[8] T. ang and A. Gerasoulis. ast Static Sc heduli ng Algorithm for Gs on an Un- ounded Num er of Pro cessors. In CM International Confer enc on Sup er om puting pages 633{642 1991. 21 Lik all other pap ers that ha addressed this problem, the mappings generated this strategy use heuristic. Exp erimen tal evidence has een presen ted to justify the use of this heuristic, ho ev er, one asp ect an to examine further is ound on the ratio of our mapping algorithm ersus the optimal. This examination is useful oth for quan tifyi ng the orst-case and exp ected results of the mapping algorithm, and for iden tify ing oten tial re�nemen ts to the heuristic. Man approac hes, including our approac h, �rst cluster tasks and then map the clusters. are con vinc ed that these steps need to in tegrated to �nd etter solution to the general mapping problem. While clustering reduces the complexi of the mapping step, it needs to made less arc hitecturall indep enden t. As discussed in Section 5, trade-o� exists et e en mapping critical clusters close together to decrease the transmission time of the critical edges, and mapping the critical clusters further apart to reduce bandwidth con ten ti on. This idea has oten tial for future researc h. Finally plan to study the restrictions previously men tioned that eac task can egin execution only after it has receiv ed all the messages it needs and that it do es not send an message un til it has completed execution. plan to consider the rami�cations of elimi nating this requirem en and the complexi of incorp orating this hange in to our mo del. References [1] S. H. Bokhari. On the Mapping Problem. IEEE ansactions on Computers C- 30(3):207{21 4, Marc 1981. [2] H. El-Rewini and T. G. Lewis. Sc heduli ng arallel Program asks on to Arbitrary arget Mac hines. Journal of Par al lel and Distribute Computing 9:138{153, June 1990. [3] M. R. Garey and D. S. Johnson. Computers and Intr actability: Guide to the The ory of NP-c ompleteness W. H. reem an and Compan New ork, NY, 1979. [4] A. Gerasoulis, S. en ugopal, and T. ang. Clustering ask Graphs for Message assing Arc hi tecture s. In CM International Confer enc on Sup er omputing pages 447{450, 1990. [5] S. J. Kim and J. C. Bro wne. General Approac to Mapping of arallel Computations up on Multipro cessor Arc hitec tures. In International Confer enc on Par al lel Pr essing olum 3, pages 1{8, 1988. [6] S. Lee and J. K. Aggarw al. Mapping Strategy for arallel Pro cessing. IEEE ans- actions on Computers C-36(4):433 {44 2, April 1987. [7] J. ang, L. Bic, and A. Nicolau. Mapping Strategy for MIMD Computers. In International Confer enc on Par al lel Pr essing olum 1, pages 102{109, 1991. 20 not hold for the mapping algorithms that do not hec the bandwidth con ten ti on. This is due to the fact that the est mapping is eing hosen using inaccurate assumptions. Except for the smallest problem sizes, the random mapping algorithm has the orst er- formance. This is not surprising, since the probabilit that the random mapping generates an optimal mapping is in ersel prop ortional to the um er of pro cessors. The ariation et e en the results in this pap er is uc less than the ariation giv en in ]. The reason for this relativ e ly limi ted ariation is that pac e switc hing is used. Message switc hing is used in ]. Message switc hing is more sensitiv than pac et switc hing to the distance et e en pro cessors. This results in increased e rhead for sending messages et een pro cessors that are not directly connected. Since random mapping is more lik e ly to ha critical edges that are not transmitted et ee directly connected pro cessors, the comm unicati on erhead for the random mapping is signi�can tly higher for message switc hing than pac et switc hing. Although our algorithm consisten tly �nds etter mapping than the algorithm giv en in ], there are infrequen cases when our algorithm do es not �nd etter mapping. ha found reasons for this. Both heuristics attempt to maxim iz the um er of critical edges et ee directly connected pro cessors. Ho ev er, it is ossible that man di�eren mappings satisfy this requireme t. Because di�eren heuristics are used, it is ossible that the heuristic giv en in ho oses mapping that results in less bandwidth con ten tion. Secondly trade-o� exists et een mapping critical clusters close together to decrease the transmission time of the critical edges, and mapping the critical clusters further apart to allo larger um er of distinct paths et een the source and destination pro cessors. When clusters share system edge, there is only one shortest path et een the clusters. If more than one message is eing transmitted et een them sim ultaneously one of the messages ust dela e d. In this case, it ould etter to place the clusters further apart! Since the critical edges tend to closer with our heuristic, it su�ers more from this a�ect. Note that in oth cases the heuristic giv en in is etter due to hance, not some sp eci�c asp ect of the heuristic. Other than the random mapping, the greatest di�erence is consisten tly et ee our algorithm and the algorithm giv en in ]. This pro vides additional supp ort for our premises that an accurate mo del of comm unic ation and the con tin ual re�nemen of the set of critical edges pro duce more e�cien mapping. Conclusion and uture ork The mapping strategy presen ted in this pap er demonstrates the need for realistic mo del of oth the comm unic ation requirem en ts of parallel algorithm and the comm unicati on bandwidth of the in terconnecti on net ork in order to design heuristic that can pro duce e�cien mappings. Ignoring the comm unic ation e rhead that ccurs due to con ten ti on in the in terconnecti on net ork or ignoring the prop erties of the message passing facilit can result in the rejection of mapping that is sup erior to the one that is ultimately hosen. plan to study what hanges can made to reduce the time complexi of the steps in the algorithm that are computationally in tensiv while main taini ng the etter results. 19 able 3: Relativ Execution Times arying the Num er of Pro cessors (Optimal 100) Problem Ours Theirs Size Mo di�ed Ours Theirs Mo di�ed Random 4, 800 115.26 114.44 115.19 115.10 114.74 8, 800 118.04 115.55 118.26 118.37 118.36 16, 800 121.26 115.21 122.22 118.75 124.40 32, 800 122.25 115.57 122.31 120.03 123.84 64, 800 124.95 115.93 128.36 118.82 134.81 Theirs The mapping algorithm presen ted in is used to ho ose mapping. The est mapping found ust then ev aluated using pac e switc hing and determini ng bandwidth con ten tion to pro vide more realistic assessmen of the erformance of the hosen mapping. This corrected measure of the total execution time is the time that app ears in the results. The reev aluation of the hosen mapping is done only after the mapping algorithm has terminated and only for the sak of comparison. Theirs Mo di�ed The mapping algorithm presen ted in is mo di�ed to incorp orate oth pac et switc hing and hec k ing for oten tial bandwidth con ten tion. This is used to compare our heuristic for cluster assignmen with the heuristic giv en in ]. Random random mapping is generated. ac et switc hi ng is assumed, and the e�ects of bandwidth con ten tion are used to �nd the execution time of this mapping. ables clearly sho that etter mapping is hosen our algorithm when bandwidth con ten ti on is considered. able sho ws ho this di�erence incr ases with the um er of pro cessors. exp ect this trend to con tin ue when used for ev en larger um ers of pro cessors. As seen in able 2, the relativ erformance impro e m en decreases when the um er of pro cessors is �xed and the um er of tasks is increased. Although the rela- tiv erformance impro em en decreases, the absolute erformance impro e m en increases. able sho ws ho the relativ erformance increases with the um er of pro cessors if the um er of tasks er pro cessor is �xed. Ignoring the dela caused bandwidth con ten tion results in ho osing less e�cien mapping. or the mapping algorithm giv en in ], this relationship holds in all but few cases. One reason that the di�erence et e en the ersions of their algorithm is usually smaller is ecause the critical clusters cannot reassigned. requen tl esp ecially for mac hi nes with only few pro cessors, all the clusters are critical. or those cases, the algorithm giv en in only tries one mapping! The reassignmen of the critical clusters pro vides the mapping algorithm with greater exibilit in creating mappings. Since the um er of ossible mappings is greater, the lik eli ho of �nding etter mapping increases. This is clearly seen comparing our algorithm with the mo di�ed ersi on of the algorithm giv en in ]. This relationship do es 18 able 1: Relativ Execution Times (Optimal 100) Problem Ours Theirs Size Mo di�ed Ours Theirs Mo di�ed Random 4, 200 113.33 112.09 112.95 113.43 113.24 8, 200 116.39 112.28 117.36 117.44 117.47 8, 400 117.50 113.79 118.12 117.77 117.60 16, 400 120.84 114.05 121.11 118.09 123.33 16, 800 121.26 115.21 122.22 118.75 124.40 32, 800 122.25 115.57 122.31 120.03 123.84 32, 1600 129.05 121.49 131.26 123.04 134.52 64, 1600 134.35 123.51 138.51 126.32 142.62 64, 3200 143.36 131.57 145.80 133.91 150.05 able 2: Relativ Execution Times arying the Num er of asks (Optimal 100) Problem Ours Theirs Size Mo di�ed Ours Theirs Mo di�ed Random 16, 200 116.12 110.02 117.59 112.29 121.36 16, 400 120.84 114.05 121.11 118.09 123.33 16, 800 121.26 115.21 122.22 118.75 124.40 16, 1600 122.24 117.13 122.94 121.67 124.14 16, 3200 119.57 115.51 121.08 119.74 120.99 Fiv di�eren mapping algorithms ere used, and the er age results of these algorithms are compared after eing run on 100 randomly generated graphs. All tests assume yp ercub arc hitec ture. The �v algorithms used are: Ours Mo di�ed The mapping algorithm presen ted in this pap er is hanged to as- sume in�nite bandwidth. This algorithm is compared with the results pro duced when bandwidth con ten tion is used to select the est mapping. The est mapping found ust then ev aluated while determini ng bandwidth con ten ti on to pro vide more re- alistic assessmen of the erformance of the hosen mapping. This corrected measure of the total execution time is the time that app ears in the results. The reev aluation of the hosen mapping is done only after the mapping algorithm has termi nated and only for the sak of comparison. Ours The mapping algorithm presen ted in this pap er is used to ho ose mapping. This allo ws our mapping algorithm to compared with all the other mapping algo- rithms. 17 4.3.7 Calculate the Execution Time As discussed in Section 4.2.7, the total execution time is the time that the last executing task �nishes. The time complexi of this step is still ). 4.4 ermi nati on It is necessary to balance the complex it of the algorithm with the need to generate an e�cien mapping. In order to main tain balance et ee these goals, three termi nation conditions are utilized: previous assignmen of the clusters to the pro cessors has een rep eated. Since the assignmen pro cess is determini stic, cycle of assignmen ts has een found. Con tin ued execution will only rep eat previous assignmen ts. The time complex it of hec king this condition is ). mapping with an execution time equiv alen to that of the complete ly connected arc hitecture has een ac hiev e d. Since it is imp ossible to generate mapping sup erior to this one, an optimal mapping has een found. No further impro em en is ossible. In order to guaran tee an upp er ound on the time complex it of the mapping al- gorithm, it is necessary to pro vide an additional termi nation condition. decided to terminate the mapping algorithm after di�eren iterations. Based on measure- men ts tak en while computing the results presen ted in Section 5, this seems to giv reasonable trade-o� et e en complexi and erformance. Using iterations as noticeably etter than using only and only sligh tly orse than using 4.5 Complexi There are iterations of the algorithm in the orst case. Examining eac step of the algorithm results in time complexit of np ep log ). This can further simpli�e observing that the total execution time of the parallel algorithm, n=p Simil arly assuming yp ercub arc hitecture, log n=p log np and log log ep The orst-case time complex it of the mapping algorithm is log ). Results The program used to generate these results is written in ANSI and as run on an HP Snak e. All task graphs ere randomly generated using task computation times that randomly ary from 10. Similarly message lengths randomly ary from 10 pac ets and eac task generates from messages. The tasks are uniformly distributed et e en the clusters. While it ould ideal to generate task graphs from real programs, feel that the ratios et een the computation times, the comm uni cation times, and the um er of messages generated the random graphs do re ect the ratios in ypical orkloads. 16 4.3.6 Find the Critical Edges The critical edges are found using the same algorithm as the one presen ted in Section 4.2.6. The new set of critical edges is needed to re�ne the curren mapping during the next iteration. The time complexi of this step is still ). It is imp ortan to recognize the relationship et ee the mapping and the critical edges. The critical edges are critical ecause of the time it tak es to transmit the message from the source task to the destination task. This time is dep enden t, in part, on the distance et e en the pro cessors to whic the tasks are assigned. This in terdep endence is ignored in ], and so this e�ectiv el restricts the abilit of their algorithm to generate satisfactory mapping. Figure presen ts trivial example that illustrates this in terde endence. Figure 3: The Set of Critical Edges is Dep enden on the Mapping Assume the clusters ha een mapp ed on to four pro cessor yp ercub e. The axes, rectangles, and directed edges are de�ned as in Figure 1. If the iden ti mapping is used, then the critical edge is the message from ask to ask 1. If cluster is placed on pro cessor and cluster is placed on pro cessor 2, then the message from ask to ask is no longer critical edge. or this mapping, the critical edge is from ask to ask 1. In this trivial example, reassigning the clusters do es not hange the total execution time Ho ev e r, in non-trivial task graph, the hange in critical edges can ha substan tial impact. Ignoring this in terde endence et ee the cluster assignmen and the critical edges imp edes the searc for etter assignmen ts. Essen tially attempt to minim ize the length of the critical path without creating new critical path. If new critical path is generated, the mapping algorithm places these clusters closer to reduce that critical path. The est mapping the heuristic �nds balances the length of the existing critical paths and the length of an new critical paths that are pro duced the mapping. This is the reason that allo wing the reassignmen of the critical clusters is imp ortan t. The assignmen of the critical clusters ma result in new critical path that cannot reduced without reassigning some of the critical clusters. By pro viding more exibilit in the mapping algorithm, etter mapping can found. 15 case, all the clusters are critical clusters, so di�eren assignmen ts are tested. Since only clusters are sw app ed eac time, the total distance for eac new assignmen can computed in time. The time complexi of this step is ). 4.3.2 Assign the Other Clusters Normally only some of the clusters are critical clusters. The remaining clusters ust also mapp ed to minim iz the erhead of transmitting their messages. The heuristic used is to map these clusters so the total transmission time of the comm unication with these clusters is minim iz ed. This is of secondary imp ortance to the critical edge assignmen t, so these clusters are assigned only to ail able pro cessors. ac et switc hing is used and an oten tial bandwidth con ten tion is ignored during the assignmen t. The heuristic attempts to minim ize the bandwidth con ten tion exp erienced these messages shortening the total distance tra e led in the in terconnec tion net ork. The assignmen of the non-critical clusters is done rep eatedly ho osing the cluster with the most total comm unication. It is placed on the unassigned pro cessor whic min- imiz es the total distance of the messages et e en this cluster and the clusters that are already assigned. most, clusters ust assigned using this metho d, trying at most di�eren pro cessors. Chec king the total distance requires time, so the time complexi of this step is ). 4.3.3 Compute the Earliest Starting Times This is done using the metho presen ted in Section 4.2.3. The only di�erence is that the distance function returns the distance et e en the pro cessors on the target arc hitecture rather than the distance on the complete ly connected arc hitecture The time complexit of this step is still ). 4.3.4 Compute the Latest Starting Times This is done using the metho presen ted in Section 4.2.4. The only di�erence is that the distance function returns the distance et e en the pro cessors on the target arc hitecture rather than the distance on the complete ly connected arc hitecture The time complexit of this step is still ). 4.3.5 Ev aluate the Bandwidth Con ten tion This is done using the metho presen ted in Section 4.2.5. Ho ev er, in this case, the dela caused bandwidth con ten ti on ccurs more frequen tl An of the situations sho wn in Figure are ossible on the target arc hitec ture. Because the lik el iho of dela is increased on this arc hitecture, the e�ect of bandwidth con ten ti on increases. Without considering the erhead caused bandwidth con ten ti on, the execution time of the mapping on the target arc hitecture ma underestimated. The time complexi of this step is still log ). 14 path. The complete ly connected arc hitecture is able to ho ose longer path if the message arriv es so oner. This hoice is ery exible, in fact, there are paths of length from whic to ho ose. It is not necessary to consider an longer paths, since all system edges connected to the destination pro cessor lie on one of these paths. Note that since the same thing is done no matter whic mapping is used, the iden ti mapping is still optimal. This is the optimal execution time on the completel connected arc hitecture. The re- mo al of an edge from the completely connected arc hitecture do es not impro the execution time of the parallel algorithm. Eac edge that is remo e falls in to one of categories. If the edge as not used the parallel algorithm when executed on the completel con- nected arc hitecture then its remo al do es not a�ect the total execution time. If the edge as used on the complete ly connected arc hitec ture the situation ecomes sligh tly more complex. The messages that used this edge ust no transmitted along another path. This path is longer than the original path, but there are no more shortest paths et e en the pro cessors. This do es not pro vide an adv an tage er the complete ly connected arc hitecture ho ev e r, ecause it ould ha only used this shortest path for more than one message if the dela as less than using longer path. The target arc hitecture ust no ho ose et ee more than one shortest path of length or more. The completel connected arc hitecture can ho ose et ee one path of length one and paths of length o. Remo v ing an edge from the completel connected arc hitecture do es not impro the total execution time of the algorithm. The total execution time on the completel connected arc hitec ture is the time when the last executing task �nishes. Eac task ust hec ed to determi ne when it �nishes, so the time complexi of this step is ). As previously men ti oned, this time ma less than the optimal mapping on the target arc hitecture can ac hiev e, ho ev er, it is used as the lo er ound while searc hing for an optimal mapping. 4.3 Iterativ Assignmen 4.3.1 Assign the Critical Clusters If it is ossible to ac hiev the lo er ound on the execution time, it can only done creating mapping that appro ximates the completely connected arc hitecture closely In order to sim ul ate the completel connected arc hitecture, it is necessary to force the mapping strategy to minim i ze the transmission time of the critical edges. These edges ha direct earing on the total execution time. The heuristic used for mapping these critical clusters is to maxim iz the um er of critical edges transmitted et e en clusters mapp ed to directly connected pro cessors. Since the critical edges directly a�ect the total execution time, this increases the probabilit that the mapping has shorter total execution time. This assignmen is done after �nding out whic of the clusters are critical clusters. The total distance of the critical edges is calculated for the curren mapping. The algorithm then sw aps eac critical cluster with ev ery other cluster one at time and recalculates the total distance. The clusters are sw app ed bac only if the total distance has increased. The total distance for the initial assignmen can computed in time. In the orst 13 2. pro vide standard of comparison for the results of our mapping algorithm, since �nding the optimal execution time is in tractable. Bandwidth con ten tion in the completel connected arc hitec ture should considered when calculating lo e ound on the total execution time. Since the lo e ound is used as termination condition, it is desirable to ha as tigh lo er ound as ossible. Ev en on the completel connected arc hitecture there can bandwidth con ten ti on. This con ten tion increases the total execution time. If bandwidth con ten ti on is not included in the calculation, it ecomes ev e less lik el that any mapping on the target arc hitec ture can ac hiev the lo er ound. In order to guaran tee that the total execution time remains lo er ound ev en after including bandwidth con ten tion, the completely connected arc hitecture is not restricted to routing messages along only the shortest path. While longer path increases the trans- mission time of message, the message ma still arriv so oner than along shorter path. This is ossible ecause of the dela that ccurs when shorter path is already in use. or example, in Figure 1, the message from task to task uses the same system edge as the message from task to task 3. The message from task to task ma arriv so oner if longer path is hosen. Ev en though the dela is minim iz ed, some dela in transmitting this message is una oidable. In order to determi ne whic hoice results in an earlier arriv al time, it is necessary for all pro cessors to ha global kno wledge of the curren state of the in terconnect ion net ork. This is an unrealistic assumption for an real arc hitec ture, but is acceptable in this case, ecause it is used strictly for generating lo er ound. By ac- coun ting for this dela when computing the lo e ound, tigh ter lo e ound is ossible. All that remains is to pro that this is, in fact, lo e ound. Theorem or given clustering, no mapping on the tar get ar chite ctur an have total exe cution time that is less than the total exe cution time of the identity mapping on the ompletely onne cte ar chite ctur e. Pro of: First note that the iden ti erm utation mapping is isomorphic to an other erm u- tation mapping on the completel connected arc hitec ture. This means that all erm utations are equally optimal. no pro that, giv en our assumptions, the target arc hitec ture cannot pro vide etter execution time. (The fact that messages ust transmitted as so on as ossible and the fact that the tasks ha een clustered prev en this mapping from actually eing optimal. It is optimal only relativ to other mappings that use the same assumptions. This problem is NP-Complete if these assumptions are remo e d.) The messages generated task are ordered according to when the destination tasks ust egin execution. On the completely connected arc hitec ture, the ordering is unimp or- tan if the messages are all destined for distinct pro cessors. None of the messages from task prev en the transmission of other messages from the same task. In the case where more than one message pro duced the same task is destined for the same pro cessor, then one of the messages prev en ts the other message from obtaining the shortest path. Ho e e r, since the messages ere ordered according to their required arriv al time and the tasks in cluster ha total ordering, the message that needs to arriv �rst is giv en the shortest 12 assigned. The edges are critical based on the mapping to the completely connected arc hi- tecture. If it is ossible to assign the clusters so that eac of these messages is transmitted et e en directly connected pro cessors in the target arc hitec ture, then there is etter hance of pro ducing an optimal mapping. In order to determi ne the critical edges, it is only necessary to consider edges et ee tasks that ha an execution windo with no exibilit (i.e. the earliest starting time and the latest starting time are the same). Theorem critic al dges ar tr ansmitte etwe en two tasks that have an exe cution window with no exibility. Pro of: Assume that directed edge et e en tasks and ij is critical edge. Without loss of generalit assume that task is the source of the edge and task is the destination. By de�nition, an dela in sending or receivi ng ij increases the total execution time. In order to mini m iz the transmission time of ij task ust send the message as so on as ossible. The so onest the message can sen is ear iest eng th ). An dela increases the total execution time, so ear iest atest ). Similarl task ust receiv the message as so on as ossible, so ear iest atest ). Therefore, oth task and task ust ha an execution windo with no exibilit The rev erse is not necessarily true. or example in Figure 2, the message from task to task is transmitted et ee tasks that ha an execution windo with no exibilit Ho ev e r, the edge (1 6) is not critical. An edge is critical only if oth execution windo ws ha no exibilit and the transmission time is equal to the di�erence et een the ending time of the sending task and the starting time of the receiving task. The set of critical edges in Figure is (0 6) (1 4) (3 5) (4 5) (5 8) (6 9) The execution windo ws for tasks and in Figure are the only ones with an exibilit In the orst case, it is ossible that all edges are critical. Since all edges ust examined once, and all eleme ts of the critical matrix ust initialized to zero, the time complexi of this step is ). 4.2.7 Calculate Lo er Bound on the Execution Time The goal of the mapping strategy is to minim i ze the total execution time of the parallel algorithm. will pro that within our mo del, it is imp ossible to pro duce mapping with total execution time less than that of the completel connected arc hitec ture, so this time is lo er ound on the total execution time. It is imp ortan to stress that this time ma in fact, not the optimal execution time. It is ossible that the optimal assignmen do es not ac hiev this lo er ound due to dela ys caused bandwidth con ten tion and the few er system edges on the target arc hitec ture. Ho e e r, �nding the optimal execution time is equiv ale to �nding the optimal mapping. Since this problem is NP-Complete, it is necessary to use this estimation of the lo e ound rather than generate the actual optimal execution time. The ob jectiv es for calculating lo er ound on the total execution time are: 1. pro vide termination condition for the mapping algorithm. 11 9. Eac pac et requires one time unit to tra el along one system edge. These assumptions are made with the in ten tion of appro ximating an in terconnecti on net ork closely while main taini ng reasonable execution time for the sim ulation. This sim ulation is uc more accurate than the metho prop osed in ]. measure the actual con ten tion, rather than trying to minim i ze it using explicit con trol e the routing of messages. This allo ws the bandwidth con ten tion to appro x- imated based on the routing algorithm. reasonable mo di�cation of these assumptions do es not elim inate the problems caused the bandwidth con ten ti on. Regardless of the hanges made, bandwidth con ten tion still e�ects the erformance of mapping. Mo difying particular assumptions do es not hange the fact that this con ten t ion ust ev aluated to ac hiev more e�cien mapping. In order to ev aluate the impact of bandwidth con ten tion on the mapping, it is necessary to consider the tra�c on the in terconnecti on net ork at eac time in terv al. Since pac et tak es one time unit to tra el along one system edge, this is the smallest time in terv al that can used. eac time unit it is necessary to do man things. asks that can no started should egin execution. asks that ha complete execution should transfer the messages to the injection queue. ac ets curren tl eing transmitted on system edge ha arriv ed and ust either forw arded along the next system edge, bu�ered due to con ten tion, or accepted for ending task. ac ets that are ready to egin transmission should started if an appropriate system edge is ailable If message ust dela ed due to bandwidth con ten tion, this dela is added to the message transmission time and the earliest starting time of the receiving task is adjusted. It is also necessary to adjust the latest starting time of the receiving task if the task is dela e past its latest starting time This information is used later stages of the mapping algorithm. The time complexit of this step is partially dep enden on the target parallel arc hi- tecture. This is ecause the um er of system edges eac pro cessor has dep ends on the top ology of the in terconnecti on net ork. or complexi analysis, it is assumed that this is log the actual alue for yp ercub e. task can activ ated in unit time. Eac message ust queued once and eac pac et ust transmitted once. Other than the message queuing, task completion can done in unit time. Eac pac e requires at least one time unit to transmitted, so the time needed to place the messages on the queue has to less than the time needed to transmit the messages. All the system edges ust hec ed at eac time unit to determine whic are transmitting data. Also, eac pro cessor ma need to start pac et on all of its system edges. All the system edges connected to pro cessor ust hec ed to �nd the one that pro vides the shortest path to the message destination. The computation of this part dominates the others. The time complexi of this step is log ). 4.2.6 Find the Critical Edges The critical edges are needed in order to guide the searc for an optimal mapping on the target arc hitec ture. Since these edges cannot dela ed without increasing the total ex- ecution time, preference needs to giv en to these messages when the clusters are eing 10 is also kno wn. This allo ws the algorithm to determine the latest starting time of this task imm edi ately This ust done once for eac task and requires that eac comm unicati on message pro cessed once. Therefore, the time complexi of this step is also ). 4.2.5 Ev aluate the Bandwidth Con ten tion or the completely connected arc hitecture, the problem of bandwidth con ten ti on is greatly reduced. Figure illustrates the only instance where there could bandwidth induced dela ev en on the complete ly connected mac hine. Consider the �rst example of bandwidth dela This ccurs ecause the bandwidth et een the pro cessors is �nite. Regardless of ho man system edges there are, this yp of dela is una oidable. It it necessary to measure the dela exp erienced due to the bandwidth con ten tion. This allo ws more realistic total execution time for the mapping to found. Since the total execution time of the mapping is more accurately determi ned, inferior mappings can correctly rejected. In order to sim ul ate the message transmission, it is necessary to mak sev eral assumptions ab out ho the messages are routed through the in terconnecti on net ork. The assumptions that ha used are giv en elo w: 1. Messages are transmitted using store-and-forw ard pac et switc hing. 2. Eac pro cessor has in�nite bu�er space for messages that it has receiv e and ust forw arded to another pro cessor. 3. Eac pro cessor uses priorit queue to store the messages that it injects in to the net ork. The pac e ts are injected as so on as an acceptable system edge is ailable 4. The mapping algorithm can determi ne the order in whic the messages generated task are placed on its pro cessor queue. The messages from the task are added to the end of the queue. The ordering of the messages is based on the execution windo of the receiving tasks. The messages that need to arriv so onest are efore the messages that can arriv later. 5. ac ets already eing transmitted are giv en priorit e pac ets in the injection queue. 6. ully-adaptiv minim al routing is used to ho ose the shortest path et ee the source and destination pro cessors. When ul tiple routes of the same length are ailable free system edge from one of these shortest routes is arbitrarily hosen. This hoice is done indep enden tl eac pro cessor along the path from the source to the destination. The complete ly connected arc hitecture is enhanced to use non-minim al routing and global kno wledge of the in terconnecti on net ork. (Ref. Section 4.2.7) 7. All pac ets of message follo the same path through the net ork. This is the standard metho of implem e ting pac et switc hing. 8. All system edges are bi-directional, so message can transmitted in oth directions sim ultaneously or example, the earliest that task in Figure can start is time 14. Ev en though the message from task to task is only pac ets long, distance (5 8) (b ecause yp ercub with the iden tit mapping is eing used), so the message requires at least three time units to transmitted. When eac task is ev aluated, the messages that it receiv es are from tasks whose earliest starting time has already een computed. The earliest starting time of the previous task in this cluster is also kno wn. This allo ws the algorithm to determine the earliest starting time of this task imm edi ately This ust done once for eac task and requires that eac comm unic ation message pro cessed once. Therefore, the time complex it of this step is ). 4.2.4 Compute the Latest Starting Times complete the determination of the execution windo of eac task, it is also necessary to compute the latest starting time of eac task. Since are still in terested in ac hievi ng the minim um total execution time, the latest starting time hosen ust early enough that it do es not increase the total execution time of the algorithm. oten tial dela due to bandwidth con ten tion is again ignored. The dela is determined in later step. again mak use of the fact that the tasks ha partial ordering. Ho ev er, in this case it is necessary to start with the last task and ork bac kw ard un til the �rst task is pro cessed. The latest starting time is the earliest of these conditions: 1. Start early enough that it completes execution in time for the next task on this pro cessor to also meet its deadline. This is the latest starting time of the next task min us the execution time of the curren task. or the last task on eac pro cessor, this is the total execution time min us the execution time for this task. or example the latest starting time for task in Figure is at time 16. 2. Start early enough that all the messages it generates arriv the end of the execution windo of the destination tasks. or example, the latest starting time for task in Figure is at time 11. Again, let i; denote tasks. is an one of the tasks receiving message from task is the task whose latest starting time is eing computed. is the next task in this cluster. The transmission time is computed as in the previous step. The latest starting time of task is: atest min atest eng th mi atest eng th tr ans ))) or example, the latest that task in Figure can start time 0. Ev en though the message from task to task is only three pac ets long, distance (3 5) 2, so the message requires at least four time units to transmitted. When eac task is ev aluated, the messages that it sends are to tasks whose latest starting time has already een computed. The latest starting time of the next task in this cluster 4.2.1 Calculate the Comm unicati on Matrix This is done examini ng eac directed edge in the task graph. Eac message has sending task and receiving task that are assigned to di�eren clusters. Add the length of eac message to the corresp onding elem en ts of the comm uni cation matrix. The direction of the message is ignored. After all the messages ha een pro cessed, eac elemen in the matrix corresp onds to total message tra�c et ee the sp eci�ed clusters. The amoun of comm uni cation in olving eac cluster is also totaled. This information is used when mapping the clusters that are not critical. Since all edges ust examine once, and all eleme ts of the comm uni cation matrix ust initialized to zero, the time complexi of this step is ). 4.2.2 Create Mapping for the Completely Connected Arc hitecture Map the clusters on to the completel connected arc hitecture. This is done using the iden tit mapping. Since eac pro cessor shares system edge with all other pro cessors, all mappings ha the same execution time. The fact that this is completely connected arc hitec ture guaran tees that an clusters share system edge. This reduces the transmission of all messages to the minim um time required. Since the iden ti mapping is used, the time complexi of this step is ). 4.2.3 Compute the Earliest Starting Times In order to determine the execution windo of eac task, it is necessary to compute the earliest starting time of eac task. oten ti al dela due to bandwidth con ten tion is ignored. The dela is determi ned in later step. In this algorithm, mak use of the fact that the tasks ha partial ordering. This allo ws the algorithm to start with the �rst task and pro ceed un til the last task is pro cessed. The earliest starting time is the latest of these conditions: 1. All the messages required this task ha arriv ed. or example, task in Figure cannot start un til time 8, ecause it ust ait for the message from task 0. 2. The previous task on this pro cessor has completed execution. This is time for the �rst task in eac cluster. or example, task in Figure cannot start un til time 4. Let i; denote tasks. is an one of the tasks sending message to task is the task whose earliest starting time is eing computed. is the previous task in this cluster. Assuming no bandwidth con ten ti on, the transmission time of message using store-and-forw ard pac et switc hing is: tr ans i; messag el eng th i distance i; Using this de�nition, the earliest starting time of task is: ear iest max ear iest eng th max ear iest eng th tr ans i; ))) lgorit 4.1 Notation The um er of pro cessors in the parallel arc hitecture is The um er of tasks in the parallel algorithm is In general, Eac message is represen ted directed edge et e en tasks in the task graph, so the set of all messages is denoted is used to denote the total execution time of mapping. The total execution time is dep enden on the mapping, but the other ariables are not. The algorithm uses function, distanc (), whic returns the length of the shortest path et ee an pro cessors. When analyzing the time complexi of the mapping algorithm, it is assumed that this function can computed in constan time 4.2 Initial i zati on This section has all the prelimi nary ork for the mapping algorithm. This includes gath- ering some data to start the iterativ pro cess, and calculating the total execution time of the parallel algorithm on the completely connected arc hitecture. In Figure 2, assume that the clusters ha een mapp ed on to four pro cessor yp ercub e. The axes, rectangles, and directed edges are de�ned as in Figure 1. Reference is made to Figure throughout the presen tation of the algorithm. Figure 2: Sample ask Graph Finite Bandwidth on an System

Edge. Consider the message from ask to ask and the message from ask to ask 3. Both of these require the same system edge. Ho ev er, ask is still using this system edge when ask is ready to egin transmission. or this reason, it is necessary to dela the sending of the message from ask to ask 3. Limited Num er of System Edges at eac Pro cessor. There are three messages eing transmitted ask 5. Since this pro cessor has only system edges, one of the messages ust dela e d. Limited aths through the In terconnecti on Net ork. the same time that ask is sending its messages, ask is also sending its messages. The message from ask to ask can egin transmission imm edi ately Ho ev er, the message from ask to ask ust either ait un til the message from ask to ask has completed transmission, or routed through the pro cessor that executed ask 5. Since ask is curren tl using all of its outgoing system edges, the message ust dela ed in either case. As previously discussed, general mo del requires an arbitrary um er of tasks. comm on means of handling this situation is via step approac h. First, clustering algorithm is used whic partitions the tasks in to clusters. After clustering, there is exactly one cluster for eac pro cessor in the target arc hitec ture. The mapping problem is simpli�ed to ho osing the appropriate pro cessor for eac cluster. The apparen similarit to allo wing only as man tasks as pro cessors is only sup er�cial. In realit the tasks are com bi ned in to clusters, but they eac main tain their wn comm unic ation and computational prop erties. The starting and ending times of eac task are still considered individually as ell as the comm unic ation of eac task. The only constrain the clustering places on the tasks is that maxim um of one task in eac cluster can execute at an time. This pap er assumes that the tasks ha een clustered prior to mapping. Heuristic algorithms for clustering can found in ]. The tasks are um ered in increasing order based on their lev el in the G. Although the task graph is acyclic, it is ossible that the cluster graph is cyclic. It is assumed that the clustering algorithm together with the dep endence requirem en ts of the parallel algorithm determine total ordering for the tasks in eac cluster. This ordering allo ws for more e�cien execution of our algorithm. Since the mapping hosen is based on the total execution time of the algorithm, it is necessary to de�ne the message lengths their transmission time. In our mo del, time unit is de�ned as the time required for single pac e to transmitted along single system edge. The execution time of the tasks are de�ned relativ to this measure of time Message lengths are de�ned the um er of pac e ts con tained in the message, therefore the message length is the um er of time units required to transmit the en tire message along single system edge. requires the transmission of wice as man pac ets. It is assumed that the in terconnecti on net ork uses �xed pac et length. Since the mapping algorithm giv en in and our mapping algorithm oth assume clustering as prior step, sim ulati on results using the algorithms are compared. Our mapping heuristic has at least signi�can di�erences. Exp erimen tal supp ort for the imp ortance of these hanges is sho wn when the results are presen ted. 1. Our heuristic allo ws the reassignmen of the critical clusters after the initial assign- men t. This giv es our heuristic more exibilit when selecting mapping. 2. use more accurate comm uni cation mo del. This is accomplished consider- ing the constrain ts that the bandwidth places on the comm unic ation time of eac mapping. Figure illustrates the di�eren y that bandwidth con ten tion can result in message dela If this con ten tion is not considered during the ev aluation of mapping, realistic estimation of the execution time of that mapping cannot made. In Figure 1, assume that the clusters ha een mapp ed on to four pro cessor yp ercub e. All tasks in column are in the same cluster. The horizon tal axis iden ti �es the pro cessor of the corresp onding cluster. The ertical axis giv es the time. Eac rectangle represen ts task with the asso ciated task um er inside the rectangle. Eac directed edge is comm unic ation message. The eigh of eac edge indicates the length of the message. Figure 1: Examples of Bandwidth Related Comm unication Dela ys There are three di�eren situations in whic bandwidth con ten ti on oten tially lengthens the transmission time of messages: 7. Critic al ask task that sends or receiv es critical edge. 8. Critic al Cluster cluster that con tains at least one critical task. 9. Communic ation Matrix This is matrix that stores the total amoun of com- unication et e en an clusters. When totalling the comm unication, the direc- tion of the comm unic ation et ee the tasks is not preserv e d, so i; i; p; communication i; communication ). The diagonal elemen ts are zero, since the comm unic ation et e en tasks in the same cluster can replaced with accesses to ariables stored in lo cal mem ory 10. Critic al Matrix This is matrix that stores the um er of critical edges shared et e en an clusters. When en um erating the critical edges, no distinction is made et ee the source and destination tasks, so i; i; p; cr itical i; cr itical ). The diagonal elem en ts are zero, since there are no explicit edges et e en tasks in the same cluster. 11. Exe cution Window This is the time range in whic task ust egin execution. The earliest time in the windo is the so onest that the task could conceiv ably start. The latest time in the windo is the latest the task can start without increasing the total execution time of the program. roac In order to pro vide more comprehensiv computation mo del, allo the um er of tasks in the algorithm to indep enden of the um er of pro cessors. The execution times of the tasks are ariable. The only restrictions placed on eac task are that it can egin execution only after it has receiv ed all the messages it needs and that it do es not send an message un til it has completed execution. This is the same computation mo del used in ]. All the pro cessors in the arc hitecture are homogeneous. appro xim ate the comm uni cation prop erties of the algorithm more closely the length of an comm unication message is arbitrary Store-and-forw ard pac et switc hing is used. Eac message is divided in to one or more pac e ts. The length of eac message is the um er of pac ets that comprise the message. Message switc hing requires that an en tire message queued at eac in te rm edi ate pro cessor et een the source and destination pro cessors efore an part of the message is forw arded to the next pro cessor. ac e switc hing requires that only single pac e ust queued at eac in term e diate pro cessor efore it can forw arded to the next pro cessor. ac et switc hing reduces the e�ect of distance on the comm unic ation time. This results in lo er message latency Since all system edges are bi-directional, the bandwidth is lim ited to the more realistic assumption that pro cessor can only send and receiv one pac e at time on an system edge. This restriction is incorp orated in to the mapping algorithm so that the e�ects of bandwidth con ten ti on can measured. The startup costs of the message are assumed to incorp orated in to the task execution time s, so that message that is wice as long ecause this approac e�ectiv e ly minim i zes the impact of the comm unic ation dela ys, rather than minim i zi ng the total comm unication dela This same criterion is also used in this pap er. Although more appropriate goal is used these pap ers, arious inadequate assumptions are made ab out the comm unic ation asp ects of the parallel arc hitecture. or example, in ], the mapping algorithm assumes that there is in�nite bandwidth et e en the pro cessors. The problem of bandwidth con ten tion is ac kno wledged in ], but it is only partially addressed. In the case of ], the mapping heuristic uses the pro xim i of the clusters to deal with this problem. This do es not solv the problem, ecause simple heuristic is unable to determine and hence oid the con ten ti on. The dela caused bandwidth con ten ti on uctuates during the execution of the algorithm and is di�cult to predict. An attempt is made in to measure the con ten tion and adjust the routing of messages accordingly Unfortunately they use only crude estimate of con ten tion. This results in making incorrect decisions. In fact, they sho that er third of their mappings ere orse if con ten ti on as considered! Ev aluation of these pap ers and their lim itations motiv ated us to design mapping heuristic that incorp orated more realistic assumptions ab out oth the computation and comm unic ation asp ects of the parallel algorithm and the comm unic ation bandwidth of the parallel arc hitecture in to the same mo del. nitions Numerous terms used throughout the pap er are de�ned here. 1. System Edge direct connection in the parallel arc hitecture et e en an pro ces- sors. The connection is assumed to bi-directional, so pro cessor can sim ultane- ously send and receiv message along an system edge to whic it is connected. It is further assumed that an pair of pro cessors ha at most one system edge et e en them. 2. Mapping mapping is bijectiv function from the set of cluster um ers to the set of pro cessor um ers. 3. ask task is no de in the computation graph with no de eigh whic represen ts the computation time and edge eigh ts that represen the comm unicati on et e en tasks. 4. Cluster cluster is totally ordered set of tasks. 5. Critic al Path This is the longest path in the task graph. It includes oth computation and comm unication. It is ossible that there is more than one critical path. The total execution time of parallel algorithm cannot reduced unless the length of the critical path is reduced. 6. Critic al Edge comm unication edge is critical if an dela in sending or receivi ng this message increases the total execution time of the parallel algorithm. The set of critical edges is partially dep enden on the cluster assignmen t. In tro duction It is widely recognized that the comm unic ation erhead of parallel algorithms can ha signi�can impact on their execution time. Minim iz ing the impact of comm unic ation dela ys can impro the erformance of the parallel algorithm. This is done using information ab out the parallel algorithm and parallel arc hitecture to sc hedule the computation and comm unic ation comp onen ts of the algorithm to minim i ze the total execution time The mo del of the parallel arc hitecture used in this pap er is collection of pro cessors connected net ork with lo cal mem ory on eac pro cessor (suc arc hitecture ha traditionally een referred to as distributed mem ory arc hitec tures, examples eing yp ercub and mesh- connected ult ipro cessors). The parallel algorithm is mo deled as collection of tasks represen ted directed acyclic graph called the task graph. The parallel algorithm is �rst decomp osed in to tasks. The tasks eac require some com- putation time. They ma also require comm unication with other tasks prior to execution and ma transmit results to other tasks after execution. The mapping problem in esti gates the di�culties of assigning these tasks to the pro cessors. In practice, parallel arc hitec ture is not complete ly connected. or this reason, the dela asso ciated with comm unicati ng et e en an pro cessors is not uniform. This fact is exploited when sc heduling the al- gorithm. Finding an optimal mapping is, in general, NP-Complete ], so ork has fo cused on designing tractable heuristics that generate e�cien sc hedules. Designing reasonable heuristic requires an appropriate mo del of the computation and the comm unication asp ects of oth the parallel arc hitecture and the parallel algorithms. As discuss in the next paragraph, the hoice of goal is also imp ortan t, since maxim i zi ng or mini m iz ing an inappropriate goal ma result in an inferior mapping. In past ork, the mapping problem has een examined from di�eren ersp ectiv es. Some results ha fo cused on minim iz ing the comm unication erhead ]. Ho e e r, this do es not necessarily result in go total execution time. Some comm unicati on is more crucial to the e rall erformance of the algorithm. �nd the est ossible mapping, the arriv al time of some messages ma ha to dela e so that more critical messages can exp edited. Since the e�ects of an single comm unication on the erall algorithm ary they should not eigh ted equally during the mapping. Other unrealistic assumptions made include requiring as man pro cessors as there are tasks. This lac of generalit is not su�cien for most parallel algorithms, whic are decomp osed in to man more tasks than the um er of pro cessors in the target mac hine They also put unreasonable restrictions on the comm unication asp ects of the arc hite cture or algorithms. or example assumes that all comm unications transmit the same amoun of data. This assumption is to restrictiv for man parallel algorithms. In ], bandwidth con ten tion is ignored. In ], con ten ti on is considered explicitly hec k ing the dela ys caused the limi ted bandwidth, but only in the highly restrictiv case when all task comm unication ccurs sim ul taneously This also do es not solv the problem, ecause con ten ti on can arise ev e when only some of the tasks are comm unicating at giv en time. It ust hec ed in all cases. More recen results use the total execution time of the algorithm to guide the searc for an optimal mapping. This approac oids the problem of the previous metho d, Abstract The problem of mapping parallel algorithms to parallel arc hitectures has een in esti- gated using um erous approac hes based on arious assumptions. brie y review some of the previous metho ds suggested to solv the mapping problem and oin out the dra w- bac ks inheren in the past ork. then presen the mo di�cations made to correct these shortcomings. Our approac di�ers from previous approac hes primarily considering the e�ects of the comm unicati on pattern of the parallel algorithm and the comm unic a- tion bandwidth of the parallel arc hitecture. dev elop an iterativ heuristic algorithm to imple m en our tec hni que and sho that our more realistic metho of ev aluating the erformance of mapping allo ws etter mapping to hosen. Our pro cess uses infor- mation ab out the curren mapping to generate an impro e mapping. illustrate the adv an tage of incorp orating this con tin ual re�nemen t. Exp erimen tal results are presen ted to demonstrate the e�ectiv eness of our approac h. Key ords: mapping problem, parallel arc hitec tures, directed acyclic task graph, critical edges, comm unic ation pattern and comm unication bandwidth. arall ss rc si ri ica Loren wie ert Ja as art en of uter an Infor ation cience io tate niv ersi olu us, io 21 -12 ail: loren or ja asi cis .o io-s tate.e cto er