[12] D. N. Ja asimha. Distributed sync hronizers. In Pr c. of International Confer enc of Par al lel Pr es sin pages 23{27, Aug 1988. [13] W. Kuc hlein and N. J. Nevin. On ulti-threaded list-pro cessing and garbage collection. ec h- nical Rep ort TR11, Dept. of CIS,OSU, Marc 1991. [14] B. Lubac hevsky and A. Green erg. Simple,e�cien async hronous parallel pre�x algorithm. In Pr c. of International Confer e nc of Par al lel Pr es sin pages 67{67, Aug. 1987. [15] J. M. Mellor-Crummey and M. L. Scott. Sync hronization without con ten tion. In Pr c. of chite ctur al Supp ort for Pr gr amming anguages and Op er ating Systems pages 269{278, Apr. 1991. [16] M. T. O’Keefe and H. G. Dietz. Hardw are barrier sync hronization: Dynamic barrier MIMD(DBM). In Pr c. of International Confer en of Par al lel Pr es sin olume 1, pages 43{46, Aug 1990. [17] M. T. O’Keefe and H. G. Dietz. Hardw are barrier sync hronization: Static barrierMIMD(SBM). In Pr c. of International Confer enc of Par al lel Pr essi ng olume 1, pages 35{42, Aug 1990. [18] A. Osterhaug. Guide to parallel programming on sequen computer systems. ec hnical rep ort, Sequen ec hnical Publication, Sequen Computer Systems,Bea erton,Orego n, 1987. [19] G. P�ster, W. Bran tley D. George, S. Harv ey W. Kleinfe lde r, K. McAuli�e, E. Melton, V. Norton, and J. eiss. The IBM researc parallel pro cessor protot yp (RP3). In Pr c. of International Confer enc of Par al lel Pr es sin pages 764{771, 1985. [20] Zima and Chapman. Sup er ompilers for Par al lel and ctor Computers CM press, edition, 1990. 19 do. Also, since man of the barriers are in tro duced the parallelizi ng compiler itself, the task of generating extra information for them ould app ear straigh tfor ard. Ac kno wledgem e The authors ould lik to thank W. Kuc helin, J. Martens, and D. anda for man insigh tful discussions on the sub ject. References [1] T. S. Axelro d. E�ects of sync hronization barriers on ultipro cessor erformance. Par al lel Computing (3):129{14 0, 1986. [2] C. J. Bec kmann and C. D. olyc hronop oulos. ast barrier sync hronization hardw are. In Sup er omputing pages 180{189, 1990. [3] Y. Birk, B. Gibb ons, J. L. C. Sanz, and D. Sorok er. simple mec hanism for e�cien barrier sync hronisation in MIMD mac hines. In Pr c. of International Confer enc of Par al lel Pr es sin olume 2, pages 195{198, Aug 1990. [4] Allian Computer Systems Corp oration. Fx/series arc hitecture man ual. ec hnical Rep ort art Num er 300-00001-B, Allian Computer Systems Corp oration, Jan. 1986. [5] I. Dimitro vsky ZLISP- ortable parallel LISP en vironmen t. Do ctoral Dissertation, Couran Institute,New York,NY, 1988. [6] R. H. rancis and I. D. Mathieson. enc hmark parallel sort for shared memory ultipro- cessors. In IEEE ans on Computers. olume 37(12), pages 1619{1626, Dec. 1988. [7] E. reuden thal and A. Gottlieb. Pro cess co ordination and fetc h-and-incremen t. In Pr c. of chite ctur al Supp ort for Pr gr amming anguages and Op er ating Systems pages 260{268, Apr. 1991. [8] K. Ghose and D-C Cheng. E�cien sync hronization sc heme for large-scale shared memory ultipro cessors. In Pr c. of International Confer e nc of Par al lel Pr ess ing olume I, pages 153{160, 1991. [9] A. Gottlieb, R. Grishman, C. Krusk al, K. McAul�e, L. Rudolf, and M. Snir. The NYU Ultracomputer designing MIMD, shared-memory parallel mac hine (extended abstract). In IEEE an s. Computers pages 175{189, eb. 1983. [10] R. Gupta and C. R. Hill. scalable implemen tation of barrier sync hronization using an adaptiv com bining tree. International Journal of Par al lel Pr gr amming 18(3):161 {180 1989. [11] K. Hw ang and S. Shang. Wired-nor barrier sync hronization for desigining large shared- memory ultipro cessors. In Pr c. of International Confer e nc of Par al lel Pr ess ing olume I, pages 171{175, 1991. 18 Figure 8: Barrier Dag Summary and Conclusion exp ect the GDGB mec hanism to e�cien ecause of the follo wing reasons: 1. Smaller um er of pro cesses need to sync hronize as only the in terested pro cesses are in- olv ed in the barrier sync hronization. Consequen tly one could exp ect lo er erheads than other sc hemes since sync hronization erheads usually gro sup erlin early with the um er of pro cesses. 2. Since unin terested pro cesses do not participate in the barrier sync hronization they con tin ue their execution without an dela ys in tro duced barrier sync hronization. 3. The GDGB mec hanism exploits the use of concurren barriers at �ner lev el of gran ularit than all the other sc hemes prop osed in literature. Since in this sc heme di�eren instances of the same barrier can execute concurren tly In other sc hemes only di�eren barriers can execute concurren tly Stating this in \parallel lo op terminology" GDGB exploits con- currency oth at the in ter-lo op and the in tra-lo op lev els, whereas other mec hanisms exploit concurrency only at the in ter-lo op lev el. 4. Pro cess recognition phase and the barrier recognition phase can pro ceed in parallel. erform an accurate mo deling of the GDGB mec hanism, the con ten tion in accessing the sync hronization ariables and the ariance in the pro cess arriv al rates need to tak en in to accoun t. Our mo deling, whic is conserv ativ and prelimin ary sho ws that the GDGB mec hanism erforms ell. exp ect that the situation in the practice ould ev en etter when dynamic sets of pro cesses need to barrier sync hronize. plan to ev aluate the erformance of this sc heme through sim ulation. ossible criticism of our sc heme could the large amoun of information that needs to generated at compile time. This ma not problem considering the sophisticated pro cessing that paralleliz in and ectorizing compilers do. The analysis required for the GDGB sc heme can easily accommo dated in to the data o analysis whic compiler has to an yw Barriers are mainly used to sync hronize the termination of iterations of parallel lo op 17 Figure 6: v/s for arious alues of doall to p-1; k=1; Sort n/p alues; GDGB( i= ,k) k=k+1; do 1, log artition(i,j); GDGB( i= ,k); k=k+1; 10 Merge; 11 GDGB( i= ,k); 12 k=k+1; 13 enddo 14 enddoall Figure 7: arallel Balanced Merge Sort Algorithm 16 plot against the ratio of the sizes of the probable and the sure sets for arious alues of (Figure 6). The plot sho ws that there is probabilit of greater than 0.5 that the last arriving pro cess elongs to for smaller alues of (0 4) and when Of course, more analysis needs to done to exactly quan tify the unnecessary dela in the completion time ecause of the unin terested pro cesses. xamples In this Section presen examples where the GDGB sc heme is more useful than other barrier sc hemes. 7.1 arallel Balanced erge Sort use the parallel balanced merge sort algorithm prop osed rancis and Mathieson who presen parallel merge sort algorithm in whic all the pro cesses are used at eac of the log merging stages. presen the structure of the algorithm in Figure 7, with GDGB calls, to illustrate ho generalized dynamic group barrier can used in real programs. Referring to Figure 7, barriers are needed initial ly after partitioning, and after merging. The barrier directed acyclic graph (dag) for the program in Figure is sho wn in Figure 8. rom the barrier dag one can see that the pro cess set for the same barrier di�ers from instance to instance. or example, the pro cess set for B0(1) is P0,P1 whereas pro cess set for B0(3) is P0,..,P8 Also it can seen that the pro cess set of B1(1) and B1(2) are disjoin and so the di�eren instances of the same barrier can execute in parallel. 7.2 arallel Garbage Collection raditional parallel garbage collection (GC) algorithms adopt pro cessor based view and assume that all pro cessing stopp ed at barrier efore garbage collection can tak place. Suc an assumption is unrealistic in ultithreaded en vironmen and hence traditional parallel GC sc hemes are not applicable 13 ]. Threads ma dynamically resc heduled, either ecause they blo k, or simply ecause they are pro cesses in time-sharing system. Therefore there is no reliable binding of thread to pro cessor. In suc an en vironmen t, acquiring global barrier requires blo king all the running threads, and to ait un til all the runnable threads ha een sc heduled and then blo ed. It is di�cult, ho ev er, to decide when the barrier has een acquired, ecause ev en if the total um er of threads is kno wn, it is not kno wn ho man threads are blo ed and aiting for other conditions. Hence there is need for mec hanism wherein only out of threads sync hronize at the barrier, where is determined dynamically Di�eren criteria can hosen to determine the alue of for example, the alue of needs to determined when the oin ters whic oin to free blo ks of memory need to closed set 13 ]. Since is determined dynamically the GDGB sc heme is the only appropriate barrier sync hronization sc heme. 15 Measure Adaptiv GDGB-Adaptiv Num er of accesses og )) og )) er pro cess for Barrier instance Dela seen og )) (1) able 1: Comparisons with other barrier sc heme Barrier Sc hemes Hence the compiler attempts to place con trol oin so that its execution ccurs uc earlier than the execution of the asso ciated barrier instruction. erformance Issues Almost an barrier sync hronization sc heme, with suitable alterations, can enhanced with the GDGB mec hanism. compare erformance, then, consider particular barrier sync hronization sc heme with and without the enhancemen t. As an example, use the adaptiv com bining tree based barrier sync hronization sc heme, whic is particularly e�cien pro cess based sync hronization sc heme. able compares an enhanced and the unenhanced ersions of this sc heme. The �rst measure compares lo er ound on the um er of accesses for the completion of the barrier. This lo er ound is not tigh since the um er of accesses gro ws sup erlineral with the um er of pro cesses. or the adaptiv sc heme, all the pro cesses in the set need to sync hronize- hence, the um er of accesses er pro cess is og ) ). or the GDGB adaptiv sc heme, on the other hand, the um er of accesses is og )). If is the probabilit that pro cess in the probable set meets at the barrier, then the um er of accesses in the enhanced sc heme can estimated to og )) whic lead to considerable sa vings for large probable sets and small alues of The second measure compares the dela seen pro cess in the set. or non-GDGB mec hanism, it is prop ortional to the um er of accesses required eac pro cess to sync hronize whic is og )). The dela seen the GDGB enhanced sc heme is constan t, ho ev er. Finally consider the follo wing scenario: all the pro cesses except an unin terested one in the set ha arriv ed at barrier instance. Let the dela seen these aiting pro cesses for the unin terested pro cess to barrier sync hronize in the non-GDGB sc heme. The dela seen with the GDGB enhancemen is lesser and equals where is the time to execute the program fragmen et een the prop er BCP and the asso ciated barrier instruction. Let the probabilit that the GDGB detects the completion of the barrier efore non-GDGB sc heme. And let the probabilit that pro cess in the probable set participates in the barrier. Then assuming that all the arriv al orders are equally probable, is equal to the probabilit that the last pro cess arriving is in the set of the barrier: (2) (1 14 Figure 5: Barrier Arc hitecture determine whether or not pro cess will participate in particular barrier, sa A; ), then the pro cess is included in the probable set A; ). 2. run time the barrier pro cessor con tin ually monitors the activ con trol oin of the pro- cesses in the probable set of barrier. The barrier pro cessor uses the FBS information and the curren instance of the barrier ariable in decidi ng whether the pro cess will participating in barrier. Asso ciated with eac con trol oin there is future barrier set. Un til an activ barrier instance, sa ), is in the future set of pro cess,sa is ossible candidate of the pro cess set of ). Hence barrier is not complete un til it is presen in future barrier set of some pro cess. As so on as the barrier pro cessor is able to determine that pro cess, sa in the probable set will de�nitely participate in the barrier ), is placed in the sure set ). The pro cess is deleted from the probable set ). Hence, as the computation pro ceeds, the size of the probable set for eac barrier eeps reducing. When the probable set of barrier, sa A; ), ecomes empt then the barrier pro cessor sets olean ar ier pr oceed A; to tr ue indicating that the pro cess set recognition phase for barrier A; has completed. The barrier pro cessor also determines the size of the pro cess set (whic is equal to the size of A; )) and records it. Once particular pro cess set is complete, pro cesses can barrier sync hronize. 3. or the basic barrier rep orting and noti�cation phase an kno wn sc heme whic �ts with the ab mec hanism can used. or example, the accum ulating barrier sc heme can mo di�ed to tak care of the fact that the pro cess set size is not kno wn at compile time. If the con trol oin ccurs uc earlier than the barrier instruction itself, then the barrier pro cessor can decide in adv ance whether or not certain pro cess will participating in barrier. The activ con trol oin is main tained as part of pro cess’ state. 13 for the barriers in that sup erno de and oin ter to the FBS of the exit oin of that sup erno de. By storing the FBS set in this incremen tal fashion, the space required for eeping all the FBSs can reduced considerably The hierarc hical sup erno de structure also assists in eliminating the need to determine the pro cess set of some barrier instance of future barrier once the pro cess set of some instance of particular barrier is kno wn. This observ ation leads to the follo wing theorem: Theorem 4.2 The pr es set of the arrier asso ciate with the exit oint of sup erno de is same as the pr ess set of the arrier asso ciate with its entry oint. ro of: Ob vious from the de�nition of sup erno de. or example, in Figure (b), supp ose the pro cess set for instance of barrier whic is asso ciated with the en try oin of sup erno de S1, is kno wn to set The pro cess set of instance of barrier whic is asso ciated with the exit oin of S1, is also This will considerably reduce the amoun of computational erheads for determining the pro cess set. ossi le Impleme ion �rst presen an arc hitecture whic can e�cien tly implemen the GDGB mec hanism. This arc hitecture, similar to an large scale (logically) shared memory ultipro cessor, consists of set of pro cessors (eac with its wn lo cal memory) and set of memory mo dules in terconnected ultistage net ork. In addition, it has separate pro cessor called the barrier pro cessor whic is connected bus to all the other pro cessors. The barrier pro cessor (BP) has its wn lo cal memory whic call the barrier memory (BM). The barrier pro cessor con tin ually monitors the pro cesses’ states and hence is gran ted read only access to the lo cal memory of eac pro cessor where the pro cessor main tains the pro cess state of eac pro cess that is curren tly activ on the pro cessor. Since there is one comm unication from the barrier pro cessor to eac of the other pro cessors, there is no bus con ten tion. Buildin suc bus ould also not ery exp ensiv compared to the erall cost of the ultipro cessor. rom the information deriv ed from eac pro cess’ state, the barrier pro cessor main tains arious data structures (for example, the con trol oin graph) in the barrier memory The barrier pro cessor also has access to the global memory in order to notify pro cesses of the completion of the formation of pro cess set. The arc hitecture suggested ab could, of course, sim ulated on traditional large scale ultipro cessors with some erformance degradation. Consider, for example, its sim ulation on an arc hitecture suc as the BBN Butter y pro cessor could iden ti�ed as barrier pro cessor, this pro cessor’s lo cal memory ould then the barrier memory The pro cess state needs to main tained in the global ortion of eac pro cessor’s memory The erformance degradation arises since the barrier pro cessor generates global tra�c to monitor the pro cess’ states. or this implemen tation, the GDGB mec hanism orks as follo ws: 1. compile time the con trol oin graph is generated and stored in the barrier memory The sure set and the probable set for eac barrier is determined. If the compiler is unable to 12 structure. urther, assume that the CF of the program is reducibl so that the en try no de of sup erno de will dominate all the no des in that sup erno de. The computation of the future Figure 4: on trol oin raph Sup erno de grouping ierarc hical Sup erno de Structure barrier set is further simpli�ed noting that Theorem 4. entr point uper no exit point uper no wher is any no de in uper node exc ept its entry or exit no de. ro of: rom the de�nition 3.2, it is ob vious that FBS of no de should the sup erset of all the no des reac hable from it. Noting further that all the paths from the en try oin of sup erno de pass through the exit oin yields the ab equation. The FBS of the en try oin is the union of the FBSs of its hildren. Note that the FBS of hild no de is no bigger than that of the paren no de in the con trol oin graph. If there is lo op in the con trol oin graph then the FBS of the exit oin is same as the FBS of the en try oin of the lo op. Assuming that the lo op is single-en try single-exit lo op, the FBSs of all the con trol oin ts in the lo op is equal to the FBS of the en try oin of the lo op. The computation of the FBS can form ulated as bac kw ard data o problem on the con trol oin graph. As the FBSs of the no des in strongly connected comp onen of the CPG are all nearly equal, the computation of the FBS can e�cien tly done using the acyclic condensation of the CPG. The ab observ ation leads to the e�cien storage of the FBS information for eac con trol oin in an incremen tal fashion. or example, the FBS of an en try no de could consist of the storage con trol raph is reduci le the ed es of can partition ed in to ed sets and suc that the ma imal acyclic partial raph has the ed es and for ev ery ed dominates 11 Figure 3: for the ample in igure for in ith inner do lo op unrolled for in after pruning the unreac ha le no des he shaded no des are the no des he no des la eled and are the no des corresp onding to the Ps in statemen ts 14 and 15 of igure resp ect iv el he la el is for no des in hic the condition on is hec ed and the la el is for no des in hic the condition is hec ed he edges mar ed ith and are the condition for ta ing that ranc 10 Placemen Barrier con trol oin The barrier con trol oin for barrier should placed as early as ossible in the program. This will erlap the pro cess set recognition phase for barrier with other useful computation. BCP can placed at an oin efore the actual barrier sync hronization oin where the placemen restriction is not violated or doing this standard compiler tec hniques can used. or example, BCP can placed in an dominator of the no de whic con tains the barrier instruction ar ier A; ), corresp onding to BCP pro vided there is no other barrier instruction in olving along an path from the dominator to the no de in the con trol o graph. All the paths from dominator of no de, to the end no de of the con trol o graph passes through Hence this will ensure that the la emen re on on BCP will not violated. Com ting and Storing re Barrier Set The follo wing algorithm is used to asso ciate the FBS set with eac con trol oin t. Generate the con trol o graph for the program. ec hniques to generate the con trol o graph (CF G) are ell kno wn (see 20 ], for example). Figure (a) giv es the CF for the program in Figure 1. Generate the con trol oin graph. The con trol oin graph (CPG) is obtained from the con trol o graph iden tifying the no de with con trol oin ts and then linkin them. con trol oin no de is link ed to another con trol oin no de if the path from to in the CF do es not con tain an other con trol oin t. Figure (b) giv es the CPG computed from the CF of the program in Figure 1. Compute and asso ciate with eac con trol oin its future barrier set. This computation is describ ed immediately follo wing this algorithm. Some compiler tec hniques can used to �nally prune the CPG. or example, after unrolling the inner lo op in the example of Figure 1, get the CF whic is sho wn in Figure 3(c). The corresp onding CPG is giv en in Figure 3(d) By using ell kno wn compiler tec hniques lik constan propagation and dead co de elimin ation, can prune the CPG. or example, assuming that the condition Odd in program sho wn in Figure is compile time computable, the CPG of Figure 3(d) can pruned to that sho wn in Figure 3(e) noting that initial alue of barrier instance ariable has the initial alue of one. Observ that this pruning results in FBSs with smaller sizes (compare the FBSs in Figures 3(b) and 3(d)). The uture Barrier Set for eac barrier and eac instance is computed in hierarc hical manner. The no des of the con trol oin graph are group ed together in to sup erno des. Eac sup erno de has exactly one en try no de and one exit no de and all the paths from the en try no de pass through the exit no de, i. e. the exit no de ost-dominates the en try no de. Figure (a) sho ws suc hierarc hical ro ed re Determine size( A; is barrier name and is its instance um er A; A; for eac A; in parallel re ea (Condition PSU) hen A; A; break; (Condition PSS) hen A; A; break; false; endfor Barrier size(A,a) A; A; Barrier pro ceed(A,a) true; end Figure 2: Psuedo co de for determining size of the set Ther is no other ontr ol oint etwe en p; and the arrier instruction arrier which mo di es The instruction arrier is guar ante to exe cute d. ro of: The pro of follo ws ob viously from the al and la emen restrictions on barrier con- trol oin t. or eac activ barrier A; the run time comp onen of the GDGB mec hanism should determine the exact size of the pro cess set of barrier A; ). Pro cedure eter mine giv en in Figure uses theorems 3.1 and 3.2 to determine sizes of the dynamic sets and The pro cedure ar ier is used to record the size of the barrier A; and the olean ar ier pr oceed is used to indicate that the pro cess set recognition phase is completed. After this the barrier mec hanism can no pro ceed as it ould ha pro ceeded had the pro cess set een determinable. Impleme i on Issues In this section consider imp ortan issues from the implemen tation oin of view. The �rst issue is concerned with the placemen of the BCPs and the second with the computation and the storage of the FBS. In doing so sho that appropriate compiler tec hniques exist to mak an implemen tation of GDGB feasible. In the next section describ one suc implemen tation. on on rol no de in the ontr ol ow gr aph is al le ontr ol oint if it ontains at le ast one CP and ach CP in the no de is asso ciate with distinct arrier. on .2 re arr er is the set of al ossible futur arriers that an exe cute after the ontr ol oint ormal ly is subset of the cr oss pr duct of the set the set of arrier names in the pr gr am and the set of natur al numb ers i.e. with the fol lowing estrictions if tuple A; then the pr es p; A; which aches the ontr ol oint is guar ante to not articip ate in the instanc of the arrier if tuple A; then the pr ess p; A; )) which aches the ontr ol oint is li ely to articip ate in the instanc of the arrier on on rol en pr e ss and time instant the acti ontr ol oint p; is the last ontr ol oint exe cute by on .4 an er en pr e ss time instant and arrier name the acti instanc numb er AI is the alue of the instanc ariable asso ciate with arrier at the acti ontr ol oint CP on re arr er re ed arr er an The set A; A; A; is al le the of ontr ol oint estricte to instanc of arrier er on: As can easily eri�ed, pro cess A; do es not participate in the instance of the barrier if either its activ instance um er corresp onding to barrier is greater than or the tuple A; is absen from the set of some activ con trol oin t. Theorem ond on pr ess A; do es not articip ate in the instanc of the arrier if the ondition A; p (( A; p; (( A; p; )) A; A; p; ))) (1) holds at some time instant efor the instanc of the arrier has omplete d. ro of: The pro of follo ws from the al re on and the la emen re on on BCP the de�nition of the and the ab observ ation. Theorem .2 ond on pr e ss A; articip ates in the instanc of the arrier if the fol lowing onditions hold A; p; 2. arr er re on ha e: The barrier recognition phase completes only when all the pro cesses that ha een recognized in phase ha rep orted their pro cess completion. 3. on ha e: The noti�cation phase consists of notifying the aiting pro- cesses that the barrier is completed. This phase egins after all the in terested pro cesses ha arriv ed. The highly exible nature of this barrier sc heme demands sophisticated parallelizi ng compiler (see 20 for examples of suc compilers) whic generates information used at run time to predict the pro cess set of barrier instance as early as ossible. In man situations the pro cess set can statically determined. But in situations lik the program giv en in Figure 1, the exact pro cess set cannot computed the compiler. The barrier mec hanism describ ed elo will use the compiler generated information to compute the set of pro cesses whic are de�nitely going to participate and those whic are lik ely to participate in the barrier. Since this sc heme is pro cess based, it do es not su�er from an of the dra wbac k of barrier based sc hemes whic use masks in hardw are or dumm instructions in soft a re (the dra wbac ks of suc sc hemes ere cited in Section 1). compile time the set of all pro cesses can partitioned in to the follo wing three sets with resp ect to barrier and its instance: 1. re SS(A,i) is the set of pro cesses whic will sync hronize at the instance of the barrier 2. ro le PS(A,i) is the set of pro cesses whic will probably sync hronize at the instance of the barrier 3. ere ed US(A,i) is the set of pro cesses whic will not sync hronize at the instance of the barrier If PS(A,i) then the pro cess set recognition phase can use the statically generated sure set information and the GDGB sync hronization is similar to the regular barrier sync hronization. If PS(A,i) and SS(A,i) then the pro cess set recognition and barrier recognition phases can done concurren tly All the kno wn barrier tec hniques do not mak distinction et een the Sure and the Probable sets. The pro cesses elonging to the set ha to participate in the barrier. In the prop osed GDGB sc heme, ho ev er, the set is partitioned at run time in to the follo wing sets: Compile time unsure, run time unin terested, Compile time unsure, run time in terested. Only the pro cesses in the set participate at barrier. determine if pro cess A; is in terested in participating at the instance of barrier A, the compiler asso ciates with eac con trol oin in the program set called the future barriers set (FBS). no presen de�nitions needed to understand the GDGB mec hanism. can use the adaptiv com inin tree prop osed upta and ill to sp eedup the second phase. The condition for completion of GDGB sync hronization is, on 2. ond on for hr on on he an of arr er The pr esses ha synchr oni at the instanc of arrier the fol lowing onditions hold pr ess henc eforth ep orts at arr er with alue of the pr ess es which ha exe cute arr er with the alue of ha ep orte d. Asso ciated with eac barrier instruction arrier there is an asso ciated assignmen state- men whic sets the alue of the barrier instance ariable to the instance um er of at whic the pro cesses wish to sync hronize. will refer to this assignmen statemen as arr er on rol (BCP). An barrier con trol oin asso ciated with barrier instruction arrier satis�es the follo wing restrictions: 1. al re on: BCP can only incremen the alue of the barrier instance ariable. 2. la emen re on: After the execution of BCP the asso ciated barrier instruction should guaran teed to execute. The al re on ensures that pro cess do es not sync hronize at the same instance of the barrier wice and pro cess sync hronizes at barrier instances in strict monotonically increasing order. As will see latter the la emen re on ermits an e�cien implemen tation of our prop osed sc heme. The need for dynamic group barrier is illustrated through the program segmen sho ed in Figure 1. This example also illustrates the use of the generalized group barrier. The program segmen initiall creates pro cesses whic then meet at the �rst instance of barrier After that pro cesses whic satisfy the condition cond meet at an ev en um ered instance of barrier Otherwise, pro cesses meet at an dd instance of the barrier. Note the dynamic nature of pro cess set meeting at particular instance of barrier It is some subset of the pro cess set dep ending on the alue of the condition, cond where eac is pro cess executing the iteration of the doall lo op. ec anism The main problem in an dynamic barrier sc heme is to determine at run time the pro cess set of particular barrier (i.e., the exact set of pro cesses whic need to barrier sync hronize). aid in this determination, the GDGB mec hanism consists of the follo wing three phases: 1. ro re on ha e: In this phase the set of pro cesses whic sync hronize at the curren instance of the particular barrier is determined. The pro cess recognition phase is completed only at run time. A(j) Barrier; is barid and is the asso ciated barrier instance ariable doall to := 1; barrier con trol oin Barrier(A,j); do to 2; (cond) hen (Odd(j)) hen j= j+1 BCP el j+2; BCP 10 Program ragmen 11 Barrier(A,j); 12 el 13 (Odd(j)) hen 14 j+2 BCP 15 el j+1; BCP 16 Program ragmen 17 Barrier(A,j); 18 enddo 19 enddoall. Figure 1: An ample particular alue of the ariable This set of pro cesses is itself subset of the pro cesses asso ciated with the barrier iden ti�er Suc dynamic group of sync hronizing pro cesses is represen ted tuple- where is the arrier identi er and is an in teger ariable called the arrier instanc ariable The reasons wh represen barriers in this seemingly in olv ed manner are threefold: This represen tation helps us in iden tifying the minimal set of pro cesses (the inter este pro- cesses) that need to barrier sync hronize. Tw consequences of this iden ti�cation are that barrier erheads are lo er in our sc heme and the uninter este pro cesses are not dela ed ecause related set of in terested pro cesses need to barrier sync hronize. This represen tation helps us in buildi ng the in terested pro cess set using com bination of static and run time analysis. Tw or more di�eren instances with the same barrier iden ti�er could activ sim ultaneously if the set of pro cesses in olv ed with eac instance is disjoin from the other. Consequen tly this sc heme exploits the use of concurren barriers at �ner lev el of gran ularit than all the other sc hemes prop osed in the literature. In the other sc hemes, using our terminology only or more barriers eac with di�eren iden ti�er can execute concurren tly while in our sc heme or more instances of the same barrier can execute concurren tly The parallel merge sort example giv en in Section illustrates the use of concurren barrier instances. the placemen of dumm barrier instruction or the loading of the barrier mask in the hardw are register. This ma increase the era ll aiting time for barrier in the system and hence lengthen the total execution time. Masking in hardw are barrier sc hemes and the in tro duction of dumm instructions in the soft- are barrier sc hemes are consequences of the fact that these barrier sc hemes require that the um er of pro cesses participating in the barrier kno wn statically ercome this limitation, Dimitro vsky dev elop ed mec hanism for pro cesses to form groups dynamically based on group lo ks 14 ], whic then can meet at barrier. Gottlieb, et al. ha implemen ted this dynamic group barrier sc heme using the etc Incremen instruction. In this sc heme, the in terested pro cesses form group registering to that group and then meet at barrier. pro cess can lea group whenev er it wishes to do so. One limitation of the group barrier sc heme is that the criterion for determining oth the group mem ership and the size of the group is arbitrary- the group leader decides to close group based on timeout mec hanism. This ma e�cien but it is not exible. or example, suc mec hanism cannot handle situations where the group as whole should satisfy some consistency criterion. In Section giv an example of parallel garbage collection program in thread-based programming en vironmen where the group should closed under oin ter hasing. This pap er presen ts pro cess based dynamic barrier sc heme whic can implemen ted on large scale shared memory arc hitectures. It impro es up on the dynamic barrier sync hronization sc heme based on group lo ks prop osed Dimitro vsky The set of pro cesses whic meet at barrier is determined from the seman tics of the program. The main idea ehind the sc heme is to iden tify the dynamic set of pro cesses (the inter este pro cesses) whic need to barrier sync hronize at arious con trol oin ts in the execution of the program. This iden ti�cation, whic is egun at compile time is completed at run time aided the information generated at compile time. Compared to other sc hemes this sc heme do es not dela the execution of pro cesses whic need not sync hronize at barrier (the uninter este pro cesses). Since minimal set of pro cesses sync hronize at barrier, the sync hronization erheads, whic gro ws sup erlinearly with the um er of pro cesses, are less compared to the other sc hemes. This sc heme also exploits the use of concurren barriers at �ner lev el of gran ularit than all other sc hemes. In the next section de�ne the generalized dynamic group barrier (GDGB) sc heme. Section describ es the GDGB mec hanism. In Section discuss some implemen tation issues. In Sec- tion suggest an arc hitecture to e�cien tly implemen the GDGB sc heme and also outline the implemen tation of the sc heme on BBN Butter y lik arc hitecture. In Section compare the erformance of GDGB sc heme with other barrier sc hemes. Section giv es some examples where this sc heme ould particularly useful and e�cien t. In Section 8, summarize the main features of the sc heme and suggest ossible future directions this researc could tak e. enerali e ynamic roup arrier Sync roni ion logical (maximal) set of pro cesses all of whic or subsets of whic ha to barrier sync hronize (p ossibly at di�eren con trol oin ts in the program) is asso ciated with eac barrier iden ti�er. This logical set, whic could formed completely only at run time, is determined from the seman tics of the program. minimal set of pro cesses whic ha to barrier sync hronize is asso ciated with In ro duc ion barrier is global sync hronization oin in the con trol o of program. Man hardw are, soft a re, and ybrid sc hemes ha een prop osed in the literature to e�cien tly implemen barrier sync hronization. Hardw are barrier sc hemes 11 12 16 17 are fast and they are pro cessor based They use sp ecial purp ose hardw are- for example, atomic lo memory in the Sequen Balance system 18 ], concurrency bus in the Allian -8 ], and com bining net or in the Ultra- computer and the IBM RP3 19 ]. Some mac hines are designed for the purp ose of ac hieving fast barrier sync hronization- for example, the Barrier MIMD mac hine 16 17 ]. These hardw are sc hemes ha the disadv an tage that they all supp ort the pro cessor based view of barrier sync hronization. Most of the hardw are sc hemes are static since the group of pro cessors meeting at barrier should kno wn at the compile time. Time-constrained barrier whic is dynamic barrier sc heme is also pro cessor based. or ultiuser, ultiprogrammed en vironmen t, barrier sync hronization sc heme should supp ort pro cess based view and should supp ort concurren barriers (i.e., should supp ort or more barriers to sim ultaneously activ e). Bec kmann and olyc hronop oulos ha prop osed fast barrier sync hronization hardw are whic can adapted to ultithreaded pro cessors. But the barrier hardw are puts limitation on the um er of threads er application. This limitation can more restrictiv than the restriction put the op erating system and the ultipro cessor itself. The sc heme also supp orts concurren barriers. The pro cessors (pro cesses) that ne to sync hronize at barrier are called the inter este pro cessors (pro cesses) and those that need not are called the uninter este pro cessors (pro cesses) with resp ect to barrier B. Most hardw are sc hemes use masking to blo out the unin terested pro cessors whic are not in terested in participating in the barrier. Soft ar sc hemes 10 15 ], on the other hand, are pro cess based. One imp ortan adv an tage of pro cess based barrier sync hronization sc hemes is that they function correctly ev en if pro cesses migrate from one pro cessor to another. The reasons for pro cess migration from one pro cessor to another ma to ac hiev etter load balancing and to tak care of pro cessor failures. The main dra wbac of soft are sc hemes is their or erformance. In general, erformance of pro cesses whic do not participate in barrier sync hronization should not a�ected other pro cesses meeting at barrier. In ybrid barrier sync hronization sc hemes lik that prop osed Birk, et al. ], for example, the compiler in tro duces dumm barrier instructions in the co de of the unin terested pro cess. Suc dumm instructions could result in the slo wing do wn of the unin terested pro cesses and lead to degradation in erformance. urther, there is no reason wh pro cess should slo ed do wn due to barriers in whic it need not participate. Placemen of dumm instructions can also adv ersely a�ect the deadlo free prop ert of the program. Hence the in tro duction of the dumm barrier instruction the compiler will mak es pro ving correctness of the program more di�cult. urther, since the cost of barrier gro ws sup erline arly with the um er of pro cesses meeting at barrier ], the unin terested pro cesses (unnecessarily) con tribute to degradation in the erformance. Most of the concurren barrier sc hemes men tioned ab imp ose an unnecessary ordering on the concurren barriers whic can executed in parallel. The ordering ma imp osed due to arrier sc heme is pro cessor pro cess ased if pro cessors pro cesses are the lo ical en tities hic sync hronize at arrier. hen refer to the term pro cesses al ys mean pro cesses elon i to sin le pro ram. cept for simpli fyi the implemen tation Con en ro on eneral ed nam ro arr er hron on han lemen on le lemen on erform an am le 7.1 arallel Balanced Merge Sort 15 7.2 arallel Garbage Collection 15 mmar and on on ra his pap er presen ts pro cess ased namic arrier sc heme hic can implem en ted on large scale shared mem or arc hitectures impro es up on the namic arrier nc hroni ation sc heme ased on group lo prop osed Dimitro vs he set of pro cesse hic meet at arrier is determined from the seman tics of the program he main idea ehind the sc heme is to iden tif the namic set of pro cesses the pro cesses hic need to arrier nc hroni at arious con trol oin ts in the ecution of the program his iden ti cation hic is egun at compile time is completed at run time aided the informati on generated at compile time ompared to the other sc hemes presen ted in the literature this sc heme do es not dela the ecution of pro cesses hic need not nc hroni at arrier the pro cesses Since minim al set of pro cesses nc hroni at arrier the nc hroni ation erhead hic gro sup erlinearl ith the um er of pro cesses is less compared to the other sc hemes his sc heme also ploits the use of concurren arriers at ner lev el of gran ularit than all other previous sc hemes shared mem or ultipro cessing pro cess ased arrier nc hroni ation namic group nc hroni ation paralleli ing compilers con trol anal sis