[28] R. LaRo Jr. and C. S. Ellis. Dynamic page placemen in NUMA ultipro cessor virtual memory system. ec hnical Rep ort CS-1989-21, Duk Univ ersit Octob er 1989. [29] R. LaRo Jr. and C. S. Ellis. age placemen olicie for NUMA ultipro cessors. Journal of Par al lel and Distribute Computing to app ear. [30] A. A. Lastra. Par al lel Numeric al Solutions of Disc ontinuous Mo dels: Capturing the Inher ent Par al lelism of Biolo gic al Pr esse PhD thesis, Duk Univ ersit 1988. [31] T. LeBlanc, M. Scott, and B. Marsh. Memory managemen for large-scale ultipro cessors. ec hnical Rep ort 311, Dept. of Computer Science, Univ. of Ro hester, Marc 1989. [32] Kai Li. IVY: shared virtual memory system for parallel computing. In Pr din gs of the 1988 International Confer en on Par al lel Pr e ssin olume 2, pages 94{101, 1988. [33] Kai Li and Ric hard Sc haefer. yp ercub shared virtual memory system. In Pr dings of the 1989 International Confer enc on Par al lel Pr ess ing pages I{125{132, August 1989. [34] R. McGrath and Emrath. Using memory in the Cedar system. ec hnical Rep ort CSRD rpt. no. 655, Cen ter for Sup ercomputing Researc and Dev elopmen t, of Illinoi s, June 1987. Also in Pro ceedings of In t’l Conf. on Sup ercomputing, thens, Greece, June 1987. [35] 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 tro duction and arc hitecture. In Pr din gs of the 1985 International Confer enc on Par al lel Pr es sin August 1985. [36] U. Ramac handran, M. Ahamad, and M. Y. A. Khalidi. Coherence of distributed shared memory: Unifying sync hronization and data transfer. In Pr ding of the 1989 International Confer enc on Par al lel Pr ess ing pages I{160{I I169, August 1989. [37] C. Sc heuric and M. Dub ois. Dynamic page migration in ultipro cessors with distributed global memory In Pr dings of the Eighth International Confer e nc on Distribute Computer Systems pages 162{169, June 1988. [38] A. J. Smith. Cac he ev aluation and the impact of orkload hoice. In Pr din gs of the 12th nnual International Symp osium on Computer chite ctur pages 64{73, June 1985. [39] R. J. Sw an, S. H. uller, and D. Siewiorek. Cm* mo dular, ulti-micropro cessor. In 1977 National Computer Confer e nc olume 46, pages 637{644, 1977. [40] J. T. Wilk es. BLITP AK I: parallel implemen tation of blo iterativ metho ds for sparse systems of linear algebraic equations. Master’s thesis, Duk Univ ersit Decem er 1989. [41] A. W. Wilson Jr. Hierarc hical cac he/bus arc hitecture for shared memory ultipro cessors. In Pr dings of the 14th nnual International Symp osium on Computer c hite ctur June 1987. [42] en-Ch ung ew. Arc hitecture of the Cedar parallel sup ercomputer. ec hnical Rep ort CSRD 609, Cen ter for Sup ercomputing Researc and Dev elopmen t, Univ. of Illin ois, August 1986. 63 [12] R. Bisiani and Ra vishank ar. Programming the PLUS distributed-memory system. In Pr din gs of the 5th nnual Distribute Memory Computing Confer en April 1990. [13] D. Blac k, A. Gupta, and W-D eb er. Comp etitiv managemen of distributed shared memory In Spring COMPCON 89 Digest of Pap ers pages 184{190, 1989. [14] W. Bolosky M. Scott, and R. Fitzgerald. Simple but e�ectiv tec hniques for NUMA memory managemen t. In Pr dings of the Twelfth CM Symp osium on Op er ating Systems Principles Decem er 1989. [15] K. Bo wy er. priv ate comm unication. 1990. [16] M. Brorsson. erformance impact of co de and data placemen on the IBM RP3. ec hnical Rep ort Researc Rep ort 14651 (#65734), IBM Researc Division, June 1989. [17] D. Cheriton, H. Go osen, and Bo yle. Multi-lev el shared hac hing tec hniques for scalabil- it in VMP-MC. In Pr dings of the 16th nnual International Symp osium on Computer chite ctur pages 16{24, June 1989. [18] D. Cheriton, A. Gupta, Bo yle, and H. Go osen. The VMP ultipro cessor: Initial exp erience, re�nemen ts and erformance ev aluation. In Pr dings of the 15th nn ual International Symp osium on Computer chite ctur pages 410{421, June 1988. [19] A.L. Co and R.J. wler. The implemen tation of coheren memory abstraction on NUMA ultipro cessor: Exp eriences with Platin um. In Pr dings of the Twelfth CM Symp osium on Op er ating Systems Principles pages 32{43, Decem er 1989. [20] A. K. Dewdney Computer recreations. Scienti�c meric an pages 18{24, July 1984. [21] S. Eggers and R. Katz. haracterization of sharing in parallel programs and its applicabil i to coherency proto col ev aluation. ec hnical Rep ort UCB/CSD 87/387, UC Berk eley Decem er 1987. [22] D. Ga jski, D. Kuc k, D. La wrie, and A. Sameh. Cedar|a large scale ultipro cessor. In Pr o- dings of the 1983 International Confer en on Par al lel Pr es sing pages 524{529, August 1983. [23] J.R. Go dman and .J. est. The Wisconsin Multicub e: new large-scale cac he-coheren ultipro cessor. In Pr din gs of the 15th nnual International Symp osium on Computer chite ctur pages 422{431, Honolulu, HI, 1988. [24] M. Hollida age table managemen in lo cal/remote arc hitectures. In CM SIGAR CH Int. Conf. on Sup er omputing pages 1{8, July 1988. [25] M. Hollida Reference history page size, and migration daemons in lo cal/remote arc hitectures. In Pr dings chite ctur al Supp ort for Pr gr amming ang uages and Op er ating Systems pages 104{112, April 1989. [26] A. K. Jones, R. J. Chansler Jr., I. Durham, eiler, and K. Sc ans. Soft a re managemen of Cm* distributed ultipro cessor. In 1977 National Computer Confer en olume 46, pages 657{663, 1977. [27] D. Kotz. priv ate comm unication. 1989. 62 sev eral of them. complete solution of the NUMA problem requires researc on arc hitectural issues, compiler assistance, and language constructs, as ell. Ac kno wledgem e ts The authors wish to thank Ric Sc haaf, Da vid Barac h, and Rob ert ells for their assistance in pro viding the nX virtual memory subsystem as basis for our ork. also thank the BBN Science O�ce for facilitating the close orking relationship et een the BBN Op erating System Dev elopmen group and the NUMA tic Pro ject at Duk e. Finally thank ev ery o ne who con tributed application programs for our orkload. This group includes Anselmo Lastra, James Wilk es, and Da vid Kotz (mem ers of the Duk Butter y users comm unit y), Bill Bolosky Alan Co x, and Rob wler (Univ ersit of Ro hester) and Kevin Bo wy er (Univ ersit of South Florida). References [1] A. Agarw al and A. Gupta. Memory-reference haracteristics of ultipro cessor applications under Mac h. In Pr dings of the 1988 CM Sigmetrics Confer enc on Me asur ement and Mo deling of Computer Systems pages 215{225, San ta e, NM, Ma 1988. [2] A. Agarw al, R. Sites, and M. Horo witz. TUM: new tec hnique for capturing address traces using micro co de. In Pr din gs of the 13th nnual International Symp osium on Computer chite ctur pages 119{127, June 1986. [3] D. Barac h, R. ells, T. Uban, and J. Gibson. Highly parallel virtual memory managemen in large-scale shared memory ultipro cessors. App ear ICPP 1990, August 1990. [4] BBN. Butter y Par al lel Pr ess or Overview Cam bridge, MA, June 1985. [5] BBN. The Uniform System approac to programming the butter y parallel pro cessor. ec h- nical Rep ort um er 6149, Bolt Beranek and Newman Adv. Computers Inc., Octob er 1985. [6] BBN. Inside the Butter y GP1000 Cam bridge, MA, Octob er 1988. [7] BBN. Soft a re to ols for Mac 1000. ec hnical rep ort, Bolt Beranek and Newman Adv. Computers Inc., Marc 1988. [8] BBN. Inside the BBN TC2000 Cam bridge, MA, ebruary 1990. [9] J. K. Bennett, J. B. Carter, and W. Zw aenep el. Adaptiv soft a re cac he managemen for dis- tributed shared memory arc hitectures. ec hnical Rep ort COMP TR89-99 and ELEC TR 8928, Rice Univ ersit Departmen ts of Computer Science and Electrical and Computer Engineering, No em er 1989. [10] J. K. Bennett, J. B. Carter, and W. Zw aenep el. Munin: Distributed shared memory based on yp e-sp eci�c memory coherence. ec hnical Rep ort COMP TR89-98 and ELEC TR 8927, Rice Univ ersit Departmen ts of Computer Science and Electrical and Computer Engineering, No em er 1989. [11] R. Bisiani and Ra vishank ar. PLUS: distributed shared-memory system. In Pr din gs of the 17th nnual International Symp osium on Computer chite ctur June 1990. App ear. 61 status of DUnX is that it has een running as our pro duction OS since No em er 1989, supp orting the en tire Butter y user comm unit at Duk Univ ersit while also serving as the ehicle for our study Using orkload consisting of real application programs con tributed arious users of BBN ultipro cessors from across the coun try ha tested 45 di�eren olicy com binations. These include (at least appro ximations of most olicie prop osed in the NUMA memory managemen literature. The migration algorithm presen ted Blac k, Gupta, and eb er 13 is appro ximated Am-N-Cp. Co and wler’s olicies in 19 are essen tially Pm-Prm-TDi and Pm-Prm-N-NS. The simple strategy describ ed Bolosky Scott, and Fitzgerald 14 (with threshold of 1) is Wm- rm-N-NS. The distributed shared memory form of migration and replication olici es (e.g. 32 ]) are Am-Am-N and Am-Ar-N. Our results sho that there are memory managemen olicie implemen ted in our system that can impro the erformance of programs written using the simpler uniform memory access (UMA) programming mo del. While ac hieving the lev el of erformance of highly tuned NUMA program is still di�cult problem, some of our examples come close. There app ears to no single olicy that can considered the est er our set of test applications. Among the most promising candidates are olicies in the x-x-x-NSNR and Pm-Prm-x classes. In estigat ions in to the con tributions made indivi dual olicy features to ar era ll eha vior of our orkload pro vide some insigh in to the design of set of e�ectiv olici es. Some ey observ ations includ e: 1. Replication is an e�ectiv tec hnique for impro ving application erformance, ev en when it is essen tially doing migration through more exp ensiv migrations. 2. The read-only replication mec hanism can used to limit the um er of unnecessary repli- cations, coherency faults, and migrations. Ho ev er, with the curren implemen tation, it ma to slo in detecting hange to read-only and, th us, fail to erform some of the desired replications. 3. There is generally little completion time erformance di�erence et een push and pull-based migration (with one exception), although push-based olici es tend to migrate more pages. There app ears to little ene�t to the extra information ailable from linear-space olicies er constan t-space olicies. 4. Migration and replication con trol metho ds ary in their quic kness to erform desired op era- tions and their abilit to prev en undesired migrations and page ouncing. The est strategy dep ends on the access patterns of the particular program. Replication itself can view ed as migration con trol strategy 5. riggering tests can categorized the yp of information used to mak the decision (referency history vs. time) and the strictness (conserv ativ vs. lib eral of the test. The reference-based triggers tend to somewhat more successful than the time-based triggers. More atten tion needs to paid to distinquishi ng et een migration and replication situations since that also a�ects the est metho to used for triggering. 6. Finally the page scanner can extremely costly Although necessary to the reev aluation of placemen decisions, its erhead often negates the ene�ts of an impro ed lo calit ac hiev ed. There is still considerable ork to done in this area. This study alone has raised um er of additional questions ab out OS olicies that deserv atten tion. are curren tly in estigating 60 Applicati on olicy Time M+R-C �sh Wm-W rm-RDt 110.5 14243 134 339 969 756 552 Wm-W rm-RDt-NR 102.5 12769 100 323 1102 886 539 Wm-W rm-N-NS 94.2 10207 113 318 792 623 487 hh3d Wm-W rm-RDt 1088.1 1090 125 25 71 33 63 Wm-W rm-RDt-NR 1030.4 904 101 18 69 31 56 Wm-W rm-N-NS 761.5 584 114 14 37 14 37 psolu Wm-W rm-RDt 656.9 3934 281 40 290 112 218 Wm-W rm-RDt-NR 637.8 2535 175 39 337 126 250 Wm-W rm-N-NS 604.2 2411 188 35 296 111 220 hough Wm-W rm-RDt 142.9 2779 129 19 900 38 881 Wm-W rm-RDt-NR 122.1 2462 93 22 941 43 920 Wm-W rm-N-NS 117.9 2289 106 19 808 37 790 mandel Wm-W rm-RDt 1355.1 795 122 15 13 Wm-W rm-RDt-NR 1229.1 715 76 18 15 Wm-W rm-N-NS 1141.0 693 89 msort Wm-W rm-RDt 102.4 4729 135 335 244 242 337 Wm-W rm-RDt-NR 87.7 4091 101 197 722 440 479 Wm-W rm-N-NS 92.3 4092 113 176 401 401 176 gauss Wm-W rm-RDt 446.1 9279 129 99 1310 625 784 Wm-W rm-RDt-NR 453.6 9199 103 1551 685 867 Wm-W rm-N-NS 469.4 9204 106 1299 679 620 able 12: Wm-W rm-RDt-x olicy Op eration Coun Comparison discussed in this section, the page scanners are run once eac second. determine the e�ects of this parameter setting, also considered dela ys ranging from 0.1 to 20 seconds. Our results indicate that shorter dela ys degrade erformance. As the dela ys gro larger (ab or seconds for most applications), erformance is essen tially the same as it is without the page scanners. The results presen ted in this subsection seem to indicate that the page scanners can burden on the DUnX virtual memory system. While the extra faults caused the scanners can ene�cial (as in the Wm-W rm-RDt gauss and msort results), for most of our exp erimen ts they serv only to degrade erformance. do not eliev that it is appropriate to completely write o� the oten tial usefulness of page scanners, ho ev er, since the oten tial they o�er for erformance impro emen ts under large, ulti-phased orkloads seems quite signi�can t. Unfortunately ha no exp erimen tal data to supp ort this in tuition at this time. Conclusions ha tak en an exp erimen tal approac to ev aluating the e�ectiv eness of OS-based memory managemen olici es in addressing the NUMA problem. The DUnX ernel has een designed to supp ort wide range of dynamic ultiple-cop page placemen olicies with user-lev el con trol on er-cluster basis. olicies are comp osed of indivi dual olicy pieces isolated in distinct olicy mo dules. Sp ecial \p olicies" are pro vided for gathering statistics ab out the eha vior of the system. The programming in terface of BBN’s deliv ered systems has een main tained in DUnX so that it can host an established user comm unit and run existing programs. These asp ects of the DUnX design ha pro ed aluable in making it pro ductiv en vironmen for exp erimen tal researc h. The 59 �sh hh3d psolu hough mandel msort gauss 60 70 80 90 100 110 120 130 Completion Time as ercen tage of Wm-W rm -R Dt E�ect of ageout Scanner on Wm-W rm -x oli cies (110.5) Wm-W rm-RDt (94.2) Wm-W rm-N-NS (102.5) Wm-W rm-RDt-NR (1088.1) Wm-W rm-RDt (761.5) Wm-W rm-N-NS (1030.4) Wm-W rm-RDt-NR (656.9) Wm-W rm-RDt (604.2) Wm-W rm-N-NS (637.8) Wm-W rm-RDt-NR (142.9) Wm-W rm-RDt (117.9) Wm-W rm-N-NS (122.1) Wm-W rm-RDt-NR (1355.1) Wm-W rm-RDt (1141.0) Wm-W rm-N-NS (1229.1) Wm-W rm-RDt-NR (102.4) Wm-W rm-RDt (92.3) Wm-W rm-N-NS (87.7) Wm-W rm-RDt-NR (446.1) Wm-W rm-RDt (469.4) Wm-W rm-N-NS (453.6) Wm-W rm-RDt-NR Figure 20: Wm-W rm-RDt-x olicy Completion Time Comparison oten tial sa vings of the extra dynamic page placemen activit or these three programs, the extra dynamic placemen migh ha paid o� if the costs asso ciated with running the page scanners ere lo er. The page scanners did not increase the amoun of dynamic page placemen activit for the hough and gauss applications as uc as it did for our other test applications. The amoun of page fault activit did increase, ho ev er, th us resulting in decreased erformance. The fact that dynamic placemen activit did not increase with the page scanners under the Pm-Prm-x olicies implies that there ould little need for running them for these applications, ev en if the costs asso ciated with running them ere completely eliminated. The Wm-W rm-RDt, Wm-W rm-RDt-NR, and Wm-W rm-N-NS comparison in �gure 20 and table 12 giv es sligh tly di�eren results. or the fish and mandelbrot programs, the results are similar to the Pm-Prm-TDt results. Extra dynamic placemen activit serv es little purp ose, and the costs are detrimen tal to the era ll application erformance. or the hh3d and hough applications, see that the page scanners enable bit more dynamic placemen activit but that the extra page fault costs exceed the resulting sa vings. The scanners app ear to ha little e�ect on the amoun of dynamic activit for the psolu program, but they still ha signi�can costs that come in the form of additional page fault activit The msort and gauss programs pro vide our �rst ositiv results. The Wm-W rm-RDt-NR olicy outp erforms Wm-W rm-N-NS for oth applications, and Wm-W rm-RDt also outp erforms Wm-W rm-N-NS for gauss The page scanners pro vide increased dynamic placemen activit with ene�ts that exceed the additional costs asso ciated with running the scanners. This result is signi�can t, since it sho ws that there are cases whic can ene�t from the presence of page scanner. The dela et een page scanner runs is an imp ortan parameter. or all of the exp erimen ts 58 �sh hh3d psolu hough mandel msort gauss 20 40 60 80 100 120 140 Completion Time as ercen tage of Pm-Prm -TDt E�ect of ageout Scanner on Pm-Prm-x olicies (607.2) Pm-Prm-TDt (105.0) Pm-Prm-N-NS (287.9) Pm-Prm-TDt-NR (1165.7) Pm-Prm-TDt (785.6) Pm-Prm-N-NS (1127.1) Pm-Prm-TDt-NR (668.5) Pm-Prm-TDt (626.5) Pm-Prm-N-NS (661.1) Pm-Prm-TDt-NR (102.7) Pm-Prm-TDt (96.0) Pm-Prm-N-NS (98.5) Pm-Prm-TDt-NR (1224.6) Pm-Prm-TDt (1142.9) Pm-Prm-N-NS (1243.8) Pm-Prm-TDt-NR (102.6) Pm-Prm-TDt (79.1) Pm-Prm-N-NS (89.7) Pm-Prm-TDt-NR (260.0) Pm-Prm-TDt (232.7) Pm-Prm-N-NS (245.9) Pm-Prm-TDt-NR Figure 19: Pm-Prm-TDt-x olicy Completion Time Comparison Application olicy Time M+R-C �sh Pm-Prm-TDt 607.2 134724 122 14297 42048 35395 20950 Pm-Prm-TDt-NR 287.9 76034 100 3386 22220 18847 6759 Pm-Prm-N-NS 105.0 13449 101 424 2824 2383 865 hh3d Pm-Prm-TDt 1165.7 24436 136 210 3140 1523 1827 Pm-Prm-TDt-NR 1127.1 25689 114 137 3276 1804 1609 Pm-Prm-N-NS 785.6 618 114 17 48 27 38 psolu Pm-Prm-TDt 668.5 10743 266 98 3780 2012 1866 Pm-Prm-TDt-NR 661.1 11500 188 78 3995 2152 1921 Pm-Prm-N-NS 626.5 5231 176 48 1671 839 880 hough Pm-Prm-TDt 102.7 4280 140 72 2441 229 2284 Pm-Prm-TDt-NR 98.5 4098 106 54 2417 216 2255 Pm-Prm-N-NS 96.0 3564 95 41 2315 165 2191 mandel Pm-Prm-TDt 1224.6 785 106 25 21 Pm-Prm-TDt-NR 1243.8 723 77 25 21 Pm-Prm-N-NS 1142.9 696 77 11 10 msort Pm-Prm-TDt 102.6 4669 491 796 1150 690 1256 Pm-Prm-TDt-NR 89.7 4342 268 358 1527 978 907 Pm-Prm-N-NS 79.1 4231 192 304 1391 978 717 gauss Pm-Prm-TDt 260.0 9869 344 126 6658 595 6189 Pm-Prm-TDt-NR 245.9 9815 104 7029 681 6350 Pm-Prm-N-NS 232.7 9809 103 7069 720 6351 able 11: Pm-Prm-TDt-x olicy Op eration Coun Comparison 57 ab out 5%. The era ll di�erence in erformance et een N-N-N-NBNS and N-N-N-NB, ho ev er, amoun ts to just er 1%. This is evidence that there is oten tial for erformance impro emen of ab out 5%, but the costs asso ciated with running the scanners is to great. susp ect that the erformance gains ould ha come in the form of etter era ll page placemen ts. The early page replacemen ts caused the scanners pro vide opp ortunities for more appropriate placemen ts later on, resulting in impro ed memory reference lo calit Giv en that the scanner seems to of little ene�t in these cases, it is reasonable to question this approac to pro viding page replacemen t. The replacemen olicy used when the page scanners aren’t run is essen tially FIF replacemen t, whereas the olicy implemen ted in conjunction with the page scanners is fair appro ximation of er-no de LR U. One exp ects the latter olicy to mak etter replacemen hoices than the former, ho ev er, this is not re ected in the erformance results ecause the actual page replacemen decisions are relativ ely unimp ortan for our suite of applica- tions. The total amoun of ph ysical memory a ilable to the applications exceeds the total amoun of virtual memory they use. Since uc of the virtual address space for eac of these applications is shared data space, page selected for replacemen on one no de is lik ely to faulted in to free frame on another. Once the virtual pages are distributed in this no more free frames are required. The page scanners implemen fr ol replacemen olicy ho ev er, so they con tin ue to inactiv ate pages not in use lo cally ev en when there is no immediate need to do so. But as discussed earlier, man shared data pages are orly placed and are not eing referenced lo cal pro cesses. As result, they are con tin ually inactiv ated and faulted up on remote pro cesses. susp ect that an LR appro ximation that also considers the remote usage coun ts ma eliminate this problem (at least partially), though ha not in estigated this ossibili et. Otherwise, FIF replacemen at fault time ma adequate. The page scanners also erform olicy-sp ec i�c op erations to help supp ort dynamic page place- men t. In order to study the e�ects of these op erations, ha compared three paced (Pm-Prm-x) and three arm (Wm-W rm-x) migration/replication olici es. In �gure 19 sho the completion time results for the Pm-Prm-TDt, Pm-Prm-TDt-NR, and Pm-Prm-N-NS olicies (comparing the timed defrost trigger, the same trigger without page replacemen t, and without scanner), and in �gure 20 sho the completion time results for the Wm-W rm-RDt, Wm-W rm-RDt-NR, and Wm-W rm-N-NS olici es (comparing remote-wins defrost trigger with and without replacemen t, and without scanner). The data in �gure 19 indicates that the cost of running the TDt defrost mec hanism is fairly high for some of our test applications (compare Pm-Prm-N-NS with Pm-Prm-TDt-NR), as is the cost of running the page replacemen mec hanism (compare Pm-Prm-TDt and Pm-Prm-TDt-NR). As in the N-N-N-NBNS/N-N-N-NB comparison, additional page faults caused the page scanners are an imp ortan cause of this erformance degradation. This is made eviden in table 11, where the um ers of page faults (\F"), pageins (\P"), migrations (\M"), replications (\R"), and coherency faults (\C") are tabulated. The column lab eled \M+R-C" is the sum of migrations and replications min us the um er of coherency faults, and it serv es as measure of the dynamic page placemen encoun tered the application. The results for the fish and mandelbrot applications ere not unexp ected. e’v already found that dynamic page placemen do es little to impro erformance of fish and as exp ected, additional dynamic page placemen activit only degrades erformance. Dynamic page placemen is of little use to mandelbrot as ell, and an gains resulting from the dynamic placemen are o�set the costs asso ciated with the extra page faults encoun tered. or the hh3d psolu and msort applications, it is eviden that the page scanners enable greater amoun of dynamic placemen to ccur (see the table 11 \M+R-C" column). Unfortunately they also cause great um er of page faults and some additional pageins, whose cost exceeds the 56 Application olicy Time aults ageins �sh N-N-N-NBNS 91.2 8995 143 N-N-N-NB 96.8 9294 134 hh3d N-N-N-NBNS 1031.1 552 101 N-N-N-NB 1424.6 3665 136 psolu N-N-N-NBNS 3599.0 2080 188 N-N-N-NB 3619.5 2583 302 hough N-N-N-NBNS 165.4 1888 106 N-N-N-NB 173.1 2808 126 mandel N-N-N-NBNS 1141.9 689 76 N-N-N-NB 1227.1 751 119 msort N-N-N-NBNS 327.3 3749 182 N-N-N-NB 333.9 6023 214 gauss N-N-N-NBNS 1749.7 9098 902 N-N-N-NB 1782.5 35945 742 able 10: age aults and ageins for N-N-N-NBNS and N-N-N-NB Another imp ortan reason for the erformance degradation caused the page scanners ecomes eviden when consider the um er of page faults and pageins that ccur under oth olicies (table 10). Eac of the applications encoun ters more page faults under the N-N-N-NB olicy than under the N-N-N-NBNS olicy and in all but cases fish and gauss are the exceptions), they also erform more pageins from bac king store. One imp ortan cause of the increased faulting eha vior is related to the page replacemen olicy implemen ted the page scanners. The decision to inactiv ate page is based only on the lo cal usage coun (main tained the scanners soft are aging the hardw are reference bits). ages that are \incorrectly" placed are not referenced lo cally and end up eing inactiv ated the lo cal page scanner. The remote pro cesses that fault on those pages simply reactiv ate (actually they re-remactiv ate) them, only to fault on the same pages again few seconds later (since the lo cal no de still isn’t referencing them). This e�ect is esp eciall noticeable with the hh3d and gauss applications, whic su�er from far more page faults when the page scanners are running. Man data pages initiali zed the main pro cesses of these programs are all initiall placed in frames on that no de. The pro cesses that really use the pages execute on remote no des, ho ev er, so there are man \incorrectly" placed pages that cause frequen faults as describ ed ab e. ogether, these sources of erhead act against oten tial erformance impro emen ts at- tained running the scanners. It is hop ed, of course, that the erhead can ept lo er than the erformance gains. or the N-N-N-NB olicy erformance impro emen ts are exp ected to come from etter page replacemen decisions, whic could lo er the um er of page faults and pageins exp erienced the applications. or the fish and gauss applications, it do es app ear that the scanners are able to etter select pages to replaced, since the um er of pageins is lo er when the scanners are run. Unfortunately the extra reactiv ation page faults caused the scanners are more costly than those sa vings. Earlier, indicated the the page scanner erhead for msort under the N-N-N-NB strategy is 55 �sh hh3d psolu hough mandel msort gauss 80 90 100 110 120 130 140 150 160 Completion Time as ercen tage of N-N-N-NBNS E�ect of ageout Scanner on Base-Case olicies (91.2) N-N-N-NBNS (96.8) N-N-N-NB (1031.1) N-N-N-NBNS (1424.6) N-N-N-NB (3599.0) N-N-N-NBNS (3619.5) N-N-N-NB (165.4) N-N-N-NBNS (173.1) N-N-N-NB (1141.9) N-N-N-NBNS (1227.1) N-N-N-NB (327.3) N-N-N-NBNS (333.9) N-N-N-NB (1749.7) N-N-N-NBNS (1782.5) N-N-N-NB Figure 18: N-N-N-NBNS and N-N-N-NB Completion Time Comparison 5.9 age Scanner E�ects The DUnX page scanners are oten tially large sources of erhead, oth directly (they require CPU and memory cycles) and indirectl (they often cause page faults). DUnX page scanner has primary resp onsibili ties: supp orting the page replacemen algorithm and handling olicy-sp e ci� dynamic page placemen op erations (e.g. triggering page placemen decision reev aluations). It is imp ortan to understand ho eac of these page scanner duties a�ects erformance. The summary data of �gure pro vides immediate evidence of the costs asso ciated with running the page scanners. or eac of our test applications, the olicy whic ga the est erformance is one whic do es not run the pageout scanners (i.e. one of N-N-N-NBNS, N-N-N-NS, Wm-W rm-N- NS, or Pm-Prm-N-NS). The N-N-N-NBNS and N-N-N-NS olici es are the second and third data oin ts of eac group in the �gure, and the Wm-W rm-N-NS and Pm-Prm-N-NS olicie are the second and fourth data oin ts from the ottom, resp ectiv ely In this subsection, consider the e�ects the page scanners ha on erformance. egin with comparison of our static base-case (N-N-N-NB) olicy with and without the page scanners running. The completion times for eac of our test applications under these olicy options are sho wn in �gure 18. The no scanner (N-N-N-NBNS) olicy outp erforms the ersion with the page scanner in ev ery case, though the di�erence is fairly small in most cases. The system resources directly used the page scanners con tribute to the noted erformance di�erences. Measuremen ts tak en using the ernel ev en logging facilit indicate that this e�ect is fairly lo w. or example, the erage time for scanner run with msort under the N-N-N-NB olicy is ab out 35 ms. and since the scanners run only once eac second, this amoun ts to 5% of the total CPU time. As men tioned in section 4.3, page scanner erhead aries with the memory reference patterns of the application(s) running. Since the memory reference patterns ary with the memory managemen olici es in use, the page scanner erhead ma also ary with the memory managemen olicy selection. 54 Appl Am-N-Ri Am-Tm-R Pm-Prm-TDi Pm-Prm-TDt �sh 9779 66 10801 116 124308 12472 37032 134724 14297 42048 hh3d 632 10 1055 40 30467 2083 720 24436 210 3140 psolu 2879 96 2768 91 12216 297 4149 10743 98 3780 hough 3105 42 3090 44 4237 123 2353 4280 72 2441 mandel 837 12 845 13 1308 68 32 785 25 msort 4801 1064 5238 1084 4621 689 1334 4669 796 1150 gauss 10406 905 10469 918 9868 52 6686 9869 126 6658 able 9: riggering Metho Op eration Coun Comparison and remote pro cess references the page, the page is migrated. Under the Am-N-Ri olicy the lo cal pro cess ma fault on the page �rst, th us reactiv ating it and prev en ting migration. Since the pro cess using the page the most is more lik ely to reference the page �rst, migration will prev en ted in most cases where the curren no de is the est no de. Under the Am-Tm-R olicy the lo cal no de isn’t giv en hance to prev en the imp ending page migration, so some un wise hoices ma made. Things are more complex for the Pm-Prm-TDx olicies, since these olici es allo page repli- cation as ell as migration. When page is defrosted under the Pm-Prm-TDi olicy remote pro cess faulting on the page migrates it to lo cal frame. When page is defrosted under the Pm- Prm-TDt olicy remote pro cess faulting on the page creates lo cal cop of that page (unless write access caused the fault, in whic case the page is migrated). The data of table demonstrate this predicted eha vior, since see that in man cases, the um er of migrations are lo er and the um er of replications higher for the Pm-Prm-TDt olicy The ey to whic triggering metho erforms est for the Pm-Prm-TDx olici es dep ends on whic op eration (migration or replication) is most appropriate for giv en fault. If migration ould the est approac then the inactiv ate trigger metho is est, since the Pm-Prm-TDt olicy ends up using an migration (th us exp eriencing an additional fault) instead of the simple migration the Pm-Prm-TDi olicy erforms. If, on the other hand, replication is the est hoice, the in alidate remote triggering metho is lik ely to the etter hoice, since the Pm-Prm-TDi olicy uses migrate-replicate pair (migrate from lo cal to remote and then replicate bac to the original source) rather than the single replicate op eration the Pm-Prm-TDt olicy erforms. Ob viously the erformance of an en tire application under either of these strategies dep ends on the relativ frequency and imp ortance of eac yp of op eration. The results of �gures 16 and 17 sho that in general, there is ery little di�erence et een the triggering approac hes in terms of computation completion time. ha seen, ho ev er, that there are di�erences in the um ers of page faults, migrations, and replications. susp ect that mec hanism using our read-only trigger test could used to select the trigger metho dynamically (on an instance-b y-instance basis) to deriv some erformance adv an tag e. 53 �sh hh3d psolu hough mandel msort gauss 85 90 95 100 105 110 115 Completion Time as ercen tage of Am-N-Ri E�ect of riggering Metho (100.3) Am-N-Ri (99.9) Am-Tm-R (1194.9) Am-N-Ri (1182.2) Am-Tm-R (1626.0) Am-N-Ri (1398.6) Am-Tm-R (169.4) Am-N-Ri (169.3) Am-Tm-R (1286.9) Am-N-Ri (1309.3) Am-Tm-R (112.3) Am-N-Ri (110.2) Am-Tm-R (1343.3) Am-N-Ri (1379.3) Am-Tm-R Figure 16: Am-N-Ri and Am-Tm-R Completion Time Comparison �sh hh3d psolu hough mandel msort gauss 90 95 100 105 110 115 120 125 Completion Time as ercen tage of Pm-Prm-TD E�ect of riggering Metho on Pm-Prm- TDx olicies (540.5) Pm-Prm-TDi (607.2) Pm-Prm-TDt (1138.9) Pm-Prm-TDi (1165.7) Pm-Prm-TDt (712.8) Pm-Prm-TDi (668.5) Pm-Prm-TDt (105.2) Pm-Prm-TDi (102.7) Pm-Prm-TDt (1285.9) Pm-Prm-TDi (1224.6) Pm-Prm-TDt (101.1) Pm-Prm-TDi (102.6) Pm-Prm-TDt (265.1) Pm-Prm-TDi (260.0) Pm-Prm-TDt Figure 17: Pm-Prm-TDi and Pm-Prm-TDt Completion Time Comparison 52 Since there is no ideal lo cation for either page, one ma exp ect that it is est to pic no de and lea the pages there for the duration of the program. As these results sho w, ho ev er, the olicy that do es the most migrations (i.e. Wm-Wm-TDt) erforms at least as ell as the others. susp ect (but ha not et con�rmed) that this is ecause eac pro cess is giv en its fair hance to ha those pages lo cal, and eac has to put up with its fair share of ha ving the other pro cesses referencing its memory Since eac pro cess has appro ximately the same amoun of ork to do and they all share the costs and ene�ts asso ciated with the placemen of those pages, the completion times for the pro cesses are appro ximately equal, th us minimizi ng the completion time of the longest pro cess. The maxim um pro cess erag access time to data in those pages is decreased, th us impro ving erformance. This result is particularly in teresting ecause it suggests that page migration ma able to impro erformance ev en when there is no ideal place for eac page. summarize, for �v of our test applications, it app ears that the reference-based trigger tests erform somewhat etter than the simpler time-based tests. also see that there are cases in whic more conserv ativ test erforms etter than its lib eral coun terpart, as ell as cases in whic the more lib eral ersion is etter. 5.8 Comparison of riggering Metho ds In the previous subsection, compared di�eren tests that the DUnX page scanners can use to decide when to trigger the reev aluation of an earlier page placemen decision. In this subsection, consider di�eren ys to trigger those reev aluations. The simplest to trigger page placemen reev aluation is to inactiv ate the page in question. All virtual to ph ysical mappings to the page are in alidated, so it is certain that all pro cesses still using the page will fault on it once more, pro viding the opp ortunit for page migration or replication. Instead of inactiv ating the page, our second triggering metho only in alidates the remote virtual to ph ysical mappings. This metho o ids causing faults on the page for lo cal pro cesses (whic already ha lo cal copies of the page an yw y), but still ensures that remote pro cesses using the page ust fault on it. The completion time results for comparisons (Am-N-Ri vs. Am-Tm-R and Pm-Prm- TDi vs. Pm-Prm-TDt) are sho wn in �gures 16 and 17. or the most part, see that in oth comparisons neither metho demonstrates an ob vious sup eriorit er the other. The in alidate remote metho di�ers from the inactiv ate metho more than 5% in only three cases psolu with Am-Tm-R and Pm-Prm-TDt, and fish with Pm-Prm-TDt), and it erforms etter in cases and orse in the other. Though the ottom-line erformance of oth metho ds is similar, there are other in teresting is- sues to consider. age fault erhead is an imp ortan consideration. �rst though t, the in alidate- remote triggering metho seems as though it ould generate few er page faults than the inactiv ate metho d. This seems esp eciall lik ely for the time-based triggering tests (as in the Pm-Prm-TDx olicie s), since the triggering of reev aluations is generally more frequen when using those tests. In table 9, the um er of page faults (\F") and migrations (\M") for all four olicies are pre- sen ted, as ell as the um er of replications (\R") for the Pm-Prm-TDx olici es. immediately see from the data in this table that our yp othesis ab out the um ers of page faults under the Am-N-Ri eing greater than under the Am-Tm-R olicy is, for the most part, false. The reason for this is that the Am-N-Ri olicy mak es etter migration hoices, whereas the Am-Tm-R olicy mak es some or hoices that ust then corrected triggering additional faults and migrations (th us explaini ng the larger um er of migrations for the Am-Tm-R olicy). Under the Am-Tm-R olicy the �rst pro cess to fault on recen tly in alidated page is alw ys remote (unless some lo cal pro cess just happ ens to gin using the page), so ev ery time page scanner triggers reev aluation 51 Application Wm-Wm-SDt Wm-Wm-RDt Wm-Wm-TDt Wm-Wm-L TDt �sh 23472 2449 13495 1058 38845 5512 13273 944 hh3d 1449 88 794 48 31821 2493 3325 315 psolu 3084 219 4052 159 4902 608 6688 404 hough 3722 292 3940 154 5197 648 3361 168 mandel 776 846 12 3697 372 986 25 msort 4506 648 4676 581 5120 1648 4784 578 gauss 9604 1204 9279 809 12014 2231 10967 1479 able 8: Wm-Wm-x age aults and Migrations long enough fish hough and msort all ha execution times of ab out min utes) to exp erience ery man defrost op erations. Fiv of our application programs fish psolu hh3d msort and gauss erformed est with the reference-based triggers. There isn’t direct corresp ondence et een the relativ erformance and um ers of migrations for an of these applications, suggesting that the reason for the success of the reference-based triggers has more to do with the hoice of pages triggered (whic pages and when they are triggered) than simply the um er of pages migrated. When considered migration con trol strategies in an earlier subsection, found that hough and msort seem to dep end on migrations eing done quic kly to obtain the est erformance. The eha vior of the hough application under the di�eren trigger tests is certainly consisten with that result, since the more conserv ativ tests (whic are generally slo er to trigger) fail to erform as ell as the others. The TDt trigger is at least as quic to defrost page as an of our other strategies, since it defrosts ev ery frozen page eac time it runs. also kno that the SDt trigger is at least as quic to defrost as RDt, since the simple-test ust succeed sev eral times for the remote-wins test to succeed. Th us it app ears that the lib eral tests erform ell in this case ecause they are quic er to trigger and pro vide migration opp ortunities. The fact that the msort program erforms orly under the Wm-Wm-TDt olicy do es not mean that there is an inconsistency et een these results and those of the earlier subsection. Though the Wm-Wm-TDt olicy is the quic est to trigger when it is desirable, it is also the quic est to trigger when it is not. The shared page con taining sync hronization data is the cause of the or erformance of msort under Wm-Wm-TDt, since that olicy is unable to limit the migration of that page, whic migrates from no de to no de throughout the computation. This extra erhead forced up on msort is more costly than the sa vings ac hiev ed eing able to erform the desired migrations quic kly The results for the mandelbrot program are initiall confusing, since despite the fact that mandelbrot has little need for page migration, it erforms est with Wm-Wm-TDt. Actually it turns out that these di�erences are relativ ely insigni�can t, since the times from ultiple runs of mandelbrot also ary as uc as 5%. The um er of migrations encoun tered is somewhat in teresting, ho ev er. The mandelbrot migrations in olv shared pages that are mo di�ed during initiali zation and sh utdo w only (one page con tains ector of oin ters to the ro ws of the image matrix and the other con tains program globals suc as the image matrix size). Ideally these pages ould replicated to eac no de, but none of these olicies allo ws ultiple copies of single page. 50 �sh hh3d psolu hough mandel msort gauss 80 90 100 110 120 130 140 150 160 Completion Time as ercen tage of the Wm-Wm - SDt Case Comparison of rigger ests (113.0) Wm-Wm-SDt (111.0) Wm-Wm-RDt (143.6) Wm-Wm-TDt (114.8) Wm-Wm-L TDt (1088.7) Wm-Wm-SDt (1132.6) Wm-Wm-RDt (1176.0) Wm-Wm-TDt (1194.5) Wm-Wm-L TDt (821.7) Wm-Wm-SDt (752.9) Wm-Wm-RDt (1001.0) Wm-Wm-TDt (1104.0) Wm-Wm-L TDt (152.7) Wm-Wm-SDt (177.1) Wm-Wm-RDt (146.0) Wm-Wm-TDt (171.3) Wm-Wm-L TDt (1292.6) Wm-Wm-SDt (1384.0) Wm-Wm-RDt (1236.4) Wm-Wm-TDt (1374.2) Wm-Wm-L TDt (100.4) Wm-Wm-SDt (101.1) Wm-Wm-RDt (110.4) Wm-Wm-TDt (103.0) Wm-Wm-L TDt (1288.3) Wm-Wm-SDt (1416.6) Wm-Wm-TDt (1336.1) Wm-Wm-RDt (1554.9) Wm-Wm-L TDt Figure 15: riggering est Completion Time Comparison call these yp es efer enc e-b ase and time-b ase triggers, resp ectiv ely The Wm-Wm-RDt and Wm-Wm-L TDt olici es are more onservative than their lib er al Wm-Wm-SDt and Wm-Wm-TDt coun terparts. The conserv ativ triggers use stricter trigger tests than the lib eral triggers. In �gure 15, the completion times for our test applications under these four olici es is plot- ted relativ to the Wm-Wm-SDt olicy or three of our applications hh3d mandelbrot and msort ), erformance is within 10% of the Wm-Wm-SDt case for eac of the olicies. or the other applications, there are cases where di�eren triggering tests degrade erformance considerably In order to understand the results, it is helpful to lo ok at the um ers of page faults and page migrations for eac case. These data are presen ted in table (the um er of page faults is in the \F" column and the um er of page migrations is in the \M" column). The table sho ws that the um er of migrations for the more conserv ativ ersion of eac yp of trigger (either reference- based or time-based) is usually lo er than the more lib eral ersion, as exp ected. The anomalous case is the mandelbrot program, whic exp eriences few er page migrations under the Wm-Wm-SDt olicy than under the more conserv ativ Wm-Wm-RDt olicy The time-based triggers app ear more lib eral (in the sense that they allo more page migration) than the reference-based triggers. The Wm-Wm-TDt olicy exp eriences large um ers of page faults as ell as the highest um er of migrations for all sev en applications. or our applications with longer execution times hh3d psolu mandelbrot and gauss ), the Wm-Wm-L TDt olicy er- forms more migrations than oth the Wm-Wm-RDt and Wm-Wm-SDt olici es. Our applications with shorter run times eha di�eren tly under the Wm-Wm-L TDt simply ecause they don’t run 49 Pm-Prm-SDt olicy ev en though it exp erience 29 page replications. Since Pm-RrPm-R OtSDt do es more replication than Wm-RrWm-R OtSDt, but erforms uc slo er, the replications themselv es are not lik ely the only reason for the success of the Pm-Prm-SDt. eliev that primary reason for the success of Pm-Prm-SDt is the decreased page ouncing activit relativ to that encoun tered under the Pm-RrPm-R OtSDt olicy (98 vs. 1050 page migrations). The Pm-Prm-SDt olicy is using replication to con trol migration (as suggested in the previous subsection). Since the Pm- RrPm-R OtSDt olicy fails to erform some of those migration-con trolling page replications, page ouncing situation dev elops and erformance degrades. In section 5.2, presen ted data that sho the success of the Pm-Prm-RDt olicy for the psolu program, relativ to the Pm-Pm-RDt olicy elie that uc of that success can attributed to the migration-con trolling e�ect of the Pm-Prm-RDt page replications. One page replication con trol strategy that ha not et men tioned simply prohibits repli- cating pages that ma mo di�ed. While this ensures that co de pages are replicated, it prohibits the system from replicating data pages ev en when they are rarely mo di�ed. Since DUnX alw ys replicates read-only text pages (under an of our test olici es), this replication con trol strategy is of little use in our en vironmen t. The issues that arise when considering migration con trol strategies also apply to the page replication con trol strategies. In addition, it is desirable to minimize the um er of unnecessary replications (an replication that is so on follo ed coherency fault on that page) and migrations, while still ensuring that the desirable page replications ccur. ha also found that page replication can itself serv as migration con trol mec hanism. Based on the results presen ted in this subsection, susp ect that go mec hanism for ho osing et een migrating and replicating page is ey to successful dynamic ultiple-cop page placemen olicy plan to pursue this problem further, erhaps considering alternativ parameters to the read-only replicate olicies, in future ork. 5.7 Comparison of riggering ests In section 5.5 considered di�eren strategies for con trolling page migration, but limited ourselv es to just one triggering test (the simple test de�ned in section 3.1). The triggering test, ho ev er, pla ys an imp ortan role and in this subsection, consider sev eral suc tests in an e�ort to understand the adv an tages and disadv an tages of eac h. The purp ose of triggering test is to determine when the page scanner should create an op- ortunit for the reev aluation of an earlier page placemen decision. or some olicies the test is applied to all pages, while for others (the Wm-W rm-x and Pm-Prm-x olicy groups) the test is applied only to frozen pages. In either case, the purp ose of the test is to determine when the page scanner should cause the oten tial for faults on page in alidating virtual to ph ysical mappings to that page. There are sev eral issues and trade o�s to consider. Clearly an to pro vide opp ortunities to reev aluate decisions as often as necessary but don’t an the op erating system to sp end to uc of its time making unnecessary decisions. Ideally an the page scanner to trigger decision reev aluation if and only if the placemen of the page (p ossibly ultiple copies) should hange. or purp oses of this discussion, let us consider the follo wing four olicies: Wm-Wm-SDt, Wm- Wm-RDt, Wm-Wm-TDt, and Wm-Wm-L TDt. These olici es di�er from one another only in the triggering test used the page scanners. The Wm-Wm-SDt and Wm-Wm-RDt olicies attempt to use reference information to determine when est to defrost page, while the Wm-Wm-TDt and Wm-Wm-L TDt olici es base their decisions on the amoun of time page has een frozen. 48 �sh hh3d psolu hough mandel msort gauss 50 100 150 200 250 300 Completion Time as ercen tage of the Wm-W rm -SDt Case Compari son of Replication Con trol Strategies (120.4) Wm-W rm-SDt (168.2) Pm-Prm-SDt (111.9) Wm-RrWm-R OtSDt (146.2) Pm-RrPm-R OtSDt (1068.7) Wm-W rm-SDt (1092.6) Pm-Prm-SDt (1034.0) Wm-RrWm-R OtSDt (1073.8) Pm-RrPm-R OtSDt (636.1) Wm-W rm-SDt (652.2) Pm-Prm-SDt (715.0) Wm-RrWm-R OtSDt (1332.0) Pm-RrPm-R OtSDt (131.5) Wm-W rm-SDt (102.5) Pm-Prm-SDt (158.0) Wm-RrWm-R OtSDt (119.7) Pm-RrPm-R OtSDt (1306.5) Wm-W rm-SDt (1268.0) Pm-Prm-SDt (1224.7) Wm-RrWm-R OtSDt (1225.3) Pm-RrPm-R OtSDt (102.2) Wm-W rm-SDt (81.0) Pm-Prm-SDt (93.0) Wm-RrWm-R OtSDt (117.5) Pm-RrPm-R OtSDt (473.5) Wm-W rm-SDt (262.3) Pm-Prm-SDt (533.1) Wm-RrWm-R OtSDt (473.0) Pm-RrPm-R OtSDt Figure 14: Replication Con trol Strategy Completion Time Comparison of coherency faults is uc lo er for the Wm-RrWm-R OtSDt and Pm-RrPm-R OtSDt olicies. Considering the replication and completion time data, ho ev er, it app ears that the Wm-RrWm- OtSDt and Pm-RrPm-R OtSDt olici es fail to erform some of the desirable replications for the psolu hough and gauss applications. This suggests that the read-only replicate olicies sometimes conclude that page has een mo di�ed to recen tly to replicated when doing so ould impro erformance. Curren tly it tak es et een and 16 seconds to completely age the mo di�cation coun on page (i.e. page ust not mo di�ed for to 16 seconds efore it can declared read-only). Pro viding quic er aging of the mo di�cation coun ma impro erformance, since more pages ma ailable for replication. plan to in estigate this ossibilit in the future. No return to the discussion of the psolu case men tioned earlier. The data presen ted in table pro vide evidence that page replication can serv as go migration con trol mec hanism. ha already noted that the abilit to replicate pages often decreases the amoun of page migration activit In man cases, most of the di�erence in page migration activit in the presence of replicating olicy can attributed to migrations. In some cases, ho ev er, uc of the ene�t of replication comes from the fact that some degree of page ouncing is eliminated the replication. This app ears to the case with the psolu application (and to lesser exten t, the gauss program) under the Pm-Prm-x olicies. able pro vides the evidence necessary to dra this conclusion. The Wm-RrWm-R OtSDt completion time is only 12% slo er than the Wm-W rm-SDt time, despite the fact that only one page replication ccurs under the Wm-RrWm-R OtSDt olicy The Pm-RrPm-R OtSDt olicy on the other hand, giv es erformance er 100% slo er than the 47 Application Am-N-N Am-Rr-R Ot Time Time �sh 99.1 98.8 11 hh3d 1227.3 1067.3 22 psolu 3670.5 3605.2 hough 180.1 134.7 893 34 mandel 1284.9 1224.7 17 msort 162.1 204.6 gauss 1310.5 489.4 288 able 6: Am-Rr-R Ot erformance Summary Appl Wm-W rm-SDt Wm-RrWm-R OtSDt Pm-Prm-SDt Pm-RrPm-R OtSDt �sh 554 2103 1657 2137 31 30 1539 10196 8084 9757 230 139 hh3d 16 65 45 62 18 195 135 144 27 psolu 71 369 124 193 98 2105 959 1050 29 14 hough 34 1224 82 181 270 21 55 2389 200 508 951 15 mandel 33 18 25 msort 475 165 162 785 57 16 675 1049 780 1650 23 gauss 376 1098 571 1019 26 56 6363 631 2157 130 able 7: Wm-W rm-SDt, Wm-RrWm-R OtSDt, Pm-Prm-SDt, and Pm-RrPm-R OtSDt Op erations Rr-R Ot olicy erforms signi�can tly etter than Am-N-N for the hough and gauss applications. Both of these applications exp erience relativ ely large um er of true page replications, without su�ering from large um er of coherency faults. The table data sho that the read-only replicate criterion can used to limit the um er of coherency faults encoun tered, but it do es not tell us whether or not all the desirable replications are erformed. address this question, let us compare the Wm-W rm-SDt, Wm-RrWm-R OtSDt, Pm- Prm-SDt, and Pm-RrPm-R OtSDt olicies. The relativ completion times for our sev en applications under these four olicie are giv en in �gure 14. The completion time data sho that the read-only replicate criterion impro es erformance for the fish hh3d and mandelbrot applications, for oth the arm and paced olicy ariations. It is imp ortan to note that these are the same three applications for whic the abilit to replicate pages did little to impro erformance. or the psolu hough and gauss applications, the read-only replicate criterion degrades erformance for oth the arm and paced ariations. The msort application erforms etter under Wm-RrWm- OtSDt than under Wm-W rm-SDt, but orse under Pm-RrPm-R OtSDt than under Pm-Prm-SDt. In table 7, the um ers of migrations (\M"), replications (\R"), and coherency faults (\C") for these four olici es are presen ted for eac of our test applications. It is readily apparen that the read-only replicate mec hanism is able to prev en undesired page replications, since the um er 46 teresting to arra discussion here. There is only one page in olv ed in the replicate/coherency fault cycle, and there is only one write made to that page. The page in question con tains shared ariable used as spin-lo implemen ting barrier at the eginnin of the program. As eac ork er pro cess reac hes the barrier, it creates lo cal replica of the page and egins spinning on the lo un til it is released. When the main pro cess attempts to release the lo k, it tak es coherency fault on the page (since the hildren ha replicated it) resulting in the in alidation of all the page replicas. Of course, the hildren immediately fault on the page again (since they are still spinning), and eac en ters the fault handler. In the fault handler, they are prev en ted from pro cessing the fault un til the main pro cess’s coherency fault (on the ery same virtual page) is completed and appropriate ernel lo ks released. Once pro cessing of the main pro cess’s coherency fault completes, race egins et een the ork ers trying to replicate the page (th us remo ving write access to the page) and the main pro cess trying to release the barrier (b mo difying the page). �rst, one exp ects that the main pro cess ould easily win the race almost all of the time, since the hild pro cesses are just eginning the fault pro cessing. Ho ev er, the DUnX ernel do es some additional pro cessing (p ossibly ev en con text switc h) efore returning from the main pro cess’s coherency fault, th us giving the ork er pro cesses fair hance at winning the race. As result, mandelbrot startup is hamp ered sev eral iterations of this race, degrading erformance considerably in some cases. Lik the migration con trol problem, there are asp ects to the replication con trol problem. It is imp ortan oth to prev en un an ted replications (those that ould so on follo ed coherency fault) and to ensure that desired replications ccur as so on as ossible. The page migration con trol mec hanisms discussed earlier can also applied to con trol page replication. The Wm-W rm-x and Pm-Prm-x olici es are essen tially the same as their Wm-Wm-x and Pm-Pm-x coun terparts, except that they ho ose to replicate rather than migrate whenev er page fault is caused read reference. Coherency faults are treated as migrations when decisions ab out freezing page are made. All of these olici es are able to use page freezing to prev en the thrashing-lik situations encoun tered the Am-Ar-N olicy and generally erform quite ell (as evidenced data sho wn in �gures and 9). will not presen detailed comparison of these olicies here, since suc comparison pro vides little additional insigh in to the issues at hand. Not surprisingly the relativ erformance of the Wm-W rm-SDt and Pm-Prm-SDt olici es is similar to that of the Wm-Wm- SDt and Pm-Pm-SDt olicie (compare �gure 14, discussed later in this subsection, to �gure 12, discussed in the previous subsection). The only signi�can di�erence, whic shall discuss later in this subsection, in olv es the psolu program. First, consider tec hnique in tended to distinguish et een real replication opp ortunities and migration situations. In an earlier subsection of this pap er describ ed problem with the Pm-Prm-RDt olicy making extensiv use of migrations (i.e. using replication and coherency fault pairs to e�ectiv ely migrate pages). This problem is shared with the other Pm-Prm-x olici es, as ell as the Wm-W rm-x olicie s. ha dev elop ed the read-only replicate criterion and the corresp onding read-only page scanner trigger test to address the migration problem. The idea is to dynamically determine when page is eing used in read-only fashion. The goal is to replicate only pages that aren’t eing mo di�ed, th us eliminating the migrations. The Am-Rr-R Ot olicy uses the read-only replicate criterion to prev en undesired page repli- cations. erformance of Am-Rr-R Ot for our test applications is summarized in table 6, where the um ers of page replications (\R") and coherency faults (\C") is giv en along with the computation completion time. or reference, the Am-N-N olicy (whic di�ers from Am-Rr-R Ot only with re- sp ect to page replication) completion time is also giv en. The read-only replicate criterion is clearly successful in prev en ting most undesired page replications, as evidenced the small um er of coherency faults that ccurred for an of our applications. In terms of completion time, the Am- 45 with whic pages are initiall migrated is at least somewhat imp ortan t. This is ecause none of those olici es app ear to allo page ouncing for these applications, so Wm-Wm-SDt distinguishes itself from the others primarily its shorter dela to erform the �rst desirable migrations. or oth programs, the Pm-Pm-SDt olicy fails to erform as ell as the Wm-Wm-SDt olicy Pm- Pm-SDt is generally quic er to migrate than Wm-Wm-SDt, so sp eed isn’t lik ely to the cause for this erformance di�erence. eliev that the lik ely reason is that the extra page migrations erformed Pm-Pm-SDt are more costly than the ene�ts they pro duce. The hough msort and gauss applications erform extremely ell under the Pm-Pm-SDt olicy but di�er in terms of their erformance under the Am-Bm-St and Wm-Wm-SDt olici es. erfor- mance of the hough program app ears to dep end primarily on the um er of page migrations, since there is greater corresp ondence et een the um ers of migrations and completion times than et een olicy quic kness and completion times. The opp osite app ears to the case for msort and gauss since the completion times are more correlated with migration quic kness (the Pm-Pm-SDt olicy is est, follo ed Wm-Wm-SDt, etc.) than the um er of migrations erformed. There is another migration con trol mec hanism represen ted in our collection of test olicies that ha et to men tion. age replication can serv to con trol page migration in certain situations. If hea vily shared page is not eing mo di�ed, olicy that ho oses to replicate the page is freed from the task of prev en ting the page from eing ounced from no de to no de. Evidence of the abilit of page replication to con trol migration is presen ted in the next subsection. The most imp ortan lesson to learned from the results presen ted in this subsection is that there is trade o� et een the problem of prev en t ing un an ted page migration and the desire to migrate pages as so on as ossible. Ev en in our small orkload collection, ha applications for whic eac is more imp ortan than the other, suggesting that it ma di�cult to �nd single est trade o� oin t. ha not et studied the e�ects of arying the parameter of the Pm-Pm-x olicie (except for the setting implic it in the Wm-Wm-x ariations), whic serv es to adjust the trade o� oin for this family of olicie s. Suc an in estigat ion ma yield insigh in to this issue. 5.6 Replication Con trol Strategies Con trol of page replication is as imp ortan as con trol of page migration. In this subsection, consider the issues in olv ed in replication con trol. The Am-Ar-N olicy enforces virtually no con trol on the amoun of page replication. Lik the Am-Am-N olicy Am-Ar-N ensures that all memory references are to lo cal memory Unlik Am-Am-N, the Am-Ar-N olicy creates ultiple copies of shared pages in preference to mo ving existing copies. This is essen tially the same strategy used the arious distributed virtual memory systems discussed in the literature 32 33 36 10 ], though the page coherence strategies di�er in some cases. The Am-Ar-N olicy erforms quite orly for most of our test applications. The one exception is the msort application, whic erforms quite ell under the Am-Ar-N olicy (completion time of ab out 85 seconds). Nearly all of the replications are comp onen ts of migrations, since msort do es not use uc activ ely-shared memory This is wh the thrashing-lik condition exp erienced the other applications is not problem for msort The fish hough psolu hh3d and gauss applications all exp erience thrashing-lik condi- tion when run under the Am-Ar-N olicy Shared pages are con tin uously eing replicated and then in alidated (as result of coherency faults), only to replicated again. Since the olicy alw ys ho oses to replicate on read-reference, there is nothing to break the cycle and erformance degrades accordingly The mandelbrot application su�ers from similar thrashing condition that is su�cien tly in- 44 Clearly in scenario it is desirable to migrate as quic kly as ossible at eac of the phase hange oin ts. Scenario is an example of reference pattern that ould result in page ouncing (migrations of at the rate =� under the Am-Am-N olicy The Am-N-Si and Am-Tm-St olici es are ery go at prev en ting page ouncing, simply ecause they allo page to migrated no more than once for eac time the page scanners run their \mo pages" phases. These olicies handle scenario quite ell, since they lo er the rate of page migrations. They are slo to migrate in scenario 1, ho ev er, since they cannot erform the desired migration un til after the page scanners detect the phase hange and trigger the migration opp ortunit The Wm-Wm-SDt olicy can handle the �rst phase hange in scenario quite ell, since is migrated as result of the �rst no de reference. It cannot resp ond as quic kly to the second phase hange, ho ev er, since the �rst migration results in the freezing of The second migration is dela ed un til is defrosted, whic (for the SDt defrost trigger) ccurs when the scanner notices that remote pro cesses are referencing more than lo cal pro cesses. Th us, Wm-Wm-SDt is quic to erform the

�rst migration of page, but somewhat slo er to erform subsequen migrations. The same Wm-Wm-SDt page freezing that dela ys the second migration of in scenario prev en ts the ouncing of in scenario 2. Lik the Am-N-Si and Am-Tm-St olicies, Wm-Wm-SDt limits the um er of migrations of page to once for ev ery run of the page scanner \mo pages" phase. If the length of the second phase of scenario is greater than the Pm-Pm-SDt parameter, then Pm-Pm-SDt erforms oth of the desired migrations of as so on as ossible. Th us, if is set lo enough, desired migrations are erformed as quic kly as ossible. Lo settings are undesirable for situations lik scenario 2, ho ev er. If in scenario is greater than page ouncing will result. If is large enough, ends up frozen and the page ouncing is eliminated. ha not et systematically studied the e�ects of the parameter, though plan to do so in the future. It is more di�cult to understand the Am-Bm-St olicy If the distribution of shared pages is ell balanced, Am-Bm-St allo ws no migration in either of our scenarios. When the distribution is un balanced, Am-Bm-St is as quic to migrate page in scenario as Pm-Pm-SDt. It is unlik ely to su�er from page ouncing in scenario 2, ho ev er, ecause migration is allo ed only when it impro es the distribution of shared pages. It is unlik ely that migration of page will impro the balance in oth directions, whic is necessary for the page to ounce. olicy’s erformance with scenario serv es as an indicator of its abilit to quic kly erform desired migrations, whereas its erformance with scenario serv es as an indicator of its abilit to limit undesirable migrations. By lo oking at eac of the sev en applications in turn, can get feel for what asp ects of the migration con trol problem are most imp ortan for eac h. The fish and mandelbrot results are not terribly surprising, as ha already concluded that dynamic page placemen do es little to impro the erformance of these applications. The fish program erforms orly under the Pm-Pm-SDt olicy simply ecause there is to uc migration (as result of the large amoun of activ sharing in fish that isn’t orth while. The other four olicie also do fair amoun of migration, but eac pro duces ab out the same lev el of erformance. or the mandelbrot program, there simply is no need for page migration and none of the tested olicie uses uc h. They all erform at roughly the same lev el (within 5% of the Am-N-Si olicy), and the migration con trol strategy app ears to of little imp ortance. The hh3d and psolu programs erform est under the Wm-Wm-SDt olicy Since the Am-Tm- St and Am-Bm-St olicies use roughly the same amoun of migration as Wm-Wm-SDt in oth cases but cause the applications to tak signi�can tly longer to run, there is some evidence that the sp eed Note that if the second phase of scenario lasts longer than the time et een runs of the \mo pages" page scanner phase, the Wm-Wm-TDt olicy (Wm-Wm-SDt with time-based defrost trigger) is able to erform the second migration of as quic kly as the �rst. Again, compare triggerin mec hanisms in later subsection. 43 �sh hh3d psolu hough mandel msort gauss 200 400 600 800 1000 age Migration as ercen tage of Am-N-Si Case age Migrations Under Di�eren Con trol Strategies (1103) Am-N-Si (1739) Am-Tm-St (640) Am-Bm-St (2449) Wm-Wm-SDt (8120) Pm-Pm-SDt (29) Am-N-Si (82) Am-Tm-St (81) Am-Bm-St (88) Wm-Wm-SDt (170) Pm-Pm-SDt (114) Am-N-Si (168) Am-Tm-St (200) Am-Bm-St (219) Wm-Wm-SDt (795) Pm-Pm-SDt (157) Am-N-Si (147) Am-Tm-St (464) Am-Bm-St (292) Wm-Wm-SDt (848) Pm-Pm-SDt (5) Am-N-Si (4) Am-Tm-St (4) Am-Bm-St (5) Wm-Wm-SDt (4) Pm-Pm-SDt (1086) Am-N-Si (905) Am-Tm-St (1091) Am-Bm-St (648) Wm-Wm-SDt (1696) Pm-Pm-SDt (1143) Am-N-Si (1150) Am-Tm-St (2136) Am-Bm-St (1204) Wm-Wm-SDt (2665) Pm-Pm-SDt Figure 13: Migration Con tro Strategy Migration Comparison Unfortunately this dela ys the desirable migrations as ell. or example, Wm-Wm-SDt (whic is essen tially the same as the Pm-Pm-SDt olicy with the parameter set to in�nit y) is etter able to prev en excessiv page migration than Pm-Pm-SDt, but as result, it sometimes tak es longer to erform desirable page migrations. Another to o id page ouncing is to more selectiv in ho osing pages as candidates for page migrations (i.e. use more conserv ativ page fault trigger tests). In this subsection, consider only olici es based on the simple trigger test. study the e�ects of di�eren trigger tests in section 5.7. It is imp ortan to kno the abilities of the test olicies to handle the parts of the migration con trol problem. In order to simplify our discussion, let us consider the follo wing scenarios: 1. Initially shared page is placed in frame on no de After distinct phase hange, it ecomes desirable to place in frame on no de instead (i.e. pro cesses on no de cease referencing and pro cess on no de egins hea vily referencing it). The desired placemen of hanges to no de after second phase hange. 2. Initially shared page is placed in frame on no de Pro cesses on no des and activ ely read/write share Let the time et een references to from di�eren no des. 42 some cases, undreds of pages are migrated eac second, lea ving the pro cessors ery little time to accomplish an ything useful. An ob vious question concerning our Am-Am-N results is whether our orkload collection just happ ens to orly hosen for this olicy It ma seem that applications with ell-de�ned sharing patterns ould erform onderfully under the Am-Am-N strategy In terestingly enough, msort �ts this description quite ell. Eac ortion of the primary shared data structure (the arra to sorted) is referenced at most one no de at time, guaran teed the sync hronization done within the program. The reason msort erforms orly under Am-Am-N is that the page con taining the sync hronization data structure is con tin ually eing migrated from one no de to another. quic hange to the msort source co de to prev en mo emen of that page is enough to correct the problem. erform ance of the mo di�ed msort program under Am-Am-N is quite go (ab out 108 seconds elapsed time), though not quite as go as some of our other test olici es. Unfortunately not ev ery page ouncing situation can eliminated as easily as in the msort case. This is the motiv ation for more sophisticated strategies that limit the amoun of page migra- tion from the op erating system lev el. In �gure 12, completion time results (relativ to the Am-N-Si olicy) for �v test olicies using di�eren strategies for con trolling page migration are summarized. The Am-N-Si and Am-Tm-St olicie con trol migration allo wing only inactiv pages and pages for whic the page scanner has concluded migration is appropriate (using the simple test trigger) to migrated. The Am-Bm-St olicy alw ys allo ws migration of inactiv pages, but migrates activ or remactiv pages only when it app ears that pages on the remote source no de are eing referenced remotely more extensiv ely than pages on the lo cal no de. The Wm-Wm-SDt olicy con trols migration allo wing only arm pages to migrate and freezing pages as they are migrated. Since the page scanners only defrost pages once it app ears that another migration ma appropriate (with the SDt defrost trigger), the amoun of page migration is limited. The Pm-Pm-SDt olicy allo ws pages to con tin ually migrate (without freezing), as long as the time et een migrations is su�cien tly long (parameter to the olicy). Whenev er the migrations ecome to frequen t, the page is frozen. Missing from this set of olicies is Wm-Wm-N, whic solv es the page ouncing problem allo wing page to migrate only once (once it migrates it is frozen but nev er defrosted). Although this olicy ma erform ell (w consider the Wm-W rm-N-NS arian in section 5.9), it really isn’t dynamic strategy in the same sense as the others eing considered in this discussion since placemen decisions are reev aluated only �xed um er of times (once, in this case). In order to in terpret the results of �gure 12, it is helpful to kno the um er of migrations that ccurred in eac case. This is sho wn in �gure 13, where the um er of page migrations relativ to the Am-N-Si olicy is plotted for eac case. The most ob vious features of �gure 13 are the Pm-Pm-SDt data oin ts. In most cases the um er of migrations under the Pm-Pm-SDt olicy is far greater than under the other four olicies (the exception is mandelbrot whic do es minimal migrating under an of these strategies). This mak es sense, ecause the Pm-Pm-SDt olicy uses the \lo osest" con trol strategy of the �v e. It is in teresting to see ho the large um ers of Pm-Pm-SDt olicy migrations ha a�ected erfor- mance for eac of our applications. or the fish and psolu applications, the Pm-Pm-SDt olicy erformed orly as result of those large um ers of migrations. The hough msort and gauss applications, on the other hand, erformed est under the Pm-Pm-SDt olicy One question is, \what haracteristics of Pm-Pm-SDt cause this eha vior?" There are parts to the migration con trol problem. While it is imp ortan to limit the amoun of migration (to oid page ouncing situations), it is also imp ortan to erform the desirable migrations as so on as ossible. Unfortunately these goals sometimes con ict. One to oid page ouncing situations is to slo the rate at whic migrations are allo ed to ccur. 41 �sh hh3d psolu hough mandel msort gauss 70 80 90 100 110 120 130 140 150 Completion Time as ercen tage of Am-N-Si Case Compari son of age Migration Con trol Strategies (112.4) Am-N-Si (115.1) Am-Tm-St (114.9) Am-Bm-St (113.0) Wm-Wm-SDt (134.5) Pm-Pm-SDt (1202.9) Am-N-Si (1187.9) Am-Tm-St (1178.2) Am-Bm-St (1088.7) Wm-Wm-SDt (1128.0) Pm-Pm-SDt (1050.8) Am-N-Si (1092.2) Am-Tm-St (1124.9) Am-Bm-St (821.7) Wm-Wm-SDt (1286.9) Pm-Pm-SDt (175.7) Am-N-Si (166.6) Am-Tm-St (138.8) Am-Bm-St (152.7) Wm-Wm-SDt (132.7) Pm-Pm-SDt (1287.0) Am-N-Si (1293.8) Am-Tm-St (1226.3) Am-Bm-St (1292.6) Wm-Wm-SDt (1223.9) Pm-Pm-SDt (123.1) Am-N-Si (131.6) Am-Tm-St (104.2) Am-Bm-St (100.4) Wm-Wm-SDt (99.6) Pm-Pm-SDt (1337.5) Am-N-Si (1334.3) Am-Tm-St (1311.9) Am-Bm-St (1288.3) Wm-Wm-SDt (1227.3) Pm-Pm-SDt Figure 12: Migration Con trol Strategy Completion Time Comparison faced. Since forsee no immediate solutions to the scalabili problem of linear-space olici es, ha no plans of further in estigating suc olicies. 5.5 Migration Con trol Metho ds Sev eral strategies for con trolling page migration are represen ted in our suite of test olici es. Suc con trol ma tak the form of eing selectiv ab out whic pages are allo ed to migrate and/or explici tly addressing the page ouncing problem limiti ng migration activit In this subsection, compare those strategies. motiv ate the need for con trol of page migration, can consider dynamic page placemen strategy that imp oses ery little con trol. The Am-Am-N olicy ensures that ev ery pro cess references only lo cal memory alw ys ho osing to migrate whenev er fault is tak en on page in remote frame. The Am-Am-N (migrate on reference) strategy su�ers from the page ouncing problem. Our test applications tak at least an order of magnitude longer to run under the Am-Am-N strategy (Am-Ar-N su�ers from similar problems) than under other more reasonable strategies. This is ecause some set of pages are con tin ually eing migrated from one no de to another. Using in teractiv monitoring to ols that ha dev elop ed, can \w atc h" this page ouncing ccur. In 40 �sh hh3d psolu hough mandel msort gauss 70 80 90 100 110 120 130 140 Completion Time as ercen tage of Am-N-Sp Constan vs. Linear Space olicy Comparison (138.3) Am-N-Sp (100.5) Am-N-Rp (106.8) Am-N-Cp (1234.5) Am-N-Sp (1231.3) Am-N-Rp (1248.7) Am-N-Cp (1344.7) Am-N-Sp (1310.3) Am-N-Rp (1265.7) Am-N-Cp (150.7) Am-N-Sp (178.2) Am-N-Rp (169.8) Am-N-Cp (1294.9) Am-N-Sp (1285.4) Am-N-Rp (1243.9) Am-N-Cp (143.9) Am-N-Sp (114.0) Am-N-Rp (160.8) Am-N-Cp (1354.3) Am-N-Sp (1385.0) Am-N-Rp (1370.6) Am-N-Cp Figure 11: Constan vs. Linear Space Completion Time Comparison similar constan t-space olicie s. In �gure 11, completion time results (relativ to the Am-N-Sp case) for the Am-N-Sp, Am-N- Rp, and Am-N-Cp olicies are presen ted. These olicies are iden tical except for the criteria used the page scanners to decide when to push migrate shared pages. The Am-N-Sp and Am-N- Rp olicies use the simple and remote-wins tests, resp ectiv ely to decide when to push migrate pages. The Am-N-Cp olicy uses rough appro ximation to Blac k, et. al.’s comp etitiv migration algorithm 13 ]. The results of �gure 11 sho that while the Am-N-Cp olicy do es outp erform the other push- based migration olicies in cases psolu and mandelbrot ), it do es so only small margin (less than 5%). In other cases, at least one of the simpler and more scalable constan t-space olicies erforms etter. It is also in teresting to note that, for eac of our test applications, there is some other constan t-space (not push-based) olicy that outp erforms the linear-space olicies (e.g. the Wm-Wm-SDt olicy giv es etter erformance for hh3d psolu hough msort and gauss Am-Bm-St erforms etter for mandelbrot and Am-N-N giv es etter erformance for fish ). The Am-N-Cp olicy results sho that the olume of data used to mak dynamic page placemen decisions is not the ey to the success of olicy The Am-N-Sp and Am-N-Rp olici es are extremely similar to the Am-N-Cp olicy but use constan t-space appro ximations to the linear-space tests of the Am-N-Cp olicy with considerable success. This sho ws that data summaries can in some cases used as e�ectiv ely as the complete data. Of course, Am-N-Cp is not the only linear-space dynamic page placemen olicy ossible. Other linear-space olicie ma dev elop ed that erform signi�can tly etter than an ossible constan t- space olicy Ho ev er, ev en if suc strategy is dev elop ed, the scalabilit problem ust still Note, ho ev er, that our appro ximation is de�nitel not comp etitiv e. Sp ecial hardw are is required to implemen that algorithm honestly 39 Applicati on Am-Tm-R N-N-Rp Am-N-Rp �sh 116 412 349 hh3d 40 588 585 psolu 91 1955 1915 hough 44 22 35 mandel 13 77 100 msort 1084 52 1061 gauss 918 773 955 able 5: Am-Tm-R t, N-N-Rp, and Am-N-Rp age Migrations the other olicie s. The in teresting oin is that the um er of migrations of the Am-Tm-R olicy more closely resem bles that of Am-N-Rp than N-N-Rp, suggesting that pulled migrations of inactiv pages dominate the activit for these programs. similar observ ation can made for the gauss application, although there see that Am-N-Rp exp erienced few more migrations than Am-Tm-R t. The psolu program erforms est under the Am-N-Rp olicy when the um er of page migrations is quite high. The N-N-Rp olicy giv es the est erformance for the mandelbrot program, despite the relativ ely high (77) um er of migrations for that application. In the sub- sections 5.5 and 5.7, discuss the relationship et een completion time and the um er of page migrations for eac of our applications. The page migration data for the msort program can used to explain the N-N-Rp completion time data oin for that program. Apparen tly the Am-Tm-R and Am-N-Rp olici es use pull-based migration of inactiv pages great deal, since this is the common feature that distinguishes them from the N-N-Rp olicy The N-N-Rp olicy has di�cult migrating pages in use only remote pro cesses, ecause the page scanners end up inactiv ating suc pages (since the lo cal usage coun go es to zero) efore they consider the push migration option. Since N-N-Rp do esn’t push migrate inactiv pages, pages in use only remote pro cesses end up eing re-remactiv ated as result of page fault, only to inactiv ated again the lo cal scanner during the next \mo pages" phase. One to eliminate the problem ould to hange the order of the tests (instead of hec king for inactiv ation and then hec king for migration, rev erse the order of these tests), but since alw ys pull migrating inactiv pages also elimin ates the problem (as evidenced the table data), hose not to mo dify the page scanner co de at that oin in time. It is imp ortan to note that while these results suggest that the Am-N-Rp olicy su�ers from its inabil it to successfully select the est destination for eac page migration op eration, there ma other push-based olici es that do not exhibit this di�cult In the next subsection, compare three push-based olicies. 5.4 Constan t-Space vs. inear-Space Push-Migrate olicies Our large collection of test olicie includ es only linear-space dynamic page placemen olicies: N-N-Cp and Am-N-Cp. Since these olicie ha uc more information ailable to them when making dynamic page placemen decisions, one ma exp ect uc etter erformance from them. On the other hand, suc olicie do not scale ell, since the space erhead er page increases linearly with the um er of pro cessors. In this subsection, compare our linear-space olici es to 38 �sh hh3d psolu hough mandel msort gauss 50 100 150 200 250 300 350 400 Completion Time as ercen tage of Am-Tm -R Am-Tm -R t, N-N-Rp, and Am-N-Rp Completion Time (99.9) Am-Tm-R (105.4) N-N-Rp (100.5) Am-N-Rp (1182.2) Am-Tm-R (1221.8) N-N-Rp (1231.3) Am-N-Rp (1398.6) Am-Tm-R (1324.0) N-N-Rp (1310.3) Am-N-Rp (169.3) Am-Tm-R (184.8) N-N-Rp (178.2) Am-N-Rp (1309.3) Am-Tm-R (1236.1) N-N-Rp (1285.4) Am-N-Rp (110.2) Am-Tm-R (347.4) N-N-Rp (114.0) Am-N-Rp (1379.3) Am-Tm-R (1392.2) N-N-Rp (1385.0) Am-N-Rp Figure 10: Am-Tm-R t, N-N-Rp, and Am-N-Rp Completion Time Comparison Since DUnX do es not curren tly coun the um er of trigger op erations, our �rst yp othesis cannot easily eri�ed with exp erimen tal data. There are reasons to susp ect that the yp othesis is false, ho ev er. In order for trigger not to result in page migration, the page in question ust not referenced an remote no de un til after it has een paged out the lo cal no de. This ould imply that man (o er 1800 in the psolu case) of the push migrations erformed the N-N-Rp and Am-N-Rp olicies are asted, since no ossible hoice of destination no de ould ha pro cess using the page (or else migration ould ha ccurred under the Am-Tm-R olicy as ell). Based on our kno wledge of the application reference patterns, it seems highly unlik ely that this could happ en. susp ect that the second yp othesis (i.e. that the reason for the di�erence is lik ely due to or destination hoices for the push-based migrations) is the correct explanation. When the pull- based Am-Tm-R olicy migrates page, the destination is alw ys no de that has faulted on that page, whereas the destination of page eing push migrated is the remote no de that most recen tly up dated the remote usage coun for that page. susp ect that the latter metho of selecting destination is more prone to error, th us resulting in subsequen migrations to attempt to impro the situation. The Am-Tm-R olicy ma do less migration ecause it ho oses more appropriate destination no des. Most of our test applications fish hh3d hough msort and gauss erform est with the Am- Tm-R olicy Of these, the fish and hh3d programs erformed est with the few est migrations. or the fish application, this is ecause migration seems to of little use for that application. or hh3d susp ect that Am-Tm-R is simply able to migrate pages to appropriate lo cations in few er steps. The hough and msort applications erformed est when the um er of migrations are highest. These are the only cases in whic Am-Tm-R generates more migrations than This will added to the DUnX ernel in the near future. 37 According to our \R-C" estimate, ab out half the total psolu replications are true replications. The fact that the \M+C" alue for the Pm-Prm-RDt olicy is greater than the um er of Pm- Pm-RDt migrations suggests that the um er of migrations ma somewhat less than the um er of coherency faults, ho ev er. This in turn suggests that our estimate of the um er of true replications ma to conserv ativ e. Based on our hand analysis of the psolu source co de, susp ect that eac pro cess replicates certain ortions of the ector during eac iteration of the computation. the end of the iteration, the ector is up dated the pro cess resp onsible for that ortion of the solution ector, and remote copies of the the ector are in alidated, only to replicated again during the next iteration. This analysis supp orts our yp othesis that the um er of migrations is somewhat less than the um er of coherency faults, since can easily accoun for man suc faults that are not migration comp onen ts. Clearly this replication is ene�cial as the psolu completion time under the Pm-Prm-RDt olicy is less than half of what it is under the the Pm-Pm-RDt strategy In section 5.6, presen evidence that suggests that some of the Pm-Prm-RDt replications impro erformance more elimin ating undesirable Pm-Pm-RDt migrations than decreasing memory access times. Nearly all of our test applications ha sho wn impro ed erformance under memory manage- men olicies that supp ort page replication. It is in teresting to note that none of our test olicies are able to impro erformance of the exceptions fish and mandelbrot ), regardless of whether or not they supp ort page replication. The fact that �v of our applications sho ed impro ed erfor- mance with replication, despite the negativ e�ects of the large um er of migrations, suggests that ev en greater erformance ma attainable with olicy that can etter ho ose et een the options. 5.3 Push vs. Pull ased age Migration In this subsection, compare push-based page migration olici es to pull-b ased page migration olicie s. The goal is to determine whether one approac is sup erior to the other. narro our discussion to sp eci�c olicy examples, hose to compare the Am-Tm-R t, N-N-Rp, and Am-N-Rp olicies. The Am-Tm-R olicy pro vides pull-based migration, but relies hea vily on push-based trigger op eration con trolled our remote-wins test. The N-N-Rp olicy uses the same remote-wins test to con trol push-based migration op eration. Since the same test is used to con trol page migration in oth of these olicies, comparison of the pro vides insigh in to the di�erences et een push and pull based migration approac hes. also consider the Am- N-Rp olicy as push based olicy that also allo ws inactiv pages to pull migrated in the same the Am-Tm-R olicy do es. Completion time results for these three olici es (relativ to the Am-Tm-R olicy) are sum- marized in �gure 10. Except for the msort program under the N-N-Rp olicy see only small (p ossibly insigni�can in some cases) erformance di�erences among the three test olicies. or some cases (e.g. hh3d and hough pull-based migration erforms bit etter, while in other cases (e.g. psolu and mandelbrot the push-based approac hes ha the adv an tag e. able giv es the um er of page migrations that ccurred under eac of the three olicies. Unlik the completion time data, see signi�can di�erences in the um ers of page migrations. The push-based strategies tend to migrate more pages. Initiall this is somewhat surprising since all three olicies use the same remote-wins criterion to determine when page migrations should ccur. Tw ossible explanations come to mind. One ossibilit is that not all triggered page faults result in page migrations in the pull-based olicy The other is that the destination no des for push migrations are orly selected, and as result, pages ust migrated more often in an attempt to �nd the \righ t" no de. 36 Application Pm-Pm-RDt Pm-Prm-RDt Migrations R-C M+C �sh 3855 602 3902 3066 836 3668 hh3d 86 19 84 49 35 68 psolu 784 55 1740 858 882 913 hough 585 46 2335 168 2167 214 mandel 15 20 18 msort 1435 718 968 692 276 1410 gauss 2286 79 6521 646 5875 725 able 4: Pm-Pm-RDt and Pm-Prm-RDt Op eration Coun ts Prm-RDt olicy the um ers of replications (\R") and coherency faults (\C") are giv en. The \R-C" and \M+C" columns for the Pm-Prm-RDt olicy are the um er of replications min us the um er of coherency faults and the sum of the migrations and coherency faults, resp ectiv ely One immediate observ ation that can made when lo oking at table is that the um er of migrations for the Pm-Pm-RDt olicy is far greater than for the Pm-Prm-RDt olicy for ev ery application. This straigh tfo rw a rd comparison can misin terpreted, ho ev er, since it ignores an migrations that ma ha ccurred. Since the um er of migrations is limited the um er of coherency faults, the um er of actual migration op erations erformed under the Pm-Prm-RDt olicy is less than or equal to the sum of the regular migration op erations and the um er of coherency faults (the \M+C" column). In all but the psolu case, the um er of Pm-Pm-RDt migrations is greater than this maximal um er of migrations for Pm-Prm-RDt the \M+C" en try). This suggests that for those applications, the Pm-Prm-RDt olicy is able to successfully use replication to eliminate some degree of page ouncing that ccurs under the Pm-Pm-RDt olicy can get an idea of ho uc true replication (lo osely de�ned as replication that isn’t an migration comp onen t) ccurs considering the \R-C" data. The um er of true replications lies et een the \R-C" en try and the total um er of replications (the \R" column). If the um er of migrations is close to the um er of coherency faults (a comparison of the \M+C" data and the um er of Pm-Pm-RDt migrations lends some supp ort to this yp othesis), then the um er of true replications is lik ely near the \R-C" alue. If adopt the \R-C" alue as our estimate of the um er of true replications, the only applications whose total replications consist primarily of true replications are hough gauss and mandelbrot The hough application has sev eral read-only data tables that can easily replicated, as can the gauss piv ot ro ws. Hand analysis of the mandelbrot source co de sho ws that all en replications lik ely in olv ed the same page (the one con taining the global shared structure). One of the coherency faults is probably the result of the paren pro cess clearing the startup barrier, and the other is most lik ely the result of the �rst completing hild up dating the \�nished" coun ter. The \R-C" estimate of the um er of true replications for the fish hh3d and msort ap- plications indicates that the ma jorit of replications erformed ere migration comp onen ts. Despite this, msort and hh3d oth enjo ed some erformance impro emen due to the true repli- cations that ere erformed. The fish program asn’t signi�can tly a�ected the abilit to do page replication. 35 �sh hh3d psolu hough mandel msort gauss 20 40 60 80 100 120 140 Completio Time as ercen tage of Pm-Pm -R Dt E�ect of age Replication on Pm-Prm- RDt olicy (119.3) Pm-Pm-RDt (121.3) Pm-Prm-RDt (1196.7) Pm-Pm-RDt (1111.3) Pm-Prm-RDt (1384.6) Pm-Pm-RDt (669.5) Pm-Prm-RDt (140.3) Pm-Pm-RDt (104.3) Pm-Prm-RDt (1240.7) Pm-Pm-RDt (1293.6) Pm-Prm-RDt (108.2) Pm-Pm-RDt (81.6) Pm-Prm-RDt (1268.5) Pm-Pm-RDt (263.8) Pm-Prm-RDt Figure 9: Pm-Pm-RDt and Pm-Prm-RDt Completion Time Comparison test olicies. Using �gure 8, it is fairly easy to see that hough psolu and gauss app ear to ene�t great deal from page replication. Bene�ts exist, but to lesser exten t, for the hh3d and msort programs. On the other hand, the fish and mandelbrot applications app ear to relativ ely una�ected page replication. gain more insigh in to the answ er to our question, let us narro our discussion to sp eci�c olicie s: Pm-Pm-RDt and Pm-Prm-RDt. These olicie are iden tical except that the former do es not allo ultiple ph ysical copies of single virtual page (and th us do es not need to orry ab out data coherency), while the latter do es. The erformance of these olici es is summarized in �gure 9, where completion times are presen ted. The length of the horizon tal line represen ts the time relativ to the Pm-Pm-RDt olicy Eac line is additionally lab eled with the olicy name and the actual completion time alue in paren theses. All �gures in this section use seconds as the unit of time, unless otherwise indicated. The results sho that for most of our test applications (all but fish and mandelbrot ), replication app ears to quite ort while. or the gauss and psolu applications, execution time is cut dramatically allo wing page replication. Of course, completion time results alone do not tell the en tire story Migration and replication eac address di�eren problem arising in the memory access patterns. The results of �gure suggest that replication is an appropriate op eration for most of our applications. Ho ev er, migra- tion and replication are, in some cases, in terc hangeable. The e�ect of page migration can also accomplished replicating page and then taking coherency fault on it (b writing to it). call this an migr ation The Pm-Prm-RDt olicy ho oses to replicate page rather than migrate it whenev er the memory reference that triggered the fault is read, and since it seems common for program to read page efore writing to it, man migrations ma ccur. Unfortunately an migration is more exp ensiv than an ordinary page migration, since it in olv es pro cessing page faults instead of just one. In table 4, the um ers of page migrations for oth olici es (lab eled \M") and, for the Pm- 34 The results for the fish application tell ery di�eren story None of the dynamic strategies are able to impro erformance, et the NUMA ersion of fish do es erform ab out 25% etter than the UMA ersion under that same base-case olicy The large amoun of activ memory sharing (most of whic is false sharing) exhibited fish mak es it ery di�cult for our op erating system lev el strategies to determine the est lo cation for eac of the shared pages. Our third question is erhaps the most in teresting, since it essen tially asks whether or not an of the dynamic page placemen strategies that considered can ac hiev the lev el of erformance obtained exp erienced NUMA programmers. or fish mandelbrot and hh3d the results are not encouraging. As already indicated, none of the dynamic strategies ha een able to impro the erformance of the UMA ersion of the fish and mandelbrot applications. Only dynamic page placemen strategies ha een able to impro the erformance of the UMA hh3d program, though neither ac hiev es quite the erformance of the NUMA ersion. The olicies that are able to impro erformance do not use the page scanners, suggesting that erhead induced the scanners has hamp ered the erformance of the other dynamic strategies. This is discussed in more detail in later subsection. Excellen results ere obtained with the psolu and gauss applications, where sev eral dynamic page placemen olicies ere able to erform nearly as ell with the UMA ersions as the base- case olicy did with the NUMA ersions. The extra e�ort required the programmer to create the NUMA ersions of these applications (whic as quite extensiv for psolu according to its author) ould ha to carefully eighed against the erformance impro emen gained through that extra e�ort. Sev eral of our test olici es actually ga erformance with the UMA ersion of hough that is etter than the NUMA erformance with the base-case olicy Ho ev er, cannot sure that the NUMA ersion considered is the est ersion that could written. Sp eci�call the NUMA ersion mak es extensiv use of Uniform System scatter matrices, whic are designed to reduce memory and switc con ten tion but do little to impro memory reference lo calit erhaps more careful placemen of ortions of those matrices could done, pro ducing NUMA ersion with still etter erformance. Of course, the extra programmer e�ort required cannot ignored. The other thing eviden from �gure is that there is no single olicy that can considered the est er the en tire application test suite. Ho ev er, olicie in the x-x-x-NS/NR category (the ottom four lines of the groups) often app ear among the ossible candidates. Certain of the replicating olicies, in particular the Pm-Prm-x family also sho promise. summarize, ha found that there are dynamic page placemen strategies that are able to impro the erformance of some of our test applications. In some cases, that erformance impro emen approac hes (and in one case exceeds) that obtained the exp erienced NUMA pro- grammer. It is imp ortan to remem er ho ev er, that ha not exhausted either the olicy space or the application space. Hop efully the examples ha considered are represen tativ of the en tire space. 5.2 The E�ects of age Replication In this subsection address the question of whether or not allo wing ultiple ph ysical copies of single virtual page is ort while. This is imp ortan ecause if single-cop dynamic page placemen strategies erform as ell as ultiple-cop strategies, the problem of main taining data coherency can oided using only single-cop olicie s. Noting that the ultiple-cop page placemen olicies are the last in the table olicy list and that �gure uses the same olicy order, can use �gure to obtain an initial answ er to our question. The last nineteen data oin ts (horizon tal lines) in eac group are from the ultiple-cop 33 �sh hh3d psolu hough mandel msort gauss 50 100 150 200 Completion Time as ercen tage of UMA N-N-N-NBNS Case er-Application erformance Summary Figure 8: erformance Summary 32 5.1 E�ectiv ene ss of namic age Placemen erhaps the most imp ortan question to answ ered is quite simple: can dynamic page placemen strategies e�ectiv ely deal with the NUMA problem? In �gure 8, summary of all our exp erimen ts is presen ted. There are 322 horizon tal lines in the �gure, separated in to sev en groups of 46. Eac group summarizes the results of exp erimen ts done with particular application (as indicated along the -axis), with eac line within the group summarizing the results of di�eren exp erimen t. The length of horizon tal line represen ts the computation completion time for that exp erimen measured relativ to the computation erfor- mance under our static base-case (N-N-N-NBNS) olicy The �rst line of eac group giv es the erformance of the NUMA ersion of that application under the static base case olicy (except for msort for whic ha no NUMA ersion). ertical line drops from the end of the NUMA line, to mak comparisons with other results simpler. The second line of group sho ws the er- formance of the base-case olicy whic is alw ys 100%, since the results are measured relativ to this olicy The remaining lines in group summarize the results obtained using di�eren page placemen strategies. The ordering of the lines within group is the same as giv en in table 3. The olicie that erform orly in nearly ev ery case are Am-Am-N and Am-Ar-N whic alw ys migrate or replicate. Ob viously determining ho particular olicy erforms using only this plot is incredibl tedious. Ho ev er, that is not the in tended purp ose of the �gure. Using �gure 8, one can immediately answ er sev eral questions: 1. Do the NUMA ersions of our test applications erform etter than the simpler UMA ersions under the same static base-case olicy? 2. Can dynamic page placemen strategy impro the erformance of the UMA ersions of our test applications relativ to the base-case erformance? 3. Can an of the dynamic page placemen strategies approac the lev el of erformance obtained with the NUMA ersions under the base-case strategy for the UMA ersions? The answ er to our �rst question is rather clear. The NUMA ersions erform substan tially etter than the UMA ersions in all but the mandelbrot case. Except for the mandelbrot data oin t, this is exactly the eha vior exp ected. The mandelbrot result is fairly in teresting, ho ev er. The programmer is kno wn to ha sp en extra time and e�ort to ensure that eac ortion of the image matrix ould reside on the est os- sible no de. create the UMA ersion, that co de has een remo ed, essen tially lea ving the (static) initial placemen of the image matrix to the op erating system. But, since the static placemen oli- cies place pages on the no de that �rst faults on them, the image matrix pages end up on exactly the same no des as they do in the NUMA ersion. Th us, the extra e�ort on the programmer’s part has een completely fruitless and at the same time mak es the program less ortable. The answ er to our second question is somewhat more complicated. or �v of our sev en ap- plications hh3d psolu hough msort and gauss ), the answ er is a�rmativ (i.e. there exist horizon tal lines that end to the left of the dotted ertical line at 100, indicating erformance impro emen ts) In some cases (e.g. psolu msort and gauss ), the erformance impro emen is quite substan tial. Ho ev er, all of the dynamic page placemen strategies that in estigated are unable to impro the erformance of the remaining applications. or mandelbrot this is somewhat exp ected since the UMA ersion erforms as ell as the NUMA ersion ev en using the static base-case olicy Since mandelbrot do es ery little sharing of memory there seems to ery little an dynamic strategy can do to impro erformance. 31 Sa vings tak the form of lo ered erage memory access times resulting from migrations or replications. 2. Cost asso ciated with page scanners The page scanners consume CPU, memory and switc cycles. They are only e�ectiv when the sa vings that result from running them exceed the asso ciated costs. 3. Appropriateness of page migrations In general, it is ery di�cult to assess the qualit of an individ ual migration decision due to the complexit of the in teractions that can arise. Migrating page to the wrong no de can costly Memory reference times to the page ma increase, and more migrations and/or replications ma caused in an attempt to correct the situation. Ev en when page is migrated to the no de referencing it most often, the erage memory access times of other no des ma increase due to di�ering con ten t ion e�ects (e.g. it is ossible to create memory \hot sp ots" migrating pages to the wrong places). In tuitiv ely desir migration is one that serv es to decrease the erall computation completion time. 4. Appropriateness of page replications ages shouldn’t replicated if coherency faults will result to frequen tly or to so on. The cost/b ene�t of page replication includ es the cost of coherency faults, so replications only pa o� when memory access sa vings exceed all the costs asso ciated with resulting coherency faults. 5. uic kness of page migrations and replications In general, the so oner desired migration or replication is erformed, the etter. migration or replication to desirable destination that comes to late ma completely useless, and ev en costly 6. Relativ imp ortance of di�eren page migrations and replications Not all migrations and replications are created equal. The replication of one page ma greatly reduce memory and switc con ten t ion for all the pro cesses, while the replication of another ma ene�t only one pro cess. Th us, the fact that one olicy erforms more migrations or replications than another do es not necessarily imply that the resulting erformance will an etter or an orse than under the other olicy 7. Ordering of ev en ts The order in whic ev en ts ccur can quite imp ortan to the erall er- formance of olicy or example, if all the righ migrations and replications are erformed, but they ccur in \bursts", erformance ma su�er due to switc and memory con ten tion, as ell as to con ten tion to arious ernel data structures in the fault handlers. The ordering of ev en ts ma also a�ect the relativ sp eeds of di�eren pro cesses, a�ecting the reference patterns (and hence the fault, migration, and replication eha vior) for the remainder of the program’s execution. In this section, attempt to gain an understanding of the relativ imp ortance of di�eren olicy features for eac of our test applications. Though the goal is to come to complete understanding of the observ ed eha vior, that is in man cases an extremely di�cult goal to attain due to the complexit of the issues in olv ed. Most of our analysis is based on completion time data and fault, migration, and replication coun ts, since that information is readily a ilable. As should eviden from the preceding discussion, these data items do not pain complete picture. They do, ho ev er, pro vide evidence (admittedly circumstan tial in some cases) that can help us to understand certain asp ects of the observ ed eha vior. 30 Figure 7: age Scanner Time Distribution Since the page scanners run once eac second, and eac run tak es an era ge of 62 ms., the total erhead is easily calculated to ab out 6%. Measuremen ts obtained with gist sho that the er-no de erhead ranged from 4% to 8%, for an era ge of 6%. The erhead could reduced decreasing the frequency of page scanner runs. The e�ects of the page scanner on application erformance are discussed in section 5.9. It is imp ortan to oin out that the time required for page scanner to run is highly dep enden on the collection of pro cesses running on the no de for whic it is resp onsible. This is ecause the time required for page scanner run is related to the size of the page tables on the lo cal no de (the \coun references" phase requires the scanner to consider eac of its page table en tries), as ell as to the um er of remote pages referenced lo cal pro cesses (eac suc page requires the \coun references" phase to up date remote page usage coun ter). Since DUnX has een dev elop ed as an exp erimen tal researc ehicle, an imp ortan design goal is exibit Because of this goal, ha ypically made generalit ersus erformance trade-o�s in fa or of generalit The erformance of some of the op erations discussed in this section could lik ely impro ed lo er-lev el implemen tations of sp eci�c olicies. iscussion of eri en Resul The results of our exp erimen ts are presen ted and discussed in this section. Rather than presen t- ing the results on strictly er-p olic or er-application basis, attempt to answ er series of questions concerning the di�eren page placemen strategies. Eac subsection addresses di�eren question and exp erimen tal results that help to answ er that question are presen ted. When analyzing the results of an exp erimen t, there are man con tributing factors that ust considered. The follo wing list en umerates some of the more imp ortan eha vioral asp ects that ust not ignored, ev en though it ma not alw ys easy to quan tify their e�ects: 1. Costs asso ciated with page faults Ev ery page fault has some non-zero cost asso ciated with it that ust comp ensated for sa vings that result from exp eriencin the fault. The um er of page faults is a�ected the page replacemen and triggering strategies eing used. 29 Figure 5: Am-Ar-N age Replication Time Figure 6: Am-Ar-N Coherency ault Time the hardw are protections to the page), the measured replications are among the most exp ensiv e. Creating additional copies of an already replicated page is quic er, since existing copies of the pages are already protected from write access. histogram of coherency fault pro cessing times (the measured time includ es only the pro cessing required for the coherence op erations, not the en tire fault) is sho wn in �gure 6. Exactly 200 coherency faults ccurred (one for eac arra page at the start of phase o), taking an erage of less than 2.2 ms eac (substan tially less than the erage fault time of 4.7 ms. measured in the N-N-N-NBNS case). Eac of these faults required the in alidation (and TLB sho ot) of exactly one remote cop of the page. ascertain page scanner erhead, used mo di�ed ersion of the test program with four no des running under the Wm-W rm-RDt olicy The ersion of test that used for this exp erimen simply rep eats the program phases en y-�v times eac h. This hange as made so that the page scanner ould able to run sev eral times during the program’s execution. The Wm-W rm-RDt olicy as hosen somewhat arbitrarily but the amoun of ork it requires of its page scanners is fairly represen tativ of most of our olicy hoices. histogram of page scanner run times is sho wn in �gure 7. The distribution is bimo dal for reasons. First, there are yp es of page scanner runs: quic er runs that do not execute the \mo pages" phase, and slo er runs that do execute the \mo pages" phase (whic has an erage cost of ab out 55 ms.). The second con tributing factor is that the cost of the \coun references" phase is also bimo dal. The cost of the \coun references" phase aries ecause the um er of remote references required page scanner aries with the um er of remote pages referenced that pro cessor since the scanner last ran. This in turn aries as pages are migrated and replicated among the pro cessor no des. Most of the page scanner time is sp en in the \coun references" phase, whic tak es an erage of er 53 ms. The \mo pages" phase tak es bit longer (55 ms.), but is executed only once for ev ery eigh \coun references" executions. The \age usage coun ts" phase tak es negligible (1.7 ms.) amoun of time relativ to the total time sp en in the scanners. All together, the total erage scanner time is ab out 62 ms., as indicated in �gure 7. 28 Figure 3: Am-Am-N age Migration Time Figure 4: Am-Ar-N age ault Time few slo oin ts in �gure 1, and the ma jorit of quic zero�ll and translation faults explain the relativ ely lo era ge time. determine the time required to migrate page, consider the test program running on no des under the Am-Am-N olicy Since eac arra page will migrated three times (once in phase one and wice in phase o) kno there will at least 600 page migrations. As it turns out, the page con taining the barrier sync hronization ariable is also migrated six times, so total of 606 page migrations ccur. As with the N-N-N-NBNS case, there are 18 hard faults and 200 zero�ll faults. total of 859 page faults are encoun tered, as can seen in �gure 2. In the �gure, see that the era ge fault time is somewhat higher than in the N-N-N-NBNS case, at almost 7.8 ms. The most ob vious di�erence, ho ev er, is the shap of the histogram. There are distinct eaks, eac the result of di�eren yp of fault. The �rst eak is comprised of zero�ll and translation faults, whereas the second eak is comprised mostly of faults that result in page migration op erations. histogram of the measured migration times is giv en in �gure 3. The migration time includes the time required to in alidate the source (remote) cop of the page and to ush the remote TLB en tries. Because of the simplicit of the test application, kno that single remote mapping is in alidated as result of eac page migration. The erage measured time is bit less than ms. er migration, whic is ab out 667 times the cost of remote access. used the test program running on no des under the Am-Ar-N olicy to determine page replication and coherency fault costs. histogram of page fault times is giv en in �gure 4. There are three spik es in the histogram; the �rst consists of zero�ll and translation faults, the second consists of coherency faults, and the third consists of page replication faults. As usual, there are small um er of more costly faults that in olv paging in data from disk or the disk bu�er cac he. The era ge fault time is ab out 6.7 ms. In �gure 5, histogram of replication times is sho wn. Eac arra page is replicated wice (once in eac phase), for total of 400 page replications. As the histogram sho ws, the time to replicate page is quite consisten t, taking an erag of 4.7 ms. er replication. Since all of these replications in olv hanging the original cop of the page to replica (th us requiring TLB sho ot to lo er 27 Figure 1: N-N-N-NBNS age ault Time Figure 2: Am-Am-N age ault Time fault time, page migration time, page replication time, coherency fault time, and page scanner erhead time. Ignoring memory and switc elemen con ten t ion factors, the time to read lo cal memory lo cation on the Butter y GP1000 is appro ximately 0.5 to 0.6 microseconds s.), and the time to read remote memory lo cation is appro ximately 7.5 s. Th us, remote memory access costs ab out 12.5 to 15 times lo cal memory access. Cost measures for the other basic op erations ha een collected using BBN’s ernel ev en logging mec hanism and the gist application. Since the costs of basic op erations ma a�ected wide assortmen of con ten tion factors di�cult to con trol when running real user applications, ha implemen ted sp ecial application just for the purp ose of collectin this data. The test program consists of pro cesses, eac of whic consists of phases. large arra (200 pages) is shared eac of the pro cesses, and an equal ortion of that arra (t ypically an in tegral um er of pages long) is the resp onsibili of eac of the pro cesses. In the �rst program phase, eac pro cess mo di�es its arra elemen ts, and then reads the remaining elemen ts. Eac arra page ends up residen in frame on the no de to whic it elongs (i.e. the no de resp onsible for that page), since that no de is the �rst to reference it. After the �rst phase, the pro cesses sync hronize and then en ter the second phase, whic is exactly the same as the �rst. Since the eha vior of the test program is ell understo d, it is simpler to understand the ernel timings obtained when running it. histogram of page fault times incurred test running on pro cessors under the N-N-N- NBNS olicy is plotted in �gure 1. see that the era ge time to pro cess fault in this case is quite lo w: less than 4.7 millise conds (ms.). The reason for this lo alue has alot to do with the typ of faults encoun tered. Of the 456 measured faults, kno that 200 are zero-�ll faults (the shared arra is 200 pages long) and 200 are simple translation faults (faults on residen pages). Only 18 hard faults (pageins from disk or disk bu�er cac he) are encoun tered, with the remaining faults eing zero-�ll, cop y-on-write, and cop y-on-read data faults. The 18 hard faults explain the The ernel ev en logging mec hanism records all of the ev en ts that ccur during the sp eci�ed time in terv al, regardless of the pro cess that triggers the ev en t. Because of this, it is ossible that few of the remaining unaccoun ted for faults are unrelated to the test program exp erimen t. The ects of suc faults on this analysis is neglibl e. 26 Other shared data used mandelbrot consists of ector of ro oin ters for the pixelmap and structure of global ariables. The ector of ro oin ters is nev er mo di�ed once initiali zed so is replicated on eac pro cessor. The structure of globals con tains sync hronization ariables (a barrier at the start of the computation and coun ter of completed pro cesses) and run-time constan ts (e.g. pixelmap size). The global structure is allo cated on no de zero of the cluster and left there for the duration of the computation. ha also considered an UMA ersion of mandelbrot created replacing vm allocate and bind calls with vm allocate calls. In addition, the ector of ro oin ters is not man ually replicated. There is little di�erence in the erformance of the ersions, ho ev er, since the single no de that references eac pixelmap page causes the page to paged in to frame on the faulting (lo cal) no de. The shared access pattern rep orts for mandelbrot indicate that mandelbrot mak es ery little use of shared memory or the UMA ersion, there are pages regularly referenced all of the pro cesses. susp ect that one con tains the ector or ro oin ters to the image matrix, and the other con tains the structure of globals. Data collected for the NUMA ersion of mandelbrot sho ws that only single page is regularly shared. This is as exp ected, since the NUMA ersion man ually replicates the ector of ro oin ters to eac no de. hough The hough program computes the hough transform of an image read from �le 15 ]. The program computes the same transform sev eral times, sim ulating the suc program ould used as comp onen in real system. The primary shared data structures are the image matrix (actually copies are main- tained), the hough space matrix, sev eral ectors used to store summary information, and sev- eral matrices con taining trig alues precalculated during initiali zation. The orking cop of the image matrix is distributed er the pro cessor no des allo cating it with the Uniform System lloc catter atri function. The hough space matrix is replicated to eac pro cessor man- ually despite the fact that the matrix is logically shared. The man ual replication orks since eac pro cessor references and mo di�es distinct ortion of the matrix. The matrices con taining precalculated trig alues are man ually replicated to eac pro cessor no de as ell. created an UMA ersion of hough remo ving all co de to implemen man ual replication and replacing all data allo cation calls with lloc The resulting UMA ersion is uc simpler than its NUMA predecessor. or the UMA ersion of hough the shared access pattern rep orts sho alot of oten tial for oth migration and replication to impro erformance. Most of the shared pages are placed on single no de, and most are either read-write mo di�ed single pro cess, or read-only shared nearly all of the pro cesses. The NUMA results, on the other hand, sho fair amoun of activ read-write sharing of pages placed on all of the no des (ab out �v suc pages er no de), as ell as sev eral incorrectly placed (referenced only single remote pro cess) pages placed on the no de running the main pro cess. susp ect that the scatter matrix construct used the NUMA ersion of hough actually increases the amoun of activ page sharing, although it do es distribute those pages fairly ell. 4.3 asic eration Timi ngs The erformance of an memory managemen strategy dep ends partly on the relativ costs of the basic op erations the system ust erform. Imp ortan factors include memory access times, page 25 msort The msort application is an UMA parallel merge sort, orted to DUnX from the same sources used wler and Co in their study 19 ]. The primary shared data structures are the input arra an arra half the size of the input arra used as scratc area during merge phases, and an arra of sync hronization ariables used to con trol the merge phases. The input arra (initializ ed the main pro cess) is divided in to equally-size pieces eac sorted one of the pro cessors using heapsort. Once the arra pieces ha een sorted, the merge phase egins. Merging pro ceeds up the merge tree, with the left-hand sibling merging the results from the previous lev el of the tree. air- wise sync hronization ensures that the merging pro ceeds correctly Pro cessing completes when no de zero merges the results of the left and righ subtrees. Let us consider the shared memory reference patterns exhibited msort If the input arra is su�cien tly large (i.e. ytes, where is the pagesize and is the um er of pro cessors) and ultiple of the pagesize, then eac pro cessor is initial ly resp onsible for sorting ortion of the arra stored in distinct set of virtual pages. If these conditions are not met, some false sharing ccurs at the lo est lev els of the merge tree. Assuming that the size of the input arra is \nice", the pages con taining arra elemen ts from the righ t-hand siblings ecome the resp onsibili of the left-hand siblings as the computation progresses up the merge tree. Th us, the primary user of an arra page ma hange up to log times. Note, ho ev er, that at no one time will more than one pro cessor require access to an single arra page. The shared arra used as scratc space during the merge steps is used in manner similar to that of the arra page. As result, eac of its pages ma used sev eral di�eren pro cessors during the computation, but nev er more than one at time. The page con taining sync hronization data is activ ely shared all of the pro cessors. Ideally this page should placed somewhere (almost an frame will do) and left there for the duration of the program. Most of our exp erimen ts use an input size of 819200 elemen ts with sixteen pro cessors. Since the DUnX pagesize is 8192 ytes, the input arra �ts erfectly in 400 pages. The sixteen pro cessors are eac initiall resp onsible for 25 distinct arra pages. The shared access pattern rep orts for msort sho that there is great oten tial for page migration to impro computation erformance. Most of the arra pages are placed in frames on the no de running the main pro cess when the arra is initiali zed, and as result, the shared access pattern rep orts sho that large um er of pages placed on that no de are referenced only single remote pro cess (namely the pro cess resp onsible for the arra ortions in those pages) for most of the program’s duration. The lo cal-remote reference rep orts o�er further evidence that most pages are incorrectly placed, since an erwhelming ma jorit of the pages referenced all but one no de are remote. mandelbrot The mandelbrot program generates image data based on mandelbrot set calculations. The appli- cation as written one of the authors of this pap er as simple exercise in parallel programming in the spring of 1988, prior to the design of DUnX. The program is paralleli zed assigning =n consecutiv ro ws (where is the total um er of ro ws and is the um er of pro cessors) of the pixelmap to eac pro cessor. The calculations required to obtain the alue of pixel do not in olv the alues of an other pixels, so no sharing of the pixelmap is required. The original ersion of mandelbrot uses the BBN Mac h-1000 (also found in DUnX) vm allocate and bind system call to ensure the optimal placemen of pixelmap data. 24 Again, ha created an UMA ersion of fish substituting allo cation calls. Both ersions of fish exhibit high lev el of activ sharing. The shared access pattern rep orts sho that most of the ery large um er of shared pages are in activ read/write use ma jorit of the pro cessors taking part in the computation. Because of this fact, it is di�cult to select the est lo cation for eac of the virtual pages. Lo cal-remote reference rep ort data sho that the ma jorit of pages referenced eac no de are remote. gauss The gauss program sim ulates gaussian elimination on dense matrices without piv oting. The pro- gram is sim ulation in the sense that in teger rather than oating oin arithmetic is used in the computation. The program is deriv ed from the same source used wler and Co in 19 ]. It has een orted to DUnX one of the authors of this pap er. This ort do es not represen signi�can mo di�cation since the system call in terfaces of Platin um and DUnX resem ble eac other (b oth eing descenden ts, in some sense, of Mac h). This program adopts an UMA mo del, although atten tion has een paid to page oundaries in the allo cation of data. use the same 800x800 input matrix used wler and Co in their study The matrix is stored in 801 virtual pages; ector of ro oin ters is con tained in one page, and eac ro of the matrix is stored in its wn virtual page. Other shared data used gauss include ector of iteration coun ts (used for sync hronization), coun ter used as barrier to ensure that all the pro cesses egin computation at the same time, and coun ter used to eep trac of whic hildren ha completed pro cessing. The computation is paralleliz ed statically assigning ro to pro cessor mo where is the um er of pro cessors used. The ector of iteration coun ts is used to ensure that ro has een pro cessed completely efore it is used as piv ot ro w. An imp ortan consequence of this implemen tation approac is that eac ro (whic resides in its wn page) is mo di�ed only the main pro cess during initializ ation and the pro cessor to whic the ro is assigned. urthermore, no other pro cessor references the ro un til after pro cessing of the ro is complete. It is fairly easy to see that it is est to place eac ro page on the no de whic is resp onsible for pro cessing that ro w. Also, it is wise to mak lo cal cop of the curren piv ot ro during eac iteration, to decrease con ten t ion to the piv ot elemen ts. There seems to no \b est" place for the pages con taining sync hronization data, but since the um er of references to these pages is relativ ely small, this isn’t lik ely to ose serious erformance problems. In order to fully understand the eha vior of gauss under di�eren page placemen strategies, exp erimen ted with sev eral mo di�ed ersions of the program as ell. One ariation man ually replicates the piv ot page during eac iteration, one ermanen tly �xes the placemen of pages con taining sync hronization data, and one ersion is an excellen NUMA implemen tation of the algorithm (placemen is done man ually). The shared access pattern rep ort generated for the UMA gauss clearly sho ws the oten tial for page migration to impro erformance. Man (o er 250) pages referenced only single remote pro cess are placed on one no de (the no de running the main pro cess). In eac rep ort in terv al, there are sev eral pages referenced all of the pro cesses. These pages lik ely con tain piv ot ro ws. One page is referenced ev ery pro cess during eac in terv al, but except during initializ ation, is nev er mo di�ed. eliev that the page con tains the ector of ro oin ters for the input matrix, and is an ob vious candidate for page replication. The NUMA gauss shared access rep ort is somewhat di�eren t. In eac rep ort in terv al, there are sev eral pages referenced all the pro cesses in frames on eac of the no des. susp ect that these pages con tain piv ot ro ws of the input matrix, whic are man ually replicated to lo cal memory efore eing used remote pro cesses. 23 corresp onding di�erences in the um ers of lo cal and remote pages referenced eac no de. psolu The psolu application solv es the sparse linear system using blo haotic relaxation 40 ]. The input matrix is brok en in to blo ks, whic form the unit of paralleli sm. static load balancing sc heme uses the blo sizes to estimate the pro cessing time required for eac blo k. Blo ks are assigned to the pro cessors so that the estimated pro cessing time is minimized sp ecial con erg ence-c hec king pro cess con tin uously computes and compares it to the zero ector. When the solution is su�cien tly accurate, computation ceases. Blo ks of are placed (man ually) in memory on the no de resp onsible for pro cessing that blo k, as are the corresp onding blo ks of Eac pro cessor has its wn lo cal cop of The ector is the only activ ely-shared data structure, since neither the input matrix or the ector are hanged during the computation. An in teresting oin to mak is that the sp eed at whic the con ergence-c hec king pro cess runs is relativ ely unimp ortan t. While placing and in its lo cal memory ma greatly increase the sp eed of the con erg ence hec er, this only hamp ers the erformance of the pro cesses actually resp onsible for solving the system. Of course, without assistance from the programmer it is imp ossible for the op erating system to kno that it ould un wise to migrate pages of or to that con ergence- hec king no de. created an UMA ersion of psolu replacing Uniform System allo cation routines. Al- though the UMA ersion is still partially NUMA (e.g. the ector is still replicated), it do es pro vide us with ersions of the program whic can compare. Shared access pattern rep orts for oth ersions of psolu sho fair amoun of page sharing (appro ximately 80 pages total, most shared three or four pro cesses). With the NUMA ersion of the program, those pages are erfectly distributed among all but one of the no des (none are placed on the no de running the con ergence hec er) Under the UMA ersion of the program, all of the shared pages are placed on single no de (the one running the con erg ence hec er). fish The fish program 27 implemen ts the \sharks and �shes" problem originally describ ed in 20 using the Uniform System. The program sim ulates sharks and �shes mo ving ab out in o- dimensional sea. Eac oin in the sea is ccupied at most one creature. Fishes mo ab out arbitrarily ccasionally giving birth to more �shes. Sharks also mo ab out arbitrarily but they alw ys eat an adjacen �sh if ossible. Sharks also giv birth to more sharks, and they starv to death if they do not eat enough �sh. The program uses concurren ol of elemen ts (sharks and �shes) as the source of paralleli sm. ork er pro cesses acquire elemen ts from the ol, adding up dated elemen ts to second ol, un til the source ol is empt An empt source ol signals the end of the timestep, at whic oin the roles of the ols are rev ersed and pro cessing of the next timestep egins. The concurren ol data structure is designed to maximize no de-memory lo calit Unfortu- nately when the lo cal ortion of ol empties (as it alw ys do es to ards the end of timestep), ork ers attempt to acquire ork from other pro cessors. This results in elemen ts eing mo ed from one pro cessor to another. Since eac elemen is small, man �t in single page of memory Before long, man virtual pages con tain elemen ts in use sev eral di�eren pro cessors. As result, great amoun of activ memory sharing tak es place. Muc of this sharing, ho ev er, is false sharing (en tire pages are shared, but the individu al data elemen ts that comprise them are not). 22 resp onse to our requests for real application co de. One adv an tag of this collection of programs is that they ere all dev elop ed indep end en tly of our pro ject and without an kno wledge of DUnX features or olicies eing ev aluated. Since the target mac hine for most of the programs ha receiv ed elongs to the BBN Butter y family some degree of tuning for NUMA arc hitecture is generally eviden t. NUMA-orien ted test suite can answ er questions ab out ho arious memory managemen olicies in teract with programmers’ attempts to strengthen lo calit Ho ev er, programs that are not tuned to the memory arc hitecture or assume an UMA en vironmen are useful to answ er whether the OS can an e�ectiv substitute for some of the tuning no required. In spite of e�orts to solicit UMA programs, only ha een o�ered. Th us, our approac has een to mak ery minimal mo di�cations to the submitted orkload to eliminate some of the NUMA bias, creating what refer to as the UMA ersions of those original programs. This has the added ene�t of allo wing us to compare the erformance ac hiev ed sophisticated olicies for the UMA ersions with the base-case erformance of the hand-tuned NUMA ersions. Man of the programs are based on BBN’s Uniform System library ]. This programming system pro vides supp ort for pro cess generation and allo cation of shared memory within parallel program. There are memory allo cation functions that giv arying degrees of con trol er the assignmen of data to no des. These include lloc roc whic is supp osed to allo cate memory on the sp eci�ed pro cessor no de of the curren cluster, lloc ocal whic is supp osed to allo cate memory on the lo cal no de of the calling pro cess, lloc catter at ri whic is designed to distribute matrix er all no des in the cluster, and the general lloc In the deliv ered implemen tation of the Uniform System under nX, eac no de has an asso ciated memory ob ject ound to it whic is used the Uniform System allo cators as the source of dynamically allo cated space on that no de. One simple transformation applied to NUMA programs written for the Uniform System to pro duce more UMA-lik ersion is to replace the no de-sp eci �c memory allo cation calls with calls to the generic lloc hh3d The hh3d program erforms sim ulations of discon tin uous conduction in nerv or cardiac uscle. The formal discon tin uous mo del of conduction used and the sim ulator that is an instance of that mo del are discussed in 30 ]. The input to hh3d consists partly of collection of omputational el ls and their connections to one another. The sim ulation is parallelized dividing the collection of computational cells in to sets, eac the resp onsibil it of one of the pro cessors. eac sim ulation timestep, the data alues asso ciated with computational cell are up dated based on their curren alues and alues of connected cells from the previous iteration. There is considerable lo calit inheren in the problem, since computational cells tend to connected to cells that are close This application as written an exp erienced NUMA programmer using the Uniform System. As result, data as carefully placed hand in order to minimize the era ge memory access times. Using purely syn tactic hanges, created an UMA ersion of the program replacing no de-sp eci� memory allo cation calls as describ ed ab e. The shared access pattern rep orts generated with sp ecial DUnX memory managemen olicy sho that oth the NUMA and UMA ersions of hh3d use relativ ely few shared pages, but that eac of those pages is activ ely read-write shared sev eral no des. The shared pages are nicely distributed er the no des (ab out suc pages er no de) for the NUMA ersion, but all are placed on single no de under the UMA ersion. The lo cal-remote reference rep orts sho the 21 \shared access pattern rep ort". erio dically eac no de rep orts the total um er of pro cesses (lo cal and remote) that referenced eac of its remotely-referenced frames during the curren in terv al. The generated rep orts also indicate whether or not the page as mo di�ed. These rep orts pro vide insigh in to the memory sharing patterns of the application. or example, it is easy to see pages that should replicated (shared sev eral pro cesses but not mo di�ed) and pages that should migrated (referenced only one remote pro cess). The rep orts also giv us feel for the amoun of activ sharing (pages eing read-write shared sev eral pro cesses) in the application. Another sp ecial DUnX olicy generates \lo cal-remote reference rep orts". erio dically eac no de rep orts the um er of lo cal and remote pages referenced that no de in the previous in terv al, as ell as the um er of lo cal and remote pages mo di�ed that no de. While not nearly as detailed as complete memory reference trace, these rep orts are easy to generate and pro vide lev el of information that has pro en to useful in aiding our understanding of the eha vior of di�eren application-p ol ic com binations. Some of our most erful information collection tec hniques are based on erformance compar- isons. By sligh tly mo difying the memory managemen olicy or the application program and then comparing the results, can gain aluable insigh in to the issues a�ecting erformance. or exam- ple, migh compare ersions of the same application, where one ersion has een mo di�ed to man ually place (and �x) certain frequen tly used data structure. If the original ersion su�ers far greater um er of coherency faults than the mo di�ed ersion (as ell as longer completion times), ha evidence that the memory managemen olicy in use su�ers when presen ted with the original memory reference eha vior. This same approac can applied comparing similar memory managemen strategies. or example, rather than arying the application program, migh compare olici es that di�er only in their criteria for replicating page. If erformance ere iden tical in oth cases, there is evidence that for the particular application eing run, oth replication criteria ork equally ell. If, on the other hand, one olicy erformed uc etter than the other, ha learned something ab out ho this test application reacts to di�eren page replication criteria. The er of this information collectin tec hnique will ecome more apparen when discuss the results of our study While ha discussed the assortmen of information that are able to collect, ha said little ab out the information cannot easily collect. erhaps the most imp ortan piece of information that ha no of gathering is the era ge memory access time of giv en ap- plication under giv en memory managemen strategy While this ould ery aluable piece of information to ha e, it is clear that it ould imp ossibl (without sp ecial hardw are supp ort) to collect suc data from an op erating system ernel without disturbing the eha vior of the ap- plication. Ev en kno wing the um ers of remote and lo cal memory references ould useful, but this to o, is extremely di�cult to measure without sp ecial hardw are. Similarly it is di�cult to measure the amoun of time sp en the ernel in lo w-lev el pro cessing (e.g. in the lo est -lev el trap handler). Kernel ev en logging migh used to measure these small bits of erhead, but then the ev en logging itself migh ecome signi�can erhead. Additionall the olume of data logged ould gro signi�can tly In general, there is an in erse relationship et een the time it tak es for an op eration to complete and the di�cult asso ciated with collecting information ab out that op eration. 4.2 orkload In this section, describ the individ ual programs that comprise our exp erimen tal orkload. These programs ha een con tributed mem ers of sev eral BBN Butter y user comm unities in 20 Group Examples Description N-N-N N-N-N-NSNB base-case static olici es N-N-N-NS N-N-N-NB Rm-x-x Rm-N-N recall migrate olicies Am-N-x Am-N-N pull inactiv migrate olicies Am-N-Si Am-N-Ri Am-Am-x Am-Am-N migrate on reference Am-Tm-x Am-Tm-St triggered migrate olicies Am-Tm-R Am-Bm-x Am-Bm-St balance migrate olicies Am-Bm-R Wm-Wm-x Wm-Wm-TDi arm migrate olicies Wm-Wm-TDt Wm-Wm-SDt Wm-Wm-RDt Wm-Wm-L TDt Pm-Pm-x Pm-Pm-SDt paced migrate olici es Pm-Pm-RDt Pm-Pm-TDt x-N-xp N-N-Sp push migrate olici es Am-N-Sp (some with inactiv pull) N-N-Rp Am-N-Rp N-N-Cp Am-N-Cp Am-xr-x Am-Ar-N replicate olici es Am-Rr-R Ot Am-RrBm-x Am-RrBm-R OtSt replicate read-only and balance migrate Am-RrBm-R OtR Wm-W rm-x Wm-W rm-SDt arm replicate or migrate olicies Wm-W rm-RDt Wm-RrWm-R OtSDt Wm-RrWm-R OtRDt Wm-RrWm-R OtL TDt Pm-Prm-x Pm-Prm-SDt paced replicate or migrate olici es Pm-Prm-RDt Pm-Prm-TDi Pm-Prm-TDt Pm-RrPm-R OtSDt Pm-RrPm-R OtRDt x-x-x-NSNR Pm-Prm-N-NS no scanner and no replacemen olicies Pm-Prm-TDt-NR Wm-W rm-N-NS Wm-W rm-RDt-NR able 3: Common olicy Groups with Examples 19 In table sho sev eral common olicy groups, as ell as examples of eac and short English description of the group. Most of the more imp ortan olici es e’v considered app ear in the table. eri en 4.1 nformation athering DUnX has een dev elop ed to serv as testb ed for exp erimen tal ev aluation of di�eren NUMA memory managemen strategies. Because of its role in exp erimen tation, the capabilit to gather erformance information is extremely imp ortan t. In this subsection, discuss the set of informa- tion gathering to ols and pro cedures use to study olicy eha vior. The primary measure of erformance is elapsed time. This \b ottom line" measure pro vides the answ er to the simple question, \whic olicy deliv ers the est erformance for this application?" The DUnX virtual memory system main tains large collection of er-no de and er-pro cess ev en coun ts. Coun ted ev en ts include suc things as page faults, separate coun ts for di�eren yp es of page faults (e.g. zero-�ll, pagein, protection, translation, cop y-on-write, coherency etc.), page migration and replication op erations, and frame orro op erations. The DUnX vm mapstat system call is used to extract this information from the ernel and wide range of user-lev el to ols based on the system call ha een dev elop ed. Using the data collection to ols, are able to gather summary information on er-pro cess, er-no de, or er-cluster basis as ell as dynamically monitor er-pro cess, er-no de, or er-cluster eha vior. Information of this sort helps to explain the observ ed completion time erformance di�erences of di�eren memory managemen strategies. The DUnX ernel also supp orts the BBN nX ernel ev en logging facilit Similar to BBN’s user-lev el (ev en logging) pac age ], the ernel ev en logging facilit pro vides the abilit to log ev en ts (a four-tuple consisting of no de um er, an ev en co de, timestamp, and 32-bit data alue) from ernel co de. There are er one undred and fort ev en ts curren tly de�ned in the DUnX ernel, group ed in to sev eral ev en classes (e.g. page fault ev en ts, sc heduler ev en ts, tlb ev en ts, etc.). user-lev el program is used to enable and disable logging of sp eci�ed set of ernel ev en classes. Since the gran ularit of ev en ts is fairly small, ev en logs can gro incredibly large in ery short erio of time. Th us, although ernel ev en logs pro vide ery detailed information, they are not practical as primary means of data collection simply ecause of disk space limitations. There are sev eral ys that ernel ev en logs can analyzed. BBN’s gist program has pro en quite aluable. ist is an in teractiv to ol that can graphically displa er-no de ev en time- lines, making it easy to see when an ev en ccurred relativ to other ev en ts (p ossibly on other pro cessor no des). Another useful feature of gist is the abilit to de�ne \states". pro cessor is considered to in particular state from the time sp eci�ed en try ev en ccurs un til the time the corresp onding exit ev en ccurs. ist can plot histograms of state duration times (with assorted statistics calculated automatically), making it easy to determine ho long certain op erations (e.g. page faults, page migrations, etc.) ypically tak e. ist is also able to plot bar harts sho wing the ercen tage of the total trace time sp en in particular state. Using this feature, are able to determine things suc as the erhead sp en running the page scanners for particular application under particular memory managemen strategy Sev eral additional to ols ha een dev elop ed at Duk that mak it easy to use ypical Unix to ols (e.g. and sort to analyze ev en logs. Ho ev er, the ery large olume of data pro duced from ernel ev en logging limits the utilit of these logs requiring considerable amoun of e�ort for analyzing them. The exible olicy con trol mec hanism in DUnX has een exploited to pro vide ys of collecting information ab out the memory reference patterns of di�eren applications. The �rst is 18 Abbr. olicy Option never trigger or migr ate Si simple inactivate trigger St simple emote invalidate trigger Ri emote-wins inactivate trigger emote-wins emote invalidate trigger TDi time defr ost inactivate TDt time defr ost trigger SDt simple defr ost trigger RDt emote-wins defr ost trigger TDt long time defr ost trigger Ot ad-only trigger Sp simple push migr ate Rp emote-wins push migr ate Cp appr imate omp etitive push migr ate able 2: Abbreviations for age Scanner olicy Options 12. Some com bination of the ab options. As with the fault-time options, only the more reasonable ossibili ties (e.g. com bination simple defrost and read-only trigger) ha een implemen ted in DUnX. The page scanner options are abbreviated as sho wn in table 2. As with the page fault options, com binations are abbreviated concatenating the comp onen abbreviations. Names for complete DUnX page placemen olici es consist of three required �elds (a yphen is used to separate �elds) and one optional �eld. The �rst �eld sp eci�es ho fault on page in an inactiv frame is handled and the second indicates ho fault on an other residen page is handled. It is common for olicy to handle these cases di�eren tly since an inactiv frame is assumed to not in use on its lo cal no de. Eac of the �rst �elds tak es on alues from table 1. The third required �eld describ es the eha vior of the page scanners. Legal alues are obtained from table 2. The optional fourth �eld is used for ad ho sp eci�ers. ossible alues include NB (indicating that the olicy do es not allo frame orro wing), NS (indicating that the olicy do es not use the page scanners), and NR (indicating that the page scanners do not do ordinary page replacemen t). Examples of alid olicy names include N-N-N-NBNS (the default DUnX olicy whic nev er migrates or replicates and uses �xed-no de frame selection), Am-Ar-N (a simple pull-based cac hing strategy), Am-Rr-R Ot (a cac he read-only olicy), Wm-W rm-RDt (a more complicated strategy using freezing and global usage trigger), and man others. Groups or classes of olicies are sp eci�ed with the help of the wildcard sp eci�er x. or example, x-W rm-x refers to all olicies that replicate or migrate arm pages and x-x-xp refers to all olicies that use push migration. By com bining the olicy pieces, can create an extremely large um er of page placemen olicie s. In e�ect, there are millions of olici es alr ady implemente in the DUnX ernel. Of course, it is completely unreasonable to study eac of them, so ha concen trated our e�orts on com binations that in tuitiv ely mak sense and com binations that pro vide insigh in to the issues at hand. 17 3.3 age Scanner ecisions The DUnX page scanners are essen tial comp onen ts of the dynamic page placemen algorithms. The page scanners a�ect dynamic page placemen triggering page faults (in ten tionally or otherwise) and/or push-migrating pages to di�eren frames. The page scanners also serv an imp ortan job as data collectors, for uc of the information ab out dynamic access patterns used the placemen olicie is collected the page scanners. page scanner ma trigger placemen decision reev aluation (b completely inactiv ating frame or simply in alidating the remote virtual to ph ysical mappings to the frame) or it ma actually migrate page itself. The follo wing options are ailable to the scanners: 1. Nev er trigger or migrate an ything. 2. rigger whenev er the simple test (as de�ned in Section 3.1) succeeds. This is called the simple trigger. 3. rigger when the remote-wins test succeeds. call this the emote-wins trigger. 4. rigger whenev er frozen page is encoun tered. The page is defrosted at this time, so it ma migrated and/or replicated again. This is called time defr ost trigger, since the decision to defrost the page is based only on the fact that the page has een frozen for some amoun of time ounded the maxim um in terv al et een successiv page scans (four seconds is the exp ected time un til defrost in the default case). 5. rigger (and defrost) an frozen page when the simple test succeeds. This is called the simple defr ost trigger. 6. rigger (and defrost) an frozen page for whic the remote-wins test succeeds. This is called the emote-wins defr ost trigger. 7. rigger an frozen page that has een frozen for su�cien tly long time (curren tly de�ned as sixteen page scanner runs). This is called the long time defr ost trigger. 8. rigger whenev er writable page app ears to ha ecome read-only (i.e. when the aged mo dify coun go es to zero). call this the ad-only trigger. 9. Push migrate page whenev er the simple test succeeds. The page is pushed to the remote no de that last up dated the remote usage coun t. This is called the simple push migrate. 10. Push migrate page whenev er the remote-wins test succeeds. The page is pushed to the remote no de that last up dated the remote usage coun t. This is called emote-wins push migrate. 11. Push migrate whenev er er-no de coun ter asso ciated with the frame exceeds some thresh- old. The er-no de coun ters are main tained the page scanners as follo ws: whenev er reference to page is detected (when the scanners lo ok at the hardw are page tables), the coun ter for that no de on that frame is incremen ted, and some other no de’s coun ter for that frame is decremen ted. This is rough appro ximation to the comp etitiv page migration al- gorithm presen ted in 13 ]. Though our appro ximation is not itself comp etitiv e, call this omp e titive push migrate. 16 Abbr. olicy Option never migr ate or eplic ate Ar always eplic ate Am always migr ate Arm always eplic ate or migr ate Rm al migr ate trigger eplic ate Tm trigger migr ate rm trigger eplic ate or migr ate warm eplic ate Wm warm migr ate rm warm eplic ate or migr ate Pr ac eplic ate Pm ac migr ate Prm ac eplic ate or migr ate Rr ad-only eplic ate Bm alanc migr ate able 1: Abbreviations for age ault Handler olicy Options 6. If page is arm and it hasn’t een in alidated recen tly (an time within the past millise c- onds or within the in terv al since the page as last defrosted, whic hev er is smaller), migrate, replicate, or do one or the other dep ending on the yp of memory reference that caused the fault. If the page is arm and it has een in alidated recen tly the page is frozen. Since page is frozen only if in alidations ccur to frequen tly call this ac migration or replication. 7. On read reference, replicate read-only pages. Here, the de�nition of read-only page is the one giv en in the previous subsection. 8. Migrate page if the no de on whic it curren tly resides has remote reference measure more than wice that on the lo cal no de. migration erformed in this is called alanc migration, since the goal is to ev enly distribute (i.e. balance) the activ ely shared pages among the pro cessor no des using them. 9. Some com bination of the ab options. While not all com binations are ossible, most of the in teresting com binations (e.g. read-only replicate with balance migrate and read-only replicate with arm migrate) ha een implemen ted. Our olicy naming con en tions are based on sets of abbreviations. or example, the preceding options for handling page faults on remote residen pages are abbreviated as sho wn in table 1. Com binations are abbreviated concatenating the comp onen abbreviations. or example, olicy that com bines read-only replication with balance migration ould abbreviated as RrBm or BmRr. The order of the comp onen ts is signi�can t, as it sp eci�es whic of the options is considered �rst. 15 is just single comparison of the coun ts that succeeds when the remote usage coun exceeds the lo cal usage coun t. more conserv ativ ersion of the test succeeds only after the remote usage coun has een at least as high as the lo cal usage coun for sev eral (the default is four) page scanner iterations in ro w. This latter ersion is called the emote-wins test. Some of our test olici es partly base decisions on no de’s emote efer enc me asur The remote reference measures (one for eac no de) are main tained the page scanners. Eac is the sum er eac of the lo cal frames of the um er of remote pro cesses that referenced that frame in the past eigh one-second in terv als. It serv es as concise estimate of the erall amoun of remote usage of lo cal frames. The DUnX page scanners are able to age hardw are mo di�cation bits to detect phases in whic writable pages are really used in read-only fashion. This is oten tially erful capabilit since pages that aren’t eing mo di�ed can easily replicated. tak adv an tag of this capabilit some DUnX olicies de�ne ad-only page as one that is either nev er writable (the con en tional de�nition) or one that has not een mo di�ed in the recen past (the aged mo dify coun go es to zero). Memory ob ject yp information helps determine whether page is actually a�ected dynamic placemen olicy running in its cluster. or example, co de pages are alw ys placed lo cally regardless of olicy Kernel co de and data structures are nev er migrated, and some data are actually wired in to main memory ermanen tly The default page no de for memory ob jects is the faulting no de, so priv ate data is nearly alw ys initiall placed lo cally Cop y-on-write and cop y-on-reference (from remote no de) mec hanisms are emplo ed all of the olicie to minimize access times to unshared memory inherited from the paren t. 3.2 ault-Tim ecisions When page fault ccurs on page residen in remote memory frame, some olicies migrate or replicate the page to lo cal frame. ault-time migrations are predominan tly pull-based. The olicie considered handle the situation in one of the follo wing ys (note that all migration and replication op erations are sub ject to destination frame ailabilit y): 1. Nev er migrate or replicate page (trivial no migration and single-cop replication subp olici es). olicy ariations within this class deriv from the hoice of �xed-no de or preferred-no de frame selection strategies for initial placemen (our previous ork 29 ruled out random- no de placemen for further consideration in this study). 2. Alw ys migrate, alw ys replicate, or alw ys do one or the other dep endin on the yp of memory access that caused the page fault. 3. Alw ys migrate the page if it resides in orro ed frame. This implie preferred-no des frame selection subp olicy and is called al migration. 4. Alw ys migrate, alw ys replicate, or alw ys do one or the other whenev er the page fault as in ten tionally triggered page scanner (a ag in the frame en try is set when scanner attempts to trigger faults on page). This is called trigger migration or replication. 5. Alw ys migrate, alw ys replicate, or alw ys do one or the other whenev er the page faulted on is arm. Whenev er cop of arm page ust in alidated (when the page is migrated or when one of ultiple copies is mo di�ed), the page is frozen. This is called warm migration or replication. 14 reev aluation of the page placemen decision. 2.5 The olic Mo dule In the previous subsections, sev en olicy functions ere in tro duced. These functions isolate page placemen olicy decisions from the fault handler and the page scanners. Decisions made the functions are based on input parameters, no de status ariables (e.g. curren page fault frequency or remote reference frequency), and the curren cluster memory managemen attributes. Assorted reference history information (e.g. er-no de usage coun ts, in al- idation histories, aged mo di�cation bits, etc.) can main tained the olicy routines and stored in the frame data structures. The memory managemen attributes (stored in cluster mmattr ha primary con trol er the pro cessing done in eac olicy function. The 32-bit cluster mmattr is divided in to eigh four-bit nibbles. Sev en of the nibble are used to con trol eac of the sev en olicy functions. The �nal nibble is used for more generic con trol er the decision making pro cesses. Eac olicy function egins extracting its four-bit nibble of olicy-con trol information, whic is then used to select from one of sixteen ossible olicies. Since eac olicy function is con- trolled indep en den tly this organization is capable of supp orting er four bill ion di�eren memory managemen strategies, selected dynamically on er-cluster basis. ha implemen ted and exp erimen ted with er 40 di�eren olicies to date. The exible olicy con trol mec hanisms and implemen tation framew ork in DUnX has giv en us to collect information regarding shared memory usage patterns as ell. These sp ecial olicies are describ ed in section 4.1. or en oli ci e In this section, in tro duce the collection of memory managemen olicies ailable in DUnX. tak ottom-up approac in our discussion, starting with some de�nitions and then description of \p olicy pieces" that are com bined to dev elop en tire olici es. During our discussion, in tro duce the olicy naming con en t ions that subsequen tly use. 3.1 nitions As describ ed in Section 1.2, the migration subp olic determines when placemen decisions are reev aluated and, th us, when pages ma ecome candidates for mo emen or replication. Under some dynamic olicies, fr en page is one that temp orarily cannot mo ed or copied (this name is adopted from 19 ]). page that isn’t frozen is said to warm The act of hanging the status of arm page to frozen is called fr in and the opp osite hange is called warming or defr osting The rationale ehind freezing pages is to oid page ouncing in the presence of olatile access patterns. Sev eral of the olicie under consideration rely on the page scanner in alidating the mappings to some pages in order to cause page faults whic ma in turn result in page migration or replication op erations. The test used the page scanner to determine when to erform suc in alidation is called trigger page fault caused in this is called trigger page fault. The impact of di�eren yp es of information ab out page usage is an essen tial asp ect of our olicy ev aluations. Sev eral of the page scanner triggers used DUnX olicie are based (en tirely or partly) on the lo cal and remote usage coun ts main tained for eac frame the page scanners. The remote usage coun represen ts constan t-space, global measure of page usage. simple test 13 The user-selectable memory managemen olicy determines whether the scanner on particular no de is enabled or not. When page scanner is enabled, it runs erio dical ly (this is guaran teed) in the idle proc con text. page scanner has sev eral resp onsibil iti es. It main tains soft are reference coun ters aging the hardw are reference bits, it mo es frames among the frame status lists to supp ort the page replacemen olicies, and it erforms assorted tasks to supp ort dynamic page placemen t. Eac frame con tains appro ximate usage coun ts: one for references from the lo cal pro cessor and one for references from remote pro cessors. One page scanner phase ages oth coun ts shifting the coun ters righ one bit for eac lo cal frame. The next phase is scan through the lo cal pmap data structures, where hardw are reference bits are hec ed and then cleared. If hardw are reference bit is set, high-order bit is or’ed in to the corresp onding (lo cal or remote) soft are reference coun ter. During this page scanner phase, olicy supp ort routine vm polic count is called so that sp ecial olicy-sp ec i� information (e.g. er-no de reference coun ts) can collected if desired. The third page scanner phase runs less frequen tly than the other phases in order to minimize erhead. The third phase is resp onsible for examining eac lo cal frame and then determining whether or not the status of that frame should hange. As the scanner lo ops through the lo cal frames, its actions dep end on the curren status of the frame, the soft are reference coun ts for that frame, and the return alues from olicy decision-making functions. In its role of main taining the frame status lists, the scanner considers eac frame, comparing its lo cal reference coun to prede�ned thresholds in order to iden tify pages that are accessed lo cally su�cien tly often to classi�ed as activ e, pages that ma ten tativ ely classi�ed as remactiv e, and pages (including replicas) that app ear to lo cally inactiv e. The status of remactiv frame can hanged to inactiv after all virtual to ph ysical mappings to the frame ha een in alidated. An un used replicated frame is freed after all virtual to ph ysical mappings to it ha een in alidated. Whenev er frame has een inactiv for su�cien tly long (the soft are usage coun ters are clev erly used to detect this ccurrence) and the page in the frame is clean, the page is freed. Since the page scanner nev er actually erforms pageout op eration (this is left to the fault handler), dirt pages remain in inactiv frames un til they are reactiv ated (as result of fault), replaced and written to disk the page fault handler, or freed as result of the termination of the pro cesses using them. olicy supp ort routine vm polic scan page is called once for eac frame, so that olicy- sp eci�c op erations done on ev ery frame regardless of status can erformed. The vm polic push trigger routine is called for eac activ frame. It ma direct the page scanner to in alidate al virtual to ph ysical mappings to the frame and hange its status to inactiv e, to in alidate all emote virtual to ph ysical mappings to the frame (lea ving lo cal mappings in tact and the frame status activ e), or to do nothing to trigger additional faults. riggering page faults suc in alidations can force reev aluation of the earlier page placemen decisions. Another olicy function vm polic push migrate is called whenev er vm polic push trigger decides not to trigger faults on an activ frame and whenev er remactiv frame is encoun tered that app ears to correctly categorized as primarily accessed from remote no des. It determines whether or not to push the page to free frame on some other no de. If vm polic push migrate returns alid pro cessor no de um er, the page scanner migrates the page in that frame to free frame on the sp eci�ed pro cessor no de. All mappings to the source frame are in alidated at this time. References to the page subsequen tly result in page faults. Ho the resulting page faults are handled dep ends en tirely on the vm polic fault active olicy function, but it is exp ected that the recen tly migrated cop of the page ould used to satisfy the faults. As with the DUnX page fault handler, the DUnX page scanners pro vide supp ort for imple- men ting dynamic page placemen without making an olicy-sp eci �c decisions. The scanner has the abilit to push migrate pages as ell as the abilit to induce page faults whic then trigger the 12 Additional decision-makin is required when page fault is tak en on oten tially shared page that is already residen in some ph ysical frame. Three olicy functions are used to mak migration and replication olicy decisions in the fault handler. 1. vm polic fault inactive This function is called whenev er page fault is tak en on page in an inactiv frame to decide whether or not to migrate the page. If the function determines that migration is appropriate, the page is migrated to lo cal frame and the remote source frame is freed. Otherwise, the inactiv frame is reactiv ated and used to satisfy the fault. 2. vm polic fault active This decision function is called whenev er fault is tak en on an activ or remactiv frame and decides whether to migrate the page, replicate the page, or neither. If the decision is to migrate, the page is copied to lo cal frame and the source frame is freed (after in alidating all virtual to ph ysical mappings to that frame). If the function decides up on replication, the page is copied to lo cal frame whic is used to satisfy the fault. The status of oth frames is hanged to replicated and write access is disallo ed. The remaining option is that the activ or remactiv frame is used to satisfy the fault. 3. vm polic fault replicate This function is called whenev er fault is tak en on repli- cated page. Ho ev er, efore calling the function the fault handler selects one of the replicas to est service the fault. If lo cal cop exists, it is the frame hosen. The action the fault handler tak es dep ends not only on the return alue of the decision function, but also on the yp of memory access (read or write) that triggered the page fault. If the page fault as triggered write memory access, the coherence olicy ust used to ensure data consistency The DUnX coherence olicy is based on simple directory-based in alidation sc heme. The frames con taining copies of the page are link ed together and eac frame con tains the information necessary to in alidate mappings to itself, so the in alidation phase is fairly straigh tforw ard. single cop of the page surviv es. The olicy routine ho oses et een using the single remaining cop of the page to satisfy the fault and migrating that cop to lo cal frame. In the case of migration, the original frame is freed. If the page fault as triggered read memory access, no sp ecial data consistency pro cessing is required. Either the replica hosen the fault handler is used to trivially satisfy the fault or an additional cop is created to satisfy the fault. In all cases, the frame status of the frame(s) in olv ed is up dated dep endi ng on the lo calit of the frame used with resp ect to the faulting pro cess (activ or remactiv status), on whether ultiple copies exist (replicated status), and on whether the frame has een the source of migration or victim of coherency fault (free status) The DUnX page fault handler supp orts dynamic ultiple-cop page placemen t, but all fault- time migration or replication olicy decisions are left to these three olicy functions. Isolating olicy decisions from the bulk of the VM subsystem has een DUnX design goal, as it greatly simpli�es the task of implemen ting new olicy options. 2.4 The age Scanners virtual memory system for NUMA ultipro cessor that relies en tirely on page faults to in ok olicy op erations is sev erely limited in the range of olicy options that can implemen ted. In suc system, ev en if it ere ossible to detect that page is orly placed, there is no to gain con trol unless page fault ccurs. Th us, DUnX pro vides eac pro cessor no de with page scanner. 11 Other status alues are ailable to used for other purp oses, suc as eeping trac of frames used for ernel text or page tables. Ev ery frame can ypically found on sev eral lists. All of the frames holding residen pages of memory ob ject are link ed together, distributed ob ject/o�set hash table serv es to quic kly lo cate residen pages of memory ob ject, and status lists on eac no de serv to collect frames with similar status alues. rames holding copies of the same virtual page are link ed together on still another list. Eac frame en try also con tains list of everse pte en tries. Eac en try describ es alid pmap en try to that frame, making it easy for the VM system to determine whic pmaps need to mo di�ed when the virtual to ph ysical mapping of page is in alidated. 2.3 The age ault andler age faults are the primary initiators of virtual memory managemen op erations. age placemen (includi ng replication and migration) and page replacemen decisions ma all required of the page fault handler. When page fault ccurs, lo okup in the faulting pro cess’s address map results in oin ter to the memory ob ject to whic the address elongs, as ell as an o�set in to that memory ob ject. The fault handler immediately acquires free page frame that can used to service the fault, if necessary Acquiring the free frame early simpli�es the lo king proto cols. If the frame is not needed to service the fault, it is simply returned to the appropriate free frame list. Selection of free frame is based on sev eral factors. The preferred no de from whic to acquire frame is determined the page no de �eld in the memory ob ject and the memory managemen attributes in force within the cluster. or some olicies, the preferred no de is the faulting no de, regardless of the page no de �eld, and in other olicies, it is de�ned as the page no de (whic often defaults to the faulting no de an yw y). If frame is readily a ilable (i.e. there is at least one frame on the free or zero ed list) on this preferred no de, suc frame is acquired. If not, frame orro wing op eration 29 is considered. frame is orro ed from another no de when four conditions are met: the memory ob ject allo ws frame orro wing (this is sp eci�ed the programmer or compiler), the user-selected memory managemen olicies for the curren cluster allo frame orro wing, thrashing situation has een detected (see 28 for discussion of frame orro wing triggers), and there exists no de with an abundance of free frames. If free frame cannot orro ed from another no de, the fault handler is forced to acquire frame on the preferred no de. This op eration ma include the replacemen of page. The DUnX replacemen olicy acquires the �rst frame it �nds searc hing the frame status lists in the follo wing order: free/zero ed (whic of these lists is examined �rst dep ends on whether or not the fault requires zero ed page), inactiv e, replicated, remactiv e, and activ e. The page scanner (discussed later), whic ma or ma not enabled, is resp onsible for mo emen of frames among these lists. The result is an appro ximate er-no de LR replacemen olicy Once free frame is acquired (just in case one is required to service the fault), the fault handler con tin ues searc hing an ob ject/o�set hash table to determine whether cop of the desired page is already residen in main memory When page fault is tak en on non-residen page, the fault is serviced either pro viding zero-�lled page or bringing in cop of the page from bac king store. In either case, the necessary adjustmen ts to the hardw are page tables are made and pro cessing con tin ues. requen tly will use phrases lik \frames link ed together". ec hnically mean that the frame en tries corresp ondin to those frames are link ed together. 10 cluster mmattr to driv olicy decisions. the shell-lev el, users con trol the memory manage- men attributes through use of the cluster and/or clusterctl commands. 2.2 irtual Memor Su stem ata Structures The erall structure of the nX virtual memory subsystem, describ ed in ], pro vides an attractiv basis for our mo di�cations designed to supp ort the goals of the DUnX virtual memory (VM) subsystem. The �v cen tral data structures in the VM subsystem are: er-pro cess address maps comprised of map entries whic describ the address space of pro cess; memory ob cts whic describ region of (p oten tially shared) memory; fr ame table entries eac represen ting ph ysical page frame ailable on the mac hine; and pmaps the ph ysical page tables for some pro cess. or our purp oses, memory ob jects and memory frames are of primary concern. More detailed descriptions of the other data structures can found in ]. memory ob ject describ es region of abstract memory The ob ject data structure con tains the information needed to �nd residen pages of the ob ject as ell as pages on bac king store. memory ob ject ma shared ultiple pro cesses (referenced ultiple address maps), and/or mapp ed in to di�eren virtual addresses within the same or di�eren address maps. Eac memory ob ject has an asso ciated age no de whic indicates the pro cessor no de considered to \b est" for storing pages of the ob ject. The page no de �eld can set the applications programmer or compiler, but its default alue indicates that pages of the ob ject should initiall placed on whic hev er no de faults them in to main memory Memory ob jects also con tain ag indicating whether or not mo emen (replication or migration) of its pages from frame to frame is allo ed. susp ect that more extensiv olicy con trol at the ob ject lev el ma useful, although ha not et iden ti�ed the appropriate constructs and implemen ted them in the DUnX ernel. The frame en try is used to describ single ph ysical page frame. ogether, the frame en tries form distributed frame table. Eac frame has status that indicates ho the frame is curren tly eing used. Status ossibiliti es imp ortan for our purp oses are listed elo w: free frame is one that is curren tly not in use. The con ten ts of the frame are uncertain. er zero ed frame is free frame not in use, but is kno wn to con tain all zero es. Since newly allo cated memory is zero-�lled, eeping trac of suc frames separately is useful optimization. ctive An activ frame is one that con tains alid virtual page though to in use pro cess on the lo cal pro cessor. emactive remactiv (short for remotely-activ e) frame con tains alid virtual page that ma in use only pro cesses executing on remote pro cessors. eplic ate replicated frame con tains one of at least copies of some virtual page. The frame is assumed to in use pro cess on the lo cal pro cessor. Inactive An inactiv frame con tains virtual page not curren tly in use an pro cess (all virtual to ph ysical mappings to the frame ha een in alidated). nX and Mac h, frames are called residen pages. prefer to call them the more traditional name, as it helps elimi nate confusion et een virtual and residen pages. Th us, residen page (of the virtual address space) ccupies frame. of managing the lo cal-remote memory hierarc consider it single problem. view page replication and migration as part of the page placemen olicy rather than as distinct problems. 1.4 rgani ation of this ap er The next section of this pap er describ es the mec hanisms pro vided in the memory managemen subsystem of the DUnX ernel that mak es it an e�ectiv platform for the in estigation of wide range of NUMA page placemen olici es. This is follo ed, in Section 3, discussion of ho olicie can comp osed in DUnX and the subset of olicies under consideration in this study Section presen ts our exp erimen tal metho d, includin the orkload and instrumen tation facilities built in to the system. Then the results from an extensiv set of exp erimen ts are presen ted. Finally summarize. or en ec nis The DUnX op erating system is deriv ed from BBN’s nX op erating system. The principal di�erences lie in the addition (in DUnX) of supp ort for dynamic ultiple-cop page placemen (page migration and page replication with assured data consistency) and dynamic user-lev el con trol of memory managemen olicy egin the section with discussion of dynamic user-lev el memory managemen olicy se- lection. The follo wing subsections discuss the underlying data structures in the virtual memory subsystem, the page fault handler, and the page scanners. Emphasis in these latter subsections is on the mec hanisms used to supp ort ariet of di�eren page placemen strategies. The �nal subsection describ es the organization of the olicy decision-maki ng mo dule. Keep in mind that only mec hanism is discussed in this section. The actual memory managemen olicie considered are describ ed in section 3. 2.1 namic ser- ev el olic Selection con en tional for ultiple users to share the resources of GP-1000 mac hine is to assign eac user dedicated subset of the pro cessor no des (called cluster ). DUnX expands up on this pro viding users with the abilit to sp ecify and dynamically hange the memory managemen olicie used in eac cluster of the mac hine. This feature serv es useful purp oses. First, dynamic user-lev el olicy selection mak es olicy comparison far simpler task. It is ey feature in making the DUnX ernel conduciv en vironmen for exp erimen tal ev aluation of olicy alternativ es. single shell script can create cluster in whic to run suite of tests, and then run an application sev eral times, hanging the memory managemen strategies used eac time. No system reb oting is required, and other users of the mac hine are una�ected (as far as olicy is concerned) the ongoing tests. also claim that dynamic user-lev el olicy selection is useful feature to ha in pro duction op erating system. Our results (presen ted in Section 5) indicate that no single olicy orks est in all cases. Un til some erfect olicy is dev elop ed, eliev it is desirable to pro vide ariet of options from whic the user or programmer can ho ose. On eac pro cessor no de, the curren memory managemen attributes for the cluster to whic the no de curren tly elongs are recorded in the lo cal elemen of the cluster mmattr arra (the arra is distributed across the pro cessor memories so that one elemen is lo cal to eac no de). The memory managemen attributes are hanged through use of the cluster ctl system call. As shall see, olicy routines in the virtual memory managemen subsystem use the con ten t of coun ters for eac dimension of the comm unications net ork are used to pull pages to ards the no des referencing them. While this algorithm (with appropriate hardw are supp ort) lends itself nicely to some connection net o rks (e.g. meshes or yp ercub in terconnects), it isn’t as appropriate for ulti-lev el switc in terconnects suc as the one used on BBN Butter y systems. Hollida studied mec hanisms for doing migration of shared data pages on Butter y-t yp arc hitecture 25 ]. His study concen trated on issues suc as page size, reference bit aging, the um er of sp ecial migration daemons needed, and the sleep dela ys et een daemon runs. In related pap er 24 ], he discussed the managemen and organization of the page tables used to supp ort migration. wler and Co ha een studying NUMA memory managemen on Butter y Plus ultipro- cessor using their Platin um op erating system 19 ]. The approac they use is based on an extended soft a re cac hing sc heme with directory-based in alidation coherency proto col. In an attempt to oid frequen in alidations and excessiv migration (page ouncing), pages are fr en in memory when they are in alidated to frequen tly daemon runs erio dicall to defr ost those pages, so that the system can react to hanging reference pattern. The ort of the Mac op erating system to the IBM CE ultipro cessor Bolosky Scott, and Fitzgerald is discussed in 14 ]. The CE memory hierarc consists of memory mo dules lo cal to eac pro cessor (but accessible an pro cessor) as ell as large global memory The approac tak en uses the lo cal memory mo dules as cac he space for the global memory Read-only pages ma replicated in lo cal memories. ritable pages ma initial ly mo ed from one lo cal memory to another, but when threshold on the um er of migrations is reac hed, the page is considered activ ely write-shared and ends up eing ermanen tly placed in the global memory to oid page ouncing. The Psyc he op erating system eing dev elop ed LeBlanc, Scott, and Marsh separates NUMA memory managemen in to sev eral la ers 31 ]. Their design separates no de-lev el ph ysical memory managemen (the NUMA la er) from the higher-lev el managemen that con trols the placemen of shared data (the UMA la er) and from the main secondary storage virtual memory managemen (the VUMA lev el). The main issues related to memory managemen that ha een addressed the Psyc he pro ject, so far, ha een the la ered structure of the memory managemen system and its implic ations. The Xylem op erating system 34 dev elop ed for the Cedar ultipro cessor uses programmer- de�ned memory attributes to pro vide mec hanism whic the applications programmer can con trol soft a re cac hing lik strategies. The op erating system do es little in the of automatic memory managemen t, but do es pro vide exible selection of ho oks to aid the applications programmer. Mats Brorsson has studied page placemen olicies for the IBM RP3 16 ]. His emphasis, ho w- ev er, has een on the placemen of co de and priv ate data pages, whic are clearly est placed in lo cal memory Eac of the olici es he considers eeps shared data pages in the RP3 global (in terlea ed) memory regardless of the reference patterns to those pages. Tw imp ortan features distinguish our ork from the ork of others. place hea vy em- phasis on olicy comparisons. Rather than implemen ting one or similar olicie and discussing their virtues, implemen large um er of olici es so that quan titativ comparisons can made. These include (at least appro ximations of olicies prop osed in cited related ork for whic hardw are supp ort is adequate. then analyze and study the quan titativ results, in order to come to qualitativ understanding of wh particular olicie erform as they do under di�eren orkloads. elie that our ork will lead to greater understanding of the issues in olv ed in managing the memory of NUMA ultipro cessor. The other distinguish ing feature of our ork is that treat page placemen as single problem. Rather than separating the problem of managing the secondary-main memory hierarc from that 1.3 Related ork The question of ho to est manage the memory of MIMD ultipro cessors is an area of activ researc h. Relev an ork includes the study of cac he managemen strategies for UMA shared mem- ory ultipro cessors, the implemen tation and study of shared memory abstractions on distributed memory mac hines or lo osely-connected net o rks of orkstations, and of course, researc on NUMA- sp eci�c memory managemen problems. The managemen of cac hes in shared memory systems has receiv ed uc atten tion. The hard- are cac hing literature is the primary source of information on memory coherence strategies for ensuring the consistency of cac hed shared data 21 38 ]. race-driv en sim ulation and analytic metho ds ha een used to compare di�eren sc hemes. The orkload mo dels discussed in this literature are relev an to our ork, since one goal is to mak it ossible to e�cien tly run UMA programs on NUMA arc hitecture. Since the lo cal memory of NUMA mac hine can though of as cac he space for some global (distributed) shared memory this dy of ork is clearly rele- an t. Key di�erences lie in the size of the unit of coherence (cac he line vs. page size), the sp eed at whic di�eren coherence op erations are ossible (hardw are vs. soft a re implemen tations), and the abilit (in NUMA arc hitecture) to directly access remote memory Soft are-con tro lled hardw are cac hing with large cac he line size has een studied in the con text of the VMP ultipro cessor oth exp erimen tally and with sim ulation 18 ]. The idea of pro viding shared memory abstraction on distributed memory message-passing arc hitectures in soft ar has een studied sev eral groups. Kai Li’s ork 32 33 ], based on page-gran ularit cac hing (pull-based cop ying of pages et een memories) with directory-based in alidation coherency sc heme, pro vides complete shared memory abstraction to the programmer. Clouds 36 is an ob ject-orien ted system that pro vides shared memory abstraction on net ork of orksta tions, but attempts to minimize the um er of in alidation messages that result from activ write sharing of data (e.g. sync hronization data). All of this ork is imp ortan ecause NUMA mac hine can view ed as distributed memory mac hine with the added abilit to reference remote memories. The results of this ork can directly applied to the NUMA ultipro cessor domain, but it is exp ected that the abilit to directly reference remote memory can exploited to further impro erformance. The Munin system 10 is another system that pro vides global shared memory abstraction on distributed memory system. no el feature of Munin is that it uses (p oten tially) di�eren memory coherence strategies for eac shared memory ob ject in an application. The authors argue that di�eren memory ob jects are referenced in di�eren ys, and as suc the coherence olici es should di�er. olicy selection is curren tly done the programmer, but at least partial con trol from the compiler as ell as automatic olicy selection Munin itself is en visioned. The idea of ha ving di�eren olici es for di�eren memory ob jects extends to the NUMA ultipro cessor domain as ell. There has een considerable amoun of ork related sp eci�cal ly to memory managemen for NUMA shared memory ultipro cessors. Blac k, Gupta, and eb er in tro duce pro ably comp etitiv migration and replication olici es for NUMA arc hitectures in 13 ]. Unfortunately their algorithms require hardw are supp ort (a reference coun ter for eac frame-pro cessor com bination) not ailable in most existing mac hines. Suc hard- are requiremen ts presen problem of scalabili as the um er of pro cessors gro ws The PLUS system curren tly eing dev elop ed at CMU 12 11 is NUMA shared memory ultipro cessor with suc hardw are supp ort for page replication. PLUS uses we or dering and write-through mem- ory coherence olicy to ensure correctness. Emphasis of the PLUS pro ject has een on hardw are supp ort for page replication and coherency main tenace, as opp osed to replication con trol olici es. age migration based on page pivoting has een studied Sc heuric and Dub ois 37 ]. Reference degenerate form of replication (i.e., replicate and immediately in alidate the old cop y). It also encompasses wider range of placemen strategies. It is also useful to haracterize page placemen olicy the information it uses to mak olicy decisions. The sour typ and amount of the information are all imp ortan haracter- istics. ossible information sources include hardw are reference bits or coun ters, usage coun ters obtained through soft a re aging hardw are reference bits, and hin ts or directiv es from the appli- cations programmer or compiler. age faults themselv es are imp ortan information sources. The yp of information used to mak olicy decisions is either lo al or glob al lo cal olicy uses only lo cal information (e.g. lo cal memory reference coun ts or the fact that page fault has ccurred) when making olicy decisions. The pro cessor on whic the decision is made has no information ab out memory usage patterns on the other pro cessor no des. Global olicies, on the other hand, ha some system-wide information ailable (e.g. reference coun ts to page for eac pro cessor or kno wledge ab out page faulting eha vior on other pro cessor no des). It is also imp ortan to consider the amoun of information required olicy and ho that amoun gro ws as the um er of pro cessors increases. or example, global olicy that relies on er-pro cessor usage coun ts for eac page has space requiremen ts that gro linearly with the um er of pro cessors. call this line ar-sp ac olicy On the other hand, global olicy that summarizes remote reference histories with single coun ter has constan space and time requiremen ts. Clearly the latter olicy (whic call onstant-sp ac olicy) is more scalable than the former. olicy ma restrict the yp of page (e.g. co de, priv ate data, shared data, etc.) it is willi ng to replicate, or the yp of data it is willing to migrate from one ph ysical frame to another. Similarly some olicies ma require that certain yp es of pages alw ys replicated. ec hnically this is et another kind of information that the olicy ma use to mak decisions. It ma con enien to view these seman tically based placemen decisions as restrictions up on general olicy Dynamic page placemen olicies can further haracterized the in whic placemen decisions are reev aluated. In general, olicy can pul push or put based, although it is easy to dev elop ybrid strategies. pull-based page placemen olicy is one in whic pro cessors tend to pull pages to a rds themselv es. Suc olicy decides that cop (p erhaps the only cop y) of giv en page should reside in lo cal frame, and then pulls the page er. Push-based placemen olicie ork in nearly the opp osite pro cessor that has cop of page decides when cop of that page should reside in frame on some other no de. The olicy ma migrate its wn cop or create another on the destination pro cessor no de. When olicy decisions ma made third pro cessor, it is put-based olicy put-based olicy ould lik ely implemen ted as sp ecial daemon whose job is to reev aluate page placemen decisions. It is di�cult to imagine an reasonable put-based olicy that do esn’t require global linear-space information, so the feasibili of suc olici es is questionable. Hybrid olicies are easily dev elop ed using trigger mec hanism. In suc olicy the decision making task is brok en in to subtasks. One subtask, the trigger, decides when the reev aluation of placemen decision is necessary The other subtask resp onds to the trigger actually reev aluating the page placemen t. or example, push-based trigger migh ork in alidating remote mappings to its cop of some page, lea ving the actual pull-based decision to the remote pro cesses that later fault on the page. The terminology and organization dev elop ed in this section serv as our basis for olicy descrip- tions. often talk collectiv ely of groups of page placemen olicie s, suc as static single-cop �xed-no de strategies, or dynamic preferred-no des olici es with pull-based page replication. ma also sp eak of replication or migration subp olici es collectiv ely in terms of the information they use when making decisions. lo cal ernel is called DUnX (Duk Univ ersit nX pronounced \duc ks" ). olicy comparisons are based on the measured erformance of orkload consisting of real applications solicited from arious user comm unities. Admittedly arc hitectural enhancemen ts and compiler assistance are also imp ortan comp onen ts of complete solution to the NUMA problem. Ho ev er, exploring the capabilitie and limitations of the op erating system to address the placemen issue at run-time with curren tly ailable hardw are and language supp ort can pro vide aluable insigh in to what else the arc hitecture or compiler should pro vide. 1.2 age Placemen ssues In the virtual memory system of NUMA ultipro cessor, the question that the page placemen olicy ust answ er is, \in whic frame(s) of ph ysical memory should particular virtual page reside?" The primary purp ose of this section is to dev elop framew ork to simplify discussion and analysis of the man di�eren olicy hoices ossible. establish sev eral criteria whic placemen olicy can haracterized and de�ne subp olic ies that mak it easier to talk ab out particular asp ects of the eha vior generated olicy page placemen olicy can either static or dynamic Once static olicy decides to place page in particular frame that decision is nev er reev aluated. The page remains in the same frame un til it is selected for remo al the page replacemen olicy dynamic page placemen olicy on the other hand, erio dic all reev aluates placemen decisions and mo es pages from one ph ysical frame to another. age placemen olici es can also haracterized the in whic frame selection is handled. d-no de olici es �x the pro cessor no de on whic page can placed. Pr eferr d-no des olicies are designed to encourage placemen of page on particular subset of the pro cessor no des, but allo placemen on other no des in some cases. Finally andom-no de olicie place pages in frames on an no de without concern for page lo calit Still another to haracterize page placemen olicy is the um er of ph ysical copies of single virtual page that it allo ws. In general, there are single-c opy and multiple-c opy olicies. olicy that allo ws ultiple copies of single virtual page is giv en the additional task of ensuring that those copies remain consisten (i.e. the same data alues are seen regardless of whic cop is accessed) or exhibit only ell-de�ned forms of inconsistency It is useful to think of page placemen olicy as comprised of three subp olici es, eac resp onsible for one asp ect of the placemen decision. The fr ame sele ction olicy is resp onsible for selecting ph ysical memory frames to store virtual pages. It is this subp olicy that determines whether page placemen olicy is �xed-no de, preferred-no des, or random-no de olicy The age eplic ation olicy determines if and when ultiple ph ysical copies of virtual page are allo ed. single- cop page placemen olicy uses the trivial \nev er replicate" replication olicy An non-trivial replication olicy requires age oher enc olicy The coherence olicy is resp onsible for ensuring that all ph ysical copies of virtual page con tain consisten data. The reev aluation of earlier placemen decisions and subsequen mo emen of pages from one ph ysical frame to another is con trolled the age migr ation olicy Since static page placemen olicy nev er reev aluates its decisions, it uses the trivial \nev er migrate" migration olicy Note the distinction eing made et een the page replication and page migration subp olic ies. This form ulation of the olicies seems to capture the issues etter than the view of migration as The \n" is silen t. Duc ks migrate. The alternati pron unciation, \dunks", sounds lik bask etball and there is enough of that at Duk already ro uc ion 1.1 The MA Pro lem Non-uniformit of memory access is an almost inevitable feature of the memory arc hitecture in shared memory ultipro cessor designs that can scale to large um ers of pro cessors. Distribut- ing the shared memory of large scale ultipro cessor among the pro cessors so that eac lo ca- tion can considered close to some pro cessor(s) while eing distan from others has signi�can price/p erformance adv an ta ges. Examples of curren NUMA (Non-Uniform Memory Access time) mac hines includ the BBN Butter y family ], Cedar at the Univ ersit of Illinoi 22 42 ], the IBM RP3 35 ], and Cm* and PLUS at Carnegie-Mellon Univ ersit 39 26 11 ]. One implication of this arc hitectural design decision is that the placemen and mo emen of co de and data ecome crucial to erformance. Requiring the applications programmer to explici tly manage the lo calit issues in the execution of program represen ts signi�can burden. In addition to designing and implemen ting parallel algorithm to solv the problem at hand, the programmer also has to tune for the particular memory arc hitecture. This in olv es trying to initial ly place shared data in the memory of the no de where it is exp ected to used the most, scattering data among memories to reduce con ten tion, making copies of read-only or slo wly hanging data to encourage lo cal access, orrying ab out the consistency of an copies made, and mo ving data when reference patterns are kno wn to hange during execution. Small-scale shared memory ultipro cessors generally promote simpler UMA (Uniform Mem- ory Access time) programming mo del through memory hierarc based on transparen cac hes with some hardw are-supp orted consistency proto col. There are sev eral recen prop osals for scalable shared memory arc hitectures that build up on the UMA approac h. The VMP-MC 17 system and the Encore Ultramax arc hitecture prop osed Wilson 41 are based on hierarc hical busses and cac hes. The Multicub pro ject 23 also attempts to extend consisten cac hes in to more scalable con�guration of pro cessors. Ho ev er, the oten tial erformance gains from making concessions to the actual non-uniformit of the memory arc hitecture ecome more eviden as these systems gro w or example, the ene�ts of taking adv an tage of lo calit in the Ultramax cluster arc hitecture are ac kno wledged in 41 ]. Lessons learned in the explici tly NUMA en vironmen ts are lik ely to ecome increasingly relev an in all scalable shared memory designs. As memory arc hitectures ecome more complex and the non-uniformit ecomes less ell hid- den, system soft a re ust assume larger role in pro viding memory managemen supp ort for the programmer. Our approac is to in estigate the role of the op erating system. The fo cus is on the set of olici es that determine the ph ysical placemen of pages from the virtual address space of parallel program, includi ng dynamic migration and replication. This pap er addresses the questions of whether op erating systems lev el memory managemen olicies can deliv er erformance for an un tuned program that approac hes the erformance of tuned NUMA program, and whic of those olicie are most e�ectiv e. tak an exp erimen tal approac to ev aluating wide-range of memory managemen olicies. The target en vironmen is BBN’s GP-1000 ultipro cessor (a mem er of the Butter y family of mac hines) whic is NUMA arc hitecture with 15:1 remote to lo cal access time ratio (in the absence of con ten t ion factors). All memory in the GP-1000 is distributed among the pro cessor no des (i.e. there is no separate global memory). Th us, eac memory lo cation is ph ysically lo cal to some pro cessor, although globally accessible an pro cessor. All remote memories are equally distan across ultistage switc hing net o rk. Extensiv mo di�cations ha een made to the memory managemen subsystem of BBN’s nX op erating system (a deriv ativ of Mac h) to supp ort ultiple olicy implemen tations while preserving the in terface exp ected existing GP-1000 programs. Our Con en 1.1 The NUMA Problem 1.2 age Placemen Issues 1.3 Related ork 1.4 Organization of this ap er 2.1 Dynamic User-Lev el olicy Selection 2.2 Virtual Memory Subsystem Data Structures 2.3 The DUnX age ault Handler 10 2.4 The DUnX age Scanners 11 2.5 The DUnX olicy Mo dule 13 3.1 De�nitions 13 3.2 ault-Time Decisions 14 3.3 age Scanner Decisions 16 4.1 Information Gathering 18 4.2 orkload 20 4.3 Basic Op eration Timings 25 5.1 E�ectiv eness of Dynamic age Placemen 31 5.2 The E�ects of age Replication 33 5.3 Push vs. Pull Based age Migration 36 5.4 Constan t-Space vs. Linear-Space Push-Migrate olicies 38 5.5 Migration Con tro Metho ds 40 5.6 Replication Con trol Strategies 44 5.7 Comparison of riggering ests 48 5.8 Comparison of riggering Metho ds 51 5.9 age Scanner E�ects 54 Non-uniformi of mem ory access is an almost inevita le feature of the mem ory arc hitecture in shared memory ul tipro cessor designs that can scale to large um ers of pro cessors. ne impl ication of NUMA arc hitectures is that the placemen and mo em en of co de and data ecome crucial to erformance. As memo ry arc hitectures ecome more complex and the non- uniformi ecomes less ell hidden, system soft are ust assume larger role in pro viding mem ory managem en supp ort for the programm er. This pap er in estigates the role of the op erating system. ta an exp erimen tal approac to ev aluating ide-range of memo ry managem en oli- cies. The target NUMA en vironmen is BBN P-1000 ul tipro cessor. Extensiv lo cal mo di�- cations ha een made to the mem ory managem en su system of BBN op erating system to supp ort ul tipl olicy implem en tatio ns. olicy comparisons are ased on the measured erformance of real parallel applications. ur results sho that there are memo ry managem en olicies implem en ted in our system that can impro the erformance of programs ritten using the simpler uniform memo ry access UMA programm i ng mo del. While ac hieving the lev el of erformance of highly tuned NUMA program is still di cult pro lem, some examples come close. There app ears to no single olicy that can considered the est er our set of test applications. estigations in to the con tri utions made individual olicy features to a rd erall eha vior of the or load pro vides some insigh in to the design of set of e�ectiv olicies. This researc as supp orted in part NSF gran ts CCR-8721781 and CCR-8821809.