Using tomic Data Structures for arallel Sim ulation aul S. Barth M.I.T. Lab oratory for Computer Science 545 ec hnology Square Cam bridge, MA 02139 barth@au-bon-pain.lcs.mit.edu Abstract Synchr onizing ac ess to shar data structur es is di�cult pr oblem for simulation pr gr ams. e- quently, synchr onizing op er ations within and etwe en simulation steps substantial ly curtails ar al lelism. This ap er pr esents gener al te chnique for erform- ing this synchr onization while sustaining ar al lelism. The te chnique ombines �ne-gr aine d, exclusive lo cks with futures write-onc data structur supp orting pr duc er-c onsumer ar al lelism. The ombination al- lows multiple op er ations within simulation step to run in ar al lel; further, suc essive simulation steps an overlap without ompr omising serializability or quiring ol l-b acks. The cumulative e�e ct of these two sour es of ar al lelism is dr amatic: the example pr esente in this ap er shows almost 20-fold incr ase in ar al lelism over tr aditional synchr onization me cha- nisms. In tro duction Sim ulation programs presen di�cult hallenge for parallel computing. Although man sim ulations ha large parallel comp onen t, con trolling the in ter- action et een sim ulation steps can ecome signif- ican ottlenec k. or example, the eha vior of parti- cles in PIC sim ulation are largely indep enden t, so man particles ma sim ulated in parallel. Ho w- ev er, correctly mo deling particle in teractions requires sync hronizing particles at eac time step. When the This pap er describ es researc erformed at the Lab oratory for Computer Science of the Massac usetts Institute of ec h- nology unding for the Lab oratory is pro vided in part the Adv anced Researc Pro jects Agency of the Departmen of De- fense under the O�ce of Na al Researc con tract N00014-89- J-1988. The author is supp orted fello wship from Sc hlum- erger ec hnology Corp oration. densit of particles is lo w, this sync hronization limits ac hiev able parallelism. This pap er presen ts general tec hnique for increas- ing the parallelism of sim ulation programs. The tec h- nique com bines lo king tec hniques dev elop ed the database comm unit with futur es write-once data structure supp orting pro ducer-consumer parallelism. This unco ers imp ortan sources of parallelism. First, ultiple op erations within sim ulation step can run in parallel. Second, and more imp ortan t, futures allo sim ulation steps to erlap without compromis- ing serializabilit or requiring roll-bac ks. The com- bined e�ect of these sources of parallelism is dra- matic: the example presen ted in this pap er sho ws al- most 20-fold increase in parallelism er traditional sync hronization mec hanisms. tomic Data Structures Sync hronizing parallel op erations on shared data is ell-recognized problem. raditional sync hroniza- tion mec hanisms, suc as semaphores and moni- tors ], protect shared data ensuring that up date op erations run under utual exclusion. This yp of sync hronization can ottlenec in parallel sim ulation program in olving op erations on shared data structure. or example, sim ulating particles in shared space ma yield little parallelism, ecause sync hronization is required to prop erly mo del particle in teractions. The database comm unit has addressed these issues with yriad of lo king proto cols that ensure atom- icit while sustaining parallelism. In ], the author applies database principles to shared data structures in tro ducing new class of data structures called M-structur es M-structure op erations are implicitly sync hronized for atomicit y: reading an M-structure elemen lo ks the elemen efore returning the alue; similarly writing an elemen replaces the alue and unlo ks the elemen t. This sync hronization is �ne- gr aine eac M-structure elemen has its wn lo k, so op erations on di�eren elemen ts in the same data structure ma op erate in parallel. Reducing the gran ularit of lo ks is ell kno wn tec hnique for impro ving concurrency Eac op eration on shared data structure acquires just the lo ks it needs; con ten tion arises only when op erations re- quire the same elemen ts of the data structure. Ho w- ev er, ev en this degree of con ten tion can ecome ot- tlenec k. or example, if sim ulation ccurs in discrete steps, all up dates from one step ust complete efore the next step egins. In this case, an lo cal con ten tion dela ys the execution of successiv sim ulation steps. eliminate this ottlenec k, this pap er describ es to com bine M-structures with another kind of atomic data structure, futur es ]. future is lik promissory note for alue: it represen ts alue that will de�ned later. utures can passed and stored as ordinary alues, but pro- cedures requiring future’s alue ust ait for the alue to de�ned. In the examples elo w, the func- tion future allo cates future and spa wns pro cess that assigns it alue. The touch function reads the alue of future, susp ending un til the future’s alue has een assigned. Th us, futures are implic- itly sync hronized, lik M-structures, thereb eliminat- ing read/write races. utures can implemen ted write-once data structures suc as I-structures[ ]. TSP and Sim ulated Annealing illustrate this tec hnique, consider using sim u- lated annealing to solv the tra eling salesman prob- lem (TSP). The ob jectiv of TSP is to �nd the short- est tour of cities in whic eac cit is visited exactly once, returning to starting cit at the end of the tour. TSP is ypically implemen ted as graph algorithm, where no des represen cities and eigh ted edges rep- resen the distance et een cities. Since TSP is NP-complete, appro ximate tec hniques suc as sim ulated annealing are used. In this ap- proac h, an initial tour of the cities is generated and then erm uted to con erge to lo cally optimal so- lution. oid con ergence on or lo cal mini- um, the sim ulation admits some erm utations that increase the tour length, in hop es of en tering region con taining etter solutions. The frequency of suc non-impro ving erm utations is go erned the \tem- erature" of the sim ulation. Initially the system is at ery high temp erature and almost all erm uta- tions are accepted. As the sim ulation progresses the temp erature \co ols," allo wing only erm utations that reduce the cost of the tour. In this ersion of the sim ulated annealing algo- rithm, eac temp erature tries sev eral erm utations of the tour in parallel. Eac erm utation exc hanges the osition of cities in the tour. These erm utations ma execute in an order, as long as eac up dates the tour atomically Ho ev er, erm utations from di�er- en temp eratures ust serialized to ensure that the system stabilizes. The follo wing program implemen ts this algorithm: def tour atomic M-arr ay of cities fr om to def anneal temp ncities nswaps templock atomic (tour ncities) In ar al lel while not fr ozen temp) do {atomically a_tour templock update ar al lel for from to nswaps do swap two andom cities next temp ol temp def swap a_tour temp {atomically tour a_tour update old_i tour![i] ad and lo ck old_j tour![j] new_i, new_j ermute old_i,old_j tour![i] new_i; write and unlo ck tour![j] new_j This program uses M-structures for sync hronization and up dates. The tour M-structure has parts: an M-structure arra (M-arra y) of cities, and single M-structure cell for access con trol. The atomic func- tion creates an access con trol lo for its giv en argu- men t. or example, up dates et een temp eratures is The pseudo-language used here is based on Id[ ], an implic- itly parallel programming language.

con trolled templock another M-structure cell that references the atomic tour. The anneal function tak es three argumen ts: the initial temp erature temp ), the um er of cities in the tour ncities ), and the um er of erm utations to erform at eac temp erature nswaps ). The parallel while lo op spa wns ultiple, parallel iterations un til the system freezes. The atomically expression in- side the lo op is called an atomic gion This region uses the access con trol lo of the giv en atomic ob ject templock to guaran tee the atomicit of the region. In this case, this region consists of parallel for lo op that issues the sw aps|atomicit means that all sw aps from one temp erature complete efore the next tem- erature egins. The swap function also uses an atomic region, in this case to ensure that eac erm utation is atomic. Without atomicit the same cit could sim ulta- neously mo ed to di�eren ositions in the tour, yielding an in alid tour. Swap also illustrates Id’s im- plicit parallelism: the statemen ts in blo ma ex- ecute in parallel unless constrained data dep en- dence. or example, tour ositions and are lo ed in parallel, then ermute is called, and �nally and are unlo ed in parallel. Implicit parallelism is w- erful feature of Id, but is not cen tral to the tec hniques describ ed here. Sync hronizing tomic Regions The nested atomic regions in this example high- ligh an imp ortan problem in parallel sim ulation. Al- though eac erm utation only a�ects small fraction of the shared data structure, ensuring the atomic- it of eac erm utation requires careful sync hroniza- tion. The rest of this section describ es three di�eren sync hronization strategies for ensuring atomicit and compares their erformance. Barrier Sync hronization: The traditional metho of sync hronizing atomic regions in olv es bar- riers. In this case, the dy of an atomic region is surrounded sync hronization op erations. These op- erations (t ypically semaphores) lo the atomic ob ject efore the atomic region egins and release the lo when the region completes. In this strategy all par- allel pro cesses spa wned inside the atomic region ust complete efore the lo is released. Lo k-Coupling: tec hnique dev elop ed the database comm unit called lo ck-c oupling ensures atomicit but unleashes more parallelism than barrier sync hronization. In lo k-coupling, the shared data is structured as tree of lo ks. Ev ery op eration on the data acquires the lo ks in tree order, releasing the par- en lo after the hild is acquired. implemen lo k-coupling in this example, lo is asso ciated with ev ery osition in the tour arra Un- der lo k-coupling, swap lo ks the tour acquires the lo ks of the cities to up dated, then releases the lo on tour This allo ws other sw aps to egin while the cities are eing up dated. Similarly anneal releases the temp erature lo as so on as the last swap pro cess has lo ed the tour utures: arallelism can further increased using futures. future is \placeholder" for alue that is eing computed some pro cess. If pro cess tries to read the alue of future efore it is de�ned, that pro cess is susp ended; when the alue is written, an susp ended pro cesses are resumed. In the TSP example, eac elemen of the tour is future con taining cit The swap function calls touch and futur to read the cities and up date the ositions with new futures, as follo ws (lo k-coupling op erations are excluded for brevit y): def swap a_tour temp {atomically tour a_tour update old_i touch tour![i] old_j touch tour![j] new_i, new_j ermute old_i,old_j tour![i] futur new_i tour![j] futur new_j In this ersion of swap the curren cities in osi- tions and are read lo king these ositions and touc hing the futures; ermute is called and, in ar al lel new futures are placed in ositions and (Recall that Id statemen ts execute in parallel, and the futur function returns future efore its alue has een as- signed.) Th us, all lo ks are released ell efore the new alues for the cities are computed. In turn, the tour is lo ed only long enough for new futures to allo cated|ev en when swap op erations con tend for the same osition! If some osition ecomes \hot-sp ot," sw aps in olving other ositions can run in parallel. utures allo signi�can parallelism et een sw aps, ev en et een sw aps in di�eren temp eratures. Exp erimen tal Results The eha vior of the TSP program as tested on parallel sim ulator called GIT A[ ]. This sim ulator measures oten tial parallelism under man conditions. Using graph of 100 cities, the follo wing data re ect the erformance of annealing for �v temp eratures, where eac temp erature spa wns 40 sw aps: Sync hronization otal Critical Av erage metho instructions path parallelism executed Barrier 237,119 105,973 2.2 Lo k-Coupling 239,424 19,240 12.4 utures 241,424 6,417 37.6 The �rst column giv es the total um er of instruc- tions executed, whic is comparable for all three meth- ds. Note that GIT measures ide alize erformance to demonstrate the maxim um ac hiev able parallelism. One imp ortan idealization is that memory allo cation (including allo cating futures) tak es single instruc- tion. Although ery lo erhead allo cation sc hemes ha een dev elop ed[ ], real systems will not real- ize this assumption. Ho ev er, increasing the cost of future allo cation do es not signi�can tly curtail paral- lelism; rather, the additional erhead is mask ed parallel computation. Clearly traditional barrier sync hronization yields the least parallelism of the three. Lo k-coupling im- pro es on this, allo wing erm utations on di�eren el- emen ts to pro ceed in parallel; ho ev er, when there is con ten tion, the access lo of the tour remains lo ed un til the con ten tion is resolv ed. utures eliminate this ottlenec k, unleashing the most parallelism. 4.1 The Critical ath of Shared Data Structures The examples ab demonstrate that atomicit barriers and futures enable program to tolerate con- ten tion. But ho close is this to optimal? Can more concurrency wrung from this program? address these questions, consider the critic al ath of the tour M-arra The annealing pro cess osts sw aps against the tour, where is the um er of temp eratures and is the um er of sw aps er tem- erature. The critical path of the tour is the time it tak es for all sw aps to complete. or the TSP pro- gram, the tour osition in olv ed in the most um er of sw aps giv es lo er ound on the critical path of the tour. or example, consider annealing tour of 25 cities in three steps, where eac temp erature attempts 10 sw aps. Th us, total of 30 sw aps are erformed against the tour. The histogram elo sho ws the distribu- tion of sw aps against the tour ositions. osition is sw app ed times, the most of an osition in the tour. Since eac sw ap tak es 500 cycles to up date the osi- tions, the minim um critical path for the tour is 3000 cycles (500 cycles sw aps). Figures through depict the history of sw aps for eac of the three algorithms. In these diagrams, the axis represen ts time (cycles), while the axis repre- sen ts eac of the 25 tour ositions. or eac osition, horizon tal lines indicate up date in terv als. The start of an in terv al indicates when sw ap has acquired the osition’s old alue, e.g., when osition has een lo ed. The in terv al ends when new alue put bac in to the osition. The three di�eren line patterns asso ciate the in terv als with the three annealing tem- eratures. Figure sho ws the sw ap history when barriers are used. Note that there is no erlap et een sw aps: eac lo ks and up dates pair of ositions efore the next sw ap egins. Giv en this serialization, the crit- ical path of the tour cannot less than 30 500 cycles 15,000 cycles. The actual critical path is

Figure 1: Sw ap history of the tour using barriers. sligh tly longer, due to sync hronization erhead e- een sw aps. Figure sho ws the sw ap history when lo k-coupling is used to sync hronize atomic regions. Here, man sw aps within temp erature execute in parallel. Note that unlik Figure 1, these in terv als are of di�eren lengths. Long in terv als indicate con ten tion: for exam- ple, consider ositions 20, 18, and 4. The �rst osi- tions sw app ed are 20 and 4, from in terv al to 500. time step 10, the program attempts to sw ap o- sitions 18 and 4. osition 18 is successfully lo ed, but osition is deferred un til the �rst sw ap up dates its alue. Note that while osition is deferred, the tour remains lo ed and no other sw aps egin. The �rst sw ap unlo ks osition at time 500; after this, the sw ap on ositions 18 and egins computing their new alues, and other sw aps on the tour egin. arallelism et een temp eratures is quite minor. This is ecause the next temp erature cannot egin un- til the last take in the previous temp erature completes. Th us, the maxim um erlap et een temp eratures is 500 cycles, as ccurs et een cycles 3800 to 4300. The critical path of the tour when atomicit barri- ers are used is 5400 cycles. This is dramatic impro e- men er completion barriers, but still 80% longer than the lo er ound of 3000 cycles. Note that all o- sitions ha \gaps" et een up date in terv als; in par- ticular, osition has gaps totalling more than 1500 cycles, and one con ten tion dela (as describ ed ab e) from cycle 1100 to 1700. Figure illustrates ho futures allo these gaps to �lled and dela ys to mask ed. By cycle 200, all sw aps for the �rst temp erature ha replaced their tour ositions with futures. Similarly the second tem- erature inserts all its futures cycle 400, and the third temp erature cycle 600. In this �gure, in ter- als indicate the time et een touc hing an old future and �lling new one. Note that there are no gaps in the in terv als, ecause all the sw aps are initiated time step 600. In particular, osition has no gaps or dela ys, and is �nished with all up dates cycle 3000. Ho ev er, dela ys are not eliminated; rather, they are mask ed. or example, the con ict et een ositions 20, 18, and cited ab is still presen t. osition 18 is again dela ed un til osition is up dated its sw ap with 20. Ho ev er, no other sw ap is a�ected this dela (unless it in olv es ositions 18 and 4). In fact, while osition 18 is dela ed, sw aps in temp eratures and are pro ceeding! The critical path when futures are used is 3400 cy- cles, just 13% ab the lo er ound. It is in terest- ing that the critical path do es not in olv osition 7. Rather, osition 15 incurs enough dela to mak it the

Figure 2: Sw ap history of the tour using lo coupling. Figure 3: Sw ap history of the tour using futures.

critical path. This oin ts out that futures do not guar- an tee that up dates ccur in the optimal order; rather, futures opp ortunistically �ll gaps in the sw ap history If parallel sw aps �ll these gaps in di�eren order, shorter critical path ma ac hiev ed. Sc heduling up- dates to ac hiev an optimal critical path is analogous to bin-pac king, and is not considered further. 4.2 Implicit utures Using futures in M-structures can view ed as an- other form of queuing. In this view, the return of the future is an ac kno wledgmen that an up date has een enqueued, while touc hing future indicates that an up date has completed. Since the up dates are seen in the order receiv ed, futures implemen FIF queue. Giv en this ersp ectiv e, it is natural to ask whether M-structures should pro vide the functionalit of fu- tures implicitly That is, eac M-structure read can implicitly touc future for the alue, and ev ery write can replace the old future with new one. Although tec hnically ossible, this strategy places imp ortan limitations on ho M-structures are implemen ted. Consider the hanges required to incorp orate fu- tures in to M-structure op erations. First, eac M- structure read ust return signal indicating that it has een enqueued on list of pro cesses aiting for an elemen t. Second, reads and writes ust resp ect FIF queuing proto col. With these hanges, atomic regions could sync hronize on the enqueuing of M-structure reads, rather than their completion, th us yielding the eha vior of futures. FIF ordering en- sures that reads from di�eren atomic regions ccur in order to oid deadlo k. Th us, ailabilit is increased without rewriting program with futures. Unfortunately this design places some imp ortan restrictions on the implemen tation of M-structure op- erations. First, requiring FIF order on reads and writes precludes simple implemen tations suc as spin- lo ks and stac ks. Also, the additional ac kno wledg- men returned M-structure reads induces addi- tional memory tra�c, or requires sp ecial capabilities of the net ork. These restrictions mak an e�cien implemen tation more di�cult and costly and so fu- tures are co ded explicitly Conclusions tomic data structures pro vide clean mo del for sync hronizing pro cesses that share data. By coupling yp es of atomic data structures|M-structures and futures|sim ulation programs can exploit sub- stan tial amoun of parallelism. This tec hnique is widely applicable, enabling up dates to shared data structure to osted in constan time (the time al- lo cate the futures), ev en in the presence of con icts. The strategy main tains serializabilit so algorithms requiring this prop ert can also ene�t. The examples in this pap er demonstrate the ene�t of futures in the presence of heap, �ne-grained lo k- ing. Generalizing this mec hanism for coarse-grained lo king er large data structures is topic of further researc h. References [1] Arvind and R. E. Thomas. I-structures: An E�- cien Data yp for arallel Mac hines. ec hnical Rep ort TM 178, Computation Structures Group, MIT Lab. for Computer Science, Cam bridge, MA 02139, Septem er 1980. [2] S. Barth. tomic Data Structur es for Par al- lel Computing PhD thesis, Lab oratory for Com- puter Science, Massac usetts Institute of ec hnol- ogy Cam bridge, MA 02139, Jan uary 1992. LCS ec hnical Rep ort 532. [3] S. Barth, R. S. Nikhil, and Arvind. M- structures: Extending arallel, Non-strict unc- tional Language with State. In Pr dings of the Fifth CM Confer enc on unctional Pr o- gr amming anguages and Computer chite ctur e, Springer-V erlag ctur Notes In Computer Sci- enc e, olume 523 pages 538{568, August 1991. [4] E. W. Dijkstra. Hierarc hical Ordering of Sequen- tial Pro cesses. cta Informatic 1:115{138, 1971. [5] R. Halstead. Multilisp: Language for Concur- ren Sym olic Computation. ansactions on Pr o- gr amming anguages and Systems Octob er 1986. [6] C. A. R. Hoare. Monitors: An Op erating Sys- tem Structuring Concept. Communic ations of the CM 10(10):549{557, Octob er 1974. [7] R. S. Nikhil and Arvind. Pr gr amming in Id ar al lel pr gr amming language 1990. extb ok on implicit parallel programming. In preparation.

[8] R. S. Nikhil, R. enstermac her, J. E. Hic ks, and R. Johnson. Id World efer enc Man- ual Computation Structures Group Memo, M.I.T. Lab oratory for Computer Science, 545 ec hnology Square, Cam bridge, MA, No v. 1989. [9] K. M. Steele. Implemen tation of an I-Structure Memory Con troller. ec hnical Rep ort TR-471, M.I.T. Lab oratory for Computer Science, 545 ec hnology Square, Cam bridge, MA, Ma 1990. (MS Thesis, Dept. of EECS, MIT).