and propagate the information up the tile tree. Th us, ariable is reloaded only if there is register de�nition of the ariable deep er in the tile tree and there has een no spill of that ariable since the de�nition. Spilling There are primary issues to consider when spilling: whic ariables should spilled, and where should the spill co de lo cated. address oth of these issues here. When the allo cator reac hes oin where all ari- ables not on the colorable stac ha at least con- icts, then one of the remaining ariables ma ha to spilled. ollo wing Briggs et al. [3] prioritize the remaining ariables and next place the least aluable ariable on the stac k; dela the actual decision to spill un til ariable fails to �nd alid color. Chaitin[6] spills the ariable with the lo est spill cost to con ict coun ratio where the spill cost is the enalt of accessing this ariable from memory This is the ariable that is least lik ely to ene�t from register and most lik ely to enable other ariables to ecome colorable. Bernstein et al. [2] use comple- men tary com bination of spill heuristics and pic the est set of ariables to spill er the en tire program. Our algorithm could easily use either metho but is implemen ted using Chaitin’s heuristic with our cost metric. age As as previously men tioned, the est place for spill co de ma not around the tile where the de- cision to spill the ariable is made. Therefore, the information to mak the spill lo cation decision is com- puted on the up the tile tree and the actual spill co de insertion is made on the alk bac do wn the tree. prop erly determine spill lo cations for ariables, eac ariable that ma an to spilled higher or lo er in the tile tree is trac ed in the subtiles. This do es not include ev ery ariable since the only ari- ables that ma an to spilled higher in the tree are those ariables that ha already een spilled, or those that are referenced in this subtree and are vis- ible to the paren tile. Lo cal ariables will nev er spilled higher in the subtree ecause they are not liv e. The follo wing form ulas are used to determine whic ariables are most deserving of registers and where spill co de should inserted. Assuming unit cost to load or store ariable: al weight Pr ob ef ansfer Pr ob Live Weight Mem )) al weight min ansfer Weight )) Mem Mem ansfer where ranges er en try and exit edges, ranges er the blo ks in bl ock ), and ranges er the subtiles of tile Live is if ariable is liv along edge and otherwise. Pr ob is the probabilit of e- ing executed and Pr ob is the probabilit of o wing along edge ef is the um er of references to ariable in blo is if ariable as allo cated register in tile and otherwise. Simi- larly Mem is if ariable as not allo cated register in tile and otherwise. al weight corresp onds to the alue of eep- ing in register con tributed blo ks in tile ansfer is the cost of spilling (and/or reload- ing) ariable on en try to and exit from tile Weight is used to driv the heuristic of whic ariable should spilled. It is based on the um- er of uses of the ariable in the tile, the enalt of allo cating to memory in this tile if it desires reg- ister in some subtiles, and the enalt of allo cating to register in this tile if it ust spilled in some subtiles. The eigh can negativ if there is disin- cen tiv to allo cate to register. This ccurs if the cost of spilling bac to memory in some subtiles out eighs the ene�t of ha ving in memory for tile and the subtiles that an in register. Tile summary ariables ha zero al weight their eigh is based on their alue in the subtile and the cost of transferring ariable on all of the tile en- try and exit edges. This transfer cost appro ximates the enalt of spilling and reloading con icting ari- ables that are liv and in registers at the hild tile’s oundaries. is the enalt of ha ving the paren tile allo cate to memory if this tile allo cates it to reg- ister. This is the lesser cost hoice of doing transfer et een memory and registers at ’s oundary or sim- ply hanging the allo cation of to in memory in the subtile. If then there is incen tiv for the paren to place in memory ecause some descendan ts of will need to spill regardless of ’s decision and there are not enough lo cal references to ercome the cost of the spill. Mem is the enalt of ha ving the paren tile allo cate to register if this tile allo cates it in mem- ory This is simply the cost of mo ving et een reg- isters and memory around the curren tile ecause ust remain in memory in the subtile once decision to spill it has een made. The preceeding equations are used in the ottom- up alk of the tile tree to determine whic ariables are most imp ortan to allo cate to registers and also to determine if ariable is not orth allo cating register ev en if the paren tile can place the ariable in register. They are also used in the top-do wn assignmen of ph ysical registers to determine when the allo cation of ariable to register should hanged to memory allo cation ecause the ariable is in memory in the paren tile. Making Spill Decisions When alking up the tile tree, it is ossible to determine that some ariables are not orth allo cating to registers. or example, ariable that is de�ned in the curren tile but already spilled in all subtiles ma not orth eeping in register for this tile ecause the subtile spills can eliminated if the ariable is in memory In this case, weight demonstrating the disincen tiv of allo- cating to register. If this disincen tiv ershado ws the ene�t ev en when the paren tile allo cates to register, then kno should in memory in tile regardless of whether the paren of places in register. Th us, eac ariable satisfying the in- equalit tr ansfer weight is mark ed as not receiving register for tile All other spilled ariables (during the ottom up alk) are spilled based on register pressure and the age decision of whic ariables to spill is based on the lo cal ene�t of eeping the ariable in register. Placemen of Spill Co de When alking bac do wn the tile tree, spill co de ust inserted at ap- propriate lo cations. There are relev an cases for ariable If is in memory in tile and in register in the paren of then insert co de to mo to and from memory on ’s oundary edges. This is ecause spill decisions are nev er undone. If the paren found it pro�table to place in register then there ere enough uses to ercome the disincen tiv represen ted the cost of transferring to memory around tile If is in register in and in memory in the paren of and if weight tr ansfer gener- ate memory to register transfers otherwise hange the allo cation of in to re ect that it should in memory Related ork Our ork is primarily an extension of the ork done Chaitin[6]. retain the accuracy of Chaitin’s in terference graph but, unlik Chaitin, are able to ene�t from lo cal usage patterns and can place spill co de in telligen tly Cho and Hennessy[8] and Larus and Hil�n- ger[13] handle con icts more coarsely than do. They represen eac ariable as set of con tiguous basic blo ks live ange where the ariable ust ccup register. When the in terference graph can- not colored with the ailable registers liv range is split in to pair of liv ranges whic are treated as separate ariables and allo cated to registers indep en- den tly Spill co de is inserted at the basic blo ks that form the oundary of liv ranges to coalesce ari- ables that ere split from common ancestor. The splitting of liv ranges is greedy and based solely on the edges in the in terference graph; the new liv range con tin ues to gro as long as it is colorable. This can result in liv range oundaries inside of lo ops ev en though spilling outside the lo op ould pro duce etter co de. Another disadv an tage of the Cho and Hen- nessy sc heme is that they separate lo cal and global ariables and color them from distinct register sets. This results in extra copies that coalescing and pref- erencing can oid and also reduces the um er of ailable registers for global coloring. Briggs, Co op er and orczon[4] �nd the lo op struc- ture of the program and erform liv range splitting (with limited coalescing) at lo op oundaries. They spill in telligen tly but their in terference graphs are large and they cannot spill inside of conditional state- men ts. Meltzer and Knob e[12] indep enden tly attempted to incorp orate the program structure in to register allo cator and ha similar notion of lo cal and global ariables. They construct \con trol tree" based on the ork of Sharir[14]. This is similar to our tile tree for structured programs but eliev our algorithm is more easily adapted to arying tile gran ularities. Also, Sharir ma view branc hes out of nested lo ops as if statemen ts where con tin ue to see the natural lo op structure. Meltzer and Knob do not go in to detail ab out making spill decisions, but they claim the \optimal" lo cation for spill co de is at the highest oin in the con trol tree. eliev their claim to in error based on the discussion in section and ha tried to giv complete discussion of spill analysis to supp ort our osition. Summary and Observ ations summarize, our metho for register allo cation co ers the program with sets of blo ks called tiles. The tiles are group ed in to tree re ecting the pro- gram’s structure and resulting in an allo cation of reg- isters that is sensitiv to lo cal usage patterns while re- taining global ersp ectiv e. Registers are allo cated in eac tile using standard graph coloring tec hniques and spill co de is inserted at infrequen tly executed tile oundaries to rectify di�eren allo cations et een an ancestor tile and its descendan ts. conclude with brief discussion of sp ecial top- ics whic are handled ell this metho d. When ariable corresp onding to mac hine in- struction op erand is spilled, some pro vision ust still made to deliv er the ariable’s alue to the pro- cessor. Most mo dern pro cessor designs allo suc op erands to only come from registers and so reg- ister ust made ailable to hold the alue im- mediately efore its use. simple solution[13] to this problem is to reserv registers sp eci�cally for this purp ose. Another solution[6] is to in tro duce temp orary ariables for eac suc use and then re- eat the en tire register allo cation pro cess considering these temp orary ariables. Rep eating the allo cation is exp ensiv e[3][11] and the oten tial for register spills is increased with aggressiv optimization tec hniques. Our metho oids the need to iterate in tro ducing these temp oraries as lo cal ariables with in�nite spill cost. Since these ariables are visible in only one tile and no tile has large um er of them, they do not con tribute signi�can tly to the cost of allo cation. Another anomaly in register allo cation is handling age pro cedure calls. link age con en tion ma sp ecify that particular registers should sa ed the caller, sa ed the callee, used as parameters, or used to return alue. The arious con en tions for handling registers at call sites and pro cedure en try and exit can handled uniformly with our tec hnique. arame- ter passing and return alues can easily handled with preferencing. Spilling caller-sa ariables can mo deled in tro ducing, at the oin of the call, lo cal ariable with in�nite spill cost and prefer- ence to ph ysical register. Handling callee-sa reg- isters is analogous to spilling ariables corresp onding to the callee-sa ed registers that are liv across the en tire pro cedure but not referenced an ywhere in the pro cedure. When pro cessing the ro ot tile, eac callee- sa register is assumed to con tain liv ariable with eigh commensurate with the sa and restore cost and preference to the callee-sa register. This ari- able comp etes with other ariables during the spill analysis. or example, consider case where routine �rst has quic return hec and then do es lots of com- putation. The bulk of the computation will in subtile with lo er execution frequency than the ro ot tile. In this case, the cost analysis will indicate sub- tile summary ariables should spilled in the ro ot tile, rather than the ariables ccup ying callee-sa registers. The net e�ect is the same as the \shrink wrapping" discussed Cho w[7]: callee-sa regis- ter is not sa ed un til an execution path whic actually requires the register is selected. Inline exp ansion replacing function call with cop of the dy of the function is an optimiza- tion used to reduce the erhead of function calls and to allo more e�ectiv optimization in the vicinit of the function call. Ho ev er, inline expansion can ha detrimen tal e�ect on traditional register allo cators since natural spill oin (the call site) has een re- mo ed. Since our metho retains natural spill oin ts suc as lo op oundaries and nested con trol should not su�er an side e�ects. urther, since the lo cal ariables of the inlined-function will all lo cal to the function’s tile, the cost of coloring after inline ex- pansion should prop ortional to the com bined cost of coloring eac function separately Some mac hines ha more lev els of programmer addressable memory hierarc than just registers and main memory Our tec hniques can easily extended to handle this hierarc mo ving ariables et een one hierarc hical lev el and another at the tile ound- aries. Allo cation en tails placing the ariable at the highest lev el where it can allo cated and relying on the spill analysis to eliminate unpro�table mo es et een lev els. Finally our original goal for this ork as to �nd an e�cien register allo cation sc heme that could ex- ecute in parallel on our mac hine and th us sp eed the en tire allo cation pro cess. ac hiev ed this goal since sibling subtrees can pro cessed concurren tly in oth the ottom-up and top-do wn passes. The amoun of parallelism dep ends on the shap of the tile tree. Our primary language is ortran and our exp ectations con�rmed early exp erimen ts are that there is adequate breadth in the tree to exp ect ene�t from parallel ev aluation. References [1] F. E. Allen. Con trol Flo Analysis. In Pr d- ings of the SIGPLAN ’70 Symp osium on Com- piler Construction pages 1{19, July 1970. [2] D. Bernstein, D. Goldin, M. Golum bic, H. Kra czyk, Y. Mansour, I. Nahshon, and R. Pin ter. Spill co de minimization tec hniques for optimizing compilers. In Pr dings of the CM SIGPLAN 89 Confer enc on Pr gr am an- guage Design and Implementation pages 258{ 263, June 1989. [3] Briggs, K. Co op er, K. Kennedy and L. orc- zon. Coloring Heuristics for Register Allo cation. In

Pr dings of the CM SIGPLAN 89 Con- fer enc on Pr gr am anguage Design and Imple- mentation pages 275{284, June 1989. [4] Briggs, K. Co op er, and L. orczon. Aggres- siv Liv range Splitting. ec hnical rep ort, Rice Univ ersit 1991. [5] D. Callahan, S. Carr, and K. Kennedy Im- pro ving Register Allo cation for Subscripted ari- ables. In Pr dings of the CM SIGPLAN 90 Confer enc on Pr gr am anguage Design and Implementation pages 53{65, June 1990. [6] G. Chaitin. Register Allo cation and Spilling via Graph Coloring. In Pr dings of the SIGPLAN ’82 Symp osium on Compiler Construction pages 98{105, June 1982. [7] F. Cho w. Minimizing Register Usage Penalt at Pro cedure Calls. In Pr dings of the CM SIGPLAN 88 Confer enc on Pr gr am anguage Design and Implementation pages 85{94, June 1988. [8] F. Cho and J. Hennessy Register Allo cation Priorit y-based Coloring. In Pr dings of age 10 the SIGPLAN ’84 Symp osium on Compiler Con- struction, SIGPLAN Notic es ol. 19, No. pages 222{232, June 1984. [9] R. Cytron, J. erran te, B. Rosen, M. egman, and K. Zadec k. An E�cien Metho of Comput- ing Static Single Assignmen Form. In Confer- enc or of the Sixte enth CM Symp osium on the Principles of Pr gr amming anguages pages 25{35, Jan uary 1989. [10] J. erran te, K. J. Ottenstein, and J. D. arren. The Program Dep endence Graph and Its Use in Optimization. CM ansactions on Pr gr am- ming anguages and Systems 9(3):319{349, July 1987. [11] R. Gupta, M. L. So�a, and T. Steele. Register Allo cation via Clique Separators. In Pr d- ings of the CM SIGPLAN 89 Confer enc on Pr gr am anguage Design and Implementation pages 264{274, June 1989. [12] K. Knob and A. Meltzer. Con trol Tree based Register Allo cation. ec hnical rep ort, COM- ASS, 1990. [13] J. Larus and Hil�nger. Register Allo cation in the SPUR Lisp Compiler. In Pr dings of the SIGPLAN ’86 Symp osium on Compiler Construction, SIGPLAN Notic es ol. 21, No. pages 255{263, June 1986. [14] M. Sharir. Structural Analysis: New Ap- proac to Flo Analysis in Optimizing Compil- ers. Computer anguages 5:151{153, 1980. [15] R. E. arjan. esting Flo Graph Reducibil- it Journal of Computer and System Scienc es 9:355{365, 1974. Tile ree Construction Man tile trees can constructed from pro- gram. construct tile tree starting with tile graph corresp onding to the con trol o graph and group no des in the tile graph together un til it forms legal tile tree. The �rst step is to iden tify the lo op structure based on in terv als in the o graph[1, 15]. An in- terv al is set of basic blo ks whic form lo op in the program. Lik tiles, in terv als nest. de�ne lo op top as the single basic blo that has incoming bac edges and dominates ev ery basic blo in its lo op. Al- though irreducible lo ops do not ha lo op top, all blo ks in an irreducible lo op that are reac hed forw ard con trol o edge from basic blo outside de�ne to the smallest tile whic con tains blo foreac edge n; do if 62 and 62 then let the smallest tile con taining oth and create blo in and in all tiles con taining replace with n; and ). endif endfor while n; where 62 par ent )) do create in par ent )) and all ancestor tiles replace with n; and endwhile while m; where 62 par ent )) do create in par ent )) and all ancestor tiles replace with n; and endwhile Figure 3: Tile tree �x-up: eliminate edges whic vio- late conditions or inserting empt blo ks. the lo op can com bined in the tile tree and treated as single summary lo op top. This summary no de will dominate ev ery basic blo in the lo op. Similarly for lo ops with ultiple exits, add summary exit no de so that eac no de in the in terv al will ost- dominated no de in the in terv al. Eac in terv al will tile. The in terv al structure could used directly as tile tree but can further capture the con trol struc- ture within eac in terv al. or eac in terv al form graph ). Eac in terv al strictly con tained in is represen ted single no de in and eac blo in not in subin terv al is repre- sen ted no de in Edges are induced con trol o edges et een blo ks in as if blo ks in subin terv als ere coalesced together. Self-lo ops and in terv al exit edges are ignored. next �nd equiv- alence classes of no des in eac whic are totally ordered oth the dominator and ost-dominator relations: for ha dom- inates and is ost-dominated +1 rom eac construct including an no de dominated These sets are almost the same as sets of no des with the same con trol dep endences[10]. Since not all edges in the con trol o graph are considered, the dominator and ost-dominator relations are for this graph are not subsets of the corresp onding relations of the con trol o graph. assume oth dominates and ost-dominates itself. age 11 no de in and ost-dominated no de in Eac of the sets will tile. Since con ict graphs ma ha edges for ariables, it is desirable to con trol the size of bl ock plus the um er of subtiles of This suggests that break large tiles up in to pieces to ound this um er. natural to break tiles is to partition large in to disjoin pieces where all no des in one piece dom- inate those in another. tile can, ho ev er, bro- en in to arbitrary connected comp onen ts if no natural partition exists. Once an initial co ering of tiles has een selected, empt basic blo ks are added where edges violate the second or third conditions on tile tree. Figure sho ws the algorithm to add these basic blo ks. The �rst lo op �nds edges whic cross et een sibling tiles and in tro duces an empt blo in the smallest con- taining tile. The next lo ops iden tify edges whic cross from tile to con taining tile whic is not the paren t. Eac suc edge is \shortened" adding an empt blo in the paren tile and replacing the in- alid edge with an edge to the paren blo and and edge from the paren blo to the other endp oin t. The former of these new edges satis�es restriction and the latter is \shorter" than the original edge so this pro cess ust terminate. Execution time is )) where is the heigh of the tile tree: the length of the longest hain of tiles totally ordered subset inclusion. It is exp ected that ac- tual times will not approac this ound in practice. Execution time of �nding in terv als is and the execution time of �nding tiles within in terv als is dominated the time to compute the dominator relation, log ). age 12