PHD: Hierarc hical Cac he Coheren Proto col Deb orah A. allac S.B., MIT (1990) Submitted to the Departmen of Electrical Engineering and Computer Science In artial ul�llmen of the Requiremen ts for the Degree of Master of Science in Electrical Engineering and Computer Science at the Massac usetts Institute of ec hnology Septem er 1992 Deb orah A. allac h, 1992 The author hereb gran ts to MIT ermission to repro duce and to distribute copies of this thesis do cumen in whole or in part. Signature of Author Departmen of Electrical Engineering and Computer Science Septem er 7, 1992 Certi�ed Dr. Willia J. Dally Asso ciate Professor of Electrical Engineering and Computer Science Thesis Sup ervisor Accepted Professor Campb ell L. Searle Chairman, Departmen tal Committee on Graduate Studen ts PHD: Hierarc hical Cac he Coheren Proto col Deb orah A. allac Submitted to the Departmen of Electrical Engineering and Computer Science on Septem er 9, 1992, in partial ful�llmen of the requiremen ts for the Degree of Master of Science in Electrical Engineering and Computer Science Abstract As the um er of pro cessors in distributed-mem ory ultipro cessors gro ws, e�cien tly sup- orting shared-memory programm i ng mo del ecomes di�cult. ha designed the Proto col for Hierarc hical Directories (PHD) to allo shared-memory supp ort for systems con taining massiv um ers of pro cessors. PHD eliminates bandwidth problems using scalable net o rk, decreases hot-sp ots not relying on single oin to distribute blo ks, and uses scalable amoun of space for its directories. PHD pro vides shared-memory mo del syn thesizing global shared memo ry from the lo cal memo ries of pro cessors. PHD supp orts sequen tially consisten read, write, and test-and-set op erations. This thesis also in tro duces metho of describing lo calit for hierarc hical proto cols and emplo ys this metho in the deriv ation of an abstr act mo del of the proto col eha vior. An emb dde mo del based on the ork of Johnson 13 ], describ es the proto col eha vior when mapp ed to k-ary n-cub e. The thesis uses these mo dels to study the erage heigh in the hierarc that op erations reac h, the longest path messages tra el, the um er of mes- sages that op erations generate, the in ter-transacti on issue time, and the proto col erhead for di�eren lo calit parameters, degrees of ulti threading, and mac hi ne sizes. determine that ult ithreadi ng is only useful for appro xim atel to four threads; an additional in terlea ving do es not decrease the era ll latency or small mac hines and high lo calit applications, this limita tio is due mainly to the length of the running threads. or large mac hines with medium to lo lo calit this limi tat ion is due mainly to the proto col erhead eing to large. Our study using the em edded mo del sho ws that in situations where the run length et een references to shared memor is at least an order of magnitude longer than the time to pro cess single state transition in the proto col, applications exhibit go erformance. If separate con troll ers for pro cessing proto col requests are included, the proto col scales to 32k pro cessor mac hi nes as long as the application exhibits hierarc hical lo calit y: at least 22% of the global references ust able to satis�ed lo cally; at most 35% of the global references are allo ed to reac the top lev el of the hierarc Thesis Sup ervisor: Dr. William J. Dally Title: Asso ciate Professor of Electrical Engineering and Computer Science Keyw or ds: Hierarc hical Cac he Coherence, Directory-Based Cac he Coherence, Lo calit Ac kno wledgmen ts This thesis has ene�tted greatly from the help of man eople. thank all of the mem ers of the CV group, for pro viding aluable feedbac oth at group meetings and at other times. esp ecially thank Nic Carter and Stev Kec kler, for heerfully reading full drafts of thesis, and John Keen for on-demand pro ofreading of particularly troublesome passages. thank advisor, Bill Dally who pushed me in the righ direction when needed udging. thank red Chong, for actually volunte ering to read the earliest draft of thesis and for pro viding me with ery helpful commen ts. am esp ecially grateful to Kirk Johnson, for prop osing the ernel of the idea of the metho for describing the lo calit in applications used this thesis. Kirk also patien tly answ ered all of questions ab out his mo del, and let me query him umerous times. also thank Da vid Chaik en for giving me cop of his trace data as ell as for pro viding general cac hing advice at arious times throughout the ears. Finally am grateful to the late-nigh crew, who oth impro ed thesis pro viding answ ers to all sorts of questions and imp eded thesis distracting me from ork. ou kno who ou are. The researc describ ed in this thesis as supp orted in part an O�ce of Na al Researc American So ciet for Engineering Education ello w ship. Con ten ts In tro duction 15 1.1 Directory-Based Proto cols 16 1.1.1 Flat Directory-Based Proto cols 16 1.1.2 Hierarc hical Sc hemes 17 1.1.3 PHD 19 1.2 Analysis and Lo calit Mo deling 19 1.3 J-Mac hine 20 1.4 Con tri butions 20 1.4.1 Scalabilit 21 1.4.2 Messages and Longest ath ra ersed 21 1.4.3 Ownership 23 1.4.4 Mapping Sc heme 23 1.4.5 Lo calit Mo del 23 1.4.6 Em edded Mo del 23 1.5 Thesis Ov erview 24 Proto col Ov erv iew 25 2.1 Proto col Description 25 2.1.1 Ov erview 25 2.1.2 De�nitions 26 2.1.3 Notation 28 2.1.4 Reading 31 2.1.5 riting 34 2.1.6 Sync hronization Primit iv 37 2.2 Ph ysical La out 39 2.2.1 Hierarc hical Directory 39 2.2.2 Mapping unction 42 2.3 Summary 43 Proto col Issues 45 3.1 aral leli sm 45 3.1.1 Extra ra ersals of the Hierarc 45 3.1.2 Distributed rite Comm it oin 49 3.2 Design Decisions 50 3.2.1 Read Com bining 50 3.2.2 Read Com bining Whenev er ossi ble 50 3.2.3 rite In ali date ersus rite Up date 51 3.2.4 Non-leaf In alidat ion 52 3.3 Summary 52 Sim ul ator 53 4.1 Ov erview 53 4.2 Data La out 54 4.3 The Sim ula tor 56 4.3.1 No de Mo del 56 4.3.2 Net ork Mo del 57 4.3.3 Ev en t-Dr iv en Queues 57 4.4 eri�cation 58 4.4.1 eri�er 58 4.4.2 In ternal Chec king 59 4.5 Summary 59 Abstract Analysis 60 5.1 Mo deling Hierarc hical Beha vior 60 5.1.1 Ov erview 61 5.1.2 Lo calit Characteristics 61 5.1.3 Mo del 62 5.2 Applications for Mo del eri�cation 66 5.2.1 Uniform 66 5.2.2 Relaxation 66 5.2.3 Cluster 67 5.3 Sim ulat ion of Applications 68 5.4 Lo calit aram eters Measured from Sim ula tio 70 5.5 Comparis on of Mo del and Sim ulat ion 73 5.6 Proto col Characterizatio for Large Mac hine Sizes 78 5.6.1 aram eters 78 5.6.2 Av erage Heigh 79 5.6.3 Longest ath 79 5.6.4 Num er of Messages 79 5.7 Issues 83 5.8 Summary 84 Em edded Analysis 85 6.1 An Em edded Mo del 86 6.1.1 Mo del Ov erview 86 6.1.2 Mo del Inputs 87 6.1.3 Mo del Constrain t 92 6.2 Proto col Characterizatio 93 6.2.1 aram eters 94 6.2.2 Arc hitectures Without Separate Cac he Con troll er 96 6.2.3 Arc hitectures With Separate Cac he Con tro ller 99 6.3 Issues 102 6.4 Summary 104 Conclusion 106 7.1 Summary 106 7.2 Con tri butions 107 7.3 Discussion 108 Nom enclature 110 Relaxation Calculations 112 able of Proto col Beha vior 118 C.1 Leaf No de ransiti on able 118 C.2 aren No de ransiti on able 123 List of Figures 1.1 Sa vings in Longest ath er Read for PHD 22 1.2 Sa vings in Messages er Read for PHD 22 2.1 Notation 29 2.2 Simple Read Example 31 2.3 Leaf No de Read State Progression 32 2.4 Read Com bini ng Example 33 2.5 Simple rite Example 34 2.6 Lo est Comm on Ancestor No de Explanation 35 2.7 Leaf No de rite State Progression 36 2.8 Simple est-and-set ailure Example 38 2.9 Simple est-and-set Success Example 38 2.10 Virtual ree Mapp ed to Ph ysical Pro cessors 40 2.11 Virtual No des Mapp ed to Ph ysical Pro cessors 41 2.12 2D Grid with Em edded rees 42 2.13 Mapping unction for the J-Mac hine 43 3.1 Comparis on of Num er of ra ersa ls of the Hierarc 46 3.2 rite Comm it oin 49 3.3 Read Com binat ion Issue 51 5.1 Cho osing No de Classes for an Op eration 62 5.2 Finite State Mac hine Used in Mo del 63 5.3 rite Heigh Calculation 64 5.4 Longest ath Calculation 65 5.5 Num er of Messages Calculation 66 5.6 Mapping 2-D Relaxation oin ts to Pro cessors 67 5.7 Mapping Cluster Application to Hierarc 68 5.8 Uniform: Measured Lo calit aram eters 70 5.9 Relaxation: Measured Lo calit aram eters 71 5.10 Cluster: Measured Lo calit aram eters 71 5.11 Cluster: Measured Lo calit aram eters 72 5.12 Cluster: Measured Lo calit aram eters 72 5.13 Uniform: rite raction vs Av erage Heigh 74 5.14 Uniform: rite raction vs Av erage Num er of Messages 74 5.15 Relaxation: Data er No de er Dimension vs Av erage Heigh 75 10 5.16 Cluster: rite raction vs Av erage Heigh 76 5.17 Cluster: rite raction vs Av erage Num er of Messages 77 5.18 Predictions: Lo calit vs Size vs Av erage Heigh 80 5.19 Predictions: Lo calit vs Size vs Longest ath 81 5.20 Predictions: Lo calit vs Size vs Num er of Messages 82 6.1 Predictions: Lo calit vs Size vs Flits and Distance er Message 95 6.2 Predictions: Lo calit vs Size vs Run Length and Non-Net ork Ov erhead 97 6.3 Predictions: Lo calit vs Size vs In ter-T ransactio Issue Time (No Con trol ler) 98 6.4 Predictions: Lo calit vs Size vs Proto col Ov erhead (No Con tro ller) 100 6.5 Predictions: Lo calit vs Size vs In ter-T ransactio Issue Time (With Con trol ler) 10 6.6 Predictions: Lo calit vs Size vs Proto col Ov erhead (With Con trol ler) 103 B.1 Mapping of 2-D Relaxation to Hierarc 113 B.2 Data oin t Consider for Coun ting Relaxation rite Heigh 114 B.3 Data oin t Consider for Coun ting 3-D Relaxation rite Heigh 116 B.4 More Data oin ts Consider for Coun ting 3-D Relaxation rite Heigh 116 11 List of ables 2.1 Leaf No de State able 27 2.2 aren No de ector Com binat ion able 28 2.3 aren No de State able 29 2.4 able of Proto col Messages 30 4.1 Leaf No de Cac he En try La out 55 4.2 aren No de Cac he En try La out 55 5.1 Sim ulat ion aram eters 69 5.2 Mo del aram eters 78 6.1 Basic Input ara m eters of the Em edded Mo del 87 6.2 Deriv ed Input aram eters of the Em edded Mo del 87 6.3 Non-Hierarc Hops 91 6.4 alues for Shared Input aram eters 94 6.5 Mo del aram eters 95 A.1 Nomenclature of the Thesis 110 A.2 Nomenclature of the Thesis 111 C.1 Leaf States 119 C.2 Leaf Input Messages 119 C.3 Leaf Sym ols 120 C.4 Leaf Output Messages 120 C.5 Leaf ransition able 121 C.6 aren ector Com binati ons 123 C.7 aren Messages 124 C.8 aren Actions 124 C.9 aren Output Messages 125 C.10 aren Assertions 126 C.11 aren ransitio able 127 12 13 14 Chapter In tro duction The shared-memory mo del has een con enien program m ing paradigm for ulti pro ces- sors. As the um er of elemen t in ulti pro cessors gro w s, ho ev er, e�cien tly supp orting shared-memory programm ing mo del ecomes di�cult. Bus-based sno oping sc hemes su�ce for only small um ers of pro cessors; they are inadequate for large um ers of pro cessors ecause their bandwidth do es not gro with the um er of pro cessors ]. Directory-based cac hing sc hemes, on the other hand, allo sharing among large um ers of pro cessors when implem en t ed on net ork-based computers; the bandwidth of the net or ust increase with the um er of pro cessors. Hier ar c hic al directory-based sc hemes ha the oten tial to scale inde�nitely ecause they ha neither the space requiremen ts of full-map directory sc hemes nor the limited um er of copies requiremen ts of limited-directory sc hemes nor the linear dep enden ce on the um er of copies for in al idat ion of hained sc hemes. Hierarc hi- cal sc hemes additionally exploit the spatial and temp oral lo calit of pro cesses running on mac hine. ha designed the Proto col for Hierarc hical Directories (PHD) to pro vide shared-memory for systems comp osed of massiv um ers of pro cessors. PHD syn thesizes global shared memory from the priv ate lo cal mem ories of pro cessors. Pro cessors access global addresses in the same manner as they access lo cal ones. The system op erates on blo cks (or lines consisting of sev eral ords of data, capitalizing on spatial lo calit PHD main ta ins sequen tial consistency 14 in its supp ort of read, write, and test-and-set op erations. In this thesis also in tro duce metho of describing lo calit for hierarc hical proto cols. 15 16 CHAPTER 1. INTR ODUCTION deriv an abstr act mo del of the eha vior of the Proto col for Hierarc hical Directories using this metho and use it to study the era ge heigh reac hed in the hierarc er op eration, the longest path of messages tra eled er op eration, and the um er of messages generated er op eration for di�eren mac hine con�gurations. alidate this mo del using trace- driv en sim ulat or. The abstract mo del is used to generate inputs to an emb dde mo del The em edded mo del describ es ho the proto col eha es when mapp ed to k-ary n-cub using the our prop osed mapping sc heme. 1.1 Directory-Based Proto cols Man of the ideas used in the Proto col for Hierarc hical Directories ev olv ed from directory- based proto col researc as ell as early hierarc hical proto cols. Most of the early researc assumed certain capabilities, suc as broadcast abilit whic do not scale ell. Sev eral other hierarc hical proto cols ha een prop osed since the start of this ork. 1.1.1 Flat Directory-Based Proto cols All directory-based proto cols eep record asso ciated with eac blo of main memo ry There ha een wide ariet of directory sc hemes prop osed and studied. ang 26 prop osed write-bac sc heme in whic the main memory and ev ery cac he ust eep directory In order to �nd blo k, all of the individual directories need to hec ed. Censier and eautrier �rst prop osed the concept of \dirt bit" whic indicates whether or not the alue stored in main memo ry is the new est one. They also added bit ector to the main memory directory indicating whic cac hes ha copies of the blo k. These additions elimi nated the need to searc ev ery lo cal directory after ev ery data mo di�cation. Agarw al discussed these sc hemes and their lac of scalabilit due either to the need to broadcast or to the presence of ottlenec k. He men tio ned the idea of distributing the directory across the memo ries, in order to prev en an ottlenec ks. Chaik en sho ed that directories are scalable and that some shared-data cac hing sc hemes, for man applications, erform etter than sc hemes whic cac he only priv ate data. The shared-data sc hemes that he lo ok ed at include limited directory full map, and singly and doubly-link ed hains. 1.1. DIRECTOR Y-BASED PR OTOCOLS 17 Limited directory sc hemes emplo limi ted um er of oin ters to eep trac of whic pro cessors ha copies of particular blo ks; when new pro cessor an t cop and the limit ed um er of oin ters ha all een allo cated, the sc heme ust resort to broadcast or to in alidat ion. In full-map directory all pro cessors can ha copies of an blo k. Singly- link ed hains distribute the directory en try threading it through the pro cessors whic ha copies. Doubly-link ed hains use double link age, to allo the hain to follo ed either 1.1.2 Hierarc hical Sc hemes In the ab e-men t ioned directory sc hemes, the home lo cation of particular blo is stat- ically �xed: an pro cessor without cop of the blo in its cac he whic wishes to access that blo ust lo ok in single �xed lo cation. Hierarc hical directory sc hemes ere designed oth to reduce this static requiremen pro viding adaptiv data migrati on and to solv the limited bandwidth problem of single bus sc hemes. hierarc hical sc heme, in general, has tree structure. the lo est lev el of the tree are pro cessors with cac hes; at the other lev els are directories recording whic blo ks are cac hed no des lo cated ph ysically elo them in the tree. An um er of copies of blo are allo ed to exist at time. read request is ypically propagated up the tree un til cop is lo cated; write ypically in ol es lo cating and in al idati ng all of the extra copies tree tra ersa and then erforming the write. In 30 Wilson prop oses the �rst hierarc hical ult ipro cessor arc hitecture. He suggests mo di�cations to sev eral bus-based sc hemes in order to form proto col for his prop osed hierarc whic uses shared buses of cac hes to form the tree. He do es not, ho ev er, consider ho his ideas ould ork on ery large scale systems. Arc hibald, in ], prop oses another solution in tended for small hierarc of buses, remarking that his proto col is feasible for o-l ev el hierarc but not necessarily three-lev el, or four-lev el one. Haridi and Hagersten 12 later prop osed hierarc hical sc heme whic as designed for uc larger systems: the Data Di�usion Mac hine (DDM). Their arc hitecture also assumes tree comp osed of buses, whic forces all requests to routed through the hierarc The in term ediate lev el directories store informa tio as to whether copies of eac blo cac hed 18 CHAPTER 1. INTR ODUCTION elo is cac hed an ywhere ab or whether it is exclusive to that subtree, th us allo w ing them to reduce tra�c on the higher-lev el buses during writes. Their arc hitecture also eliminates the need for home lo cation for blo k. Their hierarc hical sc heme ypi�es COMA, or Cac he-Only Memory Arc hitecture, as de�ned in Stenstr� om’ 25 pap er. In later pap er, ang, Thangadurai and Bh uy an 32 prop osed simil ar hierarc hical bus sc heme whic also eeps trac of the exclusivit status for eac blo k. Unlik Haridi’s sc heme, ho ev er, they assume that the main memor is situated at the top of the hierarc pro viding static place for blo ks to stored in when they are thro wn out of the cac hes. Scott and Go dman describ hierarc hical sc heme for pro cessors connected using k-ary n-cub net ork in 23 and 24 ]. Their mapping sc heme pro vides rings, whic replace buses as the broadcast metho for their proto col. They also in tro duces the concept of pruning aches whic eliminate the need of all of the earlier proto cols for complete ult i- lev el inclusion, i.e. eeping higher lev el directory en try for ev ery lo er lev el one. Pruning cac hes allo tradeo� et een directory size and net ork bandwidth to dynamically made, and could added to PHD. Maa, Pradhan, and Thiebaut 18 19 are curren tly orking on hierarc hical directory sc heme for non-bus-based arc hitectures, but ha not et fully ork ed out the details of the proto col. The Kendall Square Researc Compan has built system with ring-based hierarc hical directory sc heme ]. In their sc heme ult i-lev el inclusion is required. They ha not released uc informatio ab out their proto col. art hasarat 21 studied an earlier ersion of PHD, DHP describ ed in 29 ]. Although his re�ned ersion of DHP tra erses the hierarc few er times than do es PHD, it will deadlo under certain conditions. arthasara th y’s ork do es not consider this problem. His proto col also do es not guaran tee that read op eration will mak enough progress to complete ev en in the absence of deadlo since write op erations can skip ahead of reads inde�nitely 1.2. ANAL YSIS AND LOCALITY MODELING 19 1.1.3 PHD The Proto col for Hierarc hical Directories is tree-based hierarc hical directory proto col. An um er of pro cessors can ha read-only copies of blo in their cac hes. �nd blo k, pro cessor sends lo cation message whic tra els up ards un til no de whic kno ws of cop is found. This no de sends message whic tra els do wn ar ds un til it reac hes no de with cop The no de with cop sends the blo directly to the requesting no de, whic then sends con�rmation message up ards to indicate that it has �nished its read. In this manner, reads can satis�ed in the lo est comm on subtree con taining the requester and cop of the blo k. rite op erations in olv �nding all of the copies of blo in the system and deleting them. Only the no des in the smallest subtree con tai ning all copies of the blo and the write requester are in o lv ed in write. The owner of the blo transfers wnership to the no de requesting the write. Ac kno wledgm en ts of deletion from all of the no des whic previously had copies are com bined, and an ac kno wl edge message is sen do wn ards to the no de that requested the write. The test-and-set op eration is actually test-and-test-and-set op eration; it is implemen ted as an optimized com bina tion of the read and write op erations. 1.2 Analysis and Lo calit Mo deling Man previous mo dels 15 28 31 of hierarc hical cac he consistency proto cols ha mo d- eled bus arc hitectures, and as suc h, considered bus tra�c e�ects to most imp ortan t Leutenegger and ernon, in 15 ], assume uniform cac he miss rates across the mac hine. ang 31 assumes single-lev el clustering mo del for reference rates, where eac smallest group of pro cessors is equally lik ely to access some blo ks and all other pro cessors are equally less lik ely to access those blo ks. ernon, J� og, and Sohi 28 do not directly consider data lo calit y; instead, they ho ose �xed miss ratios for di�eren lev el cac hes. Scott, in 24 ], actually calculates the tra�c for ring-based hierarc hical system. He assumes est-case, orst-case, and random data-access patterns in his study Johnson[ 13 studies lo calit and its e�ects on ult ipro cessor erformance. He deriv es com bi ned mo del of applications, comm unicatio mec hanism s, and in terconnection net or ks, 20 CHAPTER 1. INTR ODUCTION and uses the result to sho that \exploiting comm unicati on lo calit pro vides gains whic are at most linear in the factor whic erag comm unicati on distance is reduced," as long as the outstanding um er of comm unications er pro cessor is ounded. use his mo del as the basis for the em edded mo del studies of Chapter 6. Stenstr� om Jo e, and Gupta 25 compare the erformance of COMA arc hitecture with that of NUMA (non-uniform memory arc hitecture). They �nd that the COMA arc hitecture erforms orse than the NUMA one for man situations, suc as those where coherence misses dominate er capacit misses. Man of their assumptions, ho ev er, do not apply to the ork describ ed in this thesis. They assume 16 pro cessor con�guration, where the e�ects of lo calit are going to less imp ortan than on massiv ely parallel mac hine. They also assume that the COMA arc hitecture will running Haridi and Hagersten’s DDM proto col. PHD, on the other hand, as will explained in Section 1.4, not only uses shorter path in order to satisfy read requests, but also eliminates the replacemen problem of the DDM proto col. The pap er concludes with their prop osal of COMA-F, at COMA arc hitecture. COMA-F lik PHD, has master (o wner) no de. 1.3 J-Mac hine The cac he coherence proto col as designed as part of the J-Mac hine pro ject at MIT. The J-Mac hine is massiv ely parallel, �ne-grained message-passing concurren computer. Although the J-Mac hine as designed to e�cien tly supp ort message-passing language, it pro vides inexp ensiv sync hronizatio primitiv es to supp ort other programm i ng mo dels as ell. The cac he coherence proto col as dev elop ed in the con text of considering shared- memor programm ing en vironmen ts for the J-Mac hine. 1.4 Con tributions The Proto col for Hierarc hical Directories di�ers in sev eral ys from previously prop osed hierarc hical sc hemes. It is designed for message-passing ulticom puter systems whic use small cac he blo sizes. It is oth scalable and strongly coheren t. 1.4. CONTRIBUTIONS 21 1.4.1 Scalabil it PHD is scalable in cost and latency as de�ned Scott in 23 ]. He requires that cost gro slo er than with mac hi ne size, and latency gro no faster than ). Cost The cost of the hardw are includes the cost of the net o rk and the cost of the directory whic stores tag bits. k-ary n-cub e, as long as the dimensionalit prop erly increases with size, gro ws at less than 23 ]. The directory erhead for PHD is log Scott’s de�nitions. Therefore, PHD is scalable in cost. Latency As sho wn in Chapter 5, the unloaded-net ork predicted latency er read or write op eration scales at less than ). The latency due to proto col erhead for the prop osed em edding of PHD in to k-ary n-cub dep ends on the total um er of messages sen and th us the degree of sharing. Bottlenec at the op of the Hierarc Unlik in bus-based hierarc hical arc hitec- ture, requests whic span across the mac hine are not constrained to cross through the same oin t. PHD distributes the lev els of the hierarc across eac no de of mac hi ne. There is no ottlenec at \the" top directory ecause there are di�eren top directories for di�eren blo ks. This mapping is describ ed in Section 2.2. 1.4.2 Messages and Longest ath ra ersed Because PHD is not restricted the mac hine arc hitecture to follo the hierarc at all times, oth the longest path tra el ed and the um er of messages generated er read are shorter and few er than in an enforced hierarc Longest ath er Op eration As sho wn in Figure 1.1, read in PHD is satis�ed directly after tra ers als of the hierarc and single direct message to deliv er the data. Strict hierarc hies require four hierarc tra ers als efore read result can used. Messages er Op eration The um er of messages er read op eration is also small er in PHD than in standard hierarc As Figure 1.2 illustrates, only three tra ersals of the 22 CHAPTER 1. INTR ODUCTION Figure 1.1: The left side of the �gure sho ws the path read request ust ful�ll efore it receiv es the data for the other proto cols. The righ side sho ws ho the path is shorter for PHD. Figure 1.2: The left side of the �gure sho ws the path read request ust ful�ll in order to complete for the other proto cols. This path is iden tical to the um er of messages whic ust sen t. The righ side sho ws ho the path is shorter for PHD. 1.4. CONTRIBUTIONS 23 hierarc orth of messages plus one direct data-deliv ery message need to sen for PHD as opp osed to four tra ersa ls of the hierarc orth of \messages" for the strict hierarc 1.4.3 Ownership The concept of wnership 10 as used in this proto col as deriv ed from oth Li 16 17 and ott 27 ]. An wner of blo is resp onsible for it. An other no de can only ha cop of the blo k, whic can async hronously thro wn in order to mak ro om for other blo ks. That no de can then inform the rest of the system at its leisure without a�ecting the correctness of the proto col. This abilit to thro unneeded copies of blo ks without the global transactions required Haridi and Hagersten results in less time needed in order to in a lidat blo ks when cac hes are full. 1.4.4 Mapping Sc heme This thesis prop oses mapping sc heme designed to map hierarc hical cac he coherence pro- to cols on to non-toroidal k-ary n-cub es. This sc heme allo ws easy calculation of paren and hild no des, and is designed to reduce comm unicat ion to the area of the net ork con taining participating no des. 1.4.5 Lo calit Mo del This thesis in tro duces metho of describing lo calit for hierarc hical cac he coheren proto- cols and incorp orates this metho in mo del. The thesis also sho ws ho the metho can used to accurately predict the longest path tra eled er op eration and the um er of messages sen er op eration. 1.4.6 Em edded Mo del This thesis also in tro duces mo del for describing the eha vior of PHD as em edded in to k-ary n-cub e. This mo del is based on the ork of Johnson 13 ], and mo dels applications, pro cessors, and net orks. The mo del is used to sho that the em edding will scale ell for applications with mo derate lo calit in situations where the um er of cycles needed to pro cess the proto col transactions is small. 24 CHAPTER 1. INTR ODUCTION 1.5 Thesis Ov erview The fo cus of this thesis is the description and the mo deling of hierarc hical, directory-based cac he coherence proto col. Chapter describ es the Proto col for Hierarc hica Directories in mo derate detail and prop oses an em edding of the proto col in to k-ary n-cub e. Chapter discusses some of the issues in olv ed in designing hierarc hical proto cols. Chapter outlines the sim ulat or used to test and explore PHD; this hapter also explains the sim ulat or eri�er. Tw mo dels ere used to study the proto col. The abstract mo del, whic considers the proto col running on an abstract hierarc is describ ed in Chapter 5. Chapter extends this mo del to sho ho the proto col eha es when em edded as prop osed in Chapter 2. Chapter concludes the thesis, outlining areas of future researc h. Chapter Proto col Ov erview This hapter pro vides description of the eha vior of the Proto col for Hierarc hical Direc- tories. table listing the exact eha vior of the proto col is lo cated in App endix C. This hapter also brie y outlines metho of mapping hierarc to k-ary n-cub e. The next hapter discusses the issues in ol ed in the design of hierarc hical proto col. 2.1 Proto col Description This section explains the op erations used PHD to ensure consistency while co ordinating the global read, write, and test-and-set op erations. Section 2.1.1 brie y describ es the op- eration of the proto col. Sections 2.1.2 and 2.1.3 outline the de�nitions and the notations used in the description of the proto col. Sections 2.1.4, 2.1.5, and 2.1.6 explain the proto col in more detail, describing the read, write, and test-and-set op erations, resp ectiv ely 2.1.1 Ov erview PHD supp orts three essen tial global primiti es: read, write, and test-and-set. An um er of no des can ha read-only copies of blo in their cac hes. �nd blo k, no de asks its paren for cop The paren ust kno whic of its hild subtrees ha copies. If none do, it forw ards the message up ar ds. If one do es, the read message is forw a rded to it. Read op erations can therefore satis�ed lo cally rite op erations in olv �nding all of the copies of blo in the system and deleting 25 26 CHAPTER 2. PR OTOCOL VER VIEW them. Only the no des in the smallest subtree whic con tains all copies of the blo and the write requester are in o lv ed in the write pro cess. Ac kno wl edgm en t of deletion from all of the no des whic previously had copies are com bi ned, and an ac kno wledge message is sen do wn to the no de requesting the write. The owner of the blo transfers wnership and alid cop of the blo to the write requester. The test-and-set op eration is actually test-and-test-and-set op eration; it is implem en ted as an optimized com binat ion of the read and write op erations. 2.1.2 De�nitions There are yp es of directory en tries in the hierarc The �rst yp e, le af lev el en try represen ts an actual blo of cac hed data and ould found in the memory of no de at the ottom of the hierarc The second yp e, ar en en try is directory that stores informati on ab out whic hild subtrees ha copies of particular blo k. The paren en tries corresp ond to memory on some no de of the hierarc whic is not at the leaf lev el. Ev ery cac he en try on leaf no de ma pur ge able or unpur ge able Pur ge abl en tries ma deleted at an time. One cop of ev ery blo ust nev er deleted; the no de designated as the wner is resp onsible for eeping this master cop un til wnership is passed on. The only purgeable en tries are ones whic are in the readable state are et not wned. full list of the ossible states of leaf en try is sho wn in able 2.1. paren en try consists of ector con taini ng bits of state for ev ery hild subtree, three additional bits of state, and oin ter to the subtree that the curren write request, if an as sen from. The en try will indicate whic of four ossible states eac hild subtree is in: invalid on�rme valid or waiting The invalid state means that there is no cop of that blo in that subtree. The on�rme state means that either at least one no de in that subtree has cop of that blo or somewhere elo message is propagating up ards indicating that the blo has een deleted. The valid state means that an op eration is ccurring in the subtree that will ev en tual ly mak the subtree con�rmed. The waiting state means that the subtree has at least one no de whic is aiti ng for the result of read, and that the paren en try needs to send the blo do wn to that no de up on receiving the data. The ait ing state is emplo ed the proto col to supp ort read com bining. subtree ector 2.1. PR OTOCOL DESCRIPTION 27 State Descripti on readable wner En try is readable. No de is wner. readable no wner En try is readable. No de is not wner. aiting for read No de is aiting for read to complete. No de is not wner. writable En try is writable. No de is wner. aiting for write no wner npl nread No de is aiting for write to complete. No de is not wner. In a lidation has not et reac hed this no de. No de ma not resp ond to ad messages. aiting for write no wner npl yread No de is aiting for write to complete. No de is not wner. In a lidation has not et reac hed this no de. No de has alid alue whic can distribu ted. aiting for write wner npl No de is aiting for write to complete. No de is wner. In a lidation has not et reac hed this no de. No de has alid alue whic can distribu ted. aiting for write no wner ypl nread No de is aiting for write to complete. No de is not wner. In a lidation has reac hed this no de. No de ma not resp ond to ad messages. aiting for write no wner ypl yread No de is aiting for write to complete. No de is not wner. In a lidation has reac hed this no de. No de has alid alue whic can distribu ted. aiting for write ok wner npl No de is aiting for write; only needs �nal ac k. No de is wner. In a lidation has not et reac hed this no de. No de has alid alue whic can distribu ted. aiting for write ok wner ypl No de is aiting for write; only needs �nal ac k. No de is wner. In a lidation has reac hed this no de. No de has alid alue whic can distribu ted. aiting for write alue no wner ypl nread No de is aiting for write; only needs wnership. No de is not wner. In a lidation has reac hed this no de. No de ma not resp ond to ad messages. aiting for write alue no wner ypl yread No de is aiting for write; only needs wnership. No de is not wner. In a lidation has reac hed this no de. No de has alid alue whic can distribu ted. aiting for tas (F ull set corresp onding to aiting for write set). able 2.1: The ossible states of leaf cac he en try 28 CHAPTER 2. PR OTOCOL VER VIEW Com binat ion Description v0 w0 cX All subtrees are either on�rme or invalid vX w0 c0 All subtrees are either valid or invalid vX wX c0 All subtrees are valid waiting or invalid vX w0 cX All subtrees are valid on�rme or invalid vX wX cX All subtrees are valid waiting on�rme or invalid able 2.2: The ossible com binat ions of states in the subtree ector of cac he paren en try can only ha certain com binati ons of these states, sho wn in able 2.2. All paren en tries are mark ed as either shar or exclusive An exclusiv en try indicates that all copies are within the curren subtree. All en tries at the top lev el no de of the hierarc de�nition, are exclusiv e. directory en try on no de whic is mark ed as shared, on the other hand, indicates that there ma cop outside of the subtree ro oted at that no de. paren en try ma lo cke or unlo cke If an en try is lo ed, then all messages whic wish to access it ust ait un til it is unlo ed. Messages whic unlo an en try are of course not required to ait. During write, when paren en try is lo ed, there are more ossible state mo di�ers no de migh ha e: on q uest ath and writer acknow le dge If the no de con taining the paren en try is lo cated on direct path et een the writing no de and the top of the write, it is on quest ath If the paren en try is on the request path of the write, the �nal state, writer acknow le dge indicates whether or not the writing subtree has ac kno wledged the write in ali datio n. able 2.3 sho ws these states. There are eigh teen di�eren messages used the proto col. They are listed in able 2.4, and will explained as they are used. 2.1.3 Notation Throughout this hapter, diagram of trees will sho wn. These trees are virtual trees, and do not actually exist on the ypical arc hitecture PHD will mapp ed to. The mapping is describ ed in Section 2.2. Except where noted, the �gures only consider single cac he blo k. 2.1. PR OTOCOL DESCRIPTION 29 State Description NOP NGA En try is also con tained in another subsystem shar ). En try is unlo cke NOP NGA En try is only con tained in this subsystem exclusive ). En try is unlo cke NOP NGA En try is also con tained in another subsystem shar ). En try is lo cke En try is not lo cated on path from writer to top no de for the write. YOP NGA En try is also con tained in another subsystem shar ). En try is lo cke En try is lo cated on path from writer to top no de for the write. En try has not et receiv ed ac kno wl edge from the writing subtree. YOP NGA En try is only con tained in this subsystem exclusive ). En try is lo cke En try is lo cated on path from writer to top no de for the write. En try has not et receiv ed ac kno wl edge from the writing subtree. YOP YGA En try is also con tained in another subsystem shar ). En try is lo cke En try is lo cated on path from writer to top no de for the write. En try has receiv ed ac kno wledge from the writing subtree. YOP YGA En try is only con tained in this subsystem exclusive ). En try is lo cke En try is lo cated on path from writer to top no de for the write. En try has receiv ed ac kno wledge from the writing subtree. able 2.3: The ossible states of cac he paren en try Figure 2.1: This �gure explains the sym ol used throughout the hapter. Note that no de with \v alid" cop of the blo is an imprecise description, basically implying that the no de, if leaf, has cop of the blo in readable or writable state. If grey no de is not leaf no de, it is assumed to ha at least one subtree in the con�rmed state. 30 CHAPTER 2. PR OTOCOL VER VIEW Message Description �nd lo est commo for read Lo ok up ards for nearest no de with alue. redirected �nd lo est common for read Lo ok again; failed in curren subtree. read alk do wn a rds to no de with alue. �nd lo est commo for write Lo ok for lca of all no des with alue. lo Lo all no des elo with alue. ac All copies elo are in ali d. ac k1 All copies elo except writer’s are in a lid. thro wing Subtree elo in a lid; once as con�rmed. hange to exclusiv No de is least comm on ancestor of all copies. �nd lo est commo for tas Lo ok up ards for nearest no de with alue. redirected �nd lo est common for tas Lo ok again; failed in curren subtree. con�rm alue Subtree elo has gotten cop of alue. read data Lev el 0: Send data directly to reader. Lev el 0: Send data to ait ing subtrees. uncon�rm alue Subtree elo no not con�rmed, not in ali d. read tas alk do wn a rds to no de with alue. write ok No other copies left in tree. write wn Ownership transfer message for writes. tas failed est-and-set failed in initial read stage. able 2.4: The messages sen the proto col. 2.1. PR OTOCOL DESCRIPTION 31 Figure 2.2: This diagram sho ws the three phases whic ccur during read op eration. No de an ts to read X, so it sends messages to lo cate X. This �rst phase, lo cating blo k, �nishes when No de is informed that No de an ts cop that oin t, phase starts, in whic cop is sen directly to No de 5. Finally in phase three, con�rmation that the alue arriv ed is sen to No de and then from No de to No de 1. the lev el of detail of the �gures in this hapter, no des ma in one of three states as sho wn in Figure 2.1: in ali d, alid, and requesting an op eration. These states apply in tuiti ely to oth leaf and paren en tries. Note that the \v alid" state for paren no de is most similar to ha ving con�rmed subtree. 2.1.4 Reading read to lo cally cac hed blo ccurs immedia tely On read miss, ho ev er, three- phase op eration ust erformed, as sk etc hed in Figure 2.2. The �rst phase lo cates the nearest blo while sim ult aneously up dating the states in the hierarc The second phase sends cop of the blo directly to the requesting no de. The third sends con�rmation that the no de has actually receiv ed the cop There are ossible complicati ons to read. First, write ma going on at the same time. Second, the cop hosen to replicated ma deleted lo cally efore the read request reac hes it. Both of these problems are handled the proto col. no de whic wishes to lo cate blo for read sends

�nd lowest ommon for ad message to its paren t. If the paren has no record of the blo k, it sends the same message up, un til no de is found that has it. If the blo exists, the message tra eli ng up ar ds will ev en tual ly arriv at no de whic kno ws where the blo is. If the blo do es not exist, the proto col will allo cate it automat icall or signal an error, whic hev er it has een con�gured 32 CHAPTER 2. PR OTOCOL VER VIEW Figure 2.3: The states that leaf no de can en ter during read. to do. If the en try at that no de is unlo ed, and at least one subtree is con�rmed but none are alid, the no de ust up date its ector of who has the blo and pic one of the con�rmed subtrees to send the ad message do wn to. If an of the subtrees are alid, the requesting subtree is mark ed as ait ing, and the read pro cess susp ends here. When the alid subtrees are hanged to con�rmed, indicating that they ha �nished the read, the alues are sen do wn to all ait ing subtrees. This mec hanism supp orts read com bi ning. When non-leaf no de receiv es ad message, it hanges the state of its en try to shared, since the request ust ha come from outside of the subtree it heads, and forw a rds the ad message do wn to a rds the con�rmed subtrees and lea es. When leaf en try in readable or writable state receiv es ad it sends purgeable cop (using the ad data message) directly to the requesting no de. When the requesting no de receiv es the alue, it sends on�rm value message up ards to its paren t, to con�rm that it has receiv ed cop of the blo k. Complica tio ns to read can ccur when no de deletes blo whic some other no de is trying to read. This deletion ma cause ad message to reac no de whic no longer kno ws ab out the blo k. In this case, dir cte �nd lowest ommon for ad message is sen up a rds to �nd di�eren record of the blo k. In all of the cases describ ed ab e, if no de is ev er reac hed whose en try for the blo eing read is lo ed, the read is temp oraril halted. This halting ermits the serialization of reads and writes. Figure 2.3 sho ws the states that can ccur in leaf no de during read. When no de wishes to read blo whic it has not lo cally cac hed, it en ters waiting for ad state and sends �nd lowest ommon for ad message to its paren t. In normal read case, 2.1. PR OTOCOL DESCRIPTION 33 Figure 2.4: This diagram illustrates ho read com bi ning ccurs. As sho wn in the left tree, No de requests read just as in Figure 2.2. an time et een the lo cate message reac hing No de and the con�rm message reac hing it, No de also decides to read the same alue, and sends lo cate message to its paren t, No de 2. No de records that No de is aiti ng for that blo k. As sho wn in the righ tree, when the con�rmation message from No de reac hes No de 2, No de sends the data from the read to No de 4, whic resp onds with con�rmation. Note that only one con�rmation is sen from No de to No de 1; con�rmation is sen No de only after receiving con�rmatio from No de 5. the no de will informed ad data message of the alue, and will then en ter the adable nowner state. If, on the other hand, write starts efore the read completes, the no de ma receiv lo ck message efore the new alue. The no de blo ks the write from completing not ac kno wledging the lo ck un til it receiv es the new alue and completes its read. If sev eral no des sim ulta neously try to read blo whic is not already widely dis- tributed, the messages will com bined. or example, if three leaf no des with the same paren try to read blo they will all send �nd lowest ommon for ad messages to their paren t. When the �rst message reac hes the paren t, it will up date its en try to record that the no de whic sen the �rst message, No de 1, has alid (but not con�rmed) cop and forw ard up the request. The second message to arriv will result in No de 2’s state eing hanged to ait ing. This time, of course, the paren no de do es not forw ar the request up ar ds. The third message to arriv will result in hange of No de 3’s state to aiti ng. When the alue of is sen to No de 1, it will send that data to the paren as part of the on� rm value message. The paren will then send the data to all of its subtrees in the aiti ng state, in this case No des and 3. simil ar example of read com bining is illustrated in Figure 2.4. 34 CHAPTER 2. PR OTOCOL VER VIEW Figure 2.5: This is sk etc of the write pro cess. No de an t to write X, so it sends messages to lo cate X. When the lo cate messages reac the lo est comm on ancestor of No de and all no des that kno ab out (in this case No de 1), lo messages are sen do wn to ev ery no de whic has X. Eac leaf no de receiving lo message deletes its cop and sends an ac kno wl edgm en up ards. The wner (6) additionally sends cop of to 5. When all of the ac kno wledgm en ts ha een collected, No de is sen message. No de ma no up date X. 2.1.5 riting global write in o lv es �nding all of the copies of blo in the system, lo king them, deleting them, transferring wnership and the curren alue to the new wner, and then erforming the actual write. This pro cess is sho wn in Figure 2.5. Sev eral consecutiv write requests from single no de to particular lo cation can ful�lled quic kly and easily As so on as no de has written to blo once, it has sole wnership and con trol er that blo k, and can th us erform consecutiv reads or writes lo cally un til another no de requests cop no de wishing to write to blo whic it do es not ha writable cop of ust �rst cre- ate an en try in the state waiting for write nowner npl nr ad or mo dify an existing en try to in the waiting for write nowner npl yr ad or waiting for write yowner npl state, as ap- propriate. The lo cation phase then egins. The no de sends �nd lowest ommon for write message to the no de ab it in the hierarc If that no de has no record of the blo k, it sends the same message up. The lo cate phase con tin ues un til the lo est comm on ancestor (lca) of the blo is reac hed. The calculation of the lo est commo ancestor for blo considers all leaf no des con taining the blo and the no de requesting the write (see Figure 2.6). Note that 2.1. PR OTOCOL DESCRIPTION 35 Figure 2.6: The least common ancestor for blo dep ends not only up on the blo k, but also up on where the writer is lo cated. The lca for blo cac hed in No des and 6, from the oin of view of No des 5, 6, or 2, is No de 2. rom the oin of view of all of the other no des, the lca for is No de 1. The lca for blo x, from an no de’s oin of view, is No de 1. The de�nition of the lca for blo from the ersp ectiv of no de is that the lca is the �rst no de whose en try is tagged exclusiv in path starting from going up to the no de at the highest lev el of the hierarc No des and lab el blo as exclusiv e. No des and lab el blo as shared. No de lab els blo as exclusiv e. the lca no de is the highest no de in the hierarc that is in olv ed in the write. An lca no de receiving �nd lowest ommon for write message lo ks its en try signifying the eginning of the lo phase and ensuring the serializatio of writes. It then sends do wn lo ck messages to ev ery no de whic has cop of the blo k. Most no des receiving the lo ck message will ha copies of the blo eing lo ed. Non- leaf no des with records of the blo lo their en tries, and forw a rd do wn the lo ck messages to all those no des elo them whic ha the blo k. All of the leaf no des with copies of the blo will receiv lo ck messages. Those with purgeable copies just erase the copies and send an ack message up immediat ely The old wner of the blo will ha an unpurgeable en try This wner no de �rst sends cop of the blo directly to the no de requesting the write, then deletes its cop and sends up an ack message. The main purp ose of the cop message is to transfer the wnership of the blo and to giv the writer the old alue to distribute if necessary to the reads serialized efore the write. This prev en ts deadlo situation, whic will describ ed more fully later. The no de that is in the state waiting for write will also ha an unpurgeable ersion If no de has deleted blo and the information that this has happ ened is still propagating up ards, some no des ma receiv lo ck message but not ha record of the blo k. In this case they immediately send up an ac kno wledgmen of deletion. 36 CHAPTER 2. PR OTOCOL VER VIEW Figure 2.7: The �nite state mac hine describing leaf no de en try during write. These states are all appro xim ate; the exact transitions are describ ed in able C.5. of the blo k. This is the no de that requested the write. If writes ere requested at appro xim at ely the same time, the one who the lo ck message records as the writer is the one that on the race. The other write will ait ing on lo ed en try somewhere. The winning no de sends up sp ecial ac kno wl edgm en t ack1 indicating that it is on the path of the write. The streams of ack and ack1 messages signal the com bining phase of write. This phase is used to ensure that ev ery cop of the blo is deleted efore an mo di�cations are erformed. Eac paren no de collects ack and ack1 messages un til it receiv es resp onses from all of its in olv ed hildren. If the paren no de is on the direct path et een the writing no de and the lca no de, it sends up an ack1 as so on as there is only one subtree elo it with cop and it has already receiv ed an ack1 from subtree. The single remaining subtree con tains the no de whic requested the write. If the paren no de is not on the write path, it ai ts un til it receiv es ack messages from all subtrees directly elo it whic had copies, and then deletes its record of the blo k. The lca no de for the blo will on the path for deletion. When it receiv es the last ac kno w ledgm en t, it sends write ok message do wn to the no de requesting the write and unlo ks its cac he en try The write ok message tra els through all no des that ere on the write path, unlo king them as it descends. The no de requesting the write will receiv �nal messages, in an indeterminate order. One is the write own message, whic con tains the alue of the data and erforms the wnership transfer. The other is the write ok message, whic indicates that all other copies 2.1. PR OTOCOL DESCRIPTION 37 on the system ha een deleted. Only after receiving oth messages do es the no de hange the state of the en try to writable and erform the write. Figure 2.7 sho ws the �nite state mac hi ne represen ting this sequence. In the proto col, an read in progress when write reac hes certain oin will complete efore the write do es. In particular, when lo ck message reac hes leaf no de in the wait- ing for ad state the lo will dela ed at the no de un til alue is actually sen there. After the read, the blo is purged from the cac he, and an ac kno wledge is sen t. In order to oid deadlo k, the proto col alw ys allo w at least one no de to distribute the old alue on demand. Before the wnership transfer, the wner will ha the alue for distribution; after the wnership transfer the writer will ha and distribute the alue. Reads attempti ng to complete during the later stages of write often end up eing sen to the writer. 2.1.6 Sync hronization Primitiv Although the read and write primiti es whic op erate on shared memo ry ensure consistency they do not pro vide simple metho for sync hronization et een no des. ha therefore included the test-and-set as instruction. This primitiv is included for completeness, and could implemen ted etter ariet of metho ds 11 20 ]. The as is com binat ion of read and write. First read is erformed, up to the oin where cop of the alue is lo cated. If the cop is non-zero, the as fails, and tas faile message is sen to the requesting no de (see Figure 2.8). If the cop y’s alue is zero, the write phase egins. The \write" con tin ues just un til the requesting no de ould ab out to erform the write. this oin t, the alue is again hec ed. If it is non-zero, no alue is written. If it is zero, the as completes successfully This second hec ust erformed in order to ensure the atomicit of the test-and-set. diagram of successful as is sho wn in Figure 2.9. Although the test-and-set primit iv as designed with barrier sync hronization in mind, it is still not as go as mec hanism sp ecially designed for barrier sync hronization. Sync hro- nization using the pro vided test-and-set primitiv do es preliminary read efore attempting to gain wnership of the test-and-set ariable in order to reduce useless thrashing. er- form barrier sync hronization, ho ev er, ev ery no de will still ha to gain wnership of the 38 CHAPTER 2. PR OTOCOL VER VIEW Figure 2.8: The diagram sho ws the steps of test-and-set whic fails in phase one. No de tries to erform as on X. No de do es not �nd lo cally and sends lo cate message up to No de 2. No de kno ws where cop is, so sends message do wn to No de 4. No de examines X, and �nds out that is non-zero, implying that the test-and-set has failed. No de therefore sends message to No de telling it that the tas has failed. Figure 2.9: The diagram sho ws the steps of test-and-set whic completes successfully The �rst part is the same as in Figure 2.8 and is not rep eated here. After No de eri�es that is 0, it egins the same steps as ould happ en in write. The lca no de for (No de 1) is found. It sends lo messages to all no des whic ha copies of X. Those no des delete their copies, and send ac kno w ledgm en ts up ards. After oth the alue and the �nal ac kno wledgm en are sen to No de 5, it hec ks to mak sure is still 0. If so, it sets X. 2.2. PHYSICAL LA YOUT 39 blo at some oin t. On mac hine suc as the J-Mac hine, the separate message facilit can used an application to build more e�cien barrier sync hronizatio n. 2.2 Ph ysical La out The hierarc is mapp ed to ph ysical mac hi ne in suc as to realize hierarc hical lo calit as ph ysical lo calit The mapping is also designed to split the address space so as to increase bandwidth and prev en ottlenec ks at higher lev els of the tree. The mapping is designed to ork for all k-ary n-cub es, although the proto col ma not erform ell on con�gurations suc as high-dimensional cub es. Eac pro cessor stores part of the global address space. The lo cations of ev ery blo are stored in hierarc hical directory forming the virtual tree describ ed in Section 2.1. virtual tree is comp osed of virtual no des, eac of whic ma mapp ed on to sev eral ph ysical pro cessors. This mapping allo ws us to form di�eren ph ysical tree tra ersal patterns: one for eac set of addresses. 2.2.1 Hierarc hical Directory directory records whic no des ha copies of blo ks. In ultipl lev el system, ev ery paren no de at lev el kno ws whic of its hild no des ha copies of blo k. Ev ery paren no de ab lev el stores whic of its hild no des are the ro ots of subtrees con taining copies of blo at their lea es. lo cate blo that is not stored lo cally no de sends an inquiry whic will tra el up ards un til cop is found. In order to increase bandwidth, the directories of the virtual no des at ev ery lev el are split on to man ph ysical pro cessors. This splitting is sho wn in Figure 2.10. Eac leaf no de is mapp ed directly on to unique ph ysical pro cessor. The paren (non-leaf no des are distributed equally on to all pro cessors of the mac hine, while main ta ining lo calit The top no de of the tree is distributed on to all no des of the mac hine. The mapping is also designed to promote lo calit y: ev ery ph ysical pro cessor stores part of no de from ev ery lev el. This implies that some requests can tra erse the en tire tree while sta yi ng lo cal to pro cessor. Figure 2.11 sho ws hierarc hical directory em edded in to o -dim ensional mesh net- ork. The highest lev el of virtual tree consists of single no de. Its four hildren are the 40 CHAPTER 2. PR OTOCOL VER VIEW Figure 2.10: The virtual address tree is split to increase bandwidth. In this case, lev el, radix tree is mapp ed on to 4-ary 1-cub e. Eac virtual leaf no de is stored on unique ph ysical pro cessor. The �rst-lev el paren no des are eac split on to ph ysical pro cessors (forming sub- lines ). The second-lev el paren no des (in this case the ro ot no de) are split on to four ph ysical pro cessors (formi ng sub-line of double the size of the �rst-lev el ones). In k-ary 1-cub e, the paren of leaf no de will lo cated in the same o-pro cessor sub-line as leaf no de itself. The grandparen of leaf no de will lo cated in the same four-pro cessor sub-line as the leaf no de itself. or ev ery additional lev el in the radix tree, the um er of pro cessors needs to doubled. 2.2. PHYSICAL LA YOUT 41 Figure 2.11: conceptual view of o, three, and four lev el tree. Eac group at lev el ecomes single no de at the next highest lev el. four lev el no des whic comp ose that single no de. The four hildren of lev el no de are the four lev el no des, and of lev el no de are four lev el no des. Lev el no des corresp ond to lea es of the tree, and are ph ysical pro cessors. Eac virtual paren no de can con tain informati on ab out an blo k, et eac of the ph ysical pro cessors comp osing paren no de can only hold some predetermined subset of the blo ks, based on the blo addresses. This mapping results in ph ysical lo calit ecause an messages tra eli ng in the hierarc will alw ys sta within sub-cub es. The hierarc hical directory can also view ed as consisting of ul tiple trees. As an example, consider the mapping of virtual lev el, radix tree to ph ysical 4-ary cub sho wn in Figure 2.12. The collection of no des that can store particular address forms complete tree. In this example, sixteen di�eren trees are formed, eac ro oted at di�eren pro cessor. Because the trees for di�eren addresses are di�eren t, there is no ottlenec at the \top no de" of the hierarc 42 CHAPTER 2. PR OTOCOL VER VIEW Figure 2.12: rees em edded in to 2-dimensional grid. Only out of sixteen are sho wn. 2.2.2 Mapping unction The mapping function is used to calculate the no de um er of the paren (or hild) of no de, giv en an address, lev el in the hierarc and the curren no de um er. This particular mapping function only orks for mac hines whose radices are ers of o. global address consists of parts. The map part ust enco de the informat ion necessary for the mapping function to op erate, suc as global pro cessor ID. The key part is used to distinguish among addresses with iden tical map parts, suc as lo cal addresses on single pro cessor. There are no restrictions as to ho the map and ey parts ma com bi ned to form global address. An no de can store an blo at the leaf lev el. calculate the paren for that blo k, replace some part of the curren no de um er with the map part. or example, on the J-Mac hine, whic has three-dimensional mesh net ork, tak the lo bits of the no de um er’s three co ordinates and replace these three bits with the corresp onding three bits from the global address. This strategy implies that the highest lev el no des will store only blo ks whose map part of their addresses equals their no de um er. Figure 2.13 illustrates 2.3. SUMMAR 43 Figure 2.13: This �gure demonstrates the mapping function used for 3-dimensional mesh. The three no de um ers indicate whic no des can store address could stored on an leaf (lev el 0) no de. calculate the lev el no de that could stored at replace the lo three co ordinate bits, one from eac dimension, with their corresp onding alue from calculate the lev el no de, replace the next highest three co ordinate bits, etc the J-Mac hine mapping function. This mapping function will eep messages con�ned to ph ysically small areas whenev er ossible. message eing sen from the leaf lev el to the �rst lev el will de�nition ha destination somewhere within the eigh (more generally no de cub whic includes the sender. Assuming bidirectional links, the farthest suc message ould need to tra el is three hops. More generally the farthest message will ha to tra el to comm unicate et een lev els and is hops. On erage, assuming random destinations, the distance is only hops. There will more discussion of this em edding in Chapter 6. 2.3 Summ ary This hapter describ ed the op erations of PHD. PHD supp orts cac he coheren read, write, and test-and-set op erations. Read requests are satis�ed in the smallest subtree con taining oth the requester and cop of the requested blo k; only three sets of messages are sen up or do wn that subtree. rite requests are con�ned to the subtree con taining the lo est commo ancestor of the requester and all copies of the requested blo k; four sets of messages tra erse the hierarc of whic fan out to all no des with copies. The test-and-set request 44 CHAPTER 2. PR OTOCOL VER VIEW is implem en ted as an optimized com binatio of read and write requests, and implem en t test-and-test-and-set op eration. This hapter also describ ed mapping of PHD to arbitrary k-ary n-cub es. The mapping translates hierarc hical lo calit in to ph ysical lo calit The mapping also statically spreads higher-lev el tree no des on to man ph ysical pro cessors, in order to increase bandwidth and prev en ottlenec ks at the top of the tree. Chapter Proto col Issues Man decisions ust made in the design of complex system. These decisions often in olv tradeo�s et een space, time, and complexit This hapter discusses some of the tradeo�s that ere made in the design of the Proto col for Hierarc hical Directories as ell as the consequences of these decisions. Section 3.1 examines those tradeo�s in tended to increase the parallelism in comparison to other hierarc hical proto cols increasing the async hron Section 3.2 considers small easily hangeable design decisions that further optimize the erformance of the proto col. 3.1 arallelism PHD as designed to reduce the serialization of proto col actions in tro ducing parallelism in the satisfaction of requests. aral lelizi ng problem, ho ev er, often mak es the problem more complex. Man of the hoices made in the proto col design therefore signi�can tly increased the complexit of the proto col. Whether there is commensurat decrease in latency is an op en issue to studied. 3.1.1 Extra ra ersals of the Hierarc Extra tra ersa ls of the hierarc pro vide informat ion to proto col. Av oiding extra tra er- sals of the hierarc increases oth the state necessary to supp ort proto col and the com- plexit of proto col. There are sp eci�c cases of this tradeo� in PHD: one in the read 45 46 CHAPTER 3. PR OTOCOL ISSUES Figure 3.1: This �gure compares the um er of tra ersals of the hierarc needed for read request for the four di�eren proto cols: DDM, PHD, NAI, and DHP. The blac no de is erforming read request. The grey no des ha copies of the blo eing requested. request mec hanism and one in the async hronous in al idat mec hani sm brie y compare four di�eren solutions to this tradeo�, three of whic are part of existing proto cols. DDM The DDM proto col 12 requires more tra ersal of the hierarc than do an of the other proto cols. This requiremen is reasonable giv en the assumptions of that pro ject: they prop ose to implem en their proto col on bus-based system, where the hierarc is �xed in hardw are and cannot circum en ted. During read request, four tra ersal of the hierarc ccur (see Figure 3.1): �rst up, to �nd no de whic kno ws where cop is, then do wn, to no de with cop then bac up and do wn through the net ork, up dating the in terior directories as the read ccurs. There is only partially async hronous in al idati on in the DDM proto col. In order to discard blo k, no de ust initiate transaction whic carries the data. This transaction will con tin ue to propagate up a rds un til at least one other cop of the blo is found. This system prev en ts the proto col from deleting the last cop of blo k. The transaction ust carry the alue with it, unlik in the other proto cols, in order to sure that the alue is preserv ed. This proto col di�eren tia tes four read states in the hierarc for subtree: in al id, reading, answ ering, and alid data. These states are up dated as the read tra els wice up and do wn the hierarc and pro vide full informati on to the proto col as to the exact stage of read. The alid data state only implies that the data has een sen in to the subtree, 3.1. ARALLELISM 47 not that the data is still there. PHD The PHD proto col requires one few er tra ersal of the hierarc for read request than do es the DDM proto col. PHD, as illustrated in Figure 3.1, also routes the read request up and do wn through the hierarc but then sends cop of the alue directly through the net ork to the no de requesting the read, and then up dates the hierarc con�rmation sen only up ards. PHD can also completely async hronously discard blo ks. This feature allo ws most no des to quic kly discard cac he en tries whenev er the cac hes are full. Unlik the DDM proto col, the alue is not carried in the discard message. The use of sp ecial owner no de guaran tees that all no des will not sim ulta neously discard their copies. The wner, whic is de�ned as the last no de to write to blo k, cannot async hronously discard its cop If particular no de is the only no de to write to man blo ks, its cac he will ev en tuall �ll up. PHD can extended to solv this problem adding message whic requests some other no de write the alue (freeing it from the full no de’s cac he). This solution in tro duces complicated load-balancing issues not addressed this thesis. The com binati on of these features in tro duces complexit to the proto col. Although in al idati on is no simpler, ecause the alue is not carried in the deletion message, the problem of the wner capacit er o has een in tro duced. The longest path for read request is no shorter than it as efore, but the read-com bining path is sligh tly longer. Reads whic ha een com bined do not receiv the alue of the data un til after the con�r- mation step of the read request. read request that has een read com bi ned ust, in the orst case, ait through tra ersa ls of the hierarc (one up and do wn), one message eing sen across, con�rmation eing sen up through the hierarc and the data �nally eing sen do wn to the com bined no des. PHD also di�eren ti ates four read states in the hierarc for tree: in ali d, reading, aiti ng for read com binat ion, and alid data. The alid data state means that the subtree receiv ed the data but ma ha already deleted it. DHP The DHP proto col 21 oth requires the few est um er of tra ersa ls of the hierarc and implem en t async hronous in a lidat ion. ogether this com bi natio results in proto col 48 CHAPTER 3. PR OTOCOL ISSUES vulnerable to deadlo k, ecause not enough informa tion in the hierarc is ai lable to tell whether or not subtree is aiti ng to receiv blo k, has already receiv ed the blo k, or has receiv ed and already deleted (but not et propagated this informatio up a rds) the blo k. This lac of informatio is used as the read com bining mec hanism if read request reac hes no de whic is in the pro cess of reading data, it aits there un til the data arriv es. This mec hanism itself is erfectly reasonable. Unfortunately when com bined with async hronous in al idati on, the mec hani sm results in deadlo k, where no des can eac end up aiting for the same blo k, and eac also promisi ng to tell the other when they receiv the blo k. In this case neither request can ev er �lled. The read com bining mec hanism of this proto col theoretically reduces the path length of the longest com bined read. The only problem whic can ccur is read hains, where list of no des is ait ing for blo k. The alues will propagate one at time; up on receiving the alue it has een aiting for, no de forw ards that alue to its wn list of ai ting no des. Those no des in turn migh themselv es ha lists of other no des aiti ng for the same alue. The DHP can only di�eren tiat states for subtrees in the hierarc y: in ali and alid, where alid implies that the subtree will receiv the data, has receiv ed the data, or had receiv ed (and already deleted) the data. It cannot use an other states ecause ev ery no de is only visited once. NAI fourth proto col, not et prop osed, is iden tical to the DHP except that it elimi- nates the async hronous in al idat ion abilit call this proto col NAI (No Async hronous In alidat ion). Read requests still tak only tra ersa ls of the hierarc There are still only states for subtrees in the hierarc but the meanings ha hanged: no the hi- erarc eeps trac of whether subtree is in al id or has or will get particular blo k. This proto col eliminates the deadlo situation of the DHP guaran teeing that \v alid" subtree either has cop of the blo or has an outstanding read request whic is eing satis�ed outside of that subtree. The disadv an t age of this proto col is that it requires that no des reserv enough ro om in their cac hes for the blo ks that they delete et een the time that the deletion is initiated and the time that they receiv an ac kno w ledgm en indicating that it is safe to erform the deletion. 3.1. ARALLELISM 49 Figure 3.2: This �gure sho ws ho the distributed write comm it orks. No de is in the pro cess of requesting write. The grey no des ha copies of the ob ject. Consider what happ ens if No des 2-8 all requested read op erations at this oin t, and the lo messages all froze in the net ork, so that the reads ould ha time to complete. No des and ould complete their read requests, ecause they ha lo cally cac hed copies. The requests from No des 3, 7, and ould stall on the write, ecause they ould reac lo ed no de efore reac hing alid no de. No de 5, on the other hand, ould able to complete its read, ecause alid no de ab it is still unlo ed. No de ould able to complete its read, ecause its request is coming from the writing subtree. 3.1.2 Distributed rite Commit oin The commit oin for write is distributed in PHD. write aits un til all reads in pr gr es �nish. After particular time, newly starting reads will stalled un til the completion of write; the calculation of this time is distributed. As so on as lo message reac hes no de, no read originating from an in al id subtree elo it will satis�ed un til after the write. The one exception to this rule is that reads coming from no des in curren tly writing subtrees will allo ed to complete as ell. An example of the arious cases of reads and writes in teracti ng to form the comm it oin is sho wn in Figure 3.2. This sc heme supp orts sequen tial consistency 14 ], but also adds complexit to the proto col. The DHP proto col, on the other hand, do es not mak an guaran t ees ab out reads making progress. It is ossible that read in the DHP can inde�nitely dela ed series of write requests coming from other no des; the read will sp end all of its time searc hing the mac hi ne for alid cop 50 CHAPTER 3. PR OTOCOL ISSUES 3.2 Design Decisions Sev eral design decisions whic ere made in the construction of the Proto col for Hierarc hical Directories could easily aried. These decisions in o lv the read com bining mec hanis m the write in a lidat ion mec hanism and the in ali dati on mec hani sm 3.2.1 Read Com bining The design of the read com bining mec hanism is another example of time-space tradeo�. The read com bining of PHD dela ys read requests from later requesting no des un til the requests from earlier requesting no des ha een answ ered. This dela prev en ts the later requests from sending another set of lo cation and data transfer messages. Another to implem en read com bi ning is to use address-sp eci�c dela ying queues whic are examined whenev er blo k’s directory state on no de hanges. This strategy sa es some bits in the state of eac no de, ecause slot to store the ait ing status of ev ery subtree for ev ery blo is no longer needed. Using these queues pro vides metho ds for deciding what to do when lo message reac hes directory no de whic has hildren aiting for the alue. The �rst is to send the lo message to all aiti ng hild subtrees, as in the curren ersion of PHD. Unlik PHD, ho ev er, this sc heme requires that lo message alw ys hec the dela ying queue efore con tin uing, in order to �nd out whic subtrees need copies of the alue. The second sc heme is to not lo ait ing subtrees; the reads coming from those subtrees are considered to happ en after the writes. Another in teresti ng question to consider ab out read com bining is whether it is orth- while at all. Without read com bining the proto col ecomes substan tial ly simpler. It is not clear ho often no des request the same alue nearly sim ultaneously except for sp ecial sync hronization ariables; these could handled separately 3.2.2 Read Com bining Whenev e ossible The read com bining mec hani sm of PHD com bines read requests whenev er they ccur nearly sim ul taneously When read reac hes no de with subtree that is already reading that blo k, and that no de has no subtrees whic de�nitely ha copies of the blo k, read 3.2. DESIGN DECISIONS 51 Figure 3.3: This �gure sho ws the ossibilities for read com bi ning. In oth metho ds, No de request read op eration. Since it has no cop of it, the request is sen up to the �rst no de that has it, in this case the ro ot no de. No No des 2, and 12 issue read requests to the same blo k. No de 2’s request ait at its paren t, as explained in Chapter 2. Similarl No de 4’s request ait at its grandparen t. The issue is what happ ens to the request from No de 12. The request could sen do wn the path to No de 6, lik No de 1’s request as, or the request could com bined. com bi natio ccurs. The question is what to do in the situation, sho wn in Figure 3.3, where read request propagates up to no de that has oth subtree in the middle of read and subtree with de�nite cop of the blo k. If new read request is sen do wn to the subtree with cop one-�fth of the proto col table (sho wn in able C.11) will no longer reac hable and can eliminat ed, ecause the com bined ector state vX wX cX (subtrees ma in a lid, alid, ai ting, or con�rmed) can no longer ccur. The other ossibilit for implem en t ati on is that the read request com bi ned, and th us forced to ait un til the �rst read completes, when it will sen its alue. Both ersions of the proto col ha een sim ul ated. The sc heme whic com bines read requests erformed etter on the studied syn thetic traces and is curren tly implemen t ed in the system. 3.2.3 rite In alidate ersus rite Up date Another in teresti ng issue is whether to in ali date blo or to up date it with the new alue when remote write ccurs. PHD could mo di�ed to use an up date sc heme, instead of an in a lidat one. or erformance, mec hanism to erio dically remo un used copies of blo ks ould required. Without this capabilit writes ould in ol all no des who had ev er read the blo and whose cac hes had not subsequen tly hosen to discard the blo k. 52 CHAPTER 3. PR OTOCOL ISSUES rite up date could extremely aluable in some situations, suc as where few no des ere constan tly sharing data. 3.2.4 Non-leaf In alidation The proto col do es not curren tly address the issue of full cac he in non-leaf no de. When non-leaf no des �ll up, cannot simply discard the non-leaf alues. Scott and Go dman ha addressed this problem in 24 ]. Their solution is pruning aches whic could adapted to ork in PHD. In their pruning cac he sc heme, non-leaf directory en tries ma discarded when cac he is full. Pruning cac hes store informa tio ab out where blo do es not reside rather than where it do es reside. In their proto col, if lo message ev er reac hes an in ali en try lo cated in no de whose paren has alid en try lo messages ust broadcast to all hildren. Scott and Go dman ha determined that \pruning cac hes with mo dest hit rate signi�can tly reduce the in ali datio tra�c." They also found, in their sim ulat ion studies, that when cac he �lled up and they needed to discard an en try \it is etter to su�er increased in al idati on tra�c when the line is written than to prematurely in al idate the line." 3.3 Summ ary This hapter examined some of the decisions made in the design of the Proto col for Hier- arc hical Directories. Some of these decisions are easily hangeable implem en t ati on issues. Others, suc as the um er of tra ersa ls that should made of the hierarc exp ose ma jor di�erences et een PHD and other proto cols. Although the minor decisions could easily isolated and tested to determine whic erforms etter, the ma jor ones cannot tested in isolatio n, as they are not necessarily separable from eac other. In order to determine the ene�ts of these ma jor decisions, ust compare the erformance of PHD and the other hierarc hical cac he coherence proto cols for ariet of enc hmarks. Chapter Sim ula tor wrote sim ulato to mo del the op eration of the proto col running on computer, suc as the J-Mac hine, with k-ary n-cub net o rk top ology The sim ulat or curren tly mo dels mac hi nes of 64 no des with or three dimensions. The sim ulato is trace-driv en, taking as input statically sc heduled list of memory references and sim ula ting them follo w ing the proto col. It outputs log �le detailing the steps it to ok. also wrote eri�cation program whic tak es the output of the sim ul ator and eri�es that it follo ws legal ordering of ev en ts 4.1 Ov erview The sim ulat or serv es purp oses: �rst, it tests the proto col and second, it pro vides platform for studying sev eral haracteristics of proto col eha vior. In particular, it pro vides metho to examine the um er of messages sen er op eration, the longest path tra eled er op eration, and the erage heigh in the tree reac hed er op eration for di�eren yp es of op erations. The results of this study are in Chapter 5. The sim ulat or as not designed to supp ort an analysis of ho the proto col eha es when burdened net o rk constrain t and di�eren costs for di�eren activities. An analysis of these issues is lo cated in Chapter 6. The sim ula tor op erates at the message lev el; one unit of sim ulat ed time is the time message tak es to tra el one hop et een adjacen no des. The time message tak es to tra el from no de to no de is therefore equiv alen to the distance in hops et een 53 54 CHAPTER 4. SIMULA TOR no des and B. Op erations whic can satis�ed lo cally suc as lo cal read, write, or test-and-set, ccur instan ta neously on single no de. Message pro cessing for no de, on the other hand, tak es constan amoun of time, 10 hops, during whic the no de is busy and can pro cess no new ev en ts. Time and ev en sequencing is represen ted an ev en t-driv en queue. The queue rep- resen ts range of time. Eac slot in the queue corresp onds to one particular time, and con tains list of ev en ts to ccur at that particular time. There is one global queue for the sim ulat ion plus one lo cal queue er pro cessor. Ev en ts are remo ed from the queues and pro cessed according to their yp e: messages or op erations. The sim ula tor supp orts lo cal allo cation, read, write, and test-and-set op er- ations. It additionally supp orts all of the yp es of messages sp eci�ed the proto col. The global ev en queue also supp orts prin ting ev en t s, cac he-empt ying ev en ts, arm -start ev en t s, and memory-dum ping ev en ts. In addition to listing ev ery op eration as it completes, the sim ul ator can con�gured to prin an of the follo w ing log informat ion: ev en ts pro cessed (as they ccur in the ev en queue), messages pro cessed, and messages sen t. The sim ula tor can con�gured to prin out man di�eren yp es of statistics ab out the proto col and its op eration. 4.2 Data La out The \global" memory of the system is scattered throughout the no des. Eac no de has section of its memory dev oted to storing the data blo ks that it has copies of, or kno ws ab out. It also has section whic con tains mappings from an address, lev el pair to oin ter to the data blo stored in the data section. There are yp es of en tries whic migh oin ted to from the data-mapping table. The �rst yp is leaf en try It represen ts an actual blo of data, and corresp onds to blo of memor whic ould found in no de lo cated at the ottom of the hierarc The second yp is paren en try paren en try stores informat ion ab out whic subtrees ha copies of particular blo ks. These en tries corresp ond to memory whic ould found on no de of the hierarc not lo cated at the leaf lev el. leaf cac he en try sho wn in able 4.1, tak es up ords, where is the line size. 4.2. LA YOUT 55 able 4.1: The parts of leaf cac he en try able 4.2: The parts of paren cac he en try The �rst ord con tains the state of the en try as describ ed in Chapter 2. It also con tains the informati on, during writes, of whic ord in the cac he line is eing written. The second ord enco des the global address of the ob ject and the lev el. The �nal ords are the alue of the blo starting at the address. Because only the address represen ting the start of the blo is imp ortan t this implem en tati on hides the lev el in those redundan ottom address bits. paren en try is an en try whic do es not corresp ond to leaf of the hierarc It is alw ys comp osed of exactly ords. The �rst ord con tains the bits sp eci�ed the proto col, as ell as ector of up to sixteen bits indicating whic subtrees ha copies of that ob ject. The ector con tains bits er subtree. The writer �eld, whic is used only during writes no des lo cated on the path et een the write requester and the lo est commo ancestor of all copies, stores the index of what subtree is erforming the write, so that lost read requests can routed to the writer, as describ ed in Chapter 2. 32-bit en try can actually store up to 12 subtrees, although only the capabilit for eigh is in the curren sim ulato ersion. The second ord enco des the global address of the ob ject and its lev el, exactly as in the leaf en try The sim ula tor manages the sim ula ted heap using memory allo cation manager. The manager prev en t mem ory from eing fragmen ted rearranging memor whenev er blo is freed, and thro wi ng purgeable blo ks when necessary The sim ulato also pro vides 56 CHAPTER 4. SIMULA TOR metho for remo ving blo ks from the cac he on demand from the input, in order to test the proto col. 4.3 The Sim ulator The main parts of the sim ulat or are the no de mo del, the net or mo del, and the ev en t- driv en queues. 4.3.1 No de Mo del Only the state of no de essen tial to the op eration of the sim ulat or is mo deled. Ev ery no de has nodeid lo cal ev en queue, set of dela ying queues, and memo ry Asso ciated with the memory is table whic stores mappings et een address, lev el pairs and oin ters in to the memor In an implemen ta tio on an actual mac hine, the table ould part of the memory Because the pro cessing of message in no de ccurs in single time-step, part of the state of no de stores whether or not no de is busy and, if so, for ho long. sp ecial ev en t, no de done is added to the lo cal ev en queue at the time when no de should �nish pro cessing the curren message. no de will erform no actions in the mean tim e. Eac no de also stores sp ecial asso ciation list recording the alue to written for an ongoing write. This informatio ould normally stored directly in the instruction stream. Ideally eac no de can timeshare among sev eral di�eren pro cesses. When pro cess mak es global memory reference whic is not lo cally satis�able, it susp ends while the reference is �lled. In the mean tim e, other pro cesses can run. The sim ulat or mo dels this abilit allo wing global requests er pro cessor to ccurring sim ultaneously where is an execution-time parameter. Op erations whic ha already een read in from the input trace are placed in reference queue whic is part of the no de mo del, but is disjoin from the ev en queues. Whenev er an op eration on no de completes, the queue for that no de is hec ed. If the next op eration on that queue is due to happ en in the future, it is sc heduled. If the next op eration as supp osed to happ en already it is started. If there is no ait ing op eration, the parser is in ok ed to read more input. 4.3. THE SIMULA TOR 57 4.3.2 Net ork Mo del The net ork of the J-Mac hine is three-dimensional mesh. The sim ulato mo dels this net ork, or optionally o-dim ensio nal mesh, in completely unloaded condition, i.e. under zero congestion situation. Message deliv ery tak es time prop ortional to the distance et een the no des along Manhattan route: �rst the direction is follo ed, then the Y, then the Z. message is \sen t" at the end of the erio of time corresp onding to an pro cessing that no de is doing. ha hosen parameters suc that eac hop in the net o rk tak es one-ten th of the time to pro cess message. This mo dels system with balance et een computation and comm unication for �ne-grained pro cessing. The longest message sen is ords is the line size); the shortest ords. All messages are appro xim at ed as eing the same length for purp oses of arriv al time. If the destination of message is the no de that generated the message, the transmis sion is suppressed and the computatio con tin ues imm ediat ely 4.3.3 Ev en t-Dr iv en Queues Time is implem en t ed as circular list of queues. the start of sim ulat ion, the sim ulat or reads blo of the input and sc hedules the sp eci�ed ev en ts. It places eac ev en in the queue en try represen ting the appropriate time, creating en tries as needed. It then egins pro cessing the queue. The sim ulato pro cesses input on no de no de basis when an no de runs out of op erations to erform, as more fully describ ed in Section 4.3.1. When there are no more ev en ts in an of the queues, the sim ulat or halts. Global Queue The global ev en t-driv en queue eeps trac of the ev en t that are to activ ated during eac time slice. There are sev eral di�eren yp es of ev en ts. Op erations are sp eci�ed the input �le, and include read write as and alloc As men tio ned earlier, there are also arious yp es of debugging ev en ts, not necessarily sp eci�c to particular no des, whic can sp eci�ed. Lo cal Queue Lo cal ev en t-dri en queues are used, one er no de, to eep trac of no de sp eci�c ev en ts, suc as messages, and global ev en t that ecome lo cal. Messages are gener- 58 CHAPTER 4. SIMULA TOR ated in resp onse to other messages or op erations. These queues corresp ond most closely to the message queues that ould found on some mac hines. Dela ying Queue Eac no de additionally has dela ying queues. Ev en ts whic cannot satis�ed un til another ev en ccurs are placed on an address-sp eci�c dela ying queue, and ok en up only when an ev en referring to that address ccurs. 4.4 eri�cation The sim ulat or as tested running hand-written set of tests, designed to exercise all of the features of the proto col, as ell as man sets of mac hine-generated syn thetic address streams. The sim ulato also con tains self-consistency co de, ensuring that an error is sig- nalled if state and message com binat ions whic are illegal ccur. eri�er as written in order to help erify the sim ula tor. 4.4.1 eri�er wrote eri�cation program whic tak es the output of the sim ula tor and ensures that the output sequence of reads, writes, and test-and-sets is legal ordering of the requested ev en ts. The eri�cation of the eri�er as done for large set of hand-crafted test cases. The rules that the eri�er ob eys are as follo ws: An read that �nishes efore write op eration starts will see the old alue. After write op eration �nishes, the alue hanges, and an read that starts gets the new alue. An read that starts efore write op eration �nishes and �nishes after the write op eration starts ma see the old or new alue. test-and-set ma only complete successfully if the alue of the data is zero at the oin when the set ould ccur. 4.5. SUMMAR 59 4.4.2 In ternal Chec king The sim ulat or is epp ered with assertions whic hec for illegal states and com binati ons. The sim ula tor also has an option allo wi ng one to ho ose maxim um ounds on random in terv a for ejecting alues from the cac he. When this in terv a is set to one, alues are ejected from the cac he one time unit after they are placed there, allo w ing for thorough testing of the proto col. 4.5 Summ ary This hapter describ es the sim ulato used to exp erimen with PHD. The sim ulato im- plemen ts the full proto col plus certain extensions, suc as lo cal allo cation and optional automati allo cation on uninitialized data. The sim ulato is trace-driv en, and can gather man yp es of statistics for studying the proto col. The sim ulat or has een used to test the proto col; additional features for debugging include prin ting ev en t and cac he-empt yi ng ev en t s. sp ecial eri�catio program as also designed to ensure that the proto col eeps the memo ry consisten t. The sim ulat or runs 3,999,800 cycles in just under hours. This represen ts 4096 allo cation requests, 384,417 read requests, and 255,583 write requests, all resulting in total of 1,496,929 messages eing sen t. Eac no de as allo cated 0x3000 ords of memory for this sim ulat ion. This time measuremen to ok place on an unloaded Sparc with 32 megab yt es of DRAM, accessing only lo cally stored �les, and as ypical of ho the sim ulat or as actually run. Chapter Abstract Analysis This hapter presen ts an abstract mo del of the Proto col for Hierarc hical Directories and then uses the mo del to sho the e�ects of lo calit and mac hine size on sev eral haracterist ics of the proto col. The mo del is sho wn to alid using results generated the sim ulat or describ ed in Chapter 4. The mo del is used to study the era ge heigh er op eration, the longest path of messages tra el ed er op eration, and the um er of messages generated er op eration for mac hine con�gurations to large to sim ulate. The results from this hapter ecome the inputs of an em edded mo del, describ ed in Chapter 6, whic addresses the proto col eha vior when it is mapp ed on to sp eci�c arc hitecture. Section 5.1 describ es the mo del and new metho of represen ting the amoun of lo calit in an application. Sections 5.2 through 5.5 discuss the applications and metho ds used to alidate the mo del. Section 5.6 presen ts the results of the study sho wing the imp ortance of lo calit as mac hines increase in size. An alphab etical listing of all of the ariables de�ned in this thesis can found in able A.1. 5.1 Mo deling Hierarc hical Beha vior Before measuring the application-dep enden eha vior of the proto col, the proto col harac- teristics to measured, the application haracteristi cs needed to measure these asp ects of the proto col, and mo del of the proto col eha vior ust de�ned. 60 5.1. MODELING HIERAR CHICAL BEHA VIOR 61 5.1.1 Ov erview Since are primaril in terested in understanding ho hierarc hical proto col scales as mac hi ne size and lo calit hange, ha studied three application haracteristi cs: the erage heigh in the tree read or write op eration reac hes, the length in message hops of the \longest" path tra ersed in order to satisfy read or write op eration, and the um er of messages generated er read or write op eration. Because this hapter do es not study the proto col as mapp ed on to particular arc hitec- ture, issues suc as whether or not the calculated message-generation rate can sustained due to bandwidth considerations are not considered. Similarl are also assuming in�nite cac hes, since �nite cac he e�ects complicate the mo del, clouding the imp ortan ulti pro ces- sor issues under consideration. Finite cac he mo deling can alw ys factored in later ]. 5.1.2 Lo calit Characteristics In order to study the eha vior of cac he coherence proto col whic is highly dep enden on lo calit ust ha some metho of expressing the lo calit presen in applications. prop ose represen tation of lo calit tailored to studying hierarc hical cac he coherence proto cols Shared data op erations are alw ys caused no de requests. Instead of ho osing no de to mak request and follo wi ng that request up the hierarc as in the actual proto col, the abstract mo del ho oses whic class of no des request ccurs in. The actual no de that mak es the request is unimp ortan t, all that matters is what class that no de is in with resp ect to what other no des ha copies of the blo k. All no des in class ha equal-heigh lo est alid ancestors. Cho ose the no de to mak request as follo ws (see Figure 5.1 for an illustratio n): start at the ro ot no de of directory tree, and ho ose from one of groups: the in ali and the alid subtrees of the ro ot. If the in ali class is hosen, the pro cess stops. If the alid class is hosen again ho ose from groups: the in al id and the alid subtrees of the alid hildren of the ro ot. This pro cess con tin ues un til an in ali class Kirk Johnson greatly assisted in the dev elopmen of this lo calit mo del. Because all requests are mo deled as ccurring instan taneously consider only states: alid and in alid. alid implies that there is cop in the subtree; in alid implies that there is not. 62 CHAPTER 5. ABSTRA CT ANAL YSIS Figure 5.1: This diagram illustrates the selection of no de classes erformed the mo del. The grey no des are alid. The selection pro cess starts at the ro ot no de, where either the group of subtrees who are alid or are in ali are hosen. In the left side of the �gure, the alid group is hosen. Because the alid class as hosen, at the next lev el another selection ust made. this selection, the in ali group is hosen. This means that the no de to mak the next request will in the class of no des who are not alid, but whose paren ts are alid. In the righ side of the �gure, the selection pro cess again egins at the ro ot, where the in alid group is hosen. This ends the selection pro cess; the next request will made no de who is in a lid and whose paren is in al id but whose paren t’s paren is alid. is hosen, or un til the leaf is reac hed. If an in al id class is hosen, all no des elo that class are in the group of no des that will mak the next request. If alid path do wn to the lea es is hosen, all leaf no des whic are alid are in the group of no des that will mak the next request. calculate the probabilit of ho osing the alid class as follo ws: de�ne the lo calit parameter of lev el as the priori probabilit that the hoice will the alid group when lo oking do wn from lev el These lo calit parameters can di�eren at eac lev el of the tree. If the request did not priori come from an already alid subtree, distribute the probabilit of where it came from uniformly er all of the hildren. The lo calit in an application is th us expressed this set of lo calit parameters. or example, in an application where blo ks ere accessed uniformly all pro cessors, for all ould 0. This set of lo calit parameters lets us describ an application’s data usage. or greater accuracy instead of considering an erage blo k, could consider sev eral classes of blo ks, with their wn sets of 5.1.3 Mo del The erformance mo del calculates the erage heigh in the tree, the longest path tra ersed, and the um er of messages sen er read and er write op eration, using the lo calit 5.1. MODELING HIERAR CHICAL BEHA VIOR 63 Figure 5.2: The Mark mo del for coun ting the um er of alid hildren of alid paren t. parameters, the write ratio, the branc hing factor, and the um er of lev els in the tree. De�ne to the fraction of reads to shared data and to the fraction of writes to shared data, where 1. �rst determine the probabilit that hildren of alid no de at lev el are alid, constructing Mark mo del, as sho wn in Figure 5.2. use the solution to this mo del to calculate the exp ected alue of the um er of alid hildren at =1 cv Using calculate the alue of the probabilit of taking alid path while erforming no de selection, lo oking do wn from lev el Let 1; this means that the ro ot no de will hosen with probabilit one and simpli�es the equations. (1 (5 1) Heigh Calculating the exp ected heigh read will reac giv en the mo del is straigh t for- ard. read no de in the class of no des whic are alid will of heigh t. read no de in the class of no des whose paren ts are alid but who is not itself alid will of heigh 1. The exp ected heigh of read request, is giv en in Equation 5.2. =1 (1 +1 (5 2) 64 CHAPTER 5. ABSTRA CT ANAL YSIS Figure 5.3: In oth of these examples, the grey no des ha copies of the alue, and the blac no de is attempting to erform write. The write op eration will ha to reac the top lev el of the tree in order to complete. In order to calculate the exp ected heigh write request will reac h, ust consider not only whether or not the requesting no de has cop but also whether or not other no des of an classes ha copies. write ust progress up a rds in un til suc heigh as whic only single no de at eac lev el is alid, and those no des are all ancestors of the writing no de. or example, as sho wn in Figure 5.3, where the blac no de is requesting the write op eration and grey no des ha copies of the alue, write op eration ould need to reac the top of the tree in oth cases. In the �rst case, the full heigh of the tree is needed just to reac an other copies. In the second case, although shorter heigh is su�cien to lo cate no de with cop of the blo k, the write op eration ust reac the top of the tree in order to in al idate the other copies. Keeping these rules in mind, calculate the exp ected write heigh t, ]. =1 (1 +1 (5 3) Longest ath The longest path tra ersed during read request is the path of the request up the tree, do wn to the no de that has it, and then directly to the requesting no de, as sho wn in Figure 5.4. The exp ected longest length is th us: =1 (2 1)(1 +1 (5 4) The longest path for write is up to the highest no de, do wn to all of the copies, bac up to the top, and then do wn from the top to the requesting no de. is giv en in 5.1. MODELING HIERAR CHICAL BEHA VIOR 65 Figure 5.4: The left example sho ws read request, the righ write request. In oth of these examples, the grey no des ha copies of the alue, and the blac no de is making the request. The longest path tra ersed is sho wn for oth cases. Note that for the write case, there are other equally long paths not sho wn. Equation 5.5. =1 (1 +1 (5 5) Num er of Messages The calculation of ], the exp ected um er of messages er read op eration, is ery simil ar to that for the exp ected longest read path. The only di�erence is that the set of messages sen from the read originator to the top no de of the read to con�rm that the read has ccurred ust added in. =1 (3 1)(1 +1 (5 6) The exp ected um er of messages er write op eration, on the other hand, requires more kno wledge than the longest write path calculation. This is ecause the um er of messages dep ends on ho man no des ha read the blo since the last write and therefore need to in a lidat ed. Remem er that is the exp ected um er of alid hildren of alid no de at lev el or eac non-lo cal write, one set of messages is sen from the requester to the highest no de in the tree in ol ed in the write, as sho wn in Figure 5.5, full fan- in and fan-out of ac kno wledgm en ts and in ali dates is sen to all no des with copies, �nal ac kno wledgm en is sen do wn to the writer, and write wnership is transferred to the writer. 66 CHAPTER 5. ABSTRA CT ANAL YSIS Figure 5.5: This �gure illustrates the um er of messages sen for ypical write op eration. The grey no des ha copies of the alue, and the blac no de is erforming the write. The exp ected um er of messages er write, is th us: =1 =1 +1 (5 7) 5.2 Applications for Mo del eri�cation Three applications ha een emplo ed in the alidation of the mo del. One is uniform reference pattern, in whic ev ery pro cessor is equally lik ely to reference all of data. The second mim ics basic relaxation pattern, suc as Jacobi relaxation. The third is syn thetic pattern exhibiting clustering eha vior: no des further from �xed \home lo cation" of data access it less frequen tly than do closer no des. 5.2.1 Uniform The uniform reference pattern �ts the mo del exactly Uniformit implies that ev ery no de is equally lik ely to reference an blo k. Because of this prop ert there is no lo calit so the en tire set of lo calit parameters should alw ys zero.

5.2.2 Relaxation In the particular relaxation sim ul ated, during ev ery iteration ev ery oin of an dimensional mesh up dates its alue function of the alue of its neigh ors. Consider 2-dimensional relaxation implem en ted on 2-d grid of pro cessors. The 5.2. APPLICA TIONS OR MODEL VERIFICA TION 67 Figure 5.6: 32 32 grid of relaxation data is mapp ed on to grid of pro cessors. ob vious to em ed the problem is to map con tiguous 2-d ortion of the relaxation arra on to single pro cessor, suc that the nearest neigh ors of all of the oin ts in single pro cessor are either on that pro cessor or neigh or of that pro cessor. The em edding, sho wn in Figure 5.6, is reasonable for hierarc as ell. or the mo del, assume that the relaxation grid is mapp ed in the ab fashion. Note that an exact calculation of the read and write heigh can erformed for this application. De�ne and as the um er of read and write op erations whic reac lev el resp ectiv ely These form ula are sho wn and deriv ed in Equations B.1- B.3 in App endix B. The read and write heigh ts for the application can then exactly expressed as: =0 iR =0 (5 8) =0 iW =0 (5 9) 5.2.3 Cluster The cluster algorit hm assumes that there are clusters or groups of pro cessors orking on data. Clusters are said to own blo ks. The pro cessors within giv en cluster are more lik ely to reference blo ks wned the cluster than blo ks wned other clusters. This mo del 68 CHAPTER 5. ABSTRA CT ANAL YSIS Figure 5.7: In this �gure, the blac no de wns blo k. The ligh t er the color of no de, the less lik ely it is to access the blo k. is simil ar to the one prop osed Qing ang, in 31 ]. De�ne as the fraction of all op erations no de whic ccur to its wn blo ks. is the de�ning parameter of cluster application. As sho wn in Figure 5.7, accesses blo ks wned pro cessors in the group of pro cessors con taining but not including with uniform probabilit whic is calculated from accesses blo ks wned pro cessors in the group of pro cessors con taining but not including the aforemen tio ned pro cessors with the smaller uniform probabilit This access probabilit is calculated as follo ws: [1 1] (5 10) This form ula implies that the frequency of requests to pro cessors in the next largest cluster but not in the curren one decreases factor of as the clusters increase. 5.3 Sim ulation of Applications The syn thetic address traces of three applications ere sim ulat ed using the sim ulat or de- scrib ed in Chapter in order to determine alues for the set of lo calit parameters, with whic to hec the mo del. All applications ere sim ul ated oth for 2-dimensional, radix 4, four lev el tree 4, 4) and for 3-dimensional, radix 8, three lev el tree 3, 8). In oth cases this resulted in 64 pro cessor sim ulat ion. As uc memory as allo cated to the pro cessors as as necessary to run without incurring cac he er o misses, in order to sim ula te in�nite cac he size. 5.3. SIMULA TION OF APPLICA TIONS 69 Uniform 200 64 400 elaxation 100 1/5, 1/7 Cluster 10000 64 400 able 5.1: These are the alues of the parameters used in the sim ul ati ons. Uniform The uniform address trace consists of references, ev ery pro cessor, ev ery sim ulat or steps, to randomly hosen one of addresses. All addresses are equally lik ely to hosen eac pro cessor. The parameter aried in this trace is the ercen tage of writes, Relaxation The relaxation address trace consists of cycles of reads to neigh ors follo ed writes. In the trace ev ery no de sim ulta neously mak es the read requests follo ed the write requests for the �rst blo k, then the read requests follo ed write request for the second blo k, etc. In other ords, the grid is eing up dated suc that some blo ks are up dated alues from later iterations on earlier iterations, simil ar to Gauss-Seidel relaxation. There are sim ula tor cycles et een eac reference. The amoun of the grid assigned to eac no de as aried across the sim ula tio ns. the um er of iterations, is lo ecause the sim ulato erformed arm start for this application. or the 2-dimensional 4) relaxation, the ercen tage of writes as 20; for the 3-dimensional 8), the ercen tage as 14. Cluster The cluster address trace consists of references, ev ery pro cessor, ev ery sim ulat or steps, to randomly hosen one of addresses, where is the um er of pro cessors. Accesses particular pro cessor to self-o wned addresses ccur with probabilit The probabilit of references to other clusters is calculated according to the form ula describ ed earlier in Equation 5.10. The parameters aried in this trace are the ercen tage of writes, and the base probabilit 70 CHAPTER 5. ABSTRA CT ANAL YSIS Figure 5.8: The lo calit parameters as measured from the uniform application sim ulati on. 5.4 Lo calit arameters Measured from Sim ulation The sim ula tio allo ed us to measure the set of lo calit parameters for the applications. Uniform As predicted, the alues for are nearly zero for the uniform application, as sho wn in Figure 5.8. high oin ccurs when the ercen tage of writes is zero; this eha vior is caused the fact that there are no writes at all. If the sim ulati on as run for ery long time, ev en tuall nearly ev ery no de ould ha cop and then there ould seem to correlation in the hoice of subtree; alid subtree no de ould more lik ely to selected than an in a lid one ecause there are so man Relaxation As the amoun of data er no de increases, the application exhibits more and more lo calit at ev ery lev el, as exp ected. Note that there is tremendous lo calit for the references whic reac the higher lev els, as there are extremely few of them. Cluster or all alues of the fraction of references an wner to its wn blo ks, and the um er of lev els, as the write fraction increases the alue of decreases. This is ecause write issued from more remote no de causes to decrease wice: once when the 5.4. LOCALITY ARAMETERS MEASURED FR OM SIMULA TION 71 Figure 5.9: The lo calit parameters as measured from the relaxation application sim ula- tion. Figure 5.10: The lo calit parameters as measured from the cluster application sim ulati on. The base reference fraction 75. 72 CHAPTER 5. ABSTRA CT ANAL YSIS Figure 5.11: The lo calit parameters as measured from the cluster application sim ulati on. The base reference fraction 5. Figure 5.12: The lo calit parameters as measured from the cluster application sim ulati on. The base reference fraction 25. 5.5. COMP ARISON OF MODEL AND SIMULA TION 73 write is issued, to pull the alue in to the cac he, and once when the more comm on read or write ccurs to the wner no de. Note that as increases, sta ys arti�cially high. This eha vior is caused the extremely high alue of When is 0.75, three-quarters of all requests to blo ks wned no de are made no de This means that the e�ect men ti oned ab e, where decreases with write fraction, do es not often ccur (since write to the wner no de follo ed another op eration to the wner no de (with no in terv ening writes other no des)) do es not lo er the lo calit parameter. 5.5 Comparison of Mo del and Sim ulation The predicted and sim ul ated era ge read and write heigh ts are ery similar and con�rm that the set of lo calit parameters is alid of expressing the eha vior of an application. The predicted um er of messages er read and write op eration also compares fa or ably to the sim ulati on. Uniform examined the era ge read and write heigh of the uniform application as the write fraction is aried, as sho wn in Figure 5.13. Note that as exp ected, using the alue of the set of lo calit parameters measured from the sim ulati on pro duced iden tical results as just using the alue zero, sho wing that the deviations from zero in the curv es are insigni�can t. Figure 5.14 compares the predicted um er of messages er op eration with the sim ulated um er. Although the predicted um er of write messages is higher than the sim ulat ed for lo alues of the write fraction, the predicted and sim ulat ed um er nearly matc for the rest of the write fraction range, and the shap of the curv is ery simila r. Relaxation or the relaxation application, examined the erag heigh haracteris tic as function of the amoun of data allo cated to eac no de. The resulting 3-dimensional (radix 8) and 2-dimensional (radix 4) graphs can seen in Figure 5.15. Note that the um ers sho wn on the x-axis of the graphs represen the amoun of data allo cated er dimension er no de. In other ords, to calculate the actual data er no de, cub the um er 74 CHAPTER 5. ABSTRA CT ANAL YSIS Figure 5.13: This �gure sho ws the erag read and write heigh mo del predictions as ell as the sim ulat ed ones for the uniform application. Note that sets of alues for ere used: one where as set to zero, and one where as measured from the sim ula tio n. Figure 5.14: This �gure compares the predicted um er of messages er read and write op eration with the sim ulat ed alues for the uniform application. as measured from the sim ulat ion for the predicted curv e. 5.5. COMP ARISON OF MODEL AND SIMULA TION 75 Figure 5.15: This �gure sho ws the erag read and write heigh mo del predictions as ell as the sim ulat ed ones for the relaxation application. Tw di�eren predictions are sho wn: one uses the lo calit parameter mo del, and one uses an analytical calculation of the relaxation data moti on to directly calculate the heigh ts. sho wn in the �gure for the 3-dimensional case, and square the um er for the 2-dimensional case. The directly calculated era ge heigh ts men t ioned in Section 5.2.2 are also included on the graphs. The exact calculation do es not ork prop erly when there is only one data oin allo cated er pro cessor. Cluster Figure 5.16 sho ws graphs of the write fraction ersus the era ge read and write haracteristi cs for three alues of the base reference parameter: 0.75, 0.5, and 0.25. The mo del is more accurate for higher base reference alues. Figure 5.17 compares the um er of messages er read and write op eration predicted from the mo del with the um er of messages recorded as sen the sim ulati on. base reference rate of 0.75 and 0.25 is sho wn in the �gure. Note that in these graphs, the predicted um er of messages er read and write seems er-predicted for higher alues of the base reference rate. In fact, the um er of sim ul ated messages is lo w. This e�ect is caused the metho of gathering message statisti cs in the sim ulat ion: messages whic are sen from ph ysical pro cessor to itself, ev en if the virtual no des eing represen ted hange, 76 CHAPTER 5. ABSTRA CT ANAL YSIS 75 25 Figure 5.16: This �gure sho ws the erag read and write heigh mo del predictions as ell as the sim ulated ones for the cluster application. 5.5. COMP ARISON OF MODEL AND SIMULA TION 77 75 25 Figure 5.17: This �gure compares the sim ulat ed and the predicted um er of messages er read and write op eration for the cluster application. 78 CHAPTER 5. ABSTRA CT ANAL YSIS Mo del Par ameters 0.3 3, 4, 5, 64, 512, 4096, 32768 Mo del Par ameters 0.3 4, 5, 6, 7, 8, 64, 256, 1024, 4096, 16384, 65536 able 5.2: These are the alues of the input parameters for the mo del. are not coun ted. Because of the the mapping of virtual no des to ph ysical pro cessors is erformed (see Section 2.2 for details), man more messages are sen from pro cessor to itself when the base reference rate is high. 5.6 Proto col Characterization for Large Mac hine Sizes In this section, the eri�ed mo del is used to predict the eha vior of the proto col on mac hine sizes to large to sim ul ate. 5.6.1 arameters In order to simplify the study sev eral of the mo del input parameters ha een con- strained, as sho wn in able 5.2. The fraction of writes is �xed at 0.3: reasonable hoice for parallel applications 28 as ell as one at whic the messages er op eration calculation is accurate. rees with di�eren radices, eigh and four, are mo deled. The range of mac hi ne sizes is hosen to sho the trend of the curv es. The set of lo calit parameters is �xed to single alue for all lev els, rather than set of alues for eac lev el. This �xing still pro vides in teresting results, ecause is uniform reference input stream, and is completely lo cal input stream. Most applications will lie et een these extremes. urthermore, the alues of for di�eren seen in the uniform and relaxation application ere ery close, and the alues in most of the cluster applications ere simil ar. 5.6. PR OTOCOL CHARA CTERIZA TION OR LAR GE MA CHINE SIZES 79 5.6.2 Av erage Heigh Figure 5.18 sho ws the erage heigh er request as function of the mac hine size and the lo calit The \Heigh t/ Op eration" haracterist ic is determined eigh t ing the \Heigh t/Read" and the \Heigh t/W rite" alues the write fraction. Results for oth radix eigh and radix four trees are sho wn. Note that the \Mac hine Size" axis is plotted on logarithm ic scale; alternately the scale can view ed as linear, relab eling that axis as \Num er of Lev els" with the alues 3{6 for radix eigh t, and 4{9 for radix four. There are trends to observ e. First note the imp ortance of lo calit esp ecially with larger mac hine sizes. The second e�ect is that of mac hine size. The era ge heigh ts all gro sub-linearly with mac hine size, and nearly linear with the um er of lev els. Note, ho ev er, that with large mac hine size, and lo lo calit nearly the en tire tree is eing tra ersed during an erage request. This eha vior is clearly unacceptable. 5.6.3 Longest ath Figure 5.19 sho ws the e�ect on the longest path er request as function of the mac hine size and the lo calit The form of these results is ery simila to that of the erage heigh t. The main oin to note ab out these graphs is the sheer um er of no des eac request will, on erage, ha to pass through. Ev en if the net ork bandwidth ere large enough to supp ort this man requests, the no des need to examine eac message passing through, and ould lik el ha long queues of ending messages to examine. 5.6.4 Num er of Messages The um er of messages sen er request as function of the mac hine size and the lo calit is sho wn in Figure 5.20. The shap of the curv of um er of messages sen er read is simil ar to those discussed earlier. The curv es for the um er of messages sen er write and the um er of messages sen er op er ation (the eigh t ed com binatio of reads and writes), on the other hand, are di�eren t. Because the um er of messages sen er write dep ends not only on the distribution of the no des with copies of the blo k, but also on the numb er of no des with copies of the blo k, the e�ects of mac hine size and lo calit are uc more pronounced. Instead of arying 80 CHAPTER 5. ABSTRA CT ANAL YSIS Av erage Heigh t/Read Av erage Heigh t/W rit Av erage Heigh t/Op eration Figure 5.18: This �gure sho ws the predictions for erage heigh er op eration as function of mac hine size and of lo calit The left graphs are for radix eigh trees; the righ graphs are for radix four. 5.6. PR OTOCOL CHARA CTERIZA TION OR LAR GE MA CHINE SIZES 81 Longest ath/Read Longest ath/W rit Longest ath/Op eratio Figure 5.19: This �gure sho ws the predictions for the length of the longest path tra eled er request as function of mac hi ne size and of lo calit The left graphs are for radix eigh trees; the righ graphs are for radix four. 82 CHAPTER 5. ABSTRA CT ANAL YSIS Messages/Read Messages/W rit Messages/Op eration Figure 5.20: This �gure sho ws the predictions for the um er of messages sen er request as function of mac hine size and of lo calit The left graphs are for radix eigh trees; the righ graphs are for radix four. 5.7. ISSUES 83 logarithm ical ly where the main gains are for lo calit in the 0.75 to range, the um er of messages er write ersus lo calit curv is barely a�ected small hanges for high lo calit y; as the lo calit decreases, the um er of messages sen er write increases olynomially The degree of the olynomial aries with mac hine size, implying that while applications with or lo calit ma erform reasonably on small mac hines, they will sw am large mac hines. The um er of messages sen er write and er op eration as function of mac hine size is actually sub-linear. As function of the um er of lev els, ho ev er, the um er of messages sen is de�nitely quadratic. 5.7 Issues Although the results describ ed in this hapter are of in terest in examining the erformance of the proto col, there are man extensions that could done to pro vide more insigh in to the abstract proto col eha vior. Man applications should analyzed to determine the precise meaning of the set of lo calit parameters. etter estimate of the lo calit parameter could used. Finally the data in an application could divided in to sets, and the lo calit parameters separately calculated for eac one. Curren tly the lo calit parameter set can only deriv ed for an application measuring the parameters from sim ul ati on. ha erformed some initial ork to ar ds deriving the set of lo calit parameters from spatial lo calit mo del of an application, suc as that ai lable for the cluster application. The deriv ation orks est, ho ev er, for applications whic exhibit ery high degree of clustering. More ork needs to done in this area. Using at set of lo calit parameters is not necessarily realistic. or large applications running on massiv ely parallel mac hines, migh exp ect less sharing to ccur near the top of the hierarc and more at the ottom. Studies need to done of applications to pro vide insigh as to what the hierarc hical lo calit of applications actually is lik e. or applications whic ha large ariance in the yp es of data referencing, sev eral sets of lo calit parameters can used to oid era ging e�ects. This ould allo one to separate widely shared data suc as sync hronization ariables from less used ones. This separation is useful ecause an application ma stall due to the high sharing of sync hroniza- tion ariables. This metho migh also pro vide new insigh in to the in teracti ons et een 84 CHAPTER 5. ABSTRA CT ANAL YSIS shared data and program execution-time eha vior. 5.8 Summ ary In this hapter ha prop osed metho of expressing lo calit in applications mapp ed on to hierarc hical arc hitectures. ha used this mo del to predict the era ge heigh er request, the erage longest path er request, and the erag um er of messages sen er request. used three applications in order to alidate the mo del: uniform reference stream, relaxation algorithm and clustering data-reference stream. After alidating the mo del, emplo ed it in the prediction of the abstract erformance of ery large mac hines as function of the lo calit studying ho the mo del outputs aried with mac hine size and lo calit The most imp ortan result is that lo calit is extremely imp ortan in an application. As mac hine sizes gro w, the lo calit ecomes increasingly imp ortan for reducing latency will use the abstract mo del as input to an em edded mo del in Chapter 6. The em edded mo del describ es ho the proto col runs when mapp ed on to particular mac hines. This will allo us to study ho the proto col eha es under conditions where requests are not allo ed to send an unlimited um er of messages without enalt Chapter Em edded Analysis This hapter extends the abstract analysis of Chapter to sho ho em edding PHD in to mac hine a�ects the eha vior of the proto col. use the mapping describ ed in Section 2.2 to em ed the proto col in to k-ary n-cub e. The em edded mo del describ es this mapping, as ell as the con�guration of the arc hitectures eing studied. In our study �nd that ultit hreading is only useful for appro xim at ely to four threads; in terlea vi ng more than that do es not decrease the era ll latency or small ma- hines and high lo calit applications, this limit ati on is due mainly to the length of the running threads. or large mac hines with medium to lo lo calit this limi tati on is due mainly to the large proto col erhead. also consider the addition of con troll ers to the pro cessing no des. will see that the gains from the addition of these con trollers are not large enough to justify hardw are whic is more exp ensiv than pro cessors. In no case do es the addition of the con trol lers sa more time than double the um er of pro cessors. �rst pro vide brief description of the em edded mo del in Section 6.1 and deriv the necessary inputs. then haracterize the eha vior of the mapp ed proto col in Section 6.2 for sev eral di�eren arc hitectures. Finally discuss what further issues need to studied in Section 6.3. An alphab etical listing of all of the ariables de�ned in this thesis can found in able A.1. 85 86 CHAPTER 6. EMBEDDED ANAL YSIS 6.1 An Em edded Mo del The em edded mo del is basically the mo del deriv ed Johnson in 13 ], sligh t ly mo di�ed to suit our purp oses. The abstract mo del is used to generate the inputs to the em edded mo del. The em edded mo del is used to study main arc hitectural con�gurations: mac hine in whic proto col activities are handled the same pro cessor whic is attempting to do ork, as outlined in Section 2.2, and mac hi ne in whic proto col activities are handled separate con trol ler. 6.1.1 Mo del Ov erview Johnson dev elop ed framew ork for mo deling ho comm unicati on a�ects erformance. His framew ork consists of three parts: net ork mo del, an application mo del, and transaction mo del. These three are com bined in to single mo del in order to pro vide feedbac et een eac subsystem: no des will unable to inject messages in to the net ork faster than the transaction latencies will allo w The mo del is fully describ ed in 13 ]; only the parts of the mo del whic ha een hanged for this analysis will discussed in detail. The em edded mo del directly uses the application and the net ork mo dels. An appli- cation consists of threads running on pro cessors. The threads run un til they mak o�-no de requests (comm unicat ion transactions). In the absence of ultit hreading, the threads sus- end un til their transactions �nish. If there is ult ithreadi ng, and there are still runnable threads, con text switc ccurs, and new thread is started. In Johnson’s mo del the application mo del in ok es comm unicati on transactions; in our em edded mo del it in o es o�-no de requests to shared memo ry The o�-no de requests are mo deled iden ticall to the transaction mo del, except that the meaning of one of the parameters is di�eren t. the �xed dela of Johnson’s mo del, represen ts the time necessary to pro cess proto col requests non-leaf no de. As suc h, it ecomes function of ho man messages are sen t. The net ork mo del is used to determine era ge message latency giv en an input message size, injection rate, and comm unicat ion distance. The net o rk is assumed to k-ary n-dimensional mesh, with separate unidirectional hannels in oth directions. 6.1. AN EMBEDDED MODEL 87 Av erage thread run length et een successiv requests to shared memory Con text switc time. Av erage time to satisfy lo cally satis�able request to shared memor Av erage time to pro cess proto col message in o ed on pro cessor. Av erage net ork in terface erhead Num er of ords in cac he line. Num er of its er ord. Degree of hardw are ulti threading. able 6.1: The additional basic input parameters needed for the em edded mo del. Av erage um er of messages in critical path of non-lo cal shared-memor request. Av erage um er of messages er non-lo cal shared-memory request. Av erage message size (in its). Av erage distance message tra els (in hops). Av erage distance message tra els in eac dimension. Av erage thread run length et een successiv non-lo cally satis�able requests. Non-net o rk erhead to satisfying non-lo cal shared-memory request. able 6.2: The deriv ed input parameters needed for the em edded mo del. 6.1.2 Mo del Inputs The em edded mo del tak es as input man parameters. Some of these parameters ha een discussed in the abstract analysis hapter, and ary dep ending on the application. Other parameters, sho wn in able 6.1, need to sp eci�ed only when the proto col is mapp ed to an arc hitecture. The em edded mo del uses third set of parameters, deriv ed from the �rst sets, as its actual inputs. This third set is listed in able 6.2, and will deriv ed in this section. Lo cally Satis�able Shared-Mem ory Requests �rst calculate the um er of re- quests to shared memo ry that are lo cally satis�able, to use in later equations. determine the exp ected fraction of lo cally satis�able reads calculating the probabilit that request will come from no de in the class of no des whic are alid. 88 CHAPTER 6. EMBEDDED ANAL YSIS =1 (6 1) �nd the exp ected fraction of lo cally satis�able writes calculating the probabilit that request will come from no de in the class of no des whic are alid, and all of whose ancestors are the only alid no des in their set of siblings. =1 (6 2) The exp ected fraction of lo cally satis�able shared-memory requests is just the eigh ted fraction of and (6 3) Num er of Messages in Critical ath The calculation of the exp ected um er of messages in the critical path of non-lo cally satis�able shared-memory request, is simil ar to the calculation of the longest path for an op eration and in Equations 5.4 and 5.5). There are, ho ev er, di�erences. First, condition the calculation on non-lo cal op er- ations dividing the fraction of non-lo cal requests. Second, only an to consider those messages whic actually need to sen o�-no de. In the em edding, paren no de and its hildren for particular blo corresp ond to no des. This means that one of the hildren is situated on the same ph ysical pro cessor as its paren t. Equation 6.4 giv es the exp ected um er of messages for read request. =1 (1 +1 (6 4) The critical path for write request con tains fan-in and fan-out to all no des with copies of the blo k. mak the reasonable assumption that at least one of these paths will con tain no message sends et een no des mapp ed to the same pro cessor, so the exp ected um er of messages in the critical path for write op eration is just the exp ected um er in the longest path for write, conditioned on the non-lo cal factor, as sho wn in Equation 6.5. 6.1. AN EMBEDDED MODEL 89 (6 5) The exp ected um er of messages in the critical path of general request is calculated eigh ting and the write fraction. (6 6) Num er of Messages The calculation of the exp ected um er of messages sen for non- lo cally satis�able shared-memory requests, is similar to that of the um er of messages sen in the abstract mo del and in Equations 5.6 and 5.7). There are di�erences et een these calculations, the same as describ ed for Equations 6.4 and 6.5 ab e. The exp ected um er of messages for read op eration is giv en in Equation 6.7. =1 (1 +1 (6 7) write op eration generates man messages, some of whic are exp ected to sta lo cal to ph ysical pro cessor. Since are not coun ting the critical path length, just the total messages sen here, do eigh the branc hing factor, as sho wn in Equation 6.8. =1 =1 +1 (6 8) The exp ected um er of messages sen general request is calculated eigh t ing and the write fraction. (6 9) Flits er Message The exp ected um er of its sen er message is dep enden on the exact mac hine to whic the proto col is mapp ed. De�ne as the um er of its er ord, and as the cac he line size in ords. assume 32 bit ords for the purp ose of this calculation. read sends the ord �nd lowest ommon for ad message, the ord 90 CHAPTER 6. EMBEDDED ANAL YSIS adm message, the ord ad data message, and the ord on�rm value message. These messages are describ ed in able 2.4. =1 (11 (3 (1 +1 (6 10) write op eration sends the ord �nd lowest ommon for write message, the ord lo ck message, the ord ack and ack1 messages, the ord write own message and the ord write ok message. =1 (7) (2 (7) =1 =1 +1 (6 11) The exp ected um er of its er general message sen t, is eigh ted the um er of messages sen eac yp of op eration as ell as the frequency of eac op eration. (6 12) Distance er Message The exp ected distance in hops that the erag message tra el s, dep ends on the radix and the um er of dimensions of the mac hine to whic the proto col is mapp ed. Note that the em edding is suc that log where is the branc hing factor of the tree, is equal to �rst determine the exp ected um er of hops needed for message sen et een no de at lev el and its paren t, where the paren and the no de are lo cated on separate pro cessors. This is just the um er sen for 2-ary n-cub 22 ], scaled the dilation caused higher lev els. log 2( 1) (6 13) also need to determine the um er of hops that hierarc y-cir cum en ting mes- sage, suc as ad data will tak e. message of this form is sen from no de directly to another no de. The no des are guaran teed not to share commo sub-cub smaller than that of their lo est commo ancestor. The alues of ere coun ted, and are en umerated 6.1. AN EMBEDDED MODEL 91 Radix Lev el 4/3 37/6 149/12 199/8 2389/48 9557/96 12743/64 12/7 57/14 237/28 957/56 3837/112 able 6.3: This table sho ws the empiricall determined um er of hops message sen directly from no de in subtree to one outside of its subtree tak es, if the lo est common ancestor of those no des is at lev el This calculation assumes uniform distribution. in able 6.3. The exp ected distance er read message is giv en in Equation 6.14. Note that the um er of hops sen et een eac lev el is summed and then ultipl ied the um er of tree tra ersa ls. do not orry ab out excluding the messages whic are not actually sen t; the di�erence is negligible. =1 (3 =1 (1 +1 (6 14) The exp ected distance er write message is simil arly calculated in Equation 6.15. =1 2( =1 =1 =1 +1 (6 15) The exp ected distance er general message yp sen t, is eigh ted the um er of messages send eac yp of op eration as ell as the frequency of eac op eration. (6 16) Distance er Dim ensi on The erage distance message tra els in eac direction, assuming indep endenc e, is just d=n In Johnson’s mo del, whenev er is less than one, the erage er-hop latency for the head of message is �xed to one. 92 CHAPTER 6. EMBEDDED ANAL YSIS Run length Bet een Requests The erage thread run length et een successiv requests to shared memor is one mo del input. Another is the era ge time needed to satisfy lo cally satis�able shared-memory request, i.e. one that do es not cause an o�-no de tra�c. The erage thread run length et een successiv requests to non-lo cally satis�able shared memo ry is function of these parameters. or the purp ose of this mo del, is considered to the useful ork done the pro cessor. (6 17) Non-net or Ov er head The mapping of non-leaf no des on to the same pro cessors as leaf no des guaran tees that all pro cessors will need to sp end some time pro cessing proto col transitions, instead of erforming actual ork. mo del this non-net o rk erhead, as function of the erage um er of messages sen er op eration, the erage time in pro cessor cycles needed to handle proto col request, the branc hing factor, and the time tak en up the net ork in terface. If ev ery no de is sending messages on erag er request, ev ery no de will ha to pro cess messages. The cost of pro cessing message is if it sta ys on the curren pro cessor, and if it comes in from another pro cessor. (6 18) 6.1.3 Mo del Constrain ts The mo del dev elop ed Johnson is only alid under certain conditions, where the ail able parallelism is smaller than the comm unicatio transaction latency so that despite ult i- threading, the pro cessors will idle part of the time. In the em edded mo del, the extra time where threads ould normally ait ing can used to supp ort proto col transactions. In an arc hitecture with no con trol ler, where ev ery pro cessor oth runs threads and supp orts proto col transactions, the analysis is only alid as long as the thread run length, the con text switc time, and the proto col transaction erhead time do not exceed the transaction latency time, as sho wn in Equation 6.19. 6.2. PR OTOCOL CHARA CTERIZA TION 93 1) (6 19) When this condition is false, the erage in ter-tra nsaction issue time, is limi ted as follo ws: (6 20) When the proto col requests are handled con troller, there are constrain ts that ust met. First, the transaction latency time ust greater than the thread run length and the con text switc time: 1) (6 21) When this condition is false, the erage in ter-transa ction issue time, is limit ed to The transaction latency time plus the thread run length ust also less than the time required the con troller to pro cess the proto col requests: (6 22) When this condition is false, the proto col is limit ed the sp eed of the con trol ler to time of no less than: (6 23) When oth of those conditions are false, the proto col is limit ed the largest of the ab transaction issue times. 6.2 Proto col Characterization There are sev eral fundamen ta questions ust address. The �rst is the smallest erage in ter-transacti on issue time that can sustained. This time dep ends on the degree 94 CHAPTER 6. EMBEDDED ANAL YSIS Shar Mo del Par ameters 20 cycles 10 cycles 15 cycles ords its 1, 2, 0-0.9 0.3 3, 4, 5, 64, 512, 4096, 32768 able 6.4: These are the alues of the input parameters whic are shared for the di�eren arc hitectures. of ulti threading: with more threads running, more latency can hidden. Multithreading is only useful up to certain oin t, ho ev er. Another imp ortan question is what sort of erhead is seen, and what are its sources? Are the limits set proto col erhead or net ork latency? This section �rst describ es the parameters hosen for the study then sho ws the results of the study 6.2.1 arameters hose to study three mac hine con�gurations, represen ting ariet of arc hitectures. Across all three con�gurations particular parameters, listed in able 6.4, ere held constan t, since ere most in terested in arying the other parameters. Figure 6.1 sho ws the um er of its er message, and the distance tra eled er message, as function of mac hine size and lo calit These parameters are used as input to the em edded mo del. The um er of its er message is higher for high lo calit y; this e�ect is caused the dominatio of longer messages, suc as ad data The more no des whic need to in alidat ed, the lo er the um er of its will e. The e�ect of the distance eing so comparativ ely large for high-lo calit large mac hines is caused ecause the distance gro ws exp onen tially as one ascends the hierarc et all lev els of the hierarc are assigned an 6.2. PR OTOCOL CHARA CTERIZA TION 95 Figure 6.1: This �gure sho ws the predictions for the erag um er of its needed er message, and the erage distance that message tra els, as functions of mac hine size and of lo calit Mo del Par ameters Optimistic-Optimistic 500 20 Mo del Par ameters Optimistic-Pessimistic 500 100 Mo del Par ameters Pessimistic-Optimistic 50 20 able 6.5: These are the alues of the input parameters whic are aried across the di�eren arc hitectures. equal lo calit parameter. This implies that further studies with set of graduated lo calit parameters rather than at ones migh in teresting. The um er of critical messages in an op eration, and the total um er of messages sen er op eration, are simil ar to and graphed in Figures 5.19 and 5.20 and are therefore not sho wn here. able 6.5 lists the alues of the parameters whic ere aried across the arc hitectures. These alues corresp ond to three situations: 1. Optimisti c-Optim isti c: The run length et een shared-memory references is long (suc as on the J-Mac hine, where oating oin op erations are implemen t ed in soft- are), and the proto col erhead is lo w. 2. Optimisti c-P essim i stic: The run length et een references is high, and the proto col erhead is high (for example if the proto col as implem en t ed en tirely in soft a re). 3. essim i stic-Optim i stic: The run length et een messages is ery short, and the pro- 96 CHAPTER 6. EMBEDDED ANAL YSIS to col erhead is lo w. additionally consider the case where the non-leaf proto col erhead is handled separate con trol ler for all three arc hitectures. Figure 6.2 sho ws the erage run length et een requests to o�-no de shared memo ry and the non-net ork-rela ted proto col pro cessing erhead, This run length is an input to the em edded mo del, and as calculated from erag run length et een requests to shared memor ), in Equation 6.17. Note that aries from eing almost exactly for mac hines with no lo calit to appro xim at ely for small mac hines with lo calit of 0.9, and for large mac hines with 0.9 lo calit The erhead, sho wn in Equation 6.18, is another input to the mo del, and is mainly a�ected the um er of messages sen to satisfy an op eration. 6.2.2 Arc hitectures Without Separate Cac he Con troller In all three arc hitectures studied, ul tit hreading is only useful up to threads. In other ords, in terlea vi ng more than threads do es not increase the transaction issue rate. or small mac hines and high lo calit applications, this limita tio is due mainly to the length of the running threads. or large mac hi nes with medium to lo lo calit this limita tio is due mainly to the proto col erhead eing to large. In ter-T r ansaction Issue Tim Figure 6.3 sho ws the era ge in ter-transacti on issue time for one thread and threads. Note that increasing the um er of threads from one to pro vides little sp eedup. As exp ected, the lo er proto col pro cessing times create uc etter transaction issue times. Since the run length aries for di�eren mac hine sizes and lo calities, ust lo ok at what ercen tage of time is tak en up in the proto col erhead. Proto col Ov erhead examine the proto col erhead in order to see ho uc of the transaction latency is caused erhead and ho uc represen ts ork eing done. Ov erhead is de�ned as the fraction of the era ge transaction issue time not sp en running: 6.2. PR OTOCOL CHARA CTERIZA TION 97 Optimistic-Optim i stic 500; 20) Optimistic-P essi m ist ic 500; 100) essim is tic-Optim is tic 50; 20) Figure 6.2: The left half of this �gure sho ws the predictions for the erage run length et een o�-no de references to shared memo ry as function of mac hine size and of lo calit The righ side sho ws the predicted proto col pro cessing erhead time (dep enden on the um er of messages sen t) er o�-no de shared-memory request. 98 CHAPTER 6. EMBEDDED ANAL YSIS Optimistic-Optim i stic 500; 20) Optimistic-P essi m ist ic 500; 100) essim is tic-Optim is tic 50; 20) Figure 6.3: This �gure sho ws the predictions for the era ge in ter-transacti on issue time as function of mac hine size and of lo calit The graphs on the left side are for no ulti threading 1); the graphs on the righ are for ulti threading of 2). 6.2. PR OTOCOL CHARA CTERIZA TION 99 (6 24) Figure 6.4 sho ws these results. The Optimisti c-Optimi sti case do es est, as exp ected. The Optimisti c-P essim i stic case is tolerable for small mac hines with high lo calit The essimi sti c-Optimi sti case, on the other hand, sho ws extremely high erhead for nearly all conditions. If the ypical run length is only 50 cycles, as assumed for this case, the proto col pro cessing time needs to reduced efore this system can e�ectiv ely used. Note that there is ery little sp eedup from going to threads; in general, only small mac hines with or lo calit ene�t. 6.2.3 Arc hitectures With Separate Cac he Con troller In order to increase the erformance of the proto col, consider the case where separate con troll er exists to handle proto col requests. This situation will only ene�cial in cases: �rst, where the con troll er can added to the system more heaply than another pro cessor, and secondly where the con troll er can designed to signi�can tly faster than pro cessor. If neither of these conditions are true, there is no ene�t to using con troll er. mo del the arc hitectures with separate cac he con troll er allo wi ng the in ter- transaction issue time to decrease un til it reac hes the limit caused either the proto col erhead or the run-length erhead. assume that the con troll er op erates at the same sp eed as the pro cessor did in the earlier exp erimen t; the gains all come from ha ving sep- arate proto col handler, not from imm ense con troll er sp eed. or the Optimistic-Optim is tic case 500; 20), ultit hreading up to four results in etter in ter-transactio issue times. or the Optimistic-P essi m isti 500; 100) case, up to eigh threads can pro�tably used to reduce latency or the essim is tic-Optim is tic 50; 20) case, only four threads pro vide sp eedup. Again, these limi tati ons are due to the thread run length for small mac hines, or mac hines with ery high lo calit and to the proto col erhead for large mac hines with medium to lo lo calit 100 CHAPTER 6. EMBEDDED ANAL YSIS Optimistic-Optim i stic 500; 20) Optimistic-P essi m ist ic 500; 100) essim is tic-Optim is tic 50; 20) Figure 6.4: This �gure sho ws the predictions for the proto col erhead as function of mac hi ne size and of lo calit The graphs on the left side are for no ulti threading 1); the ones on the righ are for ult ithreading of 2). 6.2. PR OTOCOL CHARA CTERIZA TION 101 Optimistic-Optim i stic 500; 20) Optimistic-P essi m ist ic 500; 100) essim is tic-Optim is tic 50; 20) Figure 6.5: This �gure sho ws the predictions for the era ge in ter-transacti on issue time as function of mac hine size and of lo calit The graphs on the left side are for no ulti threading 1); the graphs on the righ are for the largest ossible useful ul tit hreading, as describ ed in the text. 102 CHAPTER 6. EMBEDDED ANAL YSIS In ter-T r ansaction Issue Tim Figure 6.5 sho ws the era ge in ter-transa ction issue time for one thread and for the max- im um um er of useful threads, as describ ed ab e. Note that do no see some im- pro em en due to ultit hreading, whic can etter observ ed in the erhead graphs. Proto col Ov erhead again examine the proto col erhead in order to see ho uc of the transaction latency is caused erhead and ho uc represen ts ork eing done. Figure 6.6 sho ws these results. These results are uc etter than efore. The use of con trol ler pro vides enormous gains in practicalit or an Optimistic-Optim i stic arc hitecture, can exp ect to e�cien tly run the proto col at lo calit as lo as 0.7 ev en on ery large mac hi nes. The Optimistic- essim ist ic arc hitecture erforms uc etter than efore, although it still has to uc erhead for large mac hines. The essim isti c-Optim isti arc hitecture has also impro ed, but one ould still not an to use the proto col with this em edding on suc an arc hitecture. Most of the sp eedup ccurs when going from one thread to o. The gains from going ey ond that are small, and ccur only on the oundary et een to uc ork and to uc erhead. or the Optimistic-Optim i stic arc hitecture, the gains ccur on the diagonal line et een large mac hines with lots of lo calit and small mac hines with little lo calit or the Optimisti c-P essim ist ic case, the line mo es closer to the small mac hines with high lo calit This trend extends to the essim ist ic-Optim ist ic case, implying that the gains all ccur only for small mac hines with high lo calit Note that these gains are of course not large enough to justify con trollers whic are more exp ensiv than pro cessors. In no case do es the addition of the con trollers sa more time than double the um er of pro cessors. 6.3 Issues The results describ ed in this hapter pro vide some insigh as to ho the proto col actually eha es when mapp ed to k-ary n-cub in the manner describ ed in Section 2.2. There 6.3. ISSUES 103 Optimistic-Optim i stic 500; 20) Optimistic-P essi m ist ic 500; 100) essim is tic-Optim is tic 50; 20) Figure 6.6: This �gure sho ws the predictions for the proto col erhead as function of mac hi ne size and of lo calit The graphs on the left side are for no ulti threading 1); the ones on the righ are for the largest ossible useful ult ithreading, as describ ed in the text. 104 CHAPTER 6. EMBEDDED ANAL YSIS are man more in teresting exp erimen ts to done, ho ev er. First, other con�gurations of mac hines whic ould ork etter with the proto col should studied. Second, other em eddings of the proto col to k-ary n-cub es should considered. Finally other cac he coherence proto cols should studied to determine the comp etitiv eness of the erformance of the Proto col for Hierarc hical Directories. The main limit atio of using this mapping to em ed the proto col to an arc hitecture is clearly the proto col erhead. There are sev eral ys to �x this problem. One is to build fast con troll ers whic can indep enden tly pro cess the proto col requests, whic is one of the goals of the MIT Alewife pro ject ]. The cost of adding suc con troll er to the mac hine ust balanced against the oten tial sp eed ene�ts. Another to reduce the erhead is to guaran tee that high lo calit is main t ained, with references to shared memory rare in comparison to the time needed to pro cess pro- to col requests. In order to do this, compiler tec hnology for static data placemen ust impro ed. Program ust compiled sp eci�cally to reduce the amoun of data sharing. This tec hnology ould ene�t all cac he coherence proto cols. None of the arc hitectures studied in this hapter as ev er limi ted the sp eed of the net ork. This indicates that either the assumptions imply pro cessor-net o rk sp eed mis- matc h, and that the net o rk is to fast, or that the proto col is fundamen tal ly to slo w. Studies using ery fast con troll er with fast pro cessors, or fast con troll ers and slo pro ces- sors could used to ev aluate ho the proto col erformance is a�ected the em edding. This study do es not indicate whether or not PHD ould more useful for large ma- hines than sc hemes with limi ted-directories, or ev en without cac hing. study comparing these sc hemes for di�eren alues of the lo calit parameter ould ery enligh tening. eliev that PHD will erform est on large mac hines with decen hierarc hical lo calit and lo proto col erhead. Whether or not these conditions will ccur for real applications is unkno wn. 6.4 Summ ary In this hapter used an em edded mo del to sho the erformance of the proto col mapp ed on to arious arc hitectures. lo ok ed at era ge in ter-transa ction issue time and proto col 6.4. SUMMAR 105 erhead for di�eren lo calit parameters, ult ithreadi ng, and mac hine sizes. determined that ult ithreadi ng is only useful for appro xim ately to four threads; an additional in terlea vi ng do es not decrease the eral latency or small mac hi nes and high lo calit applications, this limit ati on is due mainly to the length of the running threads. or large mac hines with medium to lo lo calit this limita tio is due mainly to the high proto col erhead. disco ered that the em edding will ork ell giv en fast proto col pro cessing time and relativ ely few references to shared memory In the est case only 9% of all cycles are tak en up proto col erhead for small mac hines with 0.9 lo calit This increases to 28% for large mac hines (32768 pro cessors) with high lo calit and 39% for small mac hi nes with or lo calit With the use of separate cac he con troll ers, can do ev en etter. or lo calit of 0.9, can reduce the erhead to 1% erhead for up to 32768 pro cessors. or lo calit of 0, can see as little as 4% erhead for 64 pro cessors, rising rapidly as the um er of pro cessors increases. The gains from the addition of these con trollers, ho ev er, are not large enough to justify hardw are whic is more exp ensiv than pro cessors. In no case do es the addition of the con trol lers sa more time than double the um er of pro cessors. Chapter Conclusion 7.1 Summ ary This thesis describ ed the Proto col for Hierarc hical Directories, hierarc hical directory- based cac he coherence sc heme. PHD supp orts read, write, and test-and-set op erations. Read requests are satis�ed in the smallest subtree con taining oth the requester and cop of the requested blo k; only three sets of messages are sen up or do wn that subtree. rite requests are con�ned to the subtree con taining the lo est common ancestor of the requester and all copies of the requested blo k; four sets of messages are sen up and do wn the hierarc of whic fan out to all no des with copies. est-and-set requests are implem en t ed as an optimized com binatio of read and write requests, and implem en test-and-test-and-set op eration. An em edding of PHD in to k-ary n-cub es as also prop osed and ev aluated. The map- ping translates hierarc hical lo calit in to ph ysical lo calit The mapping also distributes higher lev el tree no des er man ph ysical pro cessors, oth to increase bandwidth and to prev en ottlenec ks at the top of the tree. built sim ula tor to exp erimen with PHD. The sim ul ator implem en ts the full pro- to col plus certain extensions, suc as lo cal allo cation and optional automatic allo cation on uninitialized data. The sim ulat or is trace-driv en, and can gather man yp es of statistics for studying the proto col. The sim ulat or has een used to test the proto col; additional features for debugging include prin ting ev en ts and cac he empt yi ng ev en ts. sp ecial eri�cation 106 7.2. CONTRIBUTIONS 107 program as also designed to ensure that the proto col ept the memo ry consisten t. This thesis describ es analytical mo dels: an abstract one and an em edded one. The abstract mo del haracterizes asp ects of the proto col whic are not dep enden on the arc hitecture on whic the proto col is run and can used to ev aluate other hierarc hical proto cols. The em edded mo del describ es the eha vior of PHD as it in teracts with mac hi ne whic has particular net ork and pro cessor haracteristics. The em edded mo del deriv es its inputs from the outputs of the abstract mo del. 7.2 Con tributions PHD is scalable in cost and net ork latency Unlik other hierarc hical proto cols, there is no ottlenec at the top of the hierarc The proto col uses few er hierarc tra ersa ls and shorter critical path to satisfy read op erations than do other hierarc hical proto cols. The proto col supp orts async hronous in ali datio through the notion of wnership. prop osed metho of expressing lo calit in applications mapp ed on to hierarc hical arc hitectures and successfully used this mo del to predict the erag heigh er request, the erage longest path er request, and the era ge um er of messages sen er request. used three applications in order to alidate this abstract mo del: uniform reference stream, relaxation algorithm and clustering data-reference stream. After alidati ng the mo del, emplo ed it in the prediction of the eha vior of the proto col on ery large hierarc hies, studying ho the mo del results aried with mac hine size and lo calit This abstract mo del as used to generate the inputs to an em edded mo del; the em- edded mo del describ ed ho the proto col runs when mapp ed on to particular mac hi nes. lo ok ed at era ge in ter-transacti on issue time and proto col erhead for di�eren lo calit parameters, degrees of ult ithreading, and mac hine sizes. The em edding erforms ell when the run length et een references to shared memory is at least an order of magnitude less than the time sp en to pro cess proto col state transition. If separate con trollers for pro cessing proto col requests are included, the proto col scales to 32k pro cessor mac hines as long as applications exhibit hierarc hical lo calit y: at least 22% of the global references ust able to satis�ed lo cally; at most 35% of the global references are allo ed to reac the top lev el of the hierarc Without the use of separate 108 CHAPTER 7. CONCLUSION con troll ers, latency cannot hidden e�ectiv ely ulti threading ecause pro cessors sp end to uc of their time satisfying proto col requests. 7.3 Discussion This thesis has exp osed sev eral ma jo areas of researc whic should pursued. The tradeo�s in ol ed in designing go hierarc hical cac he coherence proto cols should har- acterized. The abstract mo del of the proto col ould ene�t from etter understanding of the lo calit parameter. With some additional ork, the em edded mo del can used to aid in the design of shared-memory mac hines. This thesis discussed some of the decisions whic ere made in the design of hierar- hical cac he coherence system. The e�ects of these decisions ha not een fully explored. comparison of PHD and another hierarc hical cac he coherence proto col ould still instructiv e. Curren tly the lo calit parameter set can only determined for an application sim u- lation. ha erformed some initial ork to a rds deriving the set of lo calit parameters from spatial lo calit mo del of an application, suc as that ail able for the cluster ap- plication. The deriv ation orks est, ho ev er, for applications whic exhibit ery high degree of clustering. More ork needs to done in this area. All of our large mac hine studies use at set of lo calit parameters to constrain the study space. Using at set of lo calit parameters, ho ev er, is not necessarily realistic. or large applications running on massiv ely parallel mac hines, migh exp ect less sharing to ccur near the top of the hierarc and more at the ottom. Although few large applications exist to da as ones are written they can studied in order to determine reasonable lo calit parameters. or applications whic ha large ariance in the yp es of data referencing, sev eral sets of lo calit parameters can used, to oi era ging e�ects. This ould allo one to separate widely shared data suc as sync hronization ariables from less used ones. This separation ould useful ecause an application ma stall due to sync hronizatio instead of normal hanged data. This metho migh also pro vide new insigh in to the in teract ions et een shared data and program execution-time eha vior. 7.3. DISCUSSION 109 Chapter sho ws that the main limit ati on of using the mapping prop osed in this thesis to em ed the proto col to k-ary n-cub is the oten tially high proto col erhead. Sev eral ys to �x this problem should explored. One is to build fast con trollers whic can indep enden tly pro cess the proto col requests, the approac of the MIT Alewife pro ject ]. The cost of adding suc con troller to the mac hi ne ust balanced against the oten tial sp eed ene�ts. None of the arc hitectures studied in this thesis as limited the sp eed of the net or k. This indicates that either there is pro cessor-net ork sp eed mism atc h, and that the net ork is to fast, or that the proto col is fundamen ta lly to slo w. Studies using ery fast con trol ler with fast pro cessors, or fast con troll ers and slo pro cessors could used to ev aluate ho the proto col erformance is a�ected the la o ut, and ossibly ho to build shared-memory mac hi nes. There are man areas left to explored. Upp ermost in our minds is the question of whether or not hierarc hical proto cols will erform etter than at directory sc hemes, or ev en no cac hing at all, for actual applications. Determining exactly where the tradeo�s are in complexit tec hnology application lo calit compilat ion time, and mac hine size ould extremely enligh tening. eliev that PHD will erform est on large mac hi nes with lo proto col erhead running applications exhibiting hierarc hical lo calit patterns. Whether or not these conditions will ccur for real applications is unkno wn. Regardless of what cac he coherence sc heme is hosen compilers ust dev elop ed to minim ize data sharing. The sc heduling of pro cesses and the placemen of data will some of the most imp ortan problems in building massiv el parallel computer systems. App endix Nom enclature Av erage message size (in its). Num er of ords in cac he line. Probabilit no de accesses blo ks wned no de in its subtree of no des. Num er of lev els in the hierarc Av erage time to satisfy lo cally satis�able request to shared memory Av erage time to pro cess proto col message in ok ed on pro cessor. Num er of pro cessors Av erage net ork in terface erhead Ov erhead: raction of the erage transaction issue time not sp en running. Av erage thread run length et een success iv requests to shared memory Num er of reads whic reac lev el Non-net ork erhead to satisfying non-lo cal shared-memory request. Av erage thread run length et een success iv non-lo cally satis�able requests. Con text switc time. Num er of writes whic reac lev el raction of lo cally satis�able reads, writes, requests to shared memory able A.1: art of the table listing all of the parameters used the thesis. art is lo cated on the next page. 110 111 Branc hing factor of the hierarc Num er of alid hildren of alid no de at lev el Av erage um er of messages in critic al path of non-lo cal shared-memory request. Av erage distance message tra els (in hops). Exp ected um er of hops et een no de and its ph ysically distinct paren t. Exp ected um er of hops message whic circum en ts the hierarc will tak e. raction of all op erations no de whic ccur to its wn data. Num er of its er ord. Av erage um er of messages er non-lo cal shared-memory read, write, request Av erage heigh read, write, request is exp ected to reac h. Num er of pro cessors er dimension. Av erage distance message tra els in eac dimension. Longest path tra ersed during read, write, request Av erage um er of messages sen during read, write, request Num er of dimensions. alue of the lo calit parameter at lev el Degree of hardw are ultithreading. raction of reads in the shared-memory reference stream. Probabilit of taking alid path do wn from lev el during no de selecti on. The erage in ter-transaction issue time. Probabilit that hildren of alid no de at lev el are alid. raction of writes in the shared-memory reference stream. able A.2: art of the table listing all of the parameters used the thesis. App endix Relaxation Calculations The heigh of read and write op erations for giv en relaxation problem can exactly calculated, as men tio ned in Chapter 5. This app endix presen ts the analytical equations for and three dimensional relaxation calculations. Calculating the Characteristics of Read Op erations The �rst haracterist ic of the application that ust understo is the um er of read op erations to neigh oring alues that are lo cal, and the um er that cross arious lev els of the hierarc will �rst sho deriv ation for the 2-dimensional um ers and then the 3-dimensional um ers. Call the um er of pro cessors er dimension, the total um er of pro cessors, the um er of data oin ts er pro cessor er dimension, and the um er of data oin ts er pro cessor. Note that in the rest of the thesis, is the um er of pro cessors; use here for simplicit As can seen in Figure B.1, the read references whic reac the highest lev el in the system, will the ones oin ts of data abutting the oldest lines, whic represen ts the division et een the four lev el pro cessors. The um er of reads whic cross these lines is nx The um er of reads whic cross the next highest lev el is 4(2 nx ). In general, the um er of reads whic cross lev el is wi ce as man as cross lev el 1, for all [1 2]. or three dimensions, the read reference calculation is simil ar. Here are dealing with planes instead of lines. The um er of reads whic cross the highest plane is As in the 2-dimensional case, the um er of reads whic cross lev el is wice as man as cross lev el 1, for all [1 2]. 112 113 Figure B.1: The tree is mapp ed to the pro cessors in suc that crossing the older lines represen ts reac hing higher lev els of the tree. In fact, can erform this calculation for an arbitrary dimensional em edding. The crossing happ ens for exactly nx reads, where The reads alw ys double as the lev el decreases. The um er of read references reac hing eac lev el for an arbitrary dimension is summa rized in Equation B.1. =1 +1 [1 2] nx (B 1) Calculating the Characteristics of rite Op erations are no prepared to calcu- late the exact um er of writes whic ust reac particular heigh t. Instead of summi ng, for ev ery oin t, the heigh ts of its neigh ors, ust erform maxim um As can seen in Figure B.2, there are man grid oin ts that ha neigh ors at arying heigh ts. Data oin is ypical data oin t, with all of its neigh ors lo cal. The maxim um heigh write to this oin could reac h, therefore, is 0. Data oin has neigh or whic is across lev el oundary Since the rest of its neigh ors are lo cal, the maxim um heigh is 1. Both oin ts and ha neigh ors across lev el oundaries, so ust coun ted at heigh 2. The three oin ts and are simil arl coun ted at heigh 3, and and are simila rly coun ted 114 APPENDIX B. RELAXA TION CALCULA TIONS Figure B.2: The lab eled oin ts represen pieces of data whic ust carefully considered when determining the heigh that write to that data will reac h. at 4. All oin ts to coun ted at can easily calculated as nx 4. The nx as deriv ed for the read case, and the subtraction of refers to the four cross oin ts eac of whic as double coun ted in the read form ula calculate the form ula for [1 2], coun all of the oin ts on cross for size subtracting out the four cen ter ones as in the case, and then ultipl that quan tit the um er of crosses at that lev el. then ust subtract o� all oin ts whic are supp osed to coun ted as higher-lev el oin ts. The resulting form ula, whic applies only to the o-dim ensional case, is giv en in Equation B.2. Note that the um er of crossing oin ts asso ciated with eac lev el, is and the um er of pro cessors at lev el is nx [1 2] nx (B 2) Calculating the um er of data oin ts whic ha completely lo cal neigh ors is fairly This double coun is appropriate for read, since more than one read ccurs to ev ery blo k. 115 simple. Note that are assuming that oin ts whic lie on the oundary are read few er times (as man few er times as neigh ors they lac k). There are 2) completely lo cal oin ts er no de, plus oundary oin ts er edge no de, plus an extra oin (the corner one) on eac corner no de. In the 3-dimensional case ust consider three in tersecting planes instead of in tersecting lines. The um er of writes whic reac the highest lev el, ho ev er, is still straigh tforw ard: from the read case kno that there are crossings of the three planes. The three planes in tersect at three separate lines, eac of whic generates four double-coun ted grid units er line unit whic ust subtracted from the earlier total. The three lines, ho ev er, in tersect in one oin whic has eigh double-coun ted grid units around it. These eigh grid units ust added bac to the total, resulting in the form ula giv en in Equation B.3. 12 12 nx 24 nxC 1) +24 1) 1) [1 2] 12 nx (B 3) no calculate the equation for [1 2] for the 3-dimensional case. First consider eac lev el subunit. There are suc subunits. As in the case coun all the oin ts along the three planes, subtract o� the line ones, and add bac in the cen ter eigh ones. no ust accoun for the all the oin ts whic are coun ted at higher lev el. These oin ts are the ones at the oundaries of the subunits. will calculate these from lo oking at the whole cub e, not at subunits. Consider face of the cub e, as in Figure B.3. Eac dotted-line cross in the righ side of the �gure is the edge view of the 3-dimensional ob ject sho wn at the left side of the �gure. The old lines on the left �gure indicate whic oin ts ha een double-coun ted, and ust subtracted out of the total. Eac diamond and circle in the righ �gure represen ts line that ust subtracted out. There are 1) circle lines, and the exact same um er of diamond lines, er dimension. or ev ery circle or diamond line, nx oin ts ust subtracted out. 116 APPENDIX B. RELAXA TION CALCULA TIONS Figure B.3: Eac dotted line cross is the edge of the in tersection of planes. the oundaries of these 3-d crosses are lines (the endp oin ts of whic are mark ed as circles and diamonds) whic con tai the oin ts that are supp osed to coun ted at higher lev el. Figure B.4: The circles and diamonds represen the endp oin ts of lines. The in tersecti ons of these lines ha een doubly subtracted in our total, and ust added bac k. 117 After subtracting out all of those oin ts, still do not ha the correct equation. Ev erywhere the circle and diamond lines in tersected, double-subtracted oin ts, and ust no add them bac k. Consider Figure B.4. Study the fron and top faces of the cub e. can see that er fron column of circles, fron circles in tersect top circles. There are fron columns of circles. Similar ly er fron column of diamonds, fron diamonds in tersect top diamonds. There are fron columns of diamonds. This set of in tersectio ns ccurs once for ev ery pair of dimensions i.e. three times), and generates eigh oin ts to added bac er crossing. The resulting form ula as already sho wn in Equation B.3. no calculate the um er of data oin ts whic ha completely lo cal neigh ors for the 3-dimensional case. There are 2) completely lo cal oin ts er no de, plus 2) oundary oin ts er face of the cub no de, plus oundary oin ts er edge no de, plus an extra oin (the corner one) on eac corner no de. Again, the resulting form ula as already sho wn in Equation B.3. App endix able of Proto col Beha vior The follo wing sections detail the eha vior of the Proto col for Hierarc hical Directories. The �rst describ es the transitions for leaf no des, and the second describ es the transitions for paren no des. C.1 Leaf No de ransition able The leaf no de transitions are function of the curren state and the input message. or ev ery suc com binat ion, there is ossible new state to transition to as ell as ossible message to send. The ossible states are en umerat ed in able C.1. able C.2 lists all of the messages that can receiv ed leaf no de. These messages are explained in able 2.4. able C.3 explains all of the sym ols used in the transition table. The messages whic can sen leaf no de are listed in C.4, and further expansion of the abbreviations is listed in able C.7 The actual transition table is split on to pages in able C.5. 118 C.1. LEAF NODE TRANSITION ABLE 119 Sym ol Expansion in al id in ali npl readable wner no npl readable no wner wfr no npl aiti ng for read npl writable wfw no npl nr aiti ng for write no wner npl nread wfw no npl yr aiti ng for write no wner npl yread wfw npl aiti ng for write wner npl wfw no ypl nr aiti ng for write no wner ypl nread wfw no ypl yr aiti ng for write no wner ypl yread wfw npl aiti ng for write ok wner npl wfw ypl aiti ng for write ok wner ypl wfwv no ypl nr aiti ng for write alue no wner ypl nread wfwv no ypl yr aiti ng for write alue no wner ypl yread wft no npl nr aiti ng for tas no wner npl nread wft no npl yr aiti ng for tas no wner npl yread wft npl aiti ng for tas wner npl wft no ypl nr aiti ng for tas no wner ypl nread wft no ypl yr aiti ng for tas no wner ypl yread wfto npl aiti ng for tas ok wner npl wfto ypl aiti ng for tas ok wner ypl wftv no ypl nr aiti ng for tas alue no wner ypl nread wftv no ypl yr aiti ng for tas alue no wner ypl yread able C.1: The abbreviations for states used in the leaf transition table. Sym ol Expansion dr read request read rd read data dw write request lo sw write wn write ok dt tas request rt read tas tf tas failed able C.2: The abbreviations for input messages and requests used in the leaf transition table. 120 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR Sym ol Expansion Sta in the same state. number Go to the state um ered number Put message in dela ying queue. Error. if issue only one request at time, otherwise. z: ction If alue of the blo is zero then ction mrq: cti on If curren no de originated the request then ction !: ct ion Else ction able C.3: The abbreviations for sym ols used in the leaf transition table. Sym ol Expansion fr Send cfr up to paren t. rfr Send r cfr up to paren t. fw Send cfw up to paren t. Send up to paren t. a1 Send a1 up to paren t. ft Send cft up to paren t. rft Send r cft up to paren t. cv Send cv up to paren t. rd Send rd to the reader. sw Send sw the writer. tf Send tf to the tas requester. able C.4: The abbreviations for output messages used in the leaf transition table. C.1. LEAF NODE TRANSITION ABLE 121 dr rd dw sw dt rt tf in al id fr rfr fw mrq:X ft rft !:a 14 npl rd fw sw ft z:fw 16 !:tf no npl rd fw ft z:fw 15 !:tf wfr no npl rfr cv rft npl rd sw z:fw !:tf wfw no npl nr rfr mrq:a1 rft 10 !:a wfw no npl yr rd mrq:a1 rft 10 !:a wfw npl rd mrq:sw a1 rft 10 !:sw wfw no ypl nr rfr mrq:X rft 11 12 !:D wfw no ypl yr rd mrq:X rft 11 13 !:D 10 wfw npl rd mrq:a1 rft 11 !:X 11 wfw ypl rd mrq:X rft !:D 12 wfwv no ypl nr rfr mrq:X rft !:D 13 wfwv no ypl yr rd mrq:X rft !:D able C.5: The transition table for leaf no des. 122 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR dr rd dw sw dt rt tf 14 wft no npl nr rfr mrq:a1 rft 17 19 !:a 15 wft no npl yr rd mrq:a1 rft 18 19 !:a 14 16 wft npl rd mrq:sw a1 rft 18 19 !:sw 14 17 wft no ypl nr rfr mrq:X rft 20 21 !:D 18 wft no ypl yr rd mrq:X rft 20 22 !:D 19 wfto npl rd mrq:a1 rft 20 !:X 20 wfto ypl rd mrq:X rft !:D 21 wftv no ypl nr rfr mrq:X rft !:D 22 wftv no ypl yr rd mrq:X rft !:D C.2. ARENT NODE TRANSITION ABLE 123 C.2 aren No de ransition able The state of paren (non-leaf no de includes the full ector describing its hild subtrees. or this reason, the transition table ust collapsed (just eigh subtrees increases the total um er of states factor of 16 in order to express it in reasonable amoun of ro om. The table therefore tak es three inputs: the curren state (whic do es not includes the state of the subtree ector), the subtree ector com binat ion, and the input message. In resp onse to message, no de ma send message, erform an action, hange its wn state, or an com bi natio of the ab e. All of these resp onses ma mo di�ed conditional expression further sp ecifying the state of the no de. The table additionally con tains assertions ab out the state of no de for some of the en tries. These assertions are not required to implem en the proto col, but are useful to understand what ust happ ening when no de reac hes particular state. The list of states is en umerated in able 2.3. The ossible ector com binat ions are listed in C.6. The messages that paren no de migh receiv are listed in able C.7; an explanation of these messages is in able 2.4. The list of actions no de ma erform is en umerated in able C.8. able C.9 lists the messages that migh sen paren no de. able C.10 explains all of the assertions and predicates used in the transition table. The actual no de transition table spans ulti ple pages, and is referred to as able C.11. Sym ol Expansion v0 w0 cX All subtrees are either on�rme or invalid vX w0 c0 All subtrees are either valid or invalid vw vX wX c0 All subtrees are valid waiting or invalid vX w0 cX All subtrees are valid on�rme or invalid vw vX wX cX All subtrees are valid waiting on�rme or invalid able C.6: The abbreviations for the ector com binat ions used in the paren transition table. 124 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR Sym ol Expansion cfr �nd lo est commo for read r cfr redirected �nd lo est comm on for read read cfw �nd lo est commo for write lo ac a1 ac k1 ta thro wing cte hange to exclusiv cft �nd lo est commo for tas r cft redirected �nd lo est comm on for tas cv con�rm alue rd read data uncv uncon�rm alue rt read tas write ok able C.7: The abbreviations for input messages used in the paren transition table. Sym ol Expansion Lo this no de and hange the writer index. +v Change the sending subtree to alid. +c Change the sending subtree to con�rmed. +i Change the sending subtree to in a lid. +w Change the sending subtree to ait ing. +e Change this no de’s status to exclusiv e. +s Change this no de’s status to shared. able C.8: The abbreviations for actions used in the paren transition table. C.2. ARENT NODE TRANSITION ABLE 125 Sym ol Expansion cfr Send cfr up to paren t. r cfr Send r cfr up to paren t. Send do wn to randomly hosen con�rmed subtree. cfw Send cfw up to paren t. Send do wn to writing subtree. Send up to paren t. a1 Send a1 up to paren t. ta Send ta up to paren t. cte Send cte do wn to only non-in ali subtree. cft Send cft up to paren t. r cft Send r cft up to paren t. cv Send cv up to paren t. uncv Send uncv up to paren t. rt Send rt do wn to randomly hosen con�rmed subtree. Send do wn to only non-in ali subtree. rda v,c Send rd do wn to all alid, making them con�rmed. rda vw,c Send rd do wn to all alid or ait ing, making them con�rmed. rda w,c Send rd do wn to all aiti ng, making them con�rmed. rda vL,c Lev el 1: Send rd do wn to all alid except lo er, making them con�rmed. Lev el 1: Send rd do wn to all alid including lo er, making all but lo er con�rmed. rda vwL,c Lev el 1: Send rd do wn to all alid or ai ting except lo er, making them con�rmed. Lev el 1: Send rd do wn to all alid or ait ing including lo er, making all but lo er con�rmed. rl Send do wn to the lo king subtree. la Send do wn to all not-in a lid subtrees and the writing subtree. able C.9: The abbreviations for output messages used in the paren transition table. 126 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR Sym ol Expansion rC Sending subtree is not the only con�rmed subtree. rV Sending subtree is not the only alid subtree. iW Sending subtree is not aiti ng. iL Sending subtree is not the lo er of this no de. ii Sending subtree is in ali d. ivw Sending subtree is alid, ait ing, or con�rmed. ivw Sending subtree is alid or ait ing. iv Sending subtree is alid or con�rmed. ic Sending subtree is con�rmed. iv Sending subtree is alid. il Sending subtree is the lo er of this no de. sv Subtree of requester if op eration is alid or con�rmed. sv Subtree of requester of op eration is alid. sc Subtree of requester of op eration is con�rmed. lv Lo er’s subtree is alid. lc Lo er’s subtree is con�rmed. lW Lo er’s subtree is not aiti ng. 0c Zero subtrees are con�rmed. 0C least one subtree is con�rmed. 0v Zero subtrees are alid. 0V least one subtree is alid. This no de is not the top lev el no de in the hierarc This no de is the top lev el in the hierarc This no de is at lev el one. >1 This no de is ab lev el one. 1vw Exactly one subtree is alid, ait ing, or con�rmed. 1vw Exactly one subtree is alid or ait ing. 1v Exactly one subtree is alid or con�rmed. 1v Exactly one subtree is alid. 1c Exactly one subtree is con�rmed. ORP This no de is on the request path of the curren op eration. NRP This no de is not on the request path of the curren op eration. able C.10: The abbreviations for assertions used in the paren transition table. C.2. ARENT NODE TRANSITION ABLE 127 flcfr rflcfr flcfw inv alid inv alid inv alid inv alid if(t) assert T; assert T; if(t) allo c; assert nrp send r cfr; allo c; next state 2; send r cfr; next state .; next state 2; else next state .; else do +v; send cfw; send cfr; next state .; next state 8; nop nga nop nga nop nga nop nga assert rC; if( orp send r; assert T; do +v; assert sc; next state .; send cfw; send r; next state .; next state 20; send r; next state .; nop nga nop nga nop nga nop nga assert rC; if( orp do +s; do L; do +v; assert sc; send r; send la; send r; next state 1; if(ii) next state 21; send r; do +v; next state .; next state 24; else next state 5; nop nga nop nga nop nga nop nga if(ii) if( orp send r; send D; send D; assert sc; next state .; next state .; next state .; else send r; assert rC; next state .; do +v; send r; next state 22; yop nga yop nga yop nga yop nga if(ii) if( orp send r; send D; send D; assert sc; next state .; next state .; next state .; else send r; do +v; next state .; send r; next state 23; able C.11: The transition table for paren no des. 128 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR flcfr rflcfr flcfw yop nga yop nga yop nga yop nga if(ii) if( orp if( nrp send D; send D; assert sc; send D; next state .; next state .; next state .; else send r; else do +v; next state .; send r; send r; next state .; next state 24; yop yga yop yga yop yga yop yga if(ii) if( orp send r; send D; send D; assert sc; next state .; next state .; next state .; else send r; do +v; next state .; send r; next state 25; yop yga yop yga yop yga yop yga if(ii) if( orp if( nrp send D; send D; assert sc; send D; next state .; next state .; next state .; else send r; else do +v; next state .; send r; send r; next state .; next state 26; nop nga nop nga nop nga nop nga assert rV; assert T; assert T; assert T; do +w; if( orp send r cfr; send cfw; next state 14; assert sv; next state .; next state .; send r cfr; next state .; nop nga nop nga nop nga nop nga if(ii) assert T; assert T; send D; send D; if( orp send r cfr; next state .; next state .; assert sv; next state .; else assert T; send r cfr; send cfr; next state .; next state .; C.2. ARENT NODE TRANSITION ABLE 129 flcfr rflcfr flcfw yop nga 10 yop nga 10 yop nga 10 yop nga 10 if(ii) if( orp send rl; send D; send D; assert sv; next state .; next state .; next state .; else if(t) if(t|il) send rl; send rl; else next state .; send r cfr; else send cfr; next state .; next state .; gg yop nga 11 yop nga 11 yop nga 11 yop nga 11 if(ii) if( orp if( nrp send D; send D; assert sv; send D; next state .; next state .; next state .; else send rl; else send rl; next state .; send rl; next state .; next state .; yop yga 12 yop yga 12 yop yga 12 yop yga 12 if(ii) if( orp send rl; send D; send D; assert sv; next state .; next state .; next state .; else if(t) if(t|il) send rl; send rl; else next state .; send r cfr; else send cfr; next state .; next state .; gg yop yga 13 yop yga 13 yop yga 13 yop yga 13 if(ii) if( orp if( nrp send D; send D; assert sv; send D; next state .; next state .; next state .; else send rl; else send rl; next state .; send rl; next state .; next state .; vw nop nga 14 vw nop nga 14 vw nop nga 14 vw nop nga 14 assert rV; assert T; assert T; assert T; assert iW; if( orp send r cfr; send cfw; do +w; assert sv; next state .; next state .; next state .; send r cfr; next state .; 130 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR flcfr rflcfr flcfw vw nop nga 15 vw nop nga 15 vw nop nga 15 vw nop nga 15 if(ii) assert T; assert T; send D; send D; if( orp send r cfr; next state .; next state .; assert sv; next state .; else assert rV; send r cfr; do +w; next state .; next state .; vw yop nga 16 vw yop nga 16 vw yop nga 16 vw yop nga 16 if(ii) if( orp send rl; send D; send D; assert sv; next state .; next state .; next state .; else if(t) assert iW; send rl; do +w; else next state .; send r cfr; next state .; vw yop nga 17 vw yop nga 17 vw yop nga 17 vw yop nga 17 if(ii) if( orp if( nrp send D; send D; assert sv; send D; next state .; next state .; next state .; else send rl; else assert iW; next state .; send rl; do +w; next state .; next state .; vw yop yga 18 vw yop yga 18 vw yop yga 18 vw yop yga 18 if(ii) if( orp send rl; send D; send D; assert sv; next state .; next state .; next state .; else if(t) assert iW; send rl; do +w; else next state .; send r cfr; next state .; vw yop yga 19 vw yop yga 19 vw yop yga 19 vw yop yga 19 if(ii) if( orp if( nrp send D; send D; assert sv; send D; next state .; next state .; next state .; else send rl; else assert iW; next state .; send rl; do +w; next state .; next state .; C.2. ARENT NODE TRANSITION ABLE 131 flcfr rflcfr flcfw nop nga 20 nop nga 20 nop nga 20 nop nga 20 assert rV; if( orp send r; assert T; do +w; assert sv c; next state .; send cfw; next state 27; next state .; send r; next state .; nop nga 21 nop nga 21 nop nga 21 nop nga 21 assert rV; if( orp do +s; do L; do +w; assert sv c; send r; if(ii) next state 28; next state 20; do +v; send r; next state .; send la; next state 24; nop nga 22 nop nga 22 nop nga 22 nop nga 22 if(ii) if( orp send r; send D; send D; assert sv c; next state .; next state .; next state .; else send r; assert rC; next state .; do +v; send r; next state .; yop nga 23 yop nga 23 yop nga 23 yop nga 23 if(ii) if( orp send r; send D; send D; assert sv c; next state .; next state .; next state .; else send r; do +v; next state .; send r; next state .; yop nga 24 yop nga 24 yop nga 24 yop nga 24 if(ii) if( orp if( nrp send D; send D; assert sv c; send D; next state .; next state .; next state .; else send r; else do +v; next state .; send r; send r; next state .; next state .; 132 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR flcfr rflcfr flcfw yop yga 25 yop yga 25 yop yga 25 yop yga 25 if(ii) if( orp send r;

send D; send D; assert sv c; next state .; next state .; next state .; else send r; do +v; next state .; send r; next state .; yop yga 26 yop yga 26 yop yga 26 yop yga 26 if(ii) if( orp if( nrp send D; send D; assert sv c; send D; next state .; next state .; next state .; else send r; else do +v; next state .; send r; send r; next state .; next state .; vw nop nga 27 vw nop nga 27 vw nop nga 27 vw nop nga 27 assert rV; if( orp send r; assert T; assert iW; assert sv c; next state .; send cfw; do +w; next state .; next state .; send r; next state .; vw nop nga 28 vw nop nga 28 vw nop nga 28 vw nop nga 28 assert rV; if( orp do +s; do L; assert iW; assert sv c; send r; if(ii) do +w; next state 27; do +v; next state .; send r; next state .; send la; next state 31; vw nop nga 29 vw nop nga 29 vw nop nga 29 vw nop nga 29 if(ii) if( orp send r; send D; send D; assert sv c; next state .; next state .; next state .; else send r; assert rC; next state .; do +v; send r; next state .; C.2. ARENT NODE TRANSITION ABLE 133 flcfr rflcfr flcfw vw yop nga 30 vw yop nga 30 vw yop nga 30 vw yop nga 30 if(ii) if( orp send r; send D; send D; assert sv c; next state .; next state .; next state .; else send r; do +v; next state .; send r; next state .; vw yop nga 31 vw yop nga 31 vw yop nga 31 vw yop nga 31 if(ii) if( orp if( nrp send D; send D; assert sv c; send D; next state .; next state .; next state .; else send r; else do +v; next state .; send r; send r; next state .; next state .; vw yop yga 32 vw yop yga 32 vw yop yga 32 vw yop yga 32 if(ii) if( orp send r; send D; send D; assert sv c; next state .; next state .; next state .; else send r; do +v; next state .; send r; next state .; vw yop yga 33 vw yop yga 33 vw yop yga 33 vw yop yga 33 if(ii) if( orp if( nrp send D; send D; assert sv c; send D; next state .; next state .; next state .; else send r; else do +v; next state .; send r; send r; next state .; next state .; 134 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR a1 inv alid inv alid inv alid inv alid assert T; next state X; next state X; next state X; if( orp do L; send l; next state 4; else send a; next state .; nop nga nop nga nop nga nop nga do L; next state X; next state X; assert ic; if( nrp do +i; next state 3; if(0c) else assert T; if(ii) send ta; do +v; next state 0; next state 23; else else next state .; next state 4; gg send la; nop nga nop nga nop nga nop nga do L; next state X; next state X; assert ic; if( nrp do +i; next state 3; assert 0C; else if( 1&1vw c) if(ii) send cte; do +v; next state 23; next state .; else next state 4; gg send la; nop nga nop nga nop nga nop nga send D; assert ic; next state X; assert ic; next state .; do +i; do +v; if(0c) if(0c) assert T; assert T; send a; send uncv; next state 0; next state 9; else else next state .; next state 22; C.2. ARENT NODE TRANSITION ABLE 135 a1 yop nga yop nga yop nga yop nga send D; assert ic; assert ic; assert lW; next state .; do +i; do +c; assert ic; assert 0C; if(1c) do +v; next state .; assert T; if(0c) send a1; if(T) next state 3; send uncv; else next state 6; next state 10; else next state 23; yop nga yop nga yop nga yop nga send D; assert ic; assert ic; assert lW; next state .; do +i; do +c; assert ic; assert 0C; if(1c) do +v; next state .; send o; if(0c) next state 2; next state 11; else else next state 7; next state 24; yop yga yop yga yop yga yop yga send D; assert ic; next state X; assert lW; next state .; do +i; assert ic; if(1c) do +v; assert T; if(0c) send a1; if(T) next state 3; send uncv; else next state .; next state 12; else next state 25; yop yga yop yga yop yga yop yga send D; assert ic; next state X; assert lW; next state .; do +i; assert ic; if(1c) do +v; send o; if(0c) next state 2; next state 13; else else next state .; next state 26; 136 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR a1 nop nga nop nga nop nga nop nga do L; next state X; next state X; next state X; if( nrp send la; next state 9; else if(ii) do +v; send la; next state 10; nop nga nop nga nop nga nop nga send D; assert iv; next state X; next state X; next state .; do +i; if(0v) assert T; send a; next state 0; else next state .; yop nga 10 yop nga 10 yop nga 10 yop nga 10 send D; assert iv; assert iv; next state X; next state .; do +i; do +c; assert 0V; if(1v c) next state .; assert T; send a1; next state 3; else next state 25; yop nga 11 yop nga 11 yop nga 11 yop nga 11 send D; assert iv; assert iv; next state X; next state .; do +i; do +c; assert 0V; if(1v c) next state .; send o; next state 2; else next state 26; C.2. ARENT NODE TRANSITION ABLE 137 a1 yop yga 12 yop yga 12 yop yga 12 yop yga 12 send D; assert iv; next state X; next state X; next state .; do +i; if(1v) assert T; assert lv; do +c; send a1; next state 3; else next state .; yop yga 13 yop yga 13 yop yga 13 yop yga 13 send D; assert iv; next state X; next state X; next state .; do +i; if(1v) assert lv; do +c; send o; next state 2; else next state .; vw nop nga 14 vw nop nga 14 vw nop nga 14 vw nop nga 14 do L; next state X; next state X; next state X; if( nrp send la; next state 15; else if(ii) do +v; send la; next state 16; vw nop nga 15 vw nop nga 15 vw nop nga 15 vw nop nga 15 send D; assert iv; next state X; next state X; next state .; do +i; assert 0V; next state .; vw yop nga 16 vw yop nga 16 vw yop nga 16 vw yop nga 16 send D; assert iv; assert iv; next state X; next state .; do +i; do +c; assert 0V; assert 0V; next state .; next state 32; 138 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR a1 vw yop nga 17 vw yop nga 17 vw yop nga 17 vw yop nga 17 send D; assert iv; assert iv; next state X; next state .; do +i; do +c; assert 0V; assert 0V; next state .; next state 33; vw yop yga 18 vw yop yga 18 vw yop yga 18 vw yop yga 18 send D; assert iv; next state X; next state X; next state .; do +i; assert 0V; next state .; vw yop yga 19 vw yop yga 19 vw yop yga 19 vw yop yga 19 send D; assert iv; next state X; next state X; next state .; do +i; assert 0V; next state .; nop nga 20 nop nga 20 nop nga 20 nop nga 20 do L; next state X; next state X; assert ic; if( nrp do +i; next state 22; if(0c) else assert T; if(ii) send uncv; do +v; next state 8; else next state 23; next state .; send la; nop nga 21 nop nga 21 nop nga 21 nop nga 21 do L; next state X; next state X; assert ic; if( nrp do +i; next state 22; assert 0C; else next state .; if(ii) do +v; next state 23; send la; C.2. ARENT NODE TRANSITION ABLE 139 a1 nop nga 22 nop nga 22 nop nga 22 nop nga 22 send D; assert iv c; next state X; assert iv c; next state .; do +i; do +v; if(0v) if(0c) if(0c) assert T; next state X; send uncv; else next state 9; next state 3; else next state .; else if(0c) send uncv; next state 9; else next state .; gg yop nga 23 yop nga 23 yop nga 23 yop nga 23 send D; assert iv c; assert iv c; assert lW; next state .; do +i; do +c; assert iv c; if(0v) if(0v) do +v; if(0c) next state 6; if(0c&T) next state X; else send uncv; else next state 25; next state 4; if(0c) next state 10; else else if(0c) next state .; next state 10; else next state .; gg yop nga 24 yop nga 24 yop nga 24 yop nga 24 send D; assert iv c; assert iv c; assert lW; next state .; do +i; do +c; assert iv c; if(0v) if(1v c) do +v; if(0c) send o; if(0c) next state X; next state 2; next state 11; else else else next state 5; if(0v) next state .; next state 7; else else if(0c) next state 26; next state 11; gg else next state .; gg 140 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR a1 yop yga 25 yop yga 25 yop yga 25 yop yga 25 send D; assert iv c; next state X; assert lW; next state .; do +i; assert iv c; if(1v c) do +v; assert T; if(0c&T) if(lv) send uncv; do +c; if(0c) send a1; next state 12; next state 3; else else next state .; if(0v) next state 6; else if(0c) next state 12; else next state .; ggg yop yga 26 yop yga 26 yop yga 26 yop yga 26 send D; assert iv c; next state X; assert lW; next state .; do +i; assert iv c; if(1v c) do +v; if(lv) if(0c) do +c; next state 13; else send o; next state .; next state 2; else if(0v) next state 7; else if(0c) next state 13; else next state .; ggg vw nop nga 27 vw nop nga 27 vw nop nga 27 vw nop nga 27 do L; next state X; next state X; assert ic; if( nrp do +i; next state 29; if(0c) else assert T; if(ii) send uncv; do +v; next state 14; else next state 30; next state .; send la; C.2. ARENT NODE TRANSITION ABLE 141 a1 vw nop nga 28 vw nop nga 28 vw nop nga 28 vw nop nga 28 do L; next state X; next state X; assert ic; if( nrp do +i; next state 29; assert 0C; else next state .; if(ii) do +v; next state 30; send la; vw nop nga 29 vw nop nga 29 vw nop nga 29 vw nop nga 29 send D; assert iv c; next state X; assert iv c; next state .; do +i; do +v; assert 0V; if(0c) if(0c) assert T; send uncv; send uncv; next state 15; next state 15; else else next state .; next state .; vw yop nga 30 vw yop nga 30 vw yop nga 30 vw yop nga 30 send D; assert iv c; assert iv c; assert lW; next state .; do +i; do +c; assert iv c; assert 0V; assert 0V; do +v; if(0c) next state 32; if(0c&T) next state 16; send uncv; else next state .; if(0c) next state 16; else next state .; vw yop nga 31 vw yop nga 31 vw yop nga 31 vw yop nga 31 send D; assert iv c; assert iv c; assert lW; next state .; do +i; do +c; assert iv c; assert 0V; assert 0V; do +v; if(0c) next state 33; if(0c) next state 17; next state 17; else else next state .; next state .; 142 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR a1 vw yop yga 32 vw yop yga 32 vw yop yga 32 vw yop yga 32 send D; assert iv c; next state X; assert lW; next state .; do +i; assert iv c; assert 0V; do +v; if(0c) if(0c&T) next state 18; send uncv; else next state .; if(0c) next state 18; else next state .; vw yop yga 33 vw yop yga 33 vw yop yga 33 vw yop yga 33 send D; assert iv c; next state X; assert lW; next state .; do +i; assert iv c; assert 0V; do +v; if(0c) if(0c) next state 19; next state 19; else else next state .; next state .; C.2. ARENT NODE TRANSITION ABLE 143 cte flcft rflcft cv inv alid inv alid inv alid inv alid next state X; if(t) assert T; next state X; allo c; send r cft; next state 2; next state .; else send cft; next state .; nop nga nop nga nop nga nop nga do +e; send rt; send rt; assert ic; next state 2; next state .; next state .; next state .; nop nga nop nga nop nga nop nga next state X; send rt; send rt; assert ic; next state .; next state .; next state .; nop nga nop nga nop nga nop nga next state X; send D; send D; assert ic; next state .; next state .; next state .; yop nga yop nga yop nga yop nga next state X; send D; send D; assert ic; next state .; next state .; next state .; yop nga yop nga yop nga yop nga next state X; send D; send D; assert ic; next state .; next state .; next state .; yop yga yop yga yop yga yop yga next state X; send D; send D; assert ic; next state .; next state .; next state .; yop yga yop yga yop yga yop yga next state X; send D; send D; assert ic; next state .; next state .; next state .; nop nga nop nga nop nga nop nga next state X; assert T; assert T; assert T; send cft; send r cft; assert iv; next state .; next state .; do +c; send cv; if(0v) next state 1; else next state 20; nop nga nop nga nop nga nop nga next state X; send D; send D; assert T; next state .; next state .; assert iv; do +c; send cv; if(0v) next state 3; else next state 22; 144 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR cte flcft rflcft cv yop nga 10 yop nga 10 yop nga 10 yop nga 10 next state X; send D; send D; assert iv; next state .; next state .; do +c; if(T) send cv; if(0v) next state 4; else next state 23; yop nga 11 yop nga 11 yop nga 11 yop nga 11 next state X; send D; send D; assert iv; next state .; next state .; do +c; if(0v) next state 5; else next state 24; yop yga 12 yop yga 12 yop yga 12 yop yga 12 next state X; send D; send D; assert iv; next state .; next state .; do +c; if(T) send cv; if(0v) next state 6; else next state 25; yop yga 13 yop yga 13 yop yga 13 yop yga 13 next state X; send D; send D; assert iv; next state .; next state .; do +c; if(0v) next state 7; else next state 26; vw nop nga 14 vw nop nga 14 vw nop nga 14 vw nop nga 14 next state X; assert T; assert T; assert T; send cft; send r cft; assert iv; next state .; next state .; do +c; send rda w,c; send cv; if(0v) next state 1; else next state 20; C.2. ARENT NODE TRANSITION ABLE 145 cte flcft rflcft cv vw nop nga 15 vw nop nga 15 vw nop nga 15 vw nop nga 15 next state X; send D; send D; assert T; next state .; next state .; assert iv; do +c; send rda w,c; send cv; if(0v) next state 3; else next state 22; vw yop nga 16 vw yop nga 16 vw yop nga 16 vw yop nga 16 next state X; send D; send D; assert iv; next state .; next state .; do +c; if(T) send cv; send rda w,c; if(0v) next state 4; else next state 23; vw yop nga 17 vw yop nga 17 vw yop nga 17 vw yop nga 17 next state X; send D; send D; assert iv; next state .; next state .; do +c; send rda w,c; if(0v) next state 5; else next state 24; vw yop yga 18 vw yop yga 18 vw yop yga 18 vw yop yga 18 next state X; send D; send D; assert iv; next state .; next state .; do +c; if(T) send cv; send rda w,c; if(0v) next state 6; else next state 25; 146 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR cte flcft rflcft cv vw yop yga 19 vw yop yga 19 vw yop yga 19 vw yop yga 19 next state X; send D; send D; assert iv; next state .; next state .; do +c; send rda w,c; if(0v) next state 7; else next state 26; nop nga 20 nop nga 20 nop nga 20 nop nga 20 do +e; send rt; send rt; assert iv c; next state 21; next state .; next state .; do +c; if(0v) next state 1; else next state .; nop nga 21 nop nga 21 nop nga 21 nop nga 21 next state X; send rt; send rt; assert iv c; next state .; next state .; do +c; if(0v) next state 2; else next state .; nop nga 22 nop nga 22 nop nga 22 nop nga 22 next state X; send D; send D; assert iv c; next state .; next state .; do +c; if(0v) next state 3; else next state .; yop nga 23 yop nga 23 yop nga 23 yop nga 23 next state X; send D; send D; assert iv c; next state .; next state .; do +c; if(0v) next state 4; else next state .; yop nga 24 yop nga 24 yop nga 24 yop nga 24 next state X; send D; send D; assert iv c; next state .; next state .; do +c; if(0v) next state 5; else next state .; C.2. ARENT NODE TRANSITION ABLE 147 cte flcft rflcft cv yop yga 25 yop yga 25 yop yga 25 yop yga 25 next state X; send D; send D; assert iv c; next state .; next state .; do +c; if(T) send cv; if(0v) next state 6; else next state .; yop yga 26 yop yga 26 yop yga 26 yop yga 26 next state X; send D; send D; assert iv c; next state .; next state .; do +c; if(0v) next state 7; else next state .; vw nop nga 27 vw nop nga 27 vw nop nga 27 vw nop nga 27 do +e; send rt; send rt; assert iv c; next state 28; next state .; next state .; do +c; send rda w,c; if(0v) next state 1; else next state 20; vw nop nga 28 vw nop nga 28 vw nop nga 28 vw nop nga 28 next state X; send rt; send rt; assert iv c; next state .; next state .; do +c; send rda w,c; if(0v) next state 2; else next state 21; vw nop nga 29 vw nop nga 29 vw nop nga 29 vw nop nga 29 next state X; send D; send D; assert iv c; next state .; next state .; do +c; send rda w,c; if(0v) next state 3; else next state 22; 148 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR cte flcft rflcft cv vw yop nga 30 vw yop nga 30 vw yop nga 30 vw yop nga 30 next state X; send D; send D; assert iv c; next state .; next state .; do +c; send rda w,c; if(0v) next state 4; else next state 23; vw yop nga 31 vw yop nga 31 vw yop nga 31 vw yop nga 31 next state X; send D; send D; assert iv c; next state .; next state .; do +c; send rda w,c; if(0v) next state 5; else next state 24; vw yop yga 32 vw yop yga 32 vw yop yga 32 vw yop yga 32 next state X; send D; send D; assert iv c; next state .; next state .; do +c; send rda w,c; if(T) send cv; if(0v) next state 6; else next state 25; vw yop yga 33 vw yop yga 33 vw yop yga 33 vw yop yga 33 next state X; send D; send D; assert iv c; next state .; next state .; do +c; send rda w,c; if(0v) next state 7; else next state 26; C.2. ARENT NODE TRANSITION ABLE 149 rd uncv inv alid inv alid inv alid inv alid next state X; next state X; assert T; next state X; send r cft; next state .; nop nga nop nga nop nga nop nga next state .; assert ic; send rt; next state X; do +v; next state .; if(0c) assert T; send uncv; next state 8; else next state 20; nop nga nop nga nop nga nop nga next state X; assert ic; send rt; next state X; do +v; next state .; assert 0C; next state 21; nop nga nop nga nop nga nop nga next state .; assert ic; send D; send o; do +v; next state .; next state 2; if(0c&T) send uncv; if(0c) next state 9; else next state 22; yop nga yop nga yop nga yop nga next state .; assert ic; send D; next state X; do +v; next state .; if(0c&T) send uncv; if(0c) next state 10; else next state 23; yop nga yop nga yop nga yop nga next state X; assert ic; send D; next state X; do +v; next state .; if(0c) next state 11; else next state 24; 150 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR rd uncv yop yga yop yga yop yga yop yga next state .; assert ic; send D; next state X; do +v; next state .; if(0c&T) send uncv; if(0c) next state 12; else next state 25; yop yga yop yga yop yga yop yga next state X; assert ic; send D; next state X; do +v; next state .; if(0c) next state 13; else next state 26; nop nga nop nga nop nga nop nga send rda v,c; next state X; assert T; next state X; next state 1; send r cft; next state .; nop nga nop nga nop nga nop nga send rda v,c; next state X; send D; next state X; next state 3; next state .; yop nga 10 yop nga 10 yop nga 10 yop nga 10 send rda vL,c; next state X; send D; next state X; if(0c) next state .; next state .; else next state 23; yop nga 11 yop nga 11 yop nga 11 yop nga 11 next state X; next state X; send D; next state X; next state .; yop yga 12 yop yga 12 yop yga 12 yop yga 12 send rda vL,c; next state X; send D; next state X; if(0c) next state .; next state .; else next state 25; yop yga 13 yop yga 13 yop yga 13 yop yga 13 next state X; next state X; send D; next state X; next state .; C.2. ARENT NODE TRANSITION ABLE 151 rd uncv vw nop nga 14 vw nop nga 14 vw nop nga 14 vw nop nga 14 send rda vw,c; next state X; assert T; next state X; next state 1; send r cft; next state .; vw nop nga 15 vw nop nga 15 vw nop nga 15 vw nop nga 15 send rda vw,c; next state X; send D; next state X; next state 3; next state .; vw yop nga 16 vw yop nga 16 vw yop nga 16 vw yop nga 16 send rda vwL,c; next state X; send D; next state X; next state 23; next state .; vw yop nga 17 vw yop nga 17 vw yop nga 17 vw yop nga 17 next state X; next state X; send D; next state X; next state .; vw yop yga 18 vw yop yga 18 vw yop yga 18 vw yop yga 18 send rda vwL,c; next state X; send D; next state X; next state 25; next state .; vw yop yga 19 vw yop yga 19 vw yop yga 19 vw yop yga 19 next state X; next state X; send D; next state X; next state .; nop nga 20 nop nga 20 nop nga 20 nop nga 20 next state .; assert ic; send rt; next state X; do +v; next state .; if(0c) assert T; send uncv; next state 8; else next state .; nop nga 21 nop nga 21 nop nga 21 nop nga 21 next state X; assert ic; send rt; next state X; do +v; next state .; assert 0C; next state .; nop nga 22 nop nga 22 nop nga 22 nop nga 22 next state .; assert ic; send D; next state X; do +v; next state .; if(0c&T) send uncv; if(0c) next state 9; else next state .; 152 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR rd uncv yop nga 23 yop nga 23 yop nga 23 yop nga 23 next state .; assert ic; send D; next state X; do +v; next state .; if(0c&T) send uncv; if(0c) next state 10; else next state .; yop nga 24 yop nga 24 yop nga 24 yop nga 24 next state X; assert ic; send D; next state X; do +v; next state .; if(0c) next state 11; else next state .; yop yga 25 yop yga 25 yop yga 25 yop yga 25 if(1c&lc) assert ic; send D; next state X; send rda vL,c; do +v; next state .; next state 6; if(0c&T) else send uncv; next state .; if(0c) next state 12; else next state .; yop yga 26 yop yga 26 yop yga 26 yop yga 26 next state X; assert ic; send

D; next state X; do +v; next state .; if(0c) next state 13; else next state .; vw nop nga 27 vw nop nga 27 vw nop nga 27 vw nop nga 27 next state .; assert ic; send rt; next state X; do +v; next state .; if(0c) assert T; send uncv; next state 14; else next state .; C.2. ARENT NODE TRANSITION ABLE 153 rd uncv vw nop nga 28 vw nop nga 28 vw nop nga 28 vw nop nga 28 next state X; assert ic; send rt; next state X; do +v; next state .; assert 0C; next state .; vw nop nga 29 vw nop nga 29 vw nop nga 29 vw nop nga 29 next state .; assert ic; send D; next state X; do +v; next state .; if(0c&T) send uncv; if(0c) next state 15; else next state .; vw yop nga 30 vw yop nga 30 vw yop nga 30 vw yop nga 30 next state .; assert ic; send D; next state X; do +v; next state .; if(0c&T) send uncv; if(0c) next state 16; else next state .; vw yop nga 31 vw yop nga 31 vw yop nga 31 vw yop nga 31 next state X; assert ic; send D; next state X; do +v; next state .; if(0c) next state 17; else next state .; vw yop yga 32 vw yop yga 32 vw yop yga 32 vw yop yga 32 if(1c&lc) assert ic; send D; next state X; send rda vwL,c; do +v; next state .; next state 6; if(0c&T) else send uncv; next state .; if(0c) next state 18; else next state .; 154 APPENDIX C. ABLE OF PR OTOCOL BEHA VIOR rd uncv vw yop yga 33 vw yop yga 33 vw yop yga 33 vw yop yga 33 next state X; assert ic; send D; next state X; do +v; next state .; if(0c) next state 19; else next state .; Bibliograph [1] Anan Agarw al. lo calit y-based ult ipro cessor cac he in terference mo del. VLSI Memo MIT VLSI Memo 89-565, Massac usetts Institute of ec hnology 1989. [2] Anan Agarw al. Limits on in terconnection net ork erformance. IEEE ans actions on Par al lel and Distribute Systems 2(4):39 8{41 2, Octob er 1991. [3] Anan Agarw a l, Da vid Chaik en, Kirk Johnson, Da vid Kranz, John Kubiato wicz, Kiy oshi Kurihara, Beng-Hong Lim, Gino Maa, and Dan Nussbaum. The MIT Alewife Mac hine: Large-Scale Distributed-Memor Multipro cessor. ec hnical Re- ort MIT/LCS/TM-454, MIT Lab oratory for Computer Science, June 1991. [4] Anan Agarw al Ric hard Simoni, John Hennessy and Mark Horo wi tz. An ev aluation of directory sc hemes for cac he coherence. In Pr dings of the 15th International Symp osium on Computer chite ctur IEEE, June 1988. [5] J. K. Arc hibald. cac he coherence approac for large ultipro cessor system. In 1988 International Confer en on Sup er omputing pages 337{345. CM, July 1988. [6] Henry Burkhardt I, Stev en rank, Bruce Knob e, and James Rothnie. Ov erview of the KSR1 computer system. ec hnical Rep ort KSR-TR-9202001, Kendall Square Researc h, Boston, ebruary 1992. [7] Lucien M. Censier and aul eautrier. new solution to coherence problems in ul- ticac he systems. IEEE ansactions on Computers C-27(12):1 112{ 111 8, Decem er 1978. [8] Da vid Chaik en, Craig Fields, Kiy oshi Kurihara, and Anan Agarw a l. Directory-based cac he coherence in large-scale ult ipro cessors. IEEE Computer June 1990. [9] William J. Dally et al. The J-Mac hine: �ne-grain concurren computer. In G.X. Ritter, editor, Pr din gs of the IFIP Congr ess pages 1147{115 3. North-Holland, August 1989. [10] S. J. rank. Tigh tl coupled ult ipro cessor system sp eeds up memor access times. Ele ctr onics 57(1):164{ 169, Jan uary 1984. [11] J. Go dman, M. ernon, and est. E�cien sync hronization primitiv es for large- scale cac he coheren ult ipro cessors. In Thir International Confer en on chite c- tur al Supp ort for Pr gr amming anguages and Op er ating Systems pages 64{75, April 1989. 155 156 BIBLIOGRAPHY [12] Seif Haridi and Erik Hagersten. The cac he coherence proto col of the Data Di�usion Mac hine. In ARLE ‘89 Par al lel chite ctur es and anguages Eur op olume I, pages 1{18, June 1989. [13] Kirk L. Johnson. The impact of comm unicati on lo calit on large-scale ult ipro cessor erformance. In 19th nnual International Symp osium on Computer chite ctur pages 392{402, Ma 1992. [14] Leslie Lamp ort. Ho to mak ult ipro cessor computer that correctly executes ul- tipro cess programs. IEEE ans actions on Computers c-28(9):690{6 91, Septem er 1979. [15] Scott T. Leutenegger and Mary K. ernon. mean-v alue erformance analysis of new ult ipro cessor arc hitecture. Performanc Evaluation eview 16(1):167{ 176 Ma 1988. [16] Kai Li. Shar virtual memory on lo osely ouple multipr es sors PhD thesis, ale Univ ersit Septem er 1986. [17] Kai Li. IVY: shared virtual memory system for parallel computing. In International Confer enc on Par al lel Computing pages 94{101, 1988. [18] eong-Chang Maa, Dhira K. Pradhan, and Dominique Thiebaut. Tw economical di- rectory sc hemes for large-scale cac he coheren ultipro cessors. Computer chite ctur News 19(4), Septem er 1991. [19] eong-Chang Maa, Dhira K. Pradhan, and Dominique Thiebaut. hierarc hical di- rectory sc heme for large-scale cac he coheren ulti pro cessors. In Pr dings of the 6th International Symp osium on Par al lel Pr ess ing pages 43{46, Ma 1992. [20] J. Mellor-Crumm ey and M. Scott. Sync hronization without con ten ti on. In ourth International Confer enc on chite ctur al Supp ort for Pr gr amming anguages and Op er ating Systems pages 269{278, April 1991. [21] Madha an artha sarat Implemen ti ng shared memory on large-scale ultipro cessors. Master’s thesis, Univ ersit of Illinois at Urbana-Champaign, August 1992. [22] Isaac D. Sc herson and eter F. Corb ett. Comm unicati ons erhead and the exp ected sp eedup of ult idim ensional mesh-connected parallel pro cessors. Journal of Par al lel and Distribute Computing 1991. [23] Stev en Scott. cac he coherence program for scalable, shared-memory ultipro cessors. In International Symp osium on Shar Memory Multipr ess ing pages 49{59, April 1991. [24] Stev en L. Scott and James R. Go dman. erform ance of pruning-cac he directories for large-scale ultipro cessors. app ear in IEEE ransactions on arall el and Dis- tributed Systems, 1992. BIBLIOGRAPHY 157 [25] er Stenstr� om ruman Jo e, and Ano op Gupta. Comparat iv erformance ev aluation of cac he-coheren NUMA and COMA arc hitectures. In 19th nnual International Symp osium on Computer chite ctur pages 80{91, Ma 1992. [26] C. K. ang. Cac he system design in the tigh tl coupled ulti pro cessor system. In Pr din gs AFIPS National Computer Confer en pages 749{753, 1976. [27] Brian ott An op erating en vironmen for the jellyb ean mac hine. SB Thesis, Mas- sac usetts Institute of ec hnolog Departmen of Electrical Engineering and Computer Science, Ma 1988. [28] Mary ernon, Ra jeev J� og, and Gurindar S. Sohi. erform ance analysis of hierarc hical cac he-consisten ult ipro cessors. In T. Hasega a, H. ak agi and Y. ak ahashi, edi- tors, Performanc of Distribute and Par al lel Systems pages 111{126. IFIP Elsevier Science Publishers, 1989. [29] Deb orah A. allac h. scalable hierarc hical cac he coherence proto col. SB Thesis, MIT, Ma 1990. [30] A. W. Wilson. Hierarc hical cac he/bus arc hitecture for shared memor ultipro cessors. In 14th nnual International Symp osium on Computer chite c tur pages 244{252, June 1987. [31] Qing ang. erform ance analysis of cac he-coheren ulti pro cessor based on hier- arc hical ul tiple buses. In N. Rishe, S. Na at he, and D. al, editors, ARBAS E-90 International Confer enc on Datab ases, Par al lel chite ctur es and Their Applic ations pages 248{257. IEEE Computer So ciet Press, 1990. [32] Qing ang, G. Thangadurai, and Laxmi N. Bh uy an. An adaptiv cac he coherence sc heme for hierarc hical shared-memor ul tipro cessors. In Pr dings of the Se ond IEEE Symp osium on Par al lel and Distribute Pr ess ing pages 318{325. IEEE Com- puter So ciet Press, Decem er 1990.