Execution of Data o Programs on General-Purp ose Hardw are Ellen Sp ertus S.B., Massac usetts Institute of ec hnology (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 August 1992 Ellen Sp ertus, 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 August 7, 1992 Certi�ed Dr. Willia J. Dally Asso ciate Professor of Electrical Engineering and Computer Science Thesis Sup ervisor Accepted Dr. Arth ur C. Smith Chairman, Departmen tal Committee on Graduate Studen ts Execution of Data o Programs on General-Purp ose Hardw are Ellen Sp ertus Submitted to the Departmen of Electrical Engineering and Computer Science on August 7, 1992, in partial ful�llmen of the requiremen ts for the Degree of Master of Science in Electrical Engineering and Computer Science Abstract Fine-grained programm i ng is imp orta to parallel computing ecause it co ers up the un- oidabl latency ccuring in large systems. Data o computing, where small groups of instructions can sequen tialized in to threads, is an extreme of the �ne-grained or ul ti- threading approac hes. Originally data o program ere run on sp ecialized hardw are. The researc describ ed in this do cumen unites adv ances in compiling data o programs to run on non-sp ecialized hardw are with the arc hitectural adv ances of the J-Mac hine, general-purp ose massiv ely-para llel computer. Thesis Sup ervisor: Dr. William J. Dally Title: Asso ciate Professor of Electrical Engineering and Computer Science Keyw or ds: Compiling, Multi-threading, Data o w, Fine-Grained Computatio n, aral leli sm Ac kno wledgm en ts The Berk eley AM group as tremendously helpful. Da vid Culler, Seth Cop en Goldstein, Klaus Erik Sc hauser, and Thorsten on Eic en not only ga me complete access to their soft a re and sho ed me ho to use and mo dify it but made mo di�cations for me and to ok the time to critique ork. also receiv ed help from sev eral mem ers of the MIT Computation Structures Group: George Andy Bough ton, Alexandro Caro, Mik Flaster, R. aul Johnson, and uli Zhou. They to shared their compiler. As alw ys, mem ers of the MIT Concurren VLSI Arc hitecture group ere onderful. Mik Noak es help ed me with the idiosyncrasies of the hardw are. Scott urman as also helpful and main tai ned the sim ulat or, monitor, and oating oin libraries. Brennan Gaunce as alw ys willing to discuss compiler optimizati ons, Debb all ac help ed me with Xand Unix problems, and Lisa Sardegna alw ys help ed me with whatev er random thing stopp ed her o�ce for. My o�cemates dd Dampier, aldemar Horw at and Kath Knob put up with quirks and pro vided random help, and Kath as lik second advisor to me. Anne McCarth of the Computer Arc hitecture Group as also helpful. Eric Brew er of the MIT arall el Soft are Researc Group shared with me the graph generation to ols he created with Chris Dellaro cas. The graphs pro duced ere useful not just as illustratio ns for this do cumen but in helping me understand where cycles ere sp en t. used the Alewife group’s computer to run these programs, with the help of Kirk Johnson, John Kubiato wicz, Beng-Hong Lim, and Chris Metcalf. Other MIT studen ts who ga me useful feedbac ere Nate Osgo d, red Chong, and Bob Grub er. am grateful to advisor, Bill Dally who managed to eep ork sw app ed in to his mind despite all of his other pro jects. His encouragemen and assistance made this ork ossible. My graduate counselor Bill eihl also ga me general guidance and supp ort, ey ond the call of dut Finally an to thank paren ts for alw ys elieving in me and encouraging me. Con ten ts In tro duction 1.1 Bac kground 1.1.1 Id 1.1.2 The J-Mac hine 1.2 Previous Exp erimen ts in Executing Data o Program on the J-Mac hine 1.2.1 Data o Graphs 1.2.2 Sim ula tio of Iann ucci’s Hybrid Arc hitecture on the MDP 10 1.3 Ov erview 11 The AM Mo del and Tw Mappings to the MDP 13 2.1 AM 13 2.2 Implemen ti ng AM on the MDP 15 2.2.1 Direct MDP Implemen t ati on 15 2.2.2 Flattened MDP Implemen t ati on 16 2.2.3 Comparison of Implemen tat ion Metho ds 16 Details of Im ple m en tations 19 3.1 Data Structures 19 3.1.1 ram es 19 3.1.2 Co deblo ks 20 3.1.3 The Pro cessor able 21 3.1.4 AM Data yp es 21 3.1.5 I-structures and M-structures 22 3.2 Register and Memory Usage 24 3.2.1 Register Usage 24 3.2.2 Memory Map 24 3.2.3 Heap Memory 26 3.3 Con tro Structure 27 3.3.1 System Initialization 27 3.3.2 Co deblo In catio 27 3.3.3 Execution Within Co deblo 34 3.4 Summary 36 The Com pil er 38 4.1 Con erti ng TL0 to Complex MDP 39 4.1.1 emplates 39 4.1.2 Additional Information Pro duced 47 4.1.3 Example 47 4.1.4 Flat Optimizatio ns 47 4.2 Con erti ng Complex MDP to Simple MDP 50 4.2.1 Con erting Pseudo-Instructions in to MDP Co de 50 4.2.2 Con erting to Legal MDP Op erands 52 4.2.3 Register Allo cation 54 4.2.4 Register Managemen Around System Calls 55 4.3 Con erti ng Simple MDP to MDP Assem bly 56 4.3.1 Bug ork arounds 57 4.3.2 Fixing Up Branc hes 57 4.3.3 Com bining Send Instructions 58 4.3.4 emplates for Con ert ing Instructions 58 4.4 Conclusion 58 Analysis 60 5.1 Static Timings 60 5.2 Bene�ts of Flattened Implemen tat ion 60 5.2.1 Comparison of Direct and Flattened Implemen tati ons 62 5.2.2 Bene�ts of Sp ecial Flat Optimizatio ns 64 5.2.3 E�ect on Lo calit 64 5.2.4 Multipro cessor erform ance 65 5.3 Summary 66 Conclusions 69 6.1 Areas for urther Study 69 6.1.1 Supp orting the En tire Id Language 69 6.1.2 Analyzing Cac he E�ects 70 6.1.3 erform ing Timings on the Hardw are 70 6.1.4 Generating More Statistical Information 70 6.1.5 Making Comparisons to Other Hardw are Running the Same Soft a re 70 6.1.6 Adding Soft are-Con t roll ed Cac hing 71 6.1.7 Better Load Balancing 71 6.1.8 Researc Plans 71 6.2 Conclusions 71 Represen tations of actorial 73 A.1 Id 73 A.2 TL0 73 A.3 Direct Implemen t ati on 75 A.3.1 Complex MDP 75 A.3.2 Simple MDP 79 A.3.3 MDP Assem bly 83 A.4 Flattened Implemen t ati on 88 A.4.1 Complex MDP 88 A.4.2 Simple MDP 92 A.4.3 MDP Assem bly 96 Id Co de for ara�ns 102 List of Figures 1-1 FSM Description of an I-Structure Lo cation 1-2 Id Co de for actori al 1-3 Data o Graph for actoria 1-4 Run-Time Data Structures 11 3-1 Sample ram es in Direct Implemen tat ion 20 3-2 Pro cedure Link age 28 3-3 The ransform ati on of Inlet in the Flattened Implemen t ati on 30 3-4 The Lifetime of Th unk 31 3-5 Id Program to Compute 3! 31 3-6 Execution of 3! in Direct Implemen ta tio 33 3-7 Execution of 3! in Flat Implemen tat ion 33 3-8 Race Condition when ork is In terrupted ost of the Same Thread and ram 35 3-9 Race Condition when ork is In terrupted ost of the Same rame 36 3-10 Library Co de for ost Routine in Direct Implemen t atio 37 4-1 Examples of Source, In termediate, and arget Languages 38 4-2 Sample Inlet as it asses Through TL0-to-Complex MDP 48 4-3 Optimizati ons of Message Storage in Flat Implemen tat ion 51 4-4 Compiler Register Allo cation 55 4-5 Register Optimization Example 56 5-1 Pro�le of ara�ns Running on Pro cessors 67 10 5-2 Pro�le of ara�ns Running on 16 Pro cessors 68 11 List of ables 2.1 Mapping of AM Constructs to the J-Mac hine 16 2.2 Comparis on of Tw Metho ds of Implemen ti ng AM 17 3.1 Sizes of AM Data Ob jects Stored in ram es 21 3.2 Usage of MDP Registers 24 3.3 Placemen of Data in Direct Implemen ta tio 25 3.4 Placemen of Data in Flat Implemen tat ion 26 3.5 Comparis on of Pro cedure Link age Library Routines 31 4.1 Constan orm at Pro duced genConst in the TL0-to-MDP Stage 40 4.2 Reference orma ts Pro duced genOpref in the TL0-to-MDP Stage 40 4.3 TL0 Mo em en Instructions 41 4.4 TL0 Arithmetic, Logical, and Bit wis Instructions 42 4.5 TL0 yp Instructions 43 4.6 TL0 Structure Instructions 44 4.7 TL0 Con trol Flo Instructions 45 4.8 Co de Generated for ork Instruction 45 4.9 TL0 ram Managemen Instructions 46 4.10 Chip Bugs ork ed Around 57 4.11 Final Expansion of Pseudo-Instructions 59 5.1 enalt Cycles for MDP Instructions 61 5.2 Instruction Coun ts of Implemen tati on-Indep enden Sequences 61 5.3 Comparis on of Costs Bet een the Tw Systems 62 12 5.4 ara�ns Dynamic Instruction Coun ts and Memory Accesses for Direct and Flattened Implemen t ati ons 63 5.5 ara�ns Dynamic Instruction Coun ts and Memory Accesses for Flattened Im- plemen ta tio ns With and Without Flat Optimizations 64 5.6 Threads er Quan tum and Quan ta er Activ ation as unction of Pro cessors and Implemen t ati on Metho 65 5.7 aral lel Sp eed-Up of ara�ns 66 13 Chapter In tro duction This do cumen describ es system built to execute data o programs on the J-Mac hine, massiv ely-paral lel general-purp ose parallel computer. designed and implemen ted dif- feren metho ds of mapping programs compiled for the Berk eley Threaded Abstract Mac hine (T AM) to the J-Mac hine. The �rst approac used the same data and con trol structures as AM, while the second approac restructured AM programs to tak adv an tage of the J- Mac hine’s supp ort for �ne-grained computing, sp eci�cally its hardw are supp ort for bu�ering incoming messages. The implemen ta tio ns are functional and supp ort almost the en tire Id language, compil- ing programs to run on ul ti-pro cessor J-Mac hine (although most of the runs ere erformed on the sim ulat or for ease of pro�ling). It as found that restructuring AM programs signi�- can tly impro ed their erformance, implying that the J-Mac hine’s mec hanism for supp orting �ne-grained parallelism are successful. While the compiler as for data o language, the results apply equally ell to an �ne-grained programm ing system. 1.1 Bac kground large amoun of researc has gone in to dev eloping and implem en ting the data o mo del of parallel computatio n. In order to exploit the parallelism rev ealed data o tec hniques, sp ecial-purp ose data o mac hines ha een built that are unlik traditional on Neumann pro cessors, using parallel mac hine languages and ha ving tok en and I-structure memo ry Be- cause individual instructions are sc heduled dynamically on data o pro cessors, run-time er- head is unnecessarily high. On the other hand, data o arc hitectures, with their er instruc- tion sync hronizatio n, are more toleran of latency than on Neumann mac hines: While one task is ai ting for data, tasks for whic data is ready can run, eeping the pro cessor busy The motiv a tio for executing data o programs on non-data o pro cessors is to com bi ne the latency toleration of data o pro cessor with the e�ciency of on Neumann pro cessor. Often, enough is kno wn at compile-tim to sp ecify full ordering of set of instructions, reducing the amoun of run-time sc heduling necessary Hybrid arc hitectures attempt to tak adv an tag of this kno wledge delineating sequences of instructions whose order can pre- determined, com bini ng the exp osed parallelism of data o with the e�ciency of on Neumann computation. While com bini ng instructions in to sequen tial threads theoretically lessens the amoun of run-time parallelism ail able, it can more practical in that it minim izes sc heduling er- head and allo ws the co de to run on computers not dedicated to data o pro cessing. Addition- ally ev en data o computers do not attempt to exploit the maxim um ossible parallelism or example, on Monso on, sp eci�c in catio of pro cedure is generally not divided among pro cessors but tak es place on single one. Instead, the parallelism comes from pip elining and from running iterations of one lo op concurren tly on separate pro cessors 18 ], feature that is retained implem en t ati ons for non-data o mac hines. 1.1.1 Id Id is primarily-functio nal lenien language dev elop ed in the Computation Structures Group of the MIT Lab oratory for Computer Science for programm ing data o and other parallel computers. 14 is reference for the latest ersion. quic ervi ew of ertinen features of the language is presen ted here. See 12 for criticism of data o pro cessors and 13 for further justi�cation of incorp orating data o ideas in to on Neumann computing. yp es Id is statically-t yp ed language, although users need not alw ys explicitly pro vide yp infor- mation. Additionally Id allo w olymorphism Primitiv yp es include haracters, oleans, in tegers, oats, strings, and sym ols. yp constructors can used to build arra list, tuple, function, algebraic, and record yp es. unction Application The application of function with argumen ts :::; is written: :::a Id supp orts currying: If function \exp ects" argumen ts, returns function that tak es one argumen t or example, if plus is de�ned as function that tak es um ers and adds them, plus returns function that tak es one um er as an argumen and adds to it. Currying causes additional erhead in run-time pro cedure link age. Blo ks Blo ks in Id pro vide mec hanism to bind names to alues within the blo k’s dy It is analogous to Lisp’s let construct, except that, as in all Id constructs, the textual order of the statemen ts is ignored. blo to compute the surface area of cylinder, giv en its radius and heigh could written: face Pi r; body Pi in face body Note that it is not alw ys ossible to statically determine the order in whic statemen ts in the \declaration" section of blo will execute. Consider the follo w ing example from 27 page 2]: 0; if then bb else 3; if then else aa; aa 5; bb 6; in c}; If 0, the only ossible order of ev aluation is: p, b, bb, a, aa, c. If 0, the expressions ust ev aluated in di�eren order: p, a, aa, b, c. This pro vides an example of an Id fragmen in whic the order of execution of statemen t cannot determined at compile- time. This pro vides theoretical limit on compile-tim sc heduling, ey ond an practical limi ts based on insu�cien tly sophisticated compilers, ecause no compile-tim sc heduling exists. Lo ops The format of lo op statemen is: {for <- eIndex do <statement> <statement> finally e} The eyw ord next is pro vided to refer to the next alue of lo op iteration. or example, lo op to add the �rst in tegers ould written: sum in for count <- to do next sum sum count finally sum }} The seman tics of Id are suc that it is ossible for ulti ple iterations of lo op to execute in parallel, either on the same or di�eren pro cessors, i.e., statemen ts in the th iteration ma execute efore or at the same time as statemen t in the th iteration, as long as data dep endence are resp ected. Inner lo ops are put in separate co deblo ks and can spa wned to separate pro cessors. The reader ma ha observ ed that the sample pro cedure could totally statically sc heduled observing that it returns 14 if and 11 otherwise. It is easy to extend the example, ho ev er, so that no static sc heduling is ossible 27 page 2]. Figure 1-1: FSM Description of an I-structure Lo cation. Originally an I-structure lo cation is empt Reads are silen tly deferred un til data has arriv ed. Once data has een written, ending and subsequen read requests can ful�lled. riting lo cation more than once is run-time error. If the programm er wishes to limit the exten to whic lo op can parallelized, lo ops can also sp eci�ed the follo wing sc hema: {for <- eIndex bound eBound do ... This ould restrict dynamic unfolding to eBound iterations. Non-F unctional Constructs I-structur es are used to o id the ine�ciency of arra ys in functional languages while still guaran teeing deterministic programs. I-structures are arra ys with elemen t that can only written to once. After alue has een written, reads tak place as exp ected; subsequen writes are run-time error. Because no cop ying is done, �lling an arra of I-structures tak es time and space. If read tak es place efore write, the read is silen tly deferred un til the data is ai lable. This pro cess is illustrated in Figure 1-1. Out-of-b ound accesses to I-structures cause run-time errors. The prop erties of I-structures guaran tee deterministic eha vior in legal programs While eeping Id from eing purely functional, they greatly impro its e�ciency without harming abstraction. uples and arra ys men tioned ab e, are implem en t ed as I-structures. In addition to supp orting user yp es, I-structures are used to create closures for currying pro cedure calls. Whenev er an argumen is applied to pro cedure, hec is made whether Here and elsewhere, le gal program is one in whic no compile-time or run-time errors ccur. the argumen supplied is the last one. If so, the pro cedure is in ok ed; otherwise, the argumen is added to the I-structure list of argumen ts and sa ed in to closure. I-structures are also used to implemen th unks, whic are ob jects whose ev aluation is dela ed. or cases where it ould useful to mo dify an arra cell, M-structur es are pro vided ]. When an M-structure cell is read, the alue is tak en from the cell, whic ecomes empt As with I-structures, reads efore writes are silen tly deferred. 1.1.2 The J-Mac hine The target of system is the J-Mac hine, massiv ely-paral lel MIMD computer based on the Message-Driv en Pro cessor (MDP). Eac pro cessor has 260K (4K on hip) of 32-bit-w ord memor augmen ted with 4-bit tags. ag yp es include oleans, in tegers, sym ols, and cfu- tur es Cfutures generate faults on most op erations and are used to indicate alues that are not et presen t. The MDPs comm unicate with eac other through lo w-la tency net or sending messages. When message arriv es at its destination, it is written in to the message queue. When the message gets to the head of the queue, its �rst ord is loaded in to the instruction oin ter, and oin ter to the base of the message is loaded in to an address register so that subsequen ords ma accessed. Execution con tin ues sequen tiall un til an explicit susp end instruction. The MDP has three priorit lev els: bac kground, priorit 0, and priorit 1. Eac lev el has its wn set of registers, and priorities and ha separate message queues. Bac kground execution is in terrupted priorit message, whic in turn will in terrupted an priorit messages. Sev eral J-Mac hines ha een built, including one with 128 pro cessors. See 11 for complete description of the MDP and the J-Mac hine. 1.2 Previous Exp erimen t in Executing Data o Programs on the J-Mac hine 1.2.1 Data o Graphs Data o compilers con ert programs in to data o graphs, where the no des of the graph represen op erators, and the arcs represen dep endencies. Figure 1-2 sho ws an Id pro cedure fact if <= then else fact (n-1); Figure 1-2: Id Co de for actorial to recursiv ely compute factorial, and Figure 1-3 sho ws the corresp onding data o graph. ha abstracted some of the details in order to highligh the essen tial parts of the graph. First, the input arriv es at no de 1. It is passed through unc hanged the identity instruction to no des and 3. No de 2, the predicate, passes olean alue to no de 3, switch instruction. The seman tics of the switch instruction are suc that it passes its data input to the left output arc if the con trol input is true, and to the righ arc if the con trol input is false. Th us, if the predicate is true i.e., if the argumen is less than or equal to one the argumen itself will sen to no de and returned. In the inductiv case, the argumen is sen to identity no de 4. No de 7, al fact mak es the recursiv call, sp ecifying that the return alue should sen to no de 8, mul When it arriv es, the ult ipli catio is erformed, and alue is sen to no de to returned. These graphs can directly executed data o mac hines, where the mac hine language is data o graphs, and data is passed in tokens ob jects that enco de their data alue and destination. Static Im pl em en tation of Data o Graphs on the MDP Our �rst exp erimen ts with data o on the J-Mac hine in olv ed static data o w, in whic data o graphs ust acyclic and nonreen tran t. Because there is no to distinguish di�eren in catio ns of pro cedure under static data o w, only one instan tiat ion of data o graph can activ at time. Figure 1-3: Data o Graph for actori al. If an in teger is input to the top identity no de, will computed. The switch no de uses its left input as con trol signal and its righ input as data. If the con trol signal is true, data go es to the left output arc; otherwise, to the righ t The identity no de copies its inputs to its output arcs. The dotted line from the al no de to the mul no de indicates that the connection is indirect. The um ers are for exp ository purp ose only or J-Mac hine implemen t ati on of static data o w, tok en can represen ted ords: 1. header with the address of the co de that will op erate on the tok en. 2. The data alue. When tok en is sen to data o no de, this o-w ord message is sen to the pro cessor on whic it should run. The co de for plus no de, for example, written sym oli call is: [Initialization code] R0 <- CFUT:0 R1 <- MSG.VALUE R0 [Code to send result to destination] The �rst time this co de fragmen runs, the �rst line loads cfuture in to register R0 signifying that the needed data is not presen t. When the second line tries adding the cfuture in R0 to the new argumen t, cfutur fault ccurs ecause no arithmeti op erations can erformed on cfutures. The cfuture fault handler, whic is not built in to the hardw are, enco des the arriving tok en’s alue in to the lo cation of the �rst instruction and then susp ends. After this happ ens, the co de has een hanged to: [Initialization code] R0 <- [value of first token] R1 <- MSG.VALUE R0 [Code to send result and clean up] When this is executed, the alue of the �rst argumen to arriv will loaded in to R0 and the new argumen will added to it the second instruction. The sum is then sen elsewhere to pro cessed one or more other no des. go es in to more detail ab out implem en t ing static data o on the J-Mac hine. Dynam i Im plem en tation of Data o Graphs on the MDP Because static data o is to restrictiv for most purp oses, not allo wing co de reen trance, extended the system to supp ort dynamic data o w, where ult iple in cati ons of the co de corresp onding to data o graph can activ at once. implem en dynamic data o w, added an additional ord to eac tok en to hold the ontext oin ter. Ev ery instan tiat ion of data o graph, corresp onding to pro cedure application, for example, has its wn con text. In order to allo the co de corresp onding to no de to reen tran (b eeping tok ens from di�eren in cati ons separate), unmatc hed alues are not stored within the co de but in separate area of mem ory where the lo cations are determined as function not only of the destination address but also of the con text. This left tok ens ait ing for their partners at the same no de will stored in di�eren lo cations. This format is mo deled after apadop oulos’ explicit tok en store (ETS) 17 ]. Sample co de for plus no de in the dynamic system is: A1 <- MSG.CONTEXT This approac ould less e�cien if the enco ding of the instruction to load constan in to R0 on the J-Mac hine ere not so simple. load the constan in to R0 one simply places in the instruction stream. Because it is not tagged as an instruction, the deco der kno ws to in terpret it as constan to load in to R0 Th us, creating the instruction to load in to R0 is trivial. R1 <- MSG.VALUE R2 <- R1 <- [A1+R2] R1 This line may fault [Code to send result and clean up] First, the con text oin ter is loaded in to address register A1 Next, the alue of the just-arriv ed tok en is loaded in to general-purp ose register R1 The addition will cause cfuture fault if the previous tok en has not een stored in to the lo cation oin ted to A1 with hard-co ded constan o�set. If the other tok en has already arriv ed, it can found in this lo cation, and the addition can tak place. The purp ose of the constan o�set is to eep tok ens from di�eren no des of graph in di�eren lo cations when their con texts are the same. The cfuture fault handler is simply: [A1+R2] <- R1 suspend This stores the alue of the newly-arriv ed tok en in to the lo cation oin ted to the con text oin ter and then susp ends. See 20 for further details. 1.2.2 Sim ulation of Iann ucci’s Hybrid Arc hitecture on the MDP The �rst system to use partially sequen tialized co de, as opp osed to data o graphs, sim ulated Iann ucci’s ybrid data o w/v on Neumann arc hitecture 13 ]. When Id programs are compiled to ybrid co de, instructions are group ed in to sche duling quanta sub ject to the follo wi ng con- strain t s: 1. The program yields the same results as pure data o computation. 2. No deadlo ks are in tro duced. 3. An instruction with un ounded latency ust not within SQ. When co deblo is in o ed, con tiguous region of memor called fr ame is allo cated for its argumen t and scratc ariables. The frame is giv en unique global name. Because eac in cat ion has its wn data area, the same pro cedure can execute ulti ple times on one 10 Figure 1-4: Run-Time Data Structures. Slots and of the callee’s frame are empt signifying that the corresp onding data alues ha not arriv ed et and ha not een requested. The data for slots 0, 2, and ha arriv ed. Slot oin ts to the caller’s frame so that the return alue can sen there. The data for slot has not arriv ed. The presence of con tin uat ion list indicates that instructions in the co deblo ha tried to access slot 5. When the data arriv es, the SQs indicated in the co deblo will restarted. pro cessor, with execution of the in cati ons in terlea ed. After co deblo starts running, it will probably fault on slot in its frame i.e., it will lo ok for alue in sp eci�c slot of the frame, but the data will not presen t. In this case, ontinuation is created enco ding the co de address and is stored in to the o�ending slot. When the data arriv es, the data will written in to the frame slot and the con tin uat ion will re-enabled. When all of the SQs in co deblo ha successfully completed and an return alues ha een sen to the caller, the frame can freed. These structures are sho wn in Figure 1-4. MDP supp ort for Iann ucci’s ybrid arc hitecture is describ ed in 21 ]. quan tita tiv com- parison of the three systems describ ed here app ears in 23 22 ]. 1.3 Ov erview The next hapter pro vides high-lev el description of the AM programm ing mo del and MDP implem en tat ions of AM. Chapter describ es the implem en tati ons in greater detail. 11 Chapter describ es the compilati on pro cess. Analysis app ears in Chapter 5, and conclusions and areas for future researc are stated in Chapter 6. Library routines and sample co de app ear in the app endices. more complete ersion of this rep ort will app ear as 24 ]. 12 Chapter The AM Mo del and Tw Mappings to the MDP In this hapter, the AM mo del is describ ed, and high-lev el descriptions of the MDP implem en t ati ons are giv en. Lo er-lev el details on the implem en tat ions app ear in the next hapter. 2.1 AM In order to supp ort the �ne-grained parallelism of data o programs with minim al hardw are supp ort, Culler et al. ha designed threaded abstract mac hine (T AM) in whic sync hroniza- tion, sc heduling, and storage managemen are sp eci�ed explicitly or AM, an Id co deblo is compiled in to set of inlets and thr ads made up of TL0 (Threaded Language 0) instruc- tions. Inlets are short message handlers that receiv argumen t from outside of the co deblo k, and threads are sequences of co de corresp onding to the dy of the co deblo k. Instruction can only app ear efore instruction in the same thread if the follo wing conditions are met: 1. It can determined at compile-tim that nev er dep ends on result computed (See Section 1.1.1 for brief discussion of instructions that cannot sequen tialized.) 2. If dep ends on the dep endence ust not in o lv an op eration of un ounded latency; for example, an instruction that initiates an I-structure read ust not ccur in the same 13 thread as an instruction that uses the returned alue. or details on ho an Id co deblo is correctly sequen tialized, see 19 26 ]. When co deblo is in ok ed, fr ame is allo cated for storage of argumen ts lo cal ariables, entry ounts and emote ontinuation ve ctor (R CV). Eac en try coun indicates the um er of times the asso ciated thread ust oste or forke efore it ma run, represen ting the um er of con trol and data dep endenc ies the thread has. The CV con tains list of threads that are ready to run. When an inlet is executed, it ypically writes the incoming alue(s) in to the frame and osts dep enden thread. If the thread is non-synchr oniz ing that is, if it do es not ha an explicit en try coun oin ter to the thread is placed in the CV, indicating that the thread ma run. If the thread is synchr onizi ng the asso ciated en try coun is decremen ted, and oin ter to the thread is placed in the CV only if the coun has reac hed zero. Observ that \non-sync hronizing" thread has an implicit en try coun of one, ecause it is placed in con tin uat ion ector on the �rst attempt. When the frame is activ ated, the frame’s con tin uatio ector is copied in to the lo al on- tinuation ve ctor (LCV), and sp ecially-designated en try thread is executed. An threads that fork other threads within the co deblo do so placing them in the LCV, or, if the fork app ears at the end of the thread, branc hing directly Threads are executed from the LCV un til none remain, after whic the exit thread is executed. The set of threads executed in single frame activ ation is called quantum En try and exit threads exist to tak adv an tag of that most sc heduling quan ta con tain ul tiple threads, i.e., if one thread within co deblo runs, another thread within the same co deblo is lik ely to imm ediat ely follo w. Time can th us sa ed ha ving an en try thread load comm only-used frame slots in to registers where they will remain during the en tire sc hedul- ing quan tum, at the end of whic the exit thread will store them in to frame memory or fuller description of AM, see ]. or partial sp eci�cation of TL0, see 30 ]. or details on compiling Id programs to run on AM, see 19 ]. The reasons for cop ying the LCV in to the CV are o-fol d: First, the LCV’s maxim um size (equal to the um er of inlets, eac of whic ma ost just one thread) is ypically smaller than that of the CV (equal to the um er of threads), so separating the sa es memory Second, the LCV can stored in limited fast memory whic can reclaimed easily for the next pro cess when the activ ation completes. Note that the meanings of the terms thr a and quantum in AM are the rev erse of ho the terms are used in 13 21 ]. 14 2.2 Implem en ting AM on the MDP dev elop ed di�eren metho ds for compiling AM programs to run on the MDP: direct implem en t ati on that closely mo dels AM and more e�cien implem en tat ion that attens the AM sc heduling hierarc 2.2.1 Direct MDP Implemen tation In the direct implemen t ati on, ss describ ed ab e, an argumen to co deblo is sen to an inlet, whic runs at priorit 0. The inlet places the argumen in to the frame and osts thread. If the thread is non-sync hronizing, or if decremen ting its en try coun yields zero, oin ter to the thread is placed in the CV, whic is lo cated in the frame. queue is main tai ned of frames whose CVs are non-empt When the pro cessor is otherwise idle, bac kground pro cess ho oses frame from this queue, copies its CV in to an on-c hip LCV, and branc hes to its en try thread. Whenev er thread �nishes, the address of the next thread is opp ed from the LCV. When the fork instruction is encoun tered in thread, the appropriate en try coun is decremen ted. If the en try coun has reac hed zero or if the thread is non-sync hronizing, oin ter to the thread is placed on the LCV. The last item in the LCV is the address of the co de to sw ap in new frame. An optimizati on carried er from other implem en t ati ons of AM is that fork at the end of thread is con ert ed in to branc when ossible. Supp ort for en try and exit threads as not implemen t ed ecause the Id-to-TL0 compiler do es not et generate them. System routines, to manipulate shared data structures and allo cate frames, run at priorit 0, in terrupting thread co de. di�cult arises due to the abilit of inlets to in terrupt threads. Sp eci�cally consider the case where \fork instruction is in terrupted an inlet that includes the instruction \p ost ". If the thread and the inlet elong to the same co deblo activ ation, the sync hronization coun ter for thread ma improp erly decremen ted. Similarly the LCV and the oin ter to the top of the LCV are places of con ten tio n. This is describ ed in greater detail in Section 3.3.3. In order to ensure atomic access of data strucures accessible from oth threads and inlets, in terrupts are disabled during the dies of threads. 15 AM Mec hanism Direct Implemen t ati on Flattened Implemen t ati on inlet priorit message handler priorit message handler ost from inlet placemen of thread in CV jump directly to thread activ atio of frame bac kground library routine n/a en try thread bac kground priorit co de, whic jumps not used to threads within pro cedure threads bac kground priorit co de priorit co de exit thread sequence of co de run at bac kground priorit not used fork from thread jump or push on to LCV jump or push on to CV system routines priorit message handlers priorit message handlers able 2.1: Mapping of AM Constructs to the J-Mac hine 2.2.2 Flattened MDP Implemen tation more e�cien implem en t ati on attens AM’s o -lev el sc heduling hierarc Under this mo del, inlets con tain branc hes directly to threads, eliminati ng the need for the CV. Because con trol can transfer directly from an inlet to thread, oth run at priorit 0. En try and exit co deblo ks are not used. If thread forks ult iple threads, ecause con trol can only transferred to one, the others are pushed on to LCV. When thread that do es not end with fork completes, the next thread address is opp ed from the LCV. The only co de that runs at priorit is that to service system calls, suc as allo cating frames or accessing I-structures. Unlik in the straigh tfor ard implemen t ati on, atomi cit is not problem, ecause inlets run at the same priorit as threads and do not in terrupt them. The MDP mec hanism for the implem en t ati ons are summari zed in able 2.1. 2.2.3 Comparison of Implemen tation Metho ds While the direct mo del suggested ab is trivially correct implem en tati on of AM, the attened mo del deserv es further discussion. The attened mo del �ts the AM sp eci�cation that once frame is activ ated, all enabled threads are executed (i.e., the LCV is emptied); ho ev er, executing inlets at the same priorit as threads hanges the dynamic eha vior of the system. illustrate, if inlet messages arriv at ab out the same time, under other AM implem en t ati ons, one will run, then the other, follo ed an threads they fork ed. Under 16 Direct Flattened ost from inlet non-sync hronizing push sync hronizing (successful) push sync hronizing (unsuccessful) Enqueue frame in global list not needed Begin activ atio select frame from global list 10 not needed cop CV in to LCV not needed op LCV pop not needed ork from thread non-sync hronizing or push or push sync hronizing (successful) or push or push sync hronizing (unsuccessful) op LCV at end of quan tum pop pop able 2.2: Compariso of Tw Metho ds of Implemen ting AM. push and pop represen the time to push or to op con tin uat ion on to the LCV, ab out instructions eac h. When times are listed for forking, the �rst alue is for when branc can erformed (if the fork is the last instruction in the thread) and the second alue is for when the con tin uat ion ust pushed on to the LCV. the attened system, the �rst inlet will run, follo ed an thread it osts, with the second inlet only running after all the enabled threads within the frame complete. There are ossibly negativ consequences of the attened design. First, ecause messages in o king inlets are not executed at high priorit the message queue is unloaded less quic kly and has greater lik eli ho of er o wing. Second, ecause of the shorter quan ta, en try and exit threads ould run more often. Recall that en try and exit threads are used to load frame slots in to registers and to restore them bac to frame memory Because the J- Mac hine has so few general-purp ose registers (4), none can spared for cac heing frame slots, so en try and exit threads ould of little use an yw Additionally the J-Mac hine do es not ha hardw are-m anag ed cac he, so there are no automatic memory ene�ts obtained sc heduling threads asso ciated with the same frame together. th us decided it ould not orth whi le to exploit the lo calit of threads within quan tum. In our analysis, quan tify ho uc the attened implem en tat ion reduces lo calit Some of the ene�ts of the attened sc heme can seen in the bac k-of-the-en elop com- 17 parisons in able 2.2.3. More detailed coun ts app ear in Section 5.1. Observ ho uc less time it tak es to ost from an inlet, enqueue frame in to the global list, and to egin an activ a- tion. An additional ene�t is that, ecause inlets jump directly to threads instead of placing them in to con tin uat ion ector, bigger region of co de is op en to con en t ional optimizati on. or example, consider the follo wing inlet and thread, as they migh implemen ted on the MDP: inlet 0: (I1) gpr0 <- message.argument (I2) frame.5 <- gpr0 (I3) post thread thread 1: (T1) gpr0 <- frame.5 [and so forth] (Tn) stop If thread is non-sync hronizing and if only inlet osts or forks thread 1, the reload of the register in line T1 can eliminated. Additionally the co de for the thread can placed imm ediately after the inlet, eliminati ng the need for line I3. If no other threads use frame slot 5, line I2 can remo ed. The stop statemen in line Tn usually ust implemen ted as op of the LCV in to the instruction register. If thread con tains no pushes on to the LCV, then it is kno wn that the LCV is empt and the stop statemen can con erted in to susp end instruction. Ev en if only some of these conditions are met, subset of these optimizat ions can erformed. In the next hapters, will describ the execution and compilati on of AM programs in greater detail. 18 Chapter Details of Im plem en tations The last hapter pro vided an erview of the J-Mac hine implemen ta tio ns of AM. This hapter describ es the data structures, memory usage, and con trol structures in greater detail. 3.1 Data Structures 3.1.1 rames As describ ed brie y in the last hapter, frame is allo cated when co deblo is in o ed. In the direct implem en t ati on, the frame holds argumen t s, lo cal ariables, in term ediate computations, sync hronization coun ters, and the CV. Additionally the follo wi ng three pieces of informat ion are stored at the base of ev ery frame: oin ter to the next ready frame. If the frame is not ready is stored in this lo cation. If it is the last ready frame, nil is stored. The o�set of the top alid en try in the CV. The size of the frame. The CV is stored at the end of the frame and is as large as the um er of inlets, ecause eac inlet can ost up to one thread. The size of the frame is used to determine ho man en tries are in the CV. Figure 3-1 sho ws three frames, of whic are ready and one of whic is not. 19 Figure 3-1: Sample ram es in Direct Implemen tat ion. The �rst slot in frame holds link in the queue of ready frames, the second slot holds the o�set of the top of the CV, and the third holds the frame size. Instruction oin ters to the ready threads are stored at the end of these frames. ram (b) is after frame (a) in the queue of ready frames and is at the end of the queue, as indicated the nil in its queue-link slot. ram (c) is not in the queue, sp eci�ed the zero in its queue-link slot. Its CV index is the same as the stored size of the frame, indicating that the CV is empt and no threads are ready to run. ram es are the same in the attened implem en tat ion, except there is no CV or queue of ready frames, whic eliminates the need for all the data ords at the base of the frame except the oin ter to the next ready frame. 3.1.2 Co deblo ks co deblo is represen ted as three ords of data follo ed co de for the co deblo k’s inlets and threads and the inlet oin ter table. The inlets and threads are ordered the compiler with the aim of minimi zing branc hes. The �rst data ord of co deblo holds the base-t logarithm of the size needed for frame (whic will used as an argumen to the memory manager). The second data ord holds oin ter to link ed list of frames that ha previously een allo cated and freed for the co deblo k. The third data ord of co deblo holds the address of inlet 0. This is ypical ly branc hed to when co deblo is allo cated. The inlet oin ter table holds the addresses of the co deblo k’s inlets. The th en try in the table holds oin ter to inlet in the form of MDP message header. Co deblo ks are 20 Data yp Size (in ords) Bo olean In teger Sync hronization coun ter Float Co deblo oin ter rame oin ter Structure oin ter Inlet oin ter General able 3.1: Sizes of Data Ob jects Stored in ram es. oin t ers in general are ords long in order to sp ecify oth the pro cessor um er and the address within the pro cessor. The exception is inlet oin ters, whic sp ecify no pro cessor um er, ecause co de is placed in the same osition on ev ery pro cessor. Generals are ords long in order to hold an yp of ob ject. replicated in the same osition on eac pro cessor, so the inlet table for co deblo on one pro cessor can used to �nd the message header for sp ecifying an inlet of the same co deblo on another pro cessor. 3.1.3 The Pro cessor able supp ort ulti pro cessing, eac pro cessor has table used to map an in teger coun ter to pro cessor no de um er. The table is accessed to ho ose the target no de whenev er new frame is requested. supp ort pseudo-random task distribution, eac pro cessor table con tains di�eren ordering of the pro cessors. 3.1.4 AM Data yp es This section describ es AM data yp es of items that can stored in frames. able 3.1 sho ws ho man ords eac yp requires on the J-Mac hine. Bo oleans and in tegers are oth supp orted directly the J-Mac hine. Sync hronization coun ters are implem en ted as in tegers. Floating oin um ers are implemen ted in single ord using the library routines written Lik sev eral ideas in this hapter, this originated with the Berk eley team. 21 dd Dampier and Scott urman. oin ters to co deblo ks, frames, and structures are ords long. The �rst ord holds the pro cessor um er, and the second holds the address on the pro cessor. Inlet oin ters are used to sp ecify the inlet to whic data alue should returned. An inlet oin ter could not implemen ted as the address of the inlet, ecause inlet oin ters ma incremen t ed or decremen ted TL0 co de during pro cedure link age, as describ ed elo in Section 3.3.2. An inlet oin ter is represen ted as an in teger sp ecifying lo cation within the inlet oin ter table describ ed in Section 3.1.2. oin ter arithmetic is trivial, and message header can obtained from an inlet oin ter simply dereferencing it lo cally ak en together, frame oin ter and an inlet oin ter sp ecify ontinuation the logical destination of message. Generals are the data yp used for quan titi es whose yp cannot determined at compile- time. Hence, the size of general is equal to that of the largest data yp e, ords. 3.1.5 I-structures and M-structures When TL0 statemen requesting new -elemen I-structure is executed on pro cessor high-priorit request is sen from pro cessor to the I-structure allo cation routine on pro cessor (i.e., I-structures are allo cated lo cally). The library routine do es the follo w ing: 1. Request ords from the memo ry manager. The co e�cien is ecause is the size of general. 2. Store the um er in the �rst ord of the newly-allo cated blo of memo ry This when memory is deallo cated, the size of the blo is kno wn and can giv en to the memory manager. 3. Build o-w or oin ter to o�set of the blo of memory and return it to the target con tin uat ion. 4. Set the �rst ord of eac elemen (i.e., ev ery other ord, starting at o�set 1) to ha the cfuture tag and the alue 1. This indicates that eac elemen is empt Because I-structures are allo cated lo cally could ha omitted the �rst ord of the oin ter in the return message, but writing the co de for the more general case seemed preferable. 22 more sophisticated sc heme ould partition I-structures across pro cessors. giv en memory lo cation in an I-structure has one of the follo wing three states in its �rst ord: Empt indicated the cfuture 1. aiti ng, indicated cfuture whose data alue is the address of link ed list of ait ing con tin uat ions. ull, indicated non-cfuture. Chec ks are not erformed to ensure that lo cations are written only once and that accesses are in ounds. These could easily added. While the length �eld in the MDP address yp could used for ounds hec ks, some I-structures are more than 10 ords long, and their length could not �t in the �eld. When request is made to read the ord at o�set in an I-structure request is sen to the pro cessor on whic is lo cated (sp eci�ed the �rst ord). The message handler attempts to read the alue at o�set from the base of the I-structure. If the alue is presen t, it is returned to the con tin uat ion sp eci�ed in the request. If it is not, the cfuture fault handler is executed, whic do es the follo wing: 1. Chec that the fault as due to the read of an I-structure and not th unk. (Th unks are describ ed elo w.) 2. Request four ords from the memory manager. 3. Store the con tin ua tion in to the �rst three ords of the blo k, and store the former con ten ts of the faulted memor lo cation in to the fourth ord. 4. ag the address of the blo as cfuture, and store it in the faulted memor lo cation. ollo wing this sc heme, eac unful�lled request is attac hed in link ed-list ro oted at the lo cation of the ai ted alue. When request is made to write ord to an I-structure, the target lo cation is �rst hec ed for aiti ng con tin uati ons. If there are an they are sen the data, and the storage 23 registers lo priorit high priorit R0{R2 as temp oraries, temp oraries one as TL0 register R3 index to top of LCV temp orary A0 alw ys alw ys A1 frame oin ter inlet frame oin ter A2 pro cessor oin ter pro cessor oin ter A3 message oin ter message oin ter ID0{ID3 spill registers temp oraries able 3.2: Usage of MDP Registers. R0{R3 are the general-purp ose registers, and A0{A3 are the address registers. Whic of the lo priorit registers R0{R2 is used to hold TL0 register alue aries. In the pro cessor mo de used, A0 is alw ys read as 0. A3 is also sp ecial register, whic oin ts to the head of the message queue. ID0{ID3 are used to hold liv registers during calls to the oating-p oin libraries. In the direct implem en t ati on, the column headings \lo priorit y" and \high priorit y" corresp ond to bac kground priorit and priorit zero, resp ectiv ely In the attened implemen tat ion, they corresp ond to priorities zero and one, resp ectiv ely space for the con tin ua tions is deallo cated. The data is stored in the lo cation for an future use. M-structures are implemen ted simil arl except, on read, the lo cation is cleared, and, on write, only one con tin uati on is serv ed. 3.2 Register and Memory Usage 3.2.1 Register Usage able 3.2 sho ws ho MDP registers are used. Because the MDP only has four general- purp ose registers, only one could used to hold TL0 register alue. Whic MDP register is used for this purp ose aries er time. The registers ID0{ID3 are used to hold liv registers during calls to the oating-p oin libraries. 3.2.2 Memory Map able 3.3 sho ws ho memor is used in the direct implemen t atio n. Lo cations through $E hold an TL0 registers ey ond the one that can placed in MDP register. (Recall that these lo cations can easily accessed o�set from A0.) The lo cation of the fault and system 24 Lo cation Con ten ts $0..$E TL0 er o registers $F Num er of pro cessors min us one 1) $10..$2 Memory allo cator storage $3F pro cessor allo cation coun ter $40..$4 no de um er table $80..$D fault ectors and system call ectors $100..$ 1C4 oating-p oin library $200..$ 201 priorit message queue $202..$ 203 �nal result $204 oin ter to �rst frame in queue $205..$ 23f lo cal con tin uatio ector $240.. $35 library routines $400..$ 480 initializat ion co de $400..$ 4FF priorit message queue $500..$ 500 user co de $500 ..$600 oating-p oin data table $600 ..$73D top-lev el co de and default fault handlers $73D .. heap able 3.3: Placemen of Data in Direct Implemen ta tio n. represen ts the um er of pro cessors eing used and represen ts the size of user co de. All um ers are sp eci�ed in hexadecimal (as indicated the $). The �rst $1000 ords are on-c hip. The priorit message queue erwri tes the initiali zatio co de after it has een executed. 25 Lo cation Con ten ts $0..$E TL0 er o registers $F Num er of pro cessors min us one 1) $3F pro cessor allo cation coun ter $64..$79 memory allo cator storage $80..$D2 fault ectors and system call ectors $100..$1 00 no de um er table $180..$1 FF lo cal con tin uati on ector $200.. $2E3 library routines $300.. $3C4 oating-p oin library $3FE..$3F �nal result $400..$4 77 initializati on co de $400..$5 FF priorit message queue $600..$6 FF priorit message queue $700..$ 7 00 user co de $700+U..$ 800 oating-p oin table $800 .. 940 start-up co de (whic gets erwrit ten) $940 .. heap able 3.4: Placemen of Data in Flat Implemen t ati on. represen ts the um er of pro cessors eing used and represen ts the size of user co de. call ectors is as sp eci�ed the hardw are. System calls are used to access the oating-p oin library and the routines to ost threads. The initializat ion co de is placed in the same lo cation as the priorit message queue, ecause the co de only needs to run once, after whic it can safely erwrit ten. Observ that the libraries are stored on hip, i.e., within the lo $1000 ords, as are the �rst $B00 ords of user co de. table used for oating-p oin division is stored after user co de. The memo ry la y-out in the at implemen ta tio n, sho wn in able 3.4 is similar except the library routines are smaller and the message queues are larger, ecause more bu�ering is required due to the dela in pro cessing inlets. 3.2.3 Heap Memory Both implem en tat ions used memo ry managem en routines written Bill Dally and Ellen Sp ertus in com bi natio of Brennan Gaunce’s language and MDP assem bly language. list of bins is main t ained, with the th bin con taining link ed list of oin ters to free memory 26 regions of size In oth systems, the memor manager is only called high priorit co de (i.e., priorit for the direct implem en tat ion and priorit for the at implemen ta tio n). 3.3 Con trol Structure This section describ es the con trol o constructs used in system initializa tio n, co deblo in catio n, and execution within co deblo k. 3.3.1 System Initializati on egin execution, co de is loaded on to pro cessors, and few data alues are do wnloaded, suc as the um er of pro cessors in the mac hine and eac pro cessor’s no de um er. The start-up co de do es the follo w ing: 1. Initialize the pro cessor, as describ ed in 16 ]. 2. Set the LCV to empt and mak R3 oin to it. 3. Mak A2 oin to the pro cessor table. 4. Divide up heap memory and place it in bins for the memor manager. 5. On pro cessor only issue read of the th unk named \top". The read of \top" will cause ev aluation of the asso ciated co deblo k, as describ ed in Sec- tion 3.3.2. \T op" is reserv ed ord in system. 3.3.2 Co deblo In cation When thread or fault handler requests frame, it sends high priorit request to the allo cation routine, passing the name of the co deblo and con tin uat ion indicating where to send the new frame oin ter. The signal indicating the hild co deblo has completed will sen to the follo wing inlet, and the hild co deblo k’s returns alue, if it has one, will sen to the subsequen inlet. pro cessor is selected incremen t ing coun ter whic is used as an o�set in the pro cessor table describ ed in Section 3.1.3. The resultan no de um er is made the target of the allo cation request. 27 Figure 3-2: Pro cedure Link age. co deblo running on pro cessor requests frame on pro cessor B. Shaded areas represen unrelated computation. While illustrating the general pro cess, this �gure glosses er some details, suc as whether dela ys ccur et een an inlet and an thread it osts. On the target pro cessor, the base of the co deblo is hec ed to see if an frames are ai lable that had een allo cated for the co deblo and subsequen tly freed. If so, one of these frames is selected; otherwise, frame is obtained from the memory manager. The frame oin ter is sen bac to the caller (except in the case of th unks) and is used to send an argumen ts. This pro cess is illustrated at high lev el in Figure 3-2. The rest of this section describ es di�erences et een the implem en t ati ons and arieties of frame allo cation requests. Ordinary Pro cedure Link age In the direct implemen ta tio n, if new frame is allo cated, its co deblo and CV index are initialized. (Refer bac to Figure 3-1.) If frame is eing recycled, those lo cations are already set. Finally branc is made to inlet of the co deblo k. Inlet stores the con tin uati on that the caller passed to the allo cation routine, initializes the frame’s sync hronizatio coun ter, and returns the new frame oin ter to the caller. 28 Beha vior in the attened implemen ta tio is di�eren in ys. First, there are no sp ecial frame slots to initialize. The second issue is more subtle, namely at whic priorit to run the co de to allo cate frame and return the oin ter. In an ordinary frame allo catio call, the new frame oin ter is returned inlet of the called co deblo k. The di�cult is that inlets run at lo priorit but it is desirable to return the address of the new frame oin ter as so on as ossible, so argumen t can sen t. Three ossibilities ere considered and dismissed: Running the allo cation routine at priorit 1, then branc hing to inlet 0, whic leads to inlet and thread co de running at priorit 1. Running the allo cation routine at priorit 0. Running the allo cation routine at priorit 1, and ha ving it send priorit message to the �rst inlet. The �rst option as considered unacceptable, ecause inlet can ost threads and th us cause priorit execution for an un ounded amoun of time. While the second option has the adv an tag of leading to priorit inlet and thread execution, it dela ys the allo cation and return of the frame address. The third option also caused inlets and threads to executed at the correct priorit lev el, but it to dela ed return of the frame oin ter to the calling pro cedure. Instead, inlet is split in to parts, namely instructions that should run at high priorit (most notably the send of the new frame oin ter) and those that should run at lo priorit (the ost instruction). The ost is placed in new inlet, called inlet 1, and inlet ends sending lo priorit message to execute inlet 1. This is illustrated in Figure 3-3. This allo ws us to run the system allo cator at high priorit whic then branc hes directly to the inlet co de that will return the frame, but still oid running the dy of the co deblo at high priorit Inlet is not transformed in the cases where it do es not ost thread. Th unks Th unks are used in lenien languages to represen computations that could erformed but ha en’t et een executed. Their requiremen ts are simil ar to I-structures: read of th unk is silen tl deferred un til the data is ai lable, after whic the data can read henceforth. 29 Figure 3-3: The ransform ati on of Inlet in the Flattened Implemen tat ion. Sub�gure (a) sho ws the original inlet. Sub�gure (b) sho ws the parts it is brok en in to, the �rst of whic will run at high priorit the second at lo priorit Inserted statemen ts are indicated in old yp e. The di�erence et een th unk and an I-structure is that th unk con tains oin ter to co deblo that can compute the alue. When the �rst attempt is made to read the th unk, frame is allo cated so the co deblo ma run. When the result of the computation is erformed and has een written to the th unk slot, ai ting con tin uati ons are noti�ed and deallo cated, just as for I-structures. Figure 3-4 illustrates this pro cess. Note that the frame allo cation routine executed for th unks do es not return frame oin ter. Lo ops The TL0 compiler uses k-b ounded lo ops to extract parallelism from lo ops. This in o lv es pulling lo op in to separate co deblo whic is called the pro cedure in whic the lo op app ears. The argumen ts to the co deblo are the lo op constan ts and circulating ariables. This new co deblo calls itself to egin the next iteration of the lo op. The pro cessor for call is hosen in the same manner as for ordinary pro cedure calls; th us, the lo ops get distributed and can run in parallel. The exact details of k-b ounded lo ops are outside of the scop of this thesis, as the con er- sion is erformed efore TL0 co de is pro duced. The only addition to system needed to supp ort k-b ounded lo ops as separate ersion of the frame allo cation routine that returns 30 Figure 3-4: The Lifetime of Th unk. In sub�gure (a), there ha een no requests for the data in the th unk. When request arriv es, the co deblo \fo o" is started, and the ait ing con tin uati on is stored, as sho wn sub�gure (b). Additional requests arriving efore the alue arriv ed ould queued up as link ed list. When the data arriv es, it is sen to the aiti ng con tin uat ions, the storage for whic is deallo cated. The data alue is written to the th unk, as sho wn in sub�gure (c). Name sys-allo sys-allo c-ra sys-allo c-th unk Use normal co deblo ks lo op co deblo ks th unks Returns frame oin ter? no es no Inlet returns frame oin ter? es no no able 3.5: Compariso of Pro cedure Link age Library Routines the new frame oin ter and do es not pass con trol to inlet 0. As so on as it receiv es the new frame oin ter, the caller sends message to inlet con taining all of the argumen t s. All three arieties of library routines to allo cate frames ha no een describ ed. They are summar ized in able 3.5. Exam pl Figure 3-5 sho ws an Id program to compute three factorial (3!). Figure 3-6 graphs exe- def fact if <= then else fact (n-1); def top fact 3; Figure 3-5: Id Program to Compute 3! 31 cution on four pro cessors in the direct implem en tat ion. First, all pro cessors run the same initializat ion sequence. Next, pro cessor initiates read of the th unk, top. The high-priorit sequence eginning at tic 844 is the attempted service of the fetc h. Since the alue is not ai lable, space is allo cated for the con tin uati on and for frame in whic to execute top. After these ha een set up, top egins running at lo priorit It requests frame on pro cessor in whic to ev aluate 3!. The system allo cation routine runs at high priorit then branc hes to inlet 0, whic returns the frame oin ter for factorial to top inlet on pro cessor 0, at tic 1048. The inlet runs and places thread in the CV. When the inlet completes, the frame is sw app ed in and runs at lo priorit sending the argumen to factorial at tic 1126. The argumen is receiv ed factorial inlet, whic places the thread that requires the argumen in to the CV. The factorial frame is sc heduled, the thread executed, and the pro cess con tin ues. The base case is reac hed on pro cessor 3. It returns the alue to its caller on pro cessor on tic 1603. It also sends signal to its caller indicating completion. These allo the recursiv cases to follo suit, �nally returning the result, 6, to the in catio of top on pro cessor 0. When it receiv es the alue, it writes it to the I-structure that represen ts the th unk. This ccurs at high priorit starting at tic 1941. The I-store routine passes the result to the ait ing con tin uati on, whic egins execution at tic 2065. The �nal sequence of co de executed on pro cessor frees the frame used for top. The same informatio is sho wn for the at implemen ta tio in Figure 3-7. The most notable di�erence is that inlets run at lo priorit Hence, when alue (argumen t, frame oin ter, or trigger) is receiv ed an inlet, the CV is ypassed, and con trol is transferred to hild threads directly This is visible in the graphs oth the few er high priorit sequences and the time sa vings ac hiev ed ypassing the CV. am grateful to Eric Brew er and Chris Dellaro cas for the use of their graph program, stats. 32 Figure 3-6: Execution of 3! in Direct Implemen tat ion. Inlets and most system routines run at high priorit while threads and CV-sw apping run at lo priorit These timings ere tak en on the instruction sim ula tor. Figure 3-7: Execution of 3! in Flat Implemen tat ion. System routines run at high priorit while inlets and threads run at lo priorit These timings ere tak en on the instruction sim ulat or. 33 3.3.3 Execution Within Co deblo orki ng Thread Both systems implemen forking of threads in the same Eac fork instruction can either to sync hronizing or non-sync hronizing thread and can app ear either in the dy or at the end of thread. The earlier stages of the compiler alw ys try to place forks and switc hes at the end of thread but cannot when more than one suc instruction app ears in thread. The cases are handled as follo ws: 1. Non-sync hronizing fork at end of thread In this case, the compiler will try to place the hild thread imm ediately after the paren thread and allo execution to fall through. If the thread cannot so placed, branc is emitted. 2. Non-sync honizing fork in the dy of thread Push the address of the thread in to the LCV. 3. Sync hronizing fork at end of thread Decremen the sync hronizatio coun ter. If it reac hes zero, branc to the hild thread; otherwise, write the decremen ted alue bac in to the frame. 4. Sync hronizing fork in the dy of thread Decremen the sync hronization coun ter. If it reac hes zero, push the address of the hild thread in to the LCV. Whenev er the stop instruction is encoun tered at the end of thread, the LCV is opp ed in to the instruction oin ter. In order to o id explicit oundary hec ks, the last item in the LCV alw ys oin ts to the same library routine ]. In the direct implemen ta tio n, it oin ts to the co de to sw ap in new frame. In the attened implemen ta tio n, it oin ts to co de that simply susp ends. Co de for switc statemen ts, whic conditionally forks one of threads, is built out of these templates. osting Thread In the attened implemen tat ion, osts are treated exactly the same as forks. Because an inlet can ost only one thread, this ost can alw ys the �nal instruction. Th us, the heap er end-of-thread cases are used. 34 Thread-Lev el Co de Inlet-Lev el Co de R1 [SSLOT1,A1] R1 R1 R1 [SSLOT1,A1] R1 R1 branc h-on-zero R1, POST IT [SSLOT1,A1] R1 susp end branc h-on-zero R1, THREAD1 [SSLOT1,A1] R1 Figure 3-8: Race Condition when ork is In terrupted ost of the Same Thread and ram e. Ev en though the registers of the priorit lev els do not in terfere, the co de is unsafe ecause the alue in the sync hronization slot will decremen ted once instead of wi ce. The hild thread will th us nev er enabled. osti ng thread in the direct implemen ta tio is more complicated. Recall that, in the direct implemen ta tio n, threads run at bac kground priorit and are in terrupted inlets at priorit 0. If the inlet’s frame oin ter (IFP) and the thread’s frame oin ter (FP) are di�eren t, the osted thread is written to the CV of the frame sp eci�ed IFP If the CV had previously een empt the frame is placed in the link ed list of frames that are ready to run. If IFP and FP are the same, the thread oin ter is placed on the curren LCV. Care had to tak en to oi di�eren sets of race conditions. The �rst, sho wn in Figure 3-8 ccurs when fork is in terrupted ost of the same hild thread. The danger is that the sync hronization coun ter will not prop erly decremen ted. race condition exists ev en if di�eren threads are eing osted and fork ed, as oth lo priorit and high priorit co de could mo dify the oin ter to the top of the LCV. This case is sho wn in Figure 3-9. In order to oid these situations, in terrupts are only brie y enabled at the start of eac thread, after whic they are disabled. While this prev en t race conditions, it do es not remo the need for separate co de dep ending on whether the ost is to frame that is curren tly running. The co de to prop erly ost thread is so long (22{35 instructions) that it is in the library instead of eing placed inline. ost instruction is compiled to load the o�set of the sync hronizatio coun ter (in the case of sync hronizing thread) in to one register and the address of the target thread in the second and then to call this library routine. The ost routines can found in Figure 3-10. 35 Thread-Lev el Co de Inlet-Lev el Co de R3 R3 R3 R3B R3 R3 R3B R3 R0 THREAD0 [R3,A0] R0 R0 THREAD1 [R3,A0] R0 Figure 3-9: Race Condition when ork is In terrupted ost of the Same ram e. \R3B" is ho the inlet-lev el co de refers to the bac kground priorit lev el’s R3, the LCV oin ter. Observ that it gets incremen ted wice, but the threads get written to the same lo cation in the LCV. Sc heduling ram Explicitly sc heduling frame is not necessary in the attened implemen ta tio n, as con trol passes directly from inlets to threads. In the direct implem en tat ion, the co de to sw ap in frame is executed when the LCV has een emptied. If the queue of ready frames is empt con trol passes to lo op whic eeps hec king the queue oin ter. When frame ecomes ai lable, it remo es it from the queue, copies the CV in to the LCV, resets the oin ter to the top of the CV, and egins executing frames from the LCV. 3.4 Summ ary In this hapter, the details of AM execution on the J-Mac hine ere presen ted. The follo w ing hapter describ es the inner orkings of the compiler. It con tains informatio similar to that in this hapter, from the ersp ectiv of ho the co de is generated. 36 maybe_p ost _it ;; R0 holds target ;; R1 holds offset ;; A1 holds frame pointer ;; First check if we should post move [R1,A1], R2 sub R2, 1, R2 bnz R2, ^post_fa ils ;; Check now what type of post move A1B, R2 eq R2, A1, R2 bt R2, ^post_ int o_s pec ial _r cv ;; Avoid branch by duplicat ing post_nor ma l_r cv br ^post_no rm al_ rcv ;; Write into normal RCV move [cv_top, A1] R3 sub R3, 1, R3 move R0, [R3,A1] move R3, [cv_top ,A1 move [next_po int er, A1] R3 check R3, int, R3 bt R3, ^post_ int o_q ueu suspend post_fa ils move R2, [R1,A1] suspend post_it check if frame is current ly running move A1b, R1 eq R1, A1, R1 bt R1, ^post_ int o_s pec ial _r cv post_no rma l_r cv: ;; Write into normal RCV move [cv_top, A1] R3 sub R3, 1, R3 move R0, [R3,A1] move R3, [cv_top ,A1 move [next_po int er, A1] R3 check R3, int, R3 bt R3, ^post_ int o_q ueu suspend post_in to_ que ue: dc queue move [R0, A0], R2 move R2, [next_p oin ter ,A1 move A1, R1 move R1, [R0,A0] suspend post_in to_ spe cia l_r cv move R3B, R3 add R3, 1, R3 move R3, R3B move R0, [R3,A0] suspend Figure 3-10: Library Co de for ost Routine in Direct Implemen ta tio 37 Chapter The Com piler The languages and in term ediate forms compiler recognizes or pro duces are: TL0 co de, the AM mac hine language. Complex MDP co de, s-expressions whose op co des are the same as those on the MDP (with few extensions) but whose addressing mo des, etc., are not necessarily legal. Simple MDP co de, s-expressions using legal addressing mo des. MDP assem bl co de. Figure 4-1 sho ws ho the same expression is represen ted in eac of these format s. more extensiv example app ears in App endix A, where the factorial program is sho wn in eac co de TL0 ADD islot2.i islot0.i islot1.i Com plex MDP (add (:frame islot0) (:frame islot1) (:frame islot2)) Sim ple MDP (mo (:frame (:tagged-literal in (islot1 5))) (:j-register R2)) (add (:j-register R2) (:fram (:tagged-lit eral in (islot2 6))) (:j-register R1)) (mo (:j-register R1) (:fram (:tagged-lit eral in (islot3 7)))) MDP mo [islot1 ,A1], R2 islot1=5 add R2, [islot2, A2], R1 islot2=6 mo R1, [islot3 ,A1] islot3=7 Figure 4-1: Examples of Source, In termedia te, and arget Languages 38 represen tation. TL0 co de is describ ed in 30 ], while MDP assem bl language is describ ed in 16 ]. complex- or simple-MDP instruction is list of an op co de follo ed zero or more op erands. Op erands can literals or o�sets with the frame, LCV, or temp orary storage. The Id-to-TL0 compiler as created Klaus Erik Sc hauser at Berk eley 19 and includes co de from the MIT Computatio Structures Group Id compiler 28 ]. mo di�ed Thorsten on Eic en’s TL0-to-nCub compiler to mak it create complex MDP co de. The �nal stages of con ersion ere erformed mo di�ed ersion of translator that �rst describ ed in 21 ]. The remainder of this hapter is primaril of use to eople who will reading or mo difying the source co de to compiler. 4.1 Con erting TL0 to Complex MDP The TL0-to-Complex-MDP compiler do es the follo wi ng: 1. arses the TL0 source �le. 2. Allo cates frame slots and registers for ariables. 3. Collects statisti cs. 4. Generates and outputs co de. inherited all but the last step from on Eic en’s TL0-to-nCub compiler, mo difying only one �le of the bac end to use di�eren co de templates, as describ ed later in this hapter. tak adv an ta ge of the frame and register allo cation routines written on Eic en, all needed to do as initialize global structure to sp ecify constan ts for the MDP: or register allo cation, sp eci�ed that the J-Mac hine has one general-purp ose register (the rest eing needed as short-term temp oraries, as will explained later in this hapter). The other constan alues needed ere the size of TL0 data yp es on the MDP sho wn earlier in able 3.1. rewrote the bac end to pro duce complex MDP co de. 4.1.1 emplates The follo wing routines are used to help generate co de in the bac end: 39 Data Class Inputs Output String in teger the alue oating-p oin um er the alue inlet oin ter the co deblo name (:ref inlet oin ter ref and the inlet um er co deblo the co deblo name and whic (:ref N) ord (N) of the co deblo oin ter lo cal thread the co deblo name (:lab el threadN) and the thread um er true (:tagged-litera ol 1) false (:tagged-litera ol 0) nil (:tagged-litera sym 0) minint (:tagged-litera in 0x8000000 0) maxint (:tagged-litera in 0x7FFFFF FF) empty (:tagged-litera cfut 1) able 4.1: Constan orm ats Pro duced genConst in the TL0-to-MDP Stage. Co deblo oin ters are the only o-w ord constan t. An argumen to genConst sp eci�es whic ord is requested. Data yp Inputs Output String frame slot the name of the ariable (:fram S) message ord the message ord o�set (:message N) TL0 register unique in teger and (:register tempNT) the register’s yp er o register unique in teger (:temp orary N) able 4.2: Reference ormat Pro duced genOpref in the TL0-to-MDP Stage. 40 Instruction Purp ose yp es mo mo data ob ject An receiv transfer an ob ject from the An message queue in to the frame. able 4.3: TL0 Mo em en Instructions genConst Con ert constan TL0 op erand in to complex MDP op erand in one of the formats sho wn in able 4.1. genOpref Con ert the sp eci�ed one-w ord TL0 op erand in to complex MDP op erand in one of the format sho wn in able 4.2. If genOpref ’s argumen is constan t, it calls genConst. genOprefO� Con ert the sp eci�ed ord of the ulti -w or ld TL0 op erand argumen in to complex MDP op erand. The format is simil ar to that sho wn for genOpref, except N" is app ended to the reference to indicate that the th ord is desired. genBinary Com bi ne the passed op eration, yp e, sources, and destination in to complex MDP instruction; e.g.: (add (:frame islot6) (:frame islot7) (:frame islot8)) Mo Instructions Mo emen instructions are sho wn in able 4.3. If the source and destination of move instruction are the same size, the follo wi ng statemen is generated for ev ery ord of the data: (move D) where and represen the source and destination, resp ectiv ely and are pro duced Gen- Opref or genOprefo� as appropriate. If the destination is larger than the source, the �rst ord is copied in to oth ords of the destination. If the destination is smaller than the source, an error ccurs. The eive instruction is con erted simila rly except the source is alw ys the message queue. The o�set within the message queue is increased after eac data transfer. 41 Class Instruction Purp ose yp es arithm etic add add I, F, sub subtract I, F, ul ult iply I, neg negate I, div divide quo quotien em remainder mo mo dulus abs absolute alue I, min minim um I, max maxim um I, logical not logical not and logical and or logical or xor exclusiv or bit wi se bitnot bit wise not bitand bit wise and bitor bit wise or bitxor logical xor compariso eq equal An ne not equal An lt less than I, F, le less than or equal to I, F, gt greater than I, F, ge greater than or equal to I, F, able 4.4: TL0 Arithmeti c, Logical, and Bit wise Instructions. I, F, B, C, and represen in teger, oating-p oin t, olean, haracter, and inlet, resp ectiv ely The italicized instructions are not et implemen ted. These con en tio ns are used in tables throughout this hapter. Arithm etic, Logical, and Bit wis Instructions Arithmeti c, logical, and bit wise op erations are listed in able 4.4. The follo wi ng instruc- tions are con ert ed in straigh tfo rw a rd manner with the genBinary routine: add sub mul div min max and bitand or bitor xor and bitxor Similar con ersio ns are done for the unary op erations ne abs not and bitnot The abs min and max instructions are expanded at later stages, while the other instructions are MDP primitiv es. In the case when the constan is added to or subtracted from alue, the instruction is con erted to mo e. When oating-p oin um ers are compared with the lt le gt or ge instructions, calls 42 Class Instruction Purp ose yp es yp Con ersi on itof con ert an in teger to oating-p oin um er ftoi con ert oating-p oin um er to an in teger btoi con ert olean to an in teger itob con ert an in teger to olean ito con ert an in teger to haracter itos con ert an in teger to string ctoi con ert haracter to an in teger stoi con ert string to an in teger Abstract yp Supp ort isptr hec if an abstract-t yp ob ject PS is recursiv (true) or base (false) case ptoi con ert oin ter to an in teger PS itop con ert an in teger to oin ter able 4.5: TL0 yp Instructions are generated to the oating-p oin libraries. When oating-p oin um ers are compared with or ne or when an comparison is erformed on an other pair of one-b yte ob jects, genBinary is used, as MDP primiti es will used. When comparing o-w o rd quan titi es, co de is generated to hec only as man ords as necessary (e.g., if the �rst ords of an comparison are unequal, there is no need to compare the second ords). yp Instructions Instructions in ol ving yp are sho wn in able 4.5. They can divided in to classes, those to supp ort yp con ersion among scalar yp es and those that supp ort user-de�ned abstract yp es. Con en tional yp Con e rsi on The itof and ftoi op erations are compiled generating calls to the appropriate routines in the oating oin libraries. The itob instruction pro duces false if its input is equal to zero, true otherwise. The btoi instruction pro duces the in teger or 1, dep ending on whether its input is false or true, resp ectiv ely If compiler ag to generate yp e-correct co de is set, the data is retagged. 43 Class Instruction Purp ose All structures iallo Allo cate structure ifr ree structure icle ar Clear the elemen t of structure global struct Declare global structure I-structures ifetc fetc cop of an elemen (or store request) istore write an elemen t, serving all ait ing requests M-structures itak remo an elemen (or store request) iput write an elemen t, serving up to one aiti ng request Debugging only iread read an elemen (p ossibly empt y) iwrite write an elemen (p erhaps erwri ting able 4.6: TL0 Structure Instructions. The Id-to-TL0 compiler app ears not to pro duce ifree, iclear, iread, and iwrite instructions. Abstract yp Supp ort The follo wi ng line of Id co de, tak en from para�ns.id 15 ], de�nes an abstract yp e, adic al type radical radical radical radical; The meaning is that adic al is the yp of an ob ject than can either base case (repre- sen ting ydrogen), or (carb on) together with three more ob jects of yp adic al If is of yp adic al isptr distinguishes et een the case where it holds the in teger corresp onding to or four-elemen list whic holds the in teger corresp onding to in its �rst slot and ob jects of yp adic al in the subsequen slots. The isptr instruction simply hec ks whether its argumen is small in teger (less than 256). If not, it is oin ter. The ptoi instruction is erformed only after isptr has returned false for an ob ject. It simply mo es the in teger alue in to the sp eci�ed destination. Structure Access Instructions able 4.6 sho ws TL0 instructions to manipulate structures. The seman tics of I-structures and M-structures can found in Section 1.1.1. The glob al struct instruction is used to statically declare th unks and structures that can accessed globally The other instructions are con ert ed in to message sends to library routines. or ial lo the message is sen to the curren pro cessor. or the other routines, the message is sen to the pro cessor on whic the structure resides. 44 Instruction Purp ose ostq ry spa wning thread from an inlet fork ry spa wning thread from thread switc ork one of threads dep ending on the alue of olean argumen ase ork one of man threads ctrap Call library pro cedure able 4.7: TL0 Con trol Flo Instructions Non-sync hronizing Sync hronizing genJump fall through (sub (:register genjump)) or (bz (:register genjump) T) (br T) (mo (:register genjump) S) (free (:register genjump)) (susp end-string) genPushLcv (add (:j-register R3) (:j-register R3)) (sub (:register genjump)) (mo (:lcv (:j-register R3))) (bnz (:register genjump) L1) (add (:j-register R3) (:j-register R3)) (mo (:lcv (:j-register R3))) (br L2) (lab el L1) (mo (:register genjump) S) (lab el L2) able 4.8: Co de Generated for ork Instruction. represen ts the sync hronization coun ter and the target thread. L1 and L2 are lab els. Con trol Flo Instructions The seman t ics of the fork and ostq (p ost) instructions are describ ed ab in Section 2.1, and their implem en t ati on is discussed in Section 3.3.3. The fork instruction is expanded using the routine genPushLcv for fork in the dy of thread and genJump for fork at the end of thread. The routines generate correct co de for oth sync hronizing and non-sync hronizing threads. The templates they use are sho wn in able 4.8. The translation of the ostq instruction dep ends whic system is eing used. In the attened implem en t ati on, the same routines are used as for fork .In the direct implem en t ati on, the sync hronization slot o�set (for sync hronizing osts) and the target thread address are loaded in to R1 and R0, resp ectiv ely and call is generated to the library routine \p ost thread" 45 Instruction Purp ose fallo Allo cate new frame and start its execution �ree ree the curren frame sw ap Sw ap in the next frame stop op the LCV �nit Initialize the curren frame set enter Set the frame’s en try thread set le ave Set the frame’s exit thread send Send data alue (or trigger) to another frame able 4.9: TL0 ram Managemen Instructions or \ma yb ost thread". Co de generation for the switch statemen is erformed making ultipl calls to gen- PushLcv and genJump and generating conditional branc hes. The ctr ap instruction is used to call library routine. The supp orted routines in implem en t ati on are o or, ceiling, truncate, and round, whic are erformed on oating-p oin um ers. In this stage of the compiler, ctr ap instruction is simply renamed to \call" instruction, whic gets further expanded in later stages. ram Managemen Instructions The fal lo instruction is con ert ed emitting the complex-MDP pseudo-instruction mpfal lo c-setup follo ed instructions to send message to the appropriate sys-allo routine (describ ed in Section 3.3.2) with the name of the co deblo to start, as ell as the con tin uat ion in the curren tly-executing co deblo and frame to whic to return the new frame oin ter. Later stages will expand mp-fal lo to pro duce co de to ho ose target pro cessor as describ ed in Section 3.1.3. The �r instruction is passed through as \(�ree)" to dealt with later stages of the compiler. The swap instruction, whic follo ws �r is ignored, ecause the library routine \�ree" do es not return and con tains branc directly to the \sw ap" co de. The instruction stop is often eliminat ed if immedia tely preceded ostq or fork Oth- erwise, it is translated in to the pseudo-instruction, \(susp end-string)," whic will later translated in to co de that ops the LCV in to the instruction oin ter. 46 The instruction �nit is ignored, ecause frame initializati on is erformed in the library routines. The instructions set enter and set le ave are also ignored, ecause the curren Id- to-TL0 compiler do es not use them (and the attened implemen t atio ould not supp ort them). The send instruction is expanded in to message send. In the attened implem en t ati on, where threads and inlets run at the same priorit lev el, in terrupts are explicitly susp ended for the message send. 4.1.2 Additional Information Pro duced directiv is pro duced to indicate eac of the follo wi ng elemen ts of the source �le: source line um er (whic ecomes \commen t" ), co deblo start (\co deblo k"), co deblo end (\end"), inlet end (\end-inlet"), and lab els (\lab el"). The bindings of frame ariables to o�sets are expressed through the assem bler-lab el pseudo-op co de. Additionally when the co deblo has een pro cessed, sp ecial pseudo-instruction, \inlet- handler" is pro duced whose op erands are the um er of message ords exp ected for eac inlet. This will allo later stage of the compiler to pro duce the inlet table. 4.1.3 Example Figure 4-2 sho ws ortion of inlet from factorial as it passes through the TL0-to-Complex MDP compiler stage. See App endix for the translation of the en tire pro cedure. 4.1.4 Flat Optimizations In order to implemen the sp ecial optimizati ons for the attened implemen tat ion describ ed in Section 2.2.3, the compiler to pro duce TL0 co de as mo di�ed to generate the follo w ing pragmas: @USE indicates that frame slot whic is receiv ed inlet is used only threads 47 Input Output INLET (comm en \line 57") (start inlet 0) (lab el (:lab el fact inlet0)) RECEIVE pfslot0.pf jslot0.j (mo (:message 1) (:j-register A1)) (mo (:message 2) (:fram pfslot0 0)) (mo (:message 3) (:fram pfslot0 1)) (mo (:message 4) (:fram jslot0)) FINIT (comm en \line 59") MO VE sslot2.s 2.s (comm en \line 60") (mo (:frame sslot2)) MO VE sslot1.s 2.s (comm en \line 61") (mo (:frame sslot1)) MO VE sslot0.s 3.s (comm en \line 62") (mo (:frame sslot0)) SET ENTER 11.t (comm en \line 63") SET LEA VE 12.t (comm en \line 64") SEND pfslot0.pf[jslo t0. j+-1.i] fp.pf (comm en \line 65") (send0 (:frame pfslot0 0)) (reserv (:register add-inlet)) (add (:frame jslot0) -1 (:register add-inlet)) (send0 (:temp orary (:register add-inlet))) (free (:register add-inlet)) (send0 (:frame pfslot0 1)) (send0 (:j-register NNR)) (sende0 (:j-register A1)) Figure 4-2: Sample Inlet as it asses Through TL0-to-Compl ex MDP The output is the co de for the direct implem en tat ion. The co de for the attened implemen ta tio is simil ar. 48 @ONL USE indicates that frame slot whic is receiv ed inlet is only used thread @ONL POST indicates that the only ost of thread ccurs in inlet and that there are no forks of thread As prerequisite for the at optimi zatio ns, all threads are replicated (i.e., inlined) at the tail of eac inlet that forks them. Not only do es this eliminate the time and space required for branc but it pa es the for etter register usage merging the basic blo ks. or eac frame slot, list is constructed of threads that use it. The inlet statemen to receiv the frame slot alue is translated di�eren tly for eac of the follo w ing cases: If frame slot is nev er used, the transfer of the data from the net o rk to the frame is eliminated. (This situation do es ccur, ecause TL0 programs also run on mac hines suc as the CM-5 where incoming data ust explicitly remo ed from the net ork ev en if it is unneeded.) If the frame slot is not used the osted thread but is used other threads, transfer it from the message queue in to the frame. (This is the case of no optimizat ion.) If the frame slot is used the thread osted the inlet, mark the ariable so that, when it is used, it is read from the message queue instead of from the frame. Additionally if other threads also use the frame slot, annotate the ariable to indicate that when it is �rst read, it should written to the frame. The �nal case is complicated the ossibilit that the inlet only conditionally osts thread that uses it. In this case, cop of the thread is inlined that lo oks for the alue in the message queue. Additionally for the case of an unsuccessful ost, co de is generated in the inlet to mo the alues from the message queue to the frame; afterw ar d, the ariable is mark ed so that when the cop of the thread that is osted or fork ed from elsewhere is generated, it lo oks in the frame for the data (as do other threads that use the alue). �nal optimizat ion is that the stop at the end of successfully-p osted thread can con ert ed to susp end instead of to the op-lcv sequence, if the thread do es not push an ything on to the LCV. Clearly this pragma is not strictly necessary as it is sp ecial case of USE. 49 Figure 4-3 illustrates this pro cess. Observ that the receiv statemen is translated in to co de that loads the frame oin ter but do es not erform the actual data transfer. If the ost is successful, the ersion of thread lo cated at lab el L2 will reac hed, whic transfers the alue from the message queue to the frame imm ediately efore use, so the alue will in register when needed (b ecause register is an in term ediat step in memory-m em ory mo e). If the frame ariable islot3 ere not used an ywhere esides thread 1, the store ould not generated. Because con trol transfers directly from the inlet to the thread, and the thread do es not push an ything on to the LCV, no op of the LCV is needed at the end of the thread. Observ that if the ost is unsuccessful, islot3 is imm ediately mo ed from the message queue in to the frame. Another ersion of thread that will the target of fork instructions will generated that reads islot3 from the frame instead of from the message queue. Because less is kno wn ab out the history of the LCV, the stop instruction in the duplicate thread is translated in to the pseudo-instruction that ops the LCV in to the instruction oin ter. 4.2 Con erting Complex MDP to Simple MDP This section of the compiler as based on the compiler stage �rst describ ed in 21 ]. Its tasks include: 1. Massaging literal op erands in to tagged literals. 2. Con erti ng pseudo-instructions in to MDP co de. 3. Adjusting instructions to use legal MDP addressing mo des. 4. Allo cating MDP registers. 5. Inserting co de to sa and restore registers around system calls. The non-trivial phases are describ ed in this section. 4.2.1 Con erting Pseudo-Instructions in to MDP Co de There are three classes of actions that can erformed on pseudo-instructions generated the TL0-to-MDP compiler. pseudo-instruction can e: 50 Input Output INLET 12 (lab el (:lab el partitions 64 inlet12)) RECEIVE islot3.i.g (mo (:message 1) (:j-register A1)) @USE 12.j islot3.i .g 8.t 3.t 1.t POSTQ 1.t "default (reserv (:register genjump)) (sub (:frame sslot0) (:register genjump)) (bz (:register genjump) (:tagged-litera rel (:lab el L2))) (mo (:register genjump) (:fram sslot0)) (free (:register genjump)) (mo (:message 2) (:fram islot3)) STOP (susp end) (lab el (:lab el L2)) THREAD ITOF freg0.f islot3.i (mo (:message 2) (:fram islot3)) (itof oat (:frame islot3) (:temp orary 0)) STOP (susp end) THREAD (lab el (:lab el partitions 64 thread1)) ITOF freg0.f islot3.i (itof oat (:frame islot3) (:temp orary 0)) STOP (susp end-string) Figure 4-3: Optimizatio ns of Message Storage in Flat Implemen t ati on. Tw ersions of thread are created, one that is successfully osted inlet 12, and one that is reac hed other means. This co de is mo di�cation of ortion of the AR TITIONS pro cedure in paraf- �ns.id. 51 1. translated in to MDP instructions, 2. passed un touc hed to the �nal stage of the compiler, or 3. translated in to MDP assem bler pseudo instructions. Additionally compiler data structures ma mo di�ed. The translation of the abs min and max pseudo-ops dep ends on the yp of the argumen t s. If the argumen t are in tegers, co de is pro duced to erform the computatio n. If the argumen ts are oating-p oin um ers, call is made to the appropriate routine in the oating-p oin library Instructions with the follo wi ng pseudo-op co des are passed through to the �nal stage of the compiler: deblo ck omment fal l-thr ough susp end-string end-c debl ck glob al-struct and �r Instructions with the lab el pseudo-op co de mo dify in ternal compiler data structures and are passed through. The arious assembler-lab el instructions that express the umeri cal o�sets of eac frame ariable are collected in to single assembler-lab e l-lis instruction that is passed through. The mp-fal lo pseudo-instruction is passed through after reserving register with whic to ork. 4.2.2 Con erting to Legal MDP Op erands or three-address instructions, the MDP requires that the �rst and last op erands general- purp ose registers. The second op erand ust represen table in op0 mo de whic encompasses: general purp ose register, an address register, constan et een 16 and +15, inclusiv e, one of the follo w ing constan ts: nil (sym:0 ), false (b ol:0), true (b ol:0), $80000000, $FF, $3FF, $FFFF, or $FFFFF, general-purp ose register plus an address register, or constan et een and 15, inclusiv e, plus an address register. 52 or most o-a ddress instructions, one op erand ust general-purp ose register, while the other ust represen table in extende op0 mo de Extended op0 enco dings are the same as op0 enco dings except an extra bits are a ila ble for represen ting constan ts. constan alue can th us range from 64 to 63, and constan o�set can range from to 63. The �nal enco ding format, gis ter-oriente op0 mo de allo ws access to the MDP’s other registers and is fully describ ed in 16 ]. understand the con ersio pro cess, consider the follo wi ng complex MDP instruction: (add (:frame islot0) (:tagged-literal int 30) (:frame islot1)) Ev en if \islot0" and \islot1" are small, there are reasons wh the instruction cannot enco ded in to one MDP three-op erand instruction: 1. The �rst and last op erands of three-address instructions are not general-purp ose regis- ters. 2. The second op erand is not legal op0 constan t. The ab add instruction ould enco ded in to four MDP instructions: (move (:frame (:tagged-literal int (islot0 5))) (:j-register R3)) (move (:tagged-literal int 30) (:j-register R2)) (add (:j-register R3) (:j-register R2) (:j-register R3)) (move (:j-register R3) (:frame (:tagged-literal int (islot1 6)))) This illustrates the use of in tra-i nstruction temp orary registers. The astute reader will ha observ ed that if the order of the source op erands ere hanged, they could enco ded in to one less MDP instruction. This ould future optimizati on for comm uta tiv instructions. As another example, consider the complex MDP instruction to mo an immediat in to frame slot: (:move (:tagged-literal int 500) (:frame islot3)) Because 500 is more than sev en bits long, it ust loaded in to R0 through the DC pseudo-instruction: (dc (:tagged-literal int 500)) (move (:j-register R0) (:frame (:tagged-literal int (islot3 8)))) 53 4.2.3 Register Allo cation The system uses one-pass register allo cator sc heme that is an extension of the sc heme describ ed in 21 ]. data structure maps virtual register names to MDP registers. If reference is made to virtual register not in the data structure, an appropriate register is allo cated. Recall that the �rst use of register is alw ys as destination and that the MDP register R0 can loaded with large quan tities through the DC pseudo-op co de. 1. If the source is one of the alues that can loaded without the DC pseudo-op co de, try allo cating R1 or R2. Only allo cate R0 if it is the only register left. 2. If the source is big enough to require the DC pseudo-op co de, try allo cating R0. If R0 is already reserv ed: If the virtual register already mapp ed to R0 is compiler-generated in tra-instructi on temp orary an instruction is emitted to mo the old con ten ts of R0 in to another register, and the binding of the original virtual register mapp ed to R0 is hanged, as illustrated in Figure 4-4. If the virtual register mapp ed to R0 is TL0 register, generate an error. Sliding the register as just describ ed could generate incorrect co de if the statemen is only conditionally executed ecause later co de that uses the register originally in R0 ould not kno whether to exp ect it in R0 or in the new register. This sc heme could extended to accoun for this situation, but the need has not arisen. binding is remo ed an explicit free instruction (in the case of compiler-generated virtual registers) or the end of an thread (in the case of TL0 registers). The R0-con ict maneuv er is illustrated the translation of the follo wi ng instruction whic is the same as the previous example, except will assume that islot3 100: (:move (:tagged-literal int 500) (:frame islot3)) It is translated in to: (dc (:tagged-literal int 500)) 54 Figure 4-4: Compiler Register Allo cation. Requests for registers and the return alues are sho wn in the leftmost column. The binding names are generated the Lisp gensym pro cedure. The middle column sho ws the in ternal set of bindings after eac instruction. con ict arises on the third request where R0 is needed but is already part of another binding, g91 The register allo cator emits co de to mo whatev er has een placed in R0 in to previously-free register, R2. The binding for g91 is then hanged to R2, and the new request can get R0. (move (:j-register R0) (:j-register R3)) (dc (:tagged-literal int (islot3 100))) (move (:j-register R3) (:frame (:j-register R0))) Because only one TL0 register is allo ed and ecause at most MDP registers will needed as in tra-instructi on temp oraries, there will nev er need to spill registers. The register allo cator also eeps trac ks of what alues are in MDP registers and uses this informati on to generate etter co de. or example, if an instruction causes 100 to loaded in to R1, and the constan 100 is again needed in an instruction that ccurs efore R1 has een erwrit ten, R1 will used, and the 100 will not reloaded. This optimizati on is ev en more aluable for minimi zing memory accesses, as sho wn in Figure 4-5. 4.2.4 Register Managemen Around System Calls Co de to erform sev eral steps ust generated to correctly mak system call: 1. Sa registers that are in use in to the ID registers. 55 Input Co de Output Co de (mo (:message 3) (:fram islot0)) (mo (:messag 3) (:j-register R1)) (mo (:j-register R1) (:frame (:tagged-literal in (islot0 7)))) (add (:frame islot0) (:register reg91)) (add (:j-register R1) (:tagged-literal in 1) (:j-register R2)) Figure 4-5: Register Optimizatio Example. The second input line can translated in to one instruction instead of ecause the register allo cator kno ws that R1 holds the alue at o�set within the curren frame. This optimizati on eliminates oth an instruction and data access. 2. Load the argumen t in to the required registers, assigning R0 last in case it is needed as temp orary (Subtleties arise if the alue had een in register that has een sa ed .) 3. Mak the appropriate call. 4. Store the return alue to the destination op erand. 5. Restore the registers that had een in use efore the call. (One has to tak care not to erwr ite the return alue.) 4.3 Con erting Simple MDP to MDP Assem bly The �nal stage of the compiler is the simplest and do es the follo wing: Pro duces co de needed to ork around hip bugs. Determines whether eac branc should long or short. Com bines \send" instructions in to \send2" instructions where ossible. Con erts the remaining pseudo-instructions in to MDP instructions. Emits assem bler directiv es indicating where to place co de. Rewrites instructions in to the format exp ected the compiler. The section describ es these steps. 56 Num er ersions Problem ork around 198 First instruction after branc Insert NOPs after eac branc to external memor skipp ed. target in external memory 199 First instruction in message- Insert NOP at the start handler in external memo ry skipp ed. of eac inlet. 200 Memory op erands in �rst or last Send memo ry op erands from send instruction damage bit. registers. able 4.10: Chip Bugs ork ed Around. ersion indicates whether bug ccurs in A-step or B-step hips. 4.3.1 Bug ork arounds able 4.10 sho ws the hip bugs that are ork ed around. While almost all of the bug ork ar ounds are erformed in this mo dule, bug 200 ork ar ound ccurs in the previous stage. Most hip bugs ere eliminat ed in the second (B-step) ersion of the hip, and future ersions of the compiler will not supp ort A-step hips. The �x emplo ed for bug 200 is erkill and could made more discriminati ng. 4.3.2 Fixing Up Branc hes On the MDP branc hes ust within 63 ords in either the forw ard or bac kw ar directions. branc further distance, the target instruction oin ter alue ust loaded in to the instruction register. This requires instructions: DC to load R0 follo ed cop ying R0 in to the IP register. This phase of the compiler passes er the co de, coun ting instruction ords to determine the o�set of eac lab el. second pass is erformed to determine whic branc hes are more than 63 ords long. These branc hes are con erted to the o -instructi on sequence, and the lab el list is mo di�ed. The pro cess is rep eated un til pass �nds no out-of-b ounds branc hes. The um ering system for hip bugs do es not start at zero, so it should not inferred there are 200 hip bugs! 57 4.3.3 Com bining Send Instructions The earlier stages of the compiler only generate the \send" instruction, whic transfers single ord to the net o rk in terfa ce. In this stage of the compiler, pair of \send" instructions is com bi ned in to \send2" where ossible, i.e., when the �rst op erand is enco dable in op0 mo de and the second is general-purp ose register. 4.3.4 emplates for Con erting Instructions The basic in whic an instruction is con ert ed is outputting its op co de directly and translating eac op erand according to the follo wi ng rules: (:lcv (:base X)) [X,A0] (:temporary (:base X)) [X,A0] (:frame (:base X)) [X,A1] (:message (:base X)) [X,A3] More ork is required for pseudo-instructions, sho wn in able 4.11. 4.4 Conclusion This hapter describ ed eac stage of the compiler. Except for branc h-length determination, eac mo dule only tak es one pass. While this limits the optimiza tio ns that can erformed, eephole optimizat ions at arious stages impro co de qualit (suc as treating TL0 fork follo ed stop as sp ecial case and com bining MDP send instructions), as do the register allo cation hac ks. erusal of the co de in App endix should sho that co de qualit is go d. 58 Pseudo-Op co de Action (co deblo k-start) Emit directiv es to declare global lab el indicating the start of co deblo k. (co deblo k-end) Output the inlet table in manner suc that it will globally accessible. Output the co deblo k’s global structures. (�ree) Output co de to load the base of co deblo in to R0 and to call the \�ree" library routine. (mp-fallo Rn) Output the follo wi ng sequence: mo ALLOC LOC,A0], Rn add Rn, 1, Rn and Rn, NPR OC MINUS LOC,A0], Rn mo Rn, ALLOC LOC,A0] send1 [Rn,A2] where Rn is the register reserv ed for computing target pro cessor. A2 is alw ys set to the base of the pro cessor table. (susp end-string) Output the follo wi ng sequence: mo [R3,A0], R0 sub R3, 1, R3 mo R0, IP This ops the LCV. (lab el L) Output: L: (assem bl er-lab el-list ...) or eac frame slot name and o�set N, emit the assem bler pseudo-instruction: set This allo ws later instructions to refer to [S,A1]. (commen S) Output: where is the comm en string. able 4.11: Final Expansion of Pseudo-Instructions 59 Chapter Analysis Tw forms of analysis are describ ed in this hapter. First, giv static instruction coun ts for sequences to implemen TL0 primitiv es, con trasting the di�erences in the implem en ta- tions. Second, use dynamic coun ts of instructions executed, memory accesses, and estimated cycles sp en to further highligh di�erences et een the implemen t ati ons. 5.1 Static Timings Most MDP instructions tak one cycle if they op erate on registers, assuming they are executed from in ternal memory Estima ted cycle enalties are sho wn in able 5.1. These enalties are used to calculate the costs in the rest of this section. able 5.2 sho ws the costs of library routines comm on to oth the direct and attened implemen ta tio ns. able 5.3 sho ws the costs of functions that di�er et een the implem en tat ions. 5.2 Bene�ts of Flattened Implem e t ation review brie y there are ma jor adv an t ages of the attened implemen ta tio er the direct: The CV and its asso ciated erhead are ob viated. Allo wing con trol to pass directly from inlets to threads op ens the co de to additional optimi zatio ns. (See Section 2.2.3.) 60 Instruction yp Cycle enalt DC NOP for alignm en dispatc branc tak en fault/call on-c hip memo ry access o�-c hip memory access able 5.1: enalt Cycles for MDP Instructions. NOPs are inserted to align branc hes on ord oundaries. Routine Condition Cycles Instructions yMal lo erage 53 33 sys-allo frame a ila ble 64 23 frame una ai lable 88+53 30+33 sys-allo c-ra frame a ila ble 57 18 frame una ai lable 81+53 25+33 �ree library routine 43 12 getting there 8.5 total 51.5 16 i-fetc data ail able 32 12 data not written 86+53 35+33 th unk not written 146+53 42+33 i-store1 constan cost 35 11 eac aiti ng con t. 58 15 i-store2 constan cost 36 11 eac aiti ng con t. 59 15 nfork 0{6 0{3 sfork successful 10{19 3{8 unsucessful 16{22 4{6 able 5.2: Instruction Coun ts of Implemen ta tion-Indep enden Sequences. The functions \i- store1" and \i-store2" store one and ords, resp ectiv ely \Nfork" and \sfork" represen non-sync hronizing and sync hronizing forks, resp ectiv ely The second term of timi ngs listed as sum indicates the time sp en in yM all c. 61 unction Condition Direct Flat Cycles Instructions Cycles Instructions sw ap constan cost 67 26 eac thread 14 np ost getting to library 5{6 idle 50 16 ready 35 11 running 10 sp ost getting to library 6{9 3{4 succ. idle 59 19 succ. ready 44 14 succ. running 19 11 10{13 3{4 unsucc. idle 18 unsucc. ready 18 unsucc. running 18 16{19 4{5 able 5.3: Comparison of Costs Bet een the Tw Systems. The functions \np ost" and \sp ost" are for non-sync hronizing and sync hronizing osts resp ectiv ely The primary disadv an tag es of the attened implemen ta tio are that it reduces lo calit whic ould harm erformance on mac hine with co de and data cac hes, and it places more demand on the message queues, whic could signi�can problem as larger programs are run. In this section, quan tify the adv an t ages. In future researc h, will quan tify the negativ e�ects. The program used for ev aluation as para�ns, 175-line Id program describ ed in 15 ]. It is included in App endix B. ara �ns as selected ecause it uses most features of Id: lists, I-structures, algebraic yp es, ounded lo ops, arra and list comprehensions, and oating-p oin math 15 ]. Larger progams, suc as gam teb and simple could not compiled ecause they used transcenden tal functions not et supp orted our oating-p oin libraries. 5.2.1 Comparison of Direct and Flattened Implemen tations able 5.4 sho ws instruction coun ts and memor access for para�ns running with an ar- gumen of 10 on single pro cessor. The attened implemen ta tio required only 76% the in- struction coun ts of the direct implem en tat ion. or analysis purp oses, all user co de as placed o� hip and library co de on hip. As exp ected, the direct implemen ta tio had substan tial ly 62 direct attened ratio cfuture faults 347 612 1.76 on-c hip reads 141665 126965 .90 on-c hip writes 131822 118481 .90 on-c hip fetc hes 516716 340406 .66 o�-c hip reads 124113 97932 .79 o�-c hip writes 102395 81699 .80 o�-c hip fetc hes 658676 548950 .83 estimated CPI 4.15 4.39 1.06 instruction coun 1195498 909893 .76 coun ts CPI 4961317 3994430 .81 able 5.4: ara� ns Dynamic Instruction Coun ts and Memory Accesses for Direct and Flat- tened Implemen t atio ns. It is assumed that library routines are in on-c hip memory and user co de is stored o�-c hip. Data in on-c hip memo ry consists of op erating system ariables and tables, message queues, and, in the direct implem en tat ion, the CV. The instruction coun is greater than the sum of on-c hip and o�-c hip fetc hes due to cycles sp en doing hardw are dispatc h. more on-c hip fetc hes than the attened implemen t ati on. This presumably corresp onds to the time sp en in the library routines to ost threads, to manage the ready frame queue, and to sw ap in the CV. (Visually-orien ted readers will an to refer bac to the graphs on page 33.) The di�erence in o�-c hip reads and writes app ears to due to the sp ecial at optimizat ions that reduce access of frame memory These optimizati ons will discussed more elo w. Because the direct implemenati on mak es etter use of in ternal memory than the attened implemen ta tio n, it has lo er CPI (4.15 vs. 4.39). After scaling instruction coun ts CPI, the attened implemen ta tio requires 81% the time of the direct implem en t ati on, substan tial impro em en t An unexp ected di�erence is that 76% more cfuture faults ccurred under the attened implem enation. review, cfuture faults are caused reads efore writes of I-structure, M-structure, and th unks. It is not seen wh more suc faults ould ccur in the attened implem en t ati on. There are ossible resp onses, either: 1. It is bad luc and an artifact of this one program that more cfuture faults ccurred under the at implem en t ati on, and its erformance should th us lo ok ev en etter er larger enc hmark set. 63 without opts with opts ratio cfuture faults 612 612 on-c hip reads 126930 126965 1.00 on-c hip writes 118476 118481 1.00 on-c hip fetc hes 342915 340406 .99 o�-c hip reads 106239 97932 .92 o�-c hip writes 87594 81699 .93 o�-c hip fetc hes 578718 548950 .95 estimated CPI 4.45 4.39 .99 instruction coun 942170 909893 .97 coun ts CPI 4192656 3994430 .95 able 5.5: ara� ns Dynamic Instruction Coun ts and Memory Accesses for Flattened Imple- men ta tions With and Without Flat Optimizati ons 2. There is something ab out the at implemen ta tio that leads to more reads efore writes. urther researc is needed to determine whic is the case. recalculated the statistics in able 5.4 as though oth implemen ta tio ns had had 612 cfuture faults and disco ered that the e�ect on the ottom line as negligible. 5.2.2 Bene�ts of Sp ecial Flat Optimizations get etter understanding of what gains of the attened implemen t atio ere due to the sp ecial at optimi zatio ns, computed the same statistics with the optimizati ons turned of. The results are sho wn in able 5.5. The optimizati ons lo ered the instruction coun (sligh tly) and the um er of o�-c hip reads and writes signi�can tly In impro ed the ottom line 5%. Th us, the ma jorit of the ene�t of using the attened implem en t ati on is eliminating the CV, although the at optimizat ions also con tribute. 5.2.3 E�ect on Lo calit By not consolidating threads corresp onding to the same frame, the attened implem en tat ion damages lo calit of reference. This is not factor for the J-Mac hine, but it impacts ho relev an the ene�ts of the attened implem en tat ion are to mac hi nes that ha cac hes. In 64 Threads er Quan tum Quan ta er Activ ation pro cessors direct at direct at 8.56 4.25 6.89 13.86 7.37 4.27 8.00 13.82 16 7.16 4.29 8.23 13.74 able 5.6: Threads er Quan tum and Quan ta er Activ ation as unction of Pro cessors and Implemen tati on Metho d. There ere total of 430 activ ati ons and 25355 threads for eac run. this section, compare threads er quan tum (TPQ) and quan ta er activ ati on (QP A) in the implemen ta tio ns. TPQ is related to ho long frame remains sw app ed in, while QP indicates ho man times frame is sw app ed in during its lifetim e. The metho for determining quan ta in the direct implem en t ati on is straigh tfo rw a rd: Eac thread incremen ts coun ter that is recorded and reset in the sw ap routine. In the at imple- men ta tio n, the accoun ting is sligh t ly more complex. The co de oin ted to the under o en try in the LCV records the TPQ coun ter (along with the frame oin ter) and resets it. If an inlet osts unsuccessfully no TPQ coun is emitted. In second stage, adjacen TPQ alues are added if they corresp ond to the same frame. Th us, the sequence inlet-thread follo ed inlet-thread with the same frame oin ter ould coun ted as one quan tum of size o. The justi�cation for this accoun ting metho is that it etter predicts cac he erformance. The lo er alue for TPQ (ranging from 50% to 60%) able 5.6 suggests that lo calit is signi�can tly orse in the attened implem en t ati on, as one ould predict. Not enough informati on is ai labl from the um ers, ho ev er, to determine exactly ho uc cac he erformance is degraded using the at implem en tat ion instead of the direct. This will an area of future researc h. 5.2.4 Multipro cessor erformance or oth systems, ran para�ns on 1, 4, and 16 pro cessors. able 5.7 sho ws the sp eedups. The diminishing returns of additional pro cessors is not unique to implemen tat ion. Accord- Observ that measuring TPQ and QP is in trusiv and that the susp end optimization describ ed in Sec- tion 2.2.3 ust disabled. 65 Pro cessors Direct Flat Ratio Coun Sp eed-up Coun Sp eed-up Coun Sp eed-up 1195498 909893 .76 436260 2.74 320966 2.83 .74 1.03 16 260738 4.59 181004 5.02 .69 1.09 able 5.7: aral lel Sp eed-Up of ara�ns. Sp eed-up for eac system is relativ to pro cessor running the same implemen tat ion. ing to study erformed on Monso on ], para�ns app ears to lac parallelism although they did get etter sp eed-up than did (3.52 for four pro cessors and 5.52 for eigh pro cessors). It is not clear wh etter sp eed-up ccured for the attened implemen ta tio than the direct. This is an area for future researc h. visualize the pro cessor usage in para�ns, graphed ho busy eac pro cessor as during the execution of the program. The graph for the at implemen ta tio running with pro cessors is sho wn in Figure 5-1 and the graph for 16 pro cessors is sho wn in Figure 5-2. It is clear that, esp ecially for 16 pro cessors, the load-balancing as or. 5.3 Summ ary While the data is not et conclusiv e, the attened implem en tati on app ears to substan tial ly outp erform the direct implem en t ati on. As exp ected, the direct implemen ta tio sp en more instruction coun ts and larger ercen tage of its instruction coun ts in library routines. An area of concern is the attened implem en tati on’s substan tia lly lo er erage TPQ. The concluding hapter describ es further exp erimen ts for more thorough analysis. 66 Figure 5-1: Pro�le of ara�ns Running on Pro cessors. The darkness of line indicates ho busy the pro cessor as during the 1000-instructio in terv a represen ted the line. 67 Figure 5-2: Pro�le of ara�ns Running on 16 Pro cessors. The darkness of line indicates ho busy the pro cessor as during the 1000-instruction in terv al represen ted the line. 68 Chapter Conclusions Sev eral ac hiev em en ts ere describ ed in this do cumen t: parallelizing AM-based compiler as built for the J-Mac hine that supp orts almost the en tire Id language and runs on the actual hardw are. Tw di�eren bac ends and supp orting library routines ere successfully built that implem en in teresting di�eren compiling approac hes. Prelimi nary comparisons of the implemen ta tio ns ere made. The rest of this hapter describ es further researc that should erformed and what con- clusions can dra wn from the curren researc h. 6.1 Areas for urther Study There are sev erals ys in whic this ork could expanded to pro vide more useful infor- mation. These directions are describ ed in this section. 6.1.1 Supp orting the En tire Id Language Only few TL0 instructions are not supp orted. These can easily added. Additionally more complete and accurate oating-p oin library is needed to supp ort the en tire Id language. Suc library is eing built at Caltec and can incorp orated in to this system. 69 The ene�t of supp orting the en tire language is that it will allo other large programs esides para�ns to compiled and run. larger program suite is needed to ev aluate erformance. 6.1.2 Analyzing Cac he E�ects While the attened implemen ta tio outp erforms the direct implemen t ati on on the J-Mac hine, it is not clear ho uc etter it ould on system with cac he. It ould easy to mak runs pro duce address traces that could pro cessed cac he sim ula tor, enabling one to quan tify ho uc the lo er TPQ of the attened implem en tat ion urts cac he erformance (or, alternately ho uc larger cac he ould required for the attened implem en tat ion to result in the same cac he miss ratio as for the direct implem en tat ion). 6.1.3 erforming Timings on the Hardw are Measuremen ts tak en on the actual hardw are, particularly as it gro w larger, ould aluable. The curren researc do es not address whether net ork latency for example, a�ects the implem en t ati ons di�eren tly Additionally using the hardw are ould allo larger programs and problem sizes to computed. 6.1.4 Generating More Statistical Information The compiler could easily mo di�ed to generate more statistics ab out the co de pro duced. (Indeed, ork has egun in this area.) This ould useful in ev aluating the J-Mac hine, particularly ho uc erformance is harmed ha ving so few registers and limited addressing mo des. 6.1.5 Making Comparisons to Other Hardw are Running the Same Soft are The ork describ ed in this do cumen has the oten tial for eing useful basis for comparing the J-Mac hine with other computers that run Id, oth data o and general-purp ose. comparison to Monso on 18 ould help ev aluate whether one needs sp ecial-purp ose data o mac hi nes or if general-purp ose mac hines are equally or more e�cien t. comparison to the Connection Mac hine (CM-5) ould allo one to ev aluate the e�ectiv eness of the J-Mac hine’s 70 mec hanism for parallelism suc as the ult iple priorit lev els, hardw are-ma naged message queues, and fast net or k. The comparisons ould esp ecially comp elling ecause there are Id compilers for oth Monso on and the CM-5. Both use the MIT Computation Structures Group Id compiler, and the CM-5 compiler is also AM-based and uses the same soft ar as implem en tat ions except for the bac end. This ould allo comparisons among the platforms to con troll ed exp erimen t. 6.1.6 Adding Soft are-Con trolled Cac hing Because it is so exp ensiv to fetc instructions and to access data in external memo ry it migh aluable to implem en soft ar e-con t roll ed cac hing. This could bring the MDP’s erformance more in line with other pro cessors that ha cac hes. 6.1.7 Better Load Balancing As describ ed in the previous hapter, load balancing has ro om for impro em en t. An ob vious �rst step is distributing large I-structures and M-structures across ulti ple pro cessors. If that do es not impro load balancing enough, the metho for determining whic pro cessor on whic to allo cate frame will ha to hanged. 6.1.8 Researc Plans My plans are to implem en all of the ideas men t ioned ab with the exception of soft are- con troll ed cac hing. While adding soft a re-con trol led cac hing could impro the erformance of the system, it ould not con tribute greatly to dra wing widely-applicable lessons, as it is accepted that pro cessors should ha hardw are-con t rol led cac hes. 6.2 Conclusions ma jo purp ose of this researc is to ev aluate the features of the J-Mac hine, whic as designed to supp ort �ne-grained parallel program s. The J-Mac hine features that found most useful ere: 71 the ease and sp eed with whic messages are sen t. On most mac hi nes, the expansion of the TL0 send instruction ould uc longer and more complicated. the ul tiple priorit lev els. Both implem en tat ions used priorit lev els in order to quic kly pro cess certain classes of requests. the hardw are supp ort for message reception. On the MDP user or op erating system co de do es not ha to oll the net ork. Dispatc on messages ccurs automat icall Additionally automa tic bu�ering of message ords enables easy access to incoming data. fast con text switc h. The MDP’s extremely quic con text switc hing time is necessary for �ne-grained computing. J-Mac hine features that ere of mixed success ere: cfuture tag supp ort. The only place cfuture tags ere used as to supp ort I-structures, M-structures, and th unks. could ha managed easily without the cfuture fault capa- bilit explicitly hec king the tag. Alternately it ould not ha een ery costly to use separate ords to represen tags if tags ere not supp orted on the MDP programm er-resizable message queues. It as useful that could sp ecify the size of eac of the message queues, and large message queues ere necessary for the attened implem en tat ion with its dela ed pro cessing of inlets; ho ev er, the 1-Kw ord size limi ma pro oppressiv e, esp ecially for the attened implemen ta tio n. Other J-Mac hine features impaired erformance: our general-purp ose registers is simply to few. The lac of hardw are-con t rol led cac he dela ed access to user co de and data. In addition to these narro conclusions, can also dra broader one: The minim al erhead of the co de, particularly in the attened implemen ta tio n, supp orts the osition that data o mac hi nes are not necessary to e�cien tly execute data o programs. 72 App endix Represen tations of actorial A.1 Id typeof fact -> I; def fact if <= then else i*fact(i -1) A.2 TL0 TL0 Version 2.1 CURRENT ID2TL COMPILER OPTIONS VERSION- NUM BER 017 K-BOUNDE D-L OOP S: BASIC-PA RTI TIO NIN G: DEPENDEN CE- SE TS- PAR TIT ION IN MERGE-PA RTI TIO NS: USE-REGI STE RS: IN-THRE ADS RE-USE-R EGI STE RS: RE-USE-F RAM E-S LOT S: NIL MOVE-INS ERT ION ALWAYS COLLECT- STA TIS TIC S: NIL COLLECT -GM G-S TAT IST IC S: NIL ONLY-PO ST- PRA GMA ONLY-US E-P RAG MA: TYPE-SI GNA TUR E: (I -> I) GLOBAL_ ST RUC gc_FACT .p gc_0_FAC T. ps. END_STR UC GLOBAL_ ST RUC gc_0_FA CT .ps FACT.pc. 1.i.g EMPTY.g NIL.ps.g END_STRU CT CBLOCK FACT.pc TL0_VER SI ON 2.1 Externa referen ces EXTERN Named constan ts CONSTAN Activat ion frame header layout FRAME_H EA DER Activat ion frame body contents and continuat ion vector sizes FRAME_B OD RCV=6 LCV=11 islot0. islot1. islot2. islot3. islot4. pfslot0 .pf pfslot1 .pf psslot0 .ps jslot0. sslot0. sslot1. 73 sslot2.s gslot0.g @PARENT pfslot0. pf Register variable used in inlets INLET_R EG Register variable used in thread REGISTE breg0.b Inlets INLET RECEIVE pfslot0. pf jslot0.j @USE 0.j pfslot0 .pf 0.t 6.t @USE 0.j jslot0. 0.t 6.t FINIT MOVE sslot2.s 2.s MOVE sslot1.s 2.s MOVE sslot0.s 3.s SET_ENTE 11.t set enter- act iva tio SET_LEAV 12.t set leave- act iva tio SEND pfslot0. pf[ jsl ot0 .j+ -1 .i] <- fp.pf send frame pointer back POSTQ 0.t "defau lt STOP INLET 11 RECEIVE psslot0. ps @USE 11.j psslot 0.p POSTQ 1.t "defau lt @ONLY_PO ST 11.j 1.t STOP INLET 12 RECEIVE islot1.i .g @USE 12.j islot1 .i. 5.t 7.t 9.t 2.t POSTQ 2.t "defau lt @ONLY_PO ST 12.j 2.t STOP INLET 14 RECEIVE pfslot1. pf @USE 14.j pfslot 1.p 8.t @ONLY_US 14.j pfslot1 .pf 8.t POSTQ 8.t "defau lt STOP INLET 15 RECEIVE POSTQ 10.t "default @ONLY_PO ST 15.j 10.t STOP

INLET 16 RECEIVE islot4. i.g @USE 16.j islot4.i .g 9.t @ONLY_U SE 16.j islot4.i. 9.t POSTQ 9.t "default STOP threads THREAD SYNC sslot0.s INLET inlet0 pfslot 0.p jslot0. thr0 SEND pfslot0. pf [js lot 0.j +0. i] <- FFREE fp.pf "defau lt SWAP "default swap to next activati on STOP THREAD INLET inlet11 psslot0. ps thr1 STOP THREAD INLET inlet12 islot1.i thr2 LE breg0.b islot1.i 1.i SWITCH breg0.b 5.t 7.t SWITCH breg0.b 3.t 4.t STOP THREAD FORK 0.t STOP THREAD FALLOC 14.j FACT.pc "defaul STOP THREAD MOVE islot0.i islot1.i FORK 6.t STOP THREAD SEND pfslot0. pf [js lot 0.j +1. i] <- islot0.i .g FORK 0.t STOP THREAD SUB islot2.i islot1.i 1.i FORK 8.t FORK 9.t STOP THREAD SYNC sslot2.s INLET inlet14 pfslot1. pf thr8 SEND pfslot1. pf /FA CT. pc[ 0.i /F ACT .pc +12 .i] <- islot2. i.g 74 STOP THREAD SYNC sslot1.s INLET inlet16 islot4 .i thr9 MUL islot3. islot1. islot4 .i MOVE islot0.i islot3.i FORK 6.t STOP THREAD 10 INLET inlet15 thr10 FORK 0.t STOP THREAD 11 enter activa tio STOP no regist ers to restore ... THREAD 12 leave activa tio SWAP "default swap to next activati on STOP no registe rs to save... END_CBL OCK A.3 Direct Implem en tation A.3.1 Complex MDP (global -st ruc (:labe gc_fact (:ref gc_0_fact _0 (:ref gc_0_f act _1) (global -st ruc (:labe gc_0_fa ct) (:ref fact_0) (:ref fact_1) (:tagg ed- lit era sym 0) (:tagged -l ite ral cfut -1) (:tagg ed- lit era cfut -1) (:tagged -li ter al sym 0) (:tagg ed- lit era sym 0)) (codebl ock "fact") (commen "file FACT.t l0" (commen "line 22") (commen "FRAME SLOTS") (commen "Frame header") (commen "Frame body") (assemb ler -la bel islot0 4) (assemb ler -la bel islot1 5) (assemb ler -la bel islot2 6) (assemb ler -la bel islot3 7) (assemb ler -la bel islot4 8) (assemb ler -la bel pfslot0 _0 10) (assemb ler -la bel pfslot0 _1 11) (assemb le r-l abe pfslot 1_0 12) (assemb le r-l abe pfslot 1_1 13) (assemb le r-l abe psslot 0_0 14) (assemb le r-l abe psslot 0_1 15) (assemb le r-l abe jslot0 9) (assemb le r-l abe sslot0 16) (assemb le r-l abe sslot1 17) (assemb le r-l abe sslot2 18) (assemb le r-l abe gslot0 _0 20) (assemb le r-l abe gslot0 _1 21) (commen "Frame size 33") (dc 33) (dc 6) (dc (:tagged -li ter al sym 0)) (dc (:tagged -li ter al local-ip (:label fact_inl et0 )) (commen "line 55") (start inlet 0) (label (:label fact_inl et0 )) (move (:mess age 1) (:j-reg ist er A1)) (move (:mess age 2) (:frame pfslot0_ 0) (move (:mess age 3) (:frame pfslot0_ 1) (move (:mess age 4) (:frame jslot0)) (commen "line 57") (commen "line 58") (commen "line 59") (commen "line 60") (move (:frame sslot2) (commen "line 61") (move (:frame sslot1) (commen "line 62") (move (:frame sslot0) (commen "line 63") (commen "line 64") (commen "line 65") (send0 (:frame pfslot0_ 0)) (reserv (:registe add-in let )) (add (:frame jslot0) -1 (:regist er add-inle t)) (send0 (:tempor ary (:regis ter add-inl et) )) (free (:regi ste add-in let )) (send0 (:frame pfslot0_ 1)) (send0 (:j-regi ste NNR)) (sende0 (:j-reg ist er A1)) (commen "line 66") (move 16 (:j-regis ter R1)) (move (:tagg ed- lit era local-ip (:label fact_thre ad 0)) (:j-regi st er r0)) (call maybe_ pos t_t hre ad (end-in le t) (end inlet 0) (commen "line 68") 75 (start inlet 11) (label (:label fact_i nle t11 )) (move (:messa ge 1) (:j-regi ste A1)) (move (:messa ge 2) (:frame psslot0_ 0)) (move (:messa ge 3) (:frame psslot0_ 1)) (commen "line 70") (commen "line 71") (move (:tagge d-l ite ra local-i (:labe fact_th re ad1 )) (:j-regi ste r0)) (call post_th rea d) (end-in let (end inlet 11) (commen "line 74") (start inlet 12) (label (:label fact_i nle t12 )) (move (:messa ge 1) (:j-regi ste A1)) (move (:messa ge 2) (:frame islot1)) (commen "line 76") (commen "line 77") (move (:tagge d-l ite ra local-i (:labe fact_th re ad2 )) (:j-regi ste r0)) (call post_th rea d) (end-in let (end inlet 12) (commen "line 80") (start inlet 14) (label (:label fact_i nle t14 )) (move (:messa ge 1) (:j-regi ste A1)) (move (:messa ge 2) (:frame pfslot1_ 0)) (move (:messa ge 3) (:frame pfslot1_ 1)) (commen "line 82") (commen "line 83") (commen "line 84") (move 18 (:j-reg ist er R1)) (move (:tagge d-l ite ra local-i (:labe fact_th re ad8 )) (:j-regi ste r0)) (call maybe_p ost _th re ad) (end-in let (end inlet 14) (commen "line 86") (start inlet 15) (label (:label fact_i nle t15 )) (move (:messa ge 1) (:j-regi ste A1)) (commen "line 88") (move (:tagge d-l ite ra local-i (:labe fact_th re ad1 0)) (:j-reg ist er r0)) (call post_th rea d) (end-in let (end inlet 15) (commen "line 91") (start inlet 16) (label (:label fact_i nle t16 )) (move (:messa ge 1) (:j-regi ste A1)) (move (:mess age 2) (:frame islot4)) (commen "line 93") (commen "line 94") (commen "line 95") (move 17 (:j-regis ter R1)) (move (:tagg ed- lit era local-ip (:label fact_thre ad 9)) (:j-regi st er r0)) (call maybe_ pos t_t hre ad (end-in le t) (end inlet 16) (commen "line 100") (start thread 0) (label (:label fact_thr ead 0)) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (nop) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (commen "line 104") (send0 (:frame pfslot0_ 0)) (reserv (:registe add-in let )) (add (:frame jslot0) (:registe add-in let )) (send0 (:tempor ary (:regis ter add-inl et) )) (free (:regi ste add-in let )) (sende0 (:frame pfslot0 _1) (commen "line 105") (ffree) (end thread 0) (commen "line 108") (start thread 1) (label (:label fact_thr ead 1)) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (nop) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (suspen d- str ing (end thread 1) (commen "line 111") (start thread 2) (label (:label fact_thr ead 2)) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (nop) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (commen "line 113") (le (:frame islot1) (:regis ter temp0b) (commen "line 114") (tl0 start nswitch 76 (bf (:regi ste temp0b (:tagge d-l it era rel (:label L0))) (add (:j-regi ste R3) (:j-regis te R3)) (move (:tagge d-l ite ra local-i (:labe fact_th re ad5 )) (:lcv (:j-regi ste R3))) (br (:tagg ed- lit era rel (:label L1))) (label (:label L0)) (add (:j-regi ste R3) (:j-regis te R3)) (move (:tagge d-l ite ra local-i (:labe fact_th re ad7 )) (:lcv (:j-regi ste R3))) (label (:label L1)) (tl0 end nswitch (commen "line 115") (tl0 start sswitch) (bt (:regi ste temp0b (:tagge d-l it era rel (:label fact_thre ad 3)) (commen fall throug h") (tl0 end sswitch (end thread 2) (commen "line 120") (start thread 4) (label (:label fact_t hre ad4 )) (move (:j-regi ste r0)) (move (:j-reg ist er R0) (:j-reg ist er i)) (nop) (move (:j-regi ste r0)) (move (:j-reg ist er R0) (:j-reg ist er i)) (commen "line 121") (mp-fal loc -se tup (send1 (:ref sys_allo c_m sg_ ref )) (send1 (:ref fact_1)) (send1 (:j-regis ter nnr)) (send1 (:j-regis ter A1)) (sende1 (:ref fact_in let _14 _po int er _re f)) (suspen d-s tri ng) (end thread 4) (commen "line 117") (start thread 3) (label (:label fact_t hre ad3 )) (move (:j-regi ste r0)) (move (:j-reg ist er R0) (:j-reg ist er i)) (nop) (move (:j-regi ste r0)) (move (:j-reg ist er R0) (:j-reg ist er i)) (commen "line 118") (tl0 start sfall) (reserv (:regis ter genjump )) (sub (:frame sslot0) (:regis ter genjump )) (bz (:regi ste genjum p) (:tagged- li ter al rel (:label fact_thr ea d0) )) (move (:regis ter genjump (:frame sslot0) (free (:regis ter genjump )) (suspen d-s tri ng) (tl0 end sfall) (end thread 3) (commen "line 123") (start thread 5) (label (:label fact_thr ead 5)) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (nop) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (commen "line 124") (move (:fram islot1) (:frame islot0) (commen "line 125") (tl0 start nfall) (commen fall through" (tl0 end nfall) (end thread 5) (commen "line 127") (start thread 6) (label (:label fact_thr ead 6)) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (nop) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (commen "line 128") (send0 (:frame pfslot0_ 0)) (reserv (:registe add-in let )) (add (:frame jslot0) (:registe add-in let )) (send0 (:tempor ary (:regis ter add-inl et) )) (free (:regi ste add-in let )) (send0 (:frame pfslot0_ 1)) (send0 (:frame islot0)) (sende0 (:tagge d-l ite ra sym 0)) (commen "line 129") (tl0 start sfall) (reserv (:registe genjum p)) (sub (:frame sslot0) (:registe genjum p)) (bz (:regist er genjump) (:tagged -li te ral rel (:labe fact_th rea d0 ))) (move (:regi ste genjum p) (:frame sslot0 )) (free (:regi ste genjum p)) (suspen d- str ing (tl0 end sfall) (end thread 6) (commen "line 131") (start thread 7) (label (:label fact_thr ead 7)) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (nop) 77 (move (:j-regi ste r0)) (move (:j-reg ist er R0) (:j-reg ist er i)) (commen "line 132") (sub (:frame islot1) (:frame islot2) (commen "line 133") (tl0 start sfork) (reserv (:regis ter genjump )) (sub (:frame sslot2) (:regis ter genjump )) (bnz (:regist er genjump) (:tagged -l ite ral rel (:labe label4) )) (add (:j-regi ste R3) (:j-regis te R3)) (move (:tagge d-l ite ra local-i (:labe fact_th re ad8 )) (:lcv (:j-regi ste R3))) (br (:tagg ed- lit era rel (:label label5)) (label (:label label4 )) (move (:regis ter genjump (:frame sslot2) (label (:label label5 )) (free (:regis ter genjump )) (tl0 end sfork) (commen "line 134") (tl0 start sfall) (reserv (:regis ter genjump )) (sub (:frame sslot1) (:regis ter genjump )) (bz (:regi ste genjum p) (:tagged- li ter al rel (:label fact_thr ea d9) )) (move (:regis ter genjump (:frame sslot1) (free (:regis ter genjump )) (suspen d-s tri ng) (tl0 end sfall) (end thread 7) (commen "line 142") (start thread 9) (label (:label fact_t hre ad9 )) (move (:j-regi ste r0)) (move (:j-reg ist er R0) (:j-reg ist er i)) (nop) (move (:j-regi ste r0)) (move (:j-reg ist er R0) (:j-reg ist er i)) (commen "line 146") (mul (:frame islot1) (:frame islot4 (:frame islot3) (commen "line 147") (move (:frame islot3) (:frame islot0)) (commen "line 148") (tl0 start nfall) (br (:tagg ed- lit era rel (:label fact_thr ead 6)) (tl0 end nfall) (end thread 9) (commen "line 136") (start thread 8) (label (:label fact_t hre ad8 )) (move (:j-regi ste r0)) (move (:j-reg ist er R0) (:j-reg ist er i)) (nop) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (commen "line 140") (send0 (:frame pfslot1_ 0)) (send0 (:ref fact_inl et _12 _re f)) (send0 (:frame pfslot1_ 1)) (send0 (:frame islot2)) (sende0 (:tagge d-l ite ra sym 0)) (suspen d- str ing (end thread 8) (commen "line 150") (start thread 10) (label (:label fact_thr ead 10) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (nop) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (commen "line 152") (tl0 start sfall) (reserv (:registe genjum p)) (sub (:frame sslot0) (:registe genjum p)) (bz (:regist er genjump) (:tagged -li te ral rel (:labe fact_th rea d0 ))) (move (:regi ste genjum p) (:frame sslot0 )) (free (:regi ste genjum p)) (suspen d- str ing (tl0 end sfall) (end thread 10) (commen "line 154") (start thread 11) (label (:label fact_thr ead 11) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (nop) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (suspen d- str ing (end thread 11) (commen "line 156") (start thread 12) (label (:label fact_thr ead 12) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (nop) (move (:j-reg ist er r0)) (move (:j-re gis ter R0) (:j-regis ter i)) (commen "line 157") (suspen d- str ing 78 (end thread 12) (inlet- han dle fact (0 5) (11 4) (12 4) (14 4) (15 2) (16 4)) (end-co deb loc fact (0 5) (11 4) (12 4) (14 4) (15 2) (16 4)) A.3.2 Simple MDP ((GSLOT 0_1 21) (GSLOT 0_0 20) (SSLOT 18) (SSLOT 17) (SSLOT 16) (JSLOT 9) (PSSLO T0_ 15) (PSSLO T0_ 14) (PFSLO T1_ 13) (PFSLO T1_ 12) (PFSLO T0_ 11) (PFSLO T0_ 10) (ISLOT 8) (ISLOT 7) (ISLOT 6) (ISLOT 5) (ISLOT 4)) ((GLOBA L-S TRU CT (:LABEL GC_FACT) (:TAGGED -LI TER AL SPECIAL_ TAG (:REF GC_0_FA CT _0) (:TAGGED -LI TER AL SPECIAL_ TAG (:REF GC_0_FA CT_ 1) )) (GLOBA L-S TRU CT (:LABEL GC_0_FACT (:TAGGED- LIT ER AL SPECIAL_T AG (:REF FACT_0) (:TAGGED -LI TER AL SPECIAL_ TAG (:REF FACT_1) (:TAGG ED- LIT ERA INT 1) (:TAGGED -LI TER AL SYM 0) (:TAGGE D- LIT ERA CFUT -1) (:TAGGED -LI TER AL CFUT -1) (:TAGGE D-L ITE RAL SYM 0) (:TAGGED -LI TER AL SYM 0)) (CODEB LOC "fact") (COMME NT "file FACT.tl0 ") (COMME NT "line 22") (COMME NT "FRAME SLOTS") (COMME NT "Frame header" (COMME NT "Frame body") (COMME NT "Frame size 33") (DC (:TAGGED -LI TER AL INT 33)) (DC (:TAGGED -LI TER AL INT 6)) (DC (:TAGGED -LI TER AL SYM 0)) (DC (:TAGGED -LI TER AL LOCAL-IP (:LABEL FACT_INL ET 0)) (COMME NT "line 55") (START INLET 0) (LABEL (:TAGGED -LI TE RAL LABEL FACT_IN LET 0)) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 1)) (:J-REG IS TER R2)) (MOVE (:J-REGI STE R2) (:J-REGI STE A1)) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 2)) (:J-REG IS TER R1)) (MOVE (:J-REGI STE R1) (:FRAME (:TAGGED -LI TER AL INT (PFSLOT 0_0 10)))) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 3)) (:J-REG IS TER R2)) (MOVE (:J-REGI STE R2) (:FRAME (:TAGGED -LI TER AL INT (PFSLOT 0_1 11)))) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 4)) (:J-REG IS TER R1)) (MOVE (:J-REGI STE R1) (:FRAME (:TAGGED -LI TER AL INT (JSLOT0 9)))) (COMMENT "line 57") (COMMENT "line 58") (COMMENT "line 59") (COMMENT "line 60") (MOVE (:TAGGED -LI TER AL INT 2) (:J-RE GIS TER R2)) (MOVE (:J-REGI STE R2) (:FRAME (:TAGGED -LI TER AL INT (SSLOT2 18)))) (COMMENT "line 61") (MOVE (:J-REGI STE R2) (:FRAME (:TAGGED -LI TER AL INT (SSLOT1 17)))) (COMMENT "line 62") (MOVE (:TAGGED -LI TER AL INT 3) (:J-RE GIS TER R1)) (MOVE (:J-REGI STE R1) (:FRAME (:TAGGED -LI TER AL INT (SSLOT0 16)))) (COMMENT "line 63") (COMMENT "line 64") (COMMENT "line 65") (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (PFSLOT0_ 10)))) (MOVE (:FRAME (:TAGGED -LI TER AL INT (JSLOT0 9))) (:J-REGIS TER R2)) (ADD (:J-RE GIS TER R2) (:TAGGED- LIT ER AL INT -1) (:J-RE GIS TER R1)) (SEND0 (:TEMPO RAR (:J-RE GIS TER R1))) (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (PFSLOT0_ 11)))) (MOVE (:J-REGI STE NNR) (:J-REG IST ER R2)) (SEND0 (:J-REG IST ER R2)) (SENDE0 (:J-REGIS TER A1)) (COMMENT "line 66") (MOVE (:TAGGED -LI TER AL INT 16) (:J-REGI STE R1)) (DC (:TAGGE D-L ITE RAL LOCAL-I (:LABE FACT_TH REA D0 ))) (CALL "maybe_p ost _it _c all ") (END INLET 0) (COMMENT "line 68") (START INLET 11) (LABEL (:TAGGE D-L ITE RA LABEL FACT_I NLE T11 )) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 1)) (:J-REG IS TER R1)) (MOVE (:J-REGI STE R1) (:J-REGI STE A1)) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 2)) (:J-REG IS TER R2)) (MOVE (:J-REGI STE R2) (:FRAME (:TAGGED -LI TER AL INT (PSSLOT 0_0 14)))) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 3)) (:J-REG IS TER R1)) (MOVE (:J-REGI STE R1) (:FRAME (:TAGGED -LI TER AL INT (PSSLOT 0_1 15)))) (COMMENT "line 70") (COMMENT "line 71") (DC (:TAGGE D-L ITE RAL LOCAL-I (:LABE FACT_TH REA D1 ))) (CALL "post_it _ca ll" (END INLET 11) 79 (COMME NT "line 74") (START INLET 12) (LABEL (:TAGGED -LI TE RAL LABEL FACT_IN LET 12) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 1)) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:J-REGIS TE A1)) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 2)) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (ISLOT1 5)))) (COMME NT "line 76") (COMME NT "line 77") (DC (:TAGGED -LI TER AL LOCAL-IP (:LABEL FACT_THR EA D2) )) (CALL "post_it_ cal l" (END INLET 12) (COMME NT "line 80") (START INLET 14) (LABEL (:TAGGED -LI TE RAL LABEL FACT_IN LET 14) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 1)) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:J-REGIS TE A1)) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 2)) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (PFSLOT1 _0 12)))) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 3)) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (PFSLOT1 _1 13)))) (COMME NT "line 82") (COMME NT "line 83") (COMME NT "line 84") (MOVE (:TAGGED- LIT ER AL INT 18) (:J-RE GIS TER R1)) (DC (:TAGGED -LI TER AL LOCAL-IP (:LABEL FACT_THR EA D8) )) (CALL "maybe_po st_ it _ca ll" (END INLET 14) (COMME NT "line 86") (START INLET 15) (LABEL (:TAGGED -LI TE RAL LABEL FACT_IN LET 15) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 1)) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:J-REGIS TE A1)) (COMME NT "line 88") (DC (:TAGGED -LI TER AL LOCAL-IP (:LABEL FACT_THR EA D10 ))) (CALL "post_it_ cal l" (END INLET 15) (COMME NT "line 91") (START INLET 16) (LABEL (:TAGGED -LI TE RAL LABEL FACT_IN LET 16) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 1)) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:J-REGIS TE A1)) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 2)) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (ISLOT4 8)))) (COMME NT "line 93") (COMME NT "line 94") (COMME NT "line 95") (MOVE (:TAGGED- LIT ER AL INT 17) (:J-RE GIS TER R1)) (DC (:TAGGED -LI TER AL LOCAL-IP (:LABEL FACT_THR EA D9) )) (CALL "maybe_p ost _it _c all ") (END INLET 16) (COMMENT "line 100") (START THREAD 0) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD0 )) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (NOP) (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (COMMENT "line 104") (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (PFSLOT0_ 10)))) (MOVE (:FRAME (:TAGGED -LI TER AL INT (JSLOT0 9))) (:J-REGIS TER R2)) (ADD (:J-RE GIS TER R2) (:TAGGED- LIT ER AL INT 0) (:J-REG IST ER R1)) (SEND0 (:TEMPO RAR (:J-RE GIS TER R1))) (SENDE0 (:FRAME (:TAGG ED- LIT ERA INT (PFSLOT0 _1 11)))) (COMMENT "line 105") (FFREE) (END THREAD 0) (COMMENT "line 108") (START THREAD 1) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD1 )) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (NOP) (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (SUSPEND -ST RIN G) (END THREAD 1) (COMMENT "line 111") (START THREAD 2) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD2 )) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (NOP) (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (COMMENT "line 113") (MOVE (:FRAME (:TAGGED -LI TER AL INT (ISLOT1 5))) (:J-REGIS TER R2)) (LE (:J-REG IST ER R2) (:TAGGE D-L ITE RA INT 1) (:J-REGI STE R1)) (COMMENT "line 114") (TL0 START NSWITCH) (BF (:J-REG IST ER R1) (:TAGGE D-L ITE RA REL (:LABEL L0))) (ADD (:J-RE GIS TER R3) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R3)) (DC (:TAGGE D-L ITE RAL LOCAL-I (:LABE FACT_TH REA D5 ))) (MOVE (:J-REGI STE R0) (:LCV (:J-REG IST ER R3))) (BR (:TAGGE D-L ITE RAL REL (:LABEL L1))) (LABEL (:TAGGE D-L ITE RA LABEL L0)) (ADD (:J-RE GIS TER R3) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R3)) 80 (DC (:TAGGED -LI TER AL LOCAL-IP (:LABEL FACT_THR EA D7) )) (MOVE (:J-REGIS TER R0) (:LCV (:J-REGI STE R3))) (LABEL (:TAGGED -LI TE RAL LABEL L1)) (TL0 END NSWITCH) (COMME NT "line 115") (TL0 START SSWITCH (BT (:J-REGI STE R1) (:TAGGED -LI TE RAL REL (:LABE FACT_TH REA D3 ))) (COMME NT fall through" (TL0 END SSWITCH) (END 1.0 THREAD 2) (COMME NT "line 120") (START THREAD 4) (LABEL (:TAGGED -LI TE RAL LABEL FACT_TH REA D4) (MOVE (:TAGGED- LIT ER AL INT 0) (:J-REG IST ER R0)) (MOVE (:J-REGIS TER R0) (:J-REGIS TE I)) (NOP) (MOVE (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R0)) (MOVE (:J-REGIS TER R0) (:J-REGIS TE I)) (COMME NT "line 121") (MP-FA LLO (:J-REG IS TER R2)) (DC (:TAGGED -LI TER AL SPECIAL_ TAG (:REF SYS_ALL OC _MS G_R EF) )) (SEND1 (:J-REGI STE R0)) (DC (:TAGGED -LI TER AL SPECIAL_ TAG (:REF FACT_1) )) (SEND1 (:J-REGI STE R0)) (MOVE (:J-REGIS TER NNR) (:J-REGI ST ER R2)) (SEND1 (:J-REGI STE R2)) (SEND1 (:J-REGI STE A1)) (DC (:TAGGED -LI TER AL SPECIAL_ TAG (:REF FACT_IN LE T_1 4_P OIN TER _R EF) )) (SENDE (:J-REG IST ER R0)) (SUSPE ND- STR ING (END THREAD 4) (COMME NT "line 117") (START THREAD 3) (LABEL (:TAGGED -LI TE RAL LABEL FACT_TH REA D3) (MOVE (:TAGGED-

LIT ER AL INT 0) (:J-REG IST ER R0)) (MOVE (:J-REGIS TER R0) (:J-REGIS TE I)) (NOP) (MOVE (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R0)) (MOVE (:J-REGIS TER R0) (:J-REGIS TE I)) (COMME NT "line 118") (TL0 START SFALL) (MOVE (:FRAME (:TAGG ED- LIT ERA INT (SSLOT0 16))) (:J-REGIS TE R2)) (SUB (:J-REG IST ER R2) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R1)) (BZ (:J-REGI STE R1) (:TAGGED -LI TE RAL REL (:LABE FACT_TH REA D0 ))) (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (SSLOT0 16)))) (SUSPE ND- STR ING (TL0 END SFALL) (END THREAD 3) (COMME NT "line 123") (START THREAD 5) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD5 )) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (NOP) (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (COMMENT "line 124") (MOVE (:FRAME (:TAGGED -LI TER AL INT (ISLOT1 5))) (:J-REGIS TER R2)) (MOVE (:J-REGI STE R2) (:FRAME (:TAGGED -LI TER AL INT (ISLOT0 4)))) (COMMENT "line 125") (TL0 START NFALL) (COMMENT fall through ") (TL0 END NFALL) (END THREAD 5) (COMMENT "line 127") (START THREAD 6) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD6 )) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (NOP) (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (COMMENT "line 128") (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (PFSLOT0_ 10)))) (MOVE (:FRAME (:TAGGED -LI TER AL INT (JSLOT0 9))) (:J-REGIS TER R1)) (ADD (:J-RE GIS TER R1) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R2)) (SEND0 (:TEMPO RAR (:J-RE GIS TER R2))) (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (PFSLOT0_ 11)))) (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (ISLOT0 4)))) (SENDE0 (:TAGGED- LIT ER AL SYM 0)) (COMMENT "line 129") (TL0 START SFALL) (MOVE (:FRAME (:TAGGED -LI TER AL INT (SSLOT0 16))) (:J-REGI STE R1)) (SUB (:J-RE GIS TER R1) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R2)) (BZ (:J-REG IST ER R2) (:TAGGE D-L ITE RA REL (:LABEL FACT_THRE AD0 )) (MOVE (:J-REGI STE R2) (:FRAME (:TAGGED -LI TER AL INT (SSLOT0 16)))) (SUSPEND -ST RIN G) (TL0 END SFALL) (END THREAD 6) (COMMENT "line 131") (START THREAD 7) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD7 )) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (NOP) (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (COMMENT "line 132") 81 (MOVE (:FRAME (:TAGG ED- LIT ERA INT (ISLOT1 5))) (:J-REG IST ER R1)) (SUB (:J-REG IST ER R1) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R2)) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (ISLOT2 6)))) (COMME NT "line 133") (TL0 START SFORK) (MOVE (:FRAME (:TAGG ED- LIT ERA INT (SSLOT2 18))) (:J-REGIS TE R1)) (SUB (:J-REG IST ER R1) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R2)) (BNZ (:J-REG IST ER R2) (:TAGGE D-L IT ERA REL (:LABEL LABEL4))) (ADD (:J-REG IST ER R3) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R3)) (DC (:TAGGED -LI TER AL LOCAL-IP (:LABEL FACT_THR EA D8) )) (MOVE (:J-REGIS TER R0) (:LCV (:J-REGI STE R3))) (BR (:TAGGED -LI TER AL REL (:LABEL LABEL5) )) (LABEL (:TAGGED -LI TE RAL LABEL LABEL4) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (SSLOT2 18)))) (LABEL (:TAGGED -LI TE RAL LABEL LABEL5) (TL0 END SFORK) (COMME NT "line 134") (TL0 START SFALL) (MOVE (:FRAME (:TAGG ED- LIT ERA INT (SSLOT1 17))) (:J-REGIS TE R1)) (SUB (:J-REG IST ER R1) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R2)) (BZ (:J-REGI STE R2) (:TAGGED -LI TE RAL REL (:LABE FACT_TH REA D9 ))) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (SSLOT1 17)))) (SUSPE ND- STR ING (TL0 END SFALL) (END 2.0 THREAD 7) (COMME NT "line 142") (START THREAD 9) (LABEL (:TAGGED -LI TE RAL LABEL FACT_TH REA D9) (MOVE (:TAGGED- LIT ER AL INT 0) (:J-REG IST ER R0)) (MOVE (:J-REGIS TER R0) (:J-REGIS TE I)) (NOP) (MOVE (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R0)) (MOVE (:J-REGIS TER R0) (:J-REGIS TE I)) (COMME NT "line 146") (MOVE (:FRAME (:TAGG ED- LIT ERA INT (ISLOT1 5))) (:J-REG IST ER R1)) (MUL (:J-REG IST ER R1) (:FRAME (:TAGGE D-L ITE RAL INT (ISLOT4 8))) (:J-REGI ST ER R2)) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (ISLOT3 7)))) (COMME NT "line 147") (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (ISLOT0 4)))) (COMME NT "line 148") (TL0 START NFALL) (BR (:TAGGED -LI TER AL REL (:LABEL FACT_TH REA D6) )) (TL0 END NFALL) (END THREAD 9) (COMME NT "line 136") (START THREAD 8) (LABEL (:TAGGED -LI TE RAL LABEL FACT_TH REA D8) (MOVE (:TAGGED- LIT ER AL INT 0) (:J-REG IST ER R0)) (MOVE (:J-REGIS TER R0) (:J-REGIS TE I)) (NOP) (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (COMMENT "line 140") (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (PFSLOT1_ 12)))) (DC (:TAGGE D-L ITE RAL SPECIAL _TA (:REF FACT_INLE T_ 12_ REF ))) (SEND0 (:J-REG IST ER R0)) (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (PFSLOT1_ 13)))) (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (ISLOT2 6)))) (SENDE0 (:TAGGED- LIT ER AL SYM 0)) (SUSPEND -ST RIN G) (END THREAD 8) (COMMENT "line 150") (START THREAD 10) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD1 0)) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (NOP) (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (COMMENT "line 152") (TL0 START SFALL) (MOVE (:FRAME (:TAGGED -LI TER AL INT (SSLOT0 16))) (:J-REGI STE R1)) (SUB (:J-RE GIS TER R1) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R2)) (BZ (:J-REG IST ER R2) (:TAGGE D-L ITE RA REL (:LABEL FACT_THRE AD0 )) (MOVE (:J-REGI STE R2) (:FRAME (:TAGGED -LI TER AL INT (SSLOT0 16)))) (SUSPEND -ST RIN G) (TL0 END SFALL) (END THREAD 10) (COMMENT "line 154") (START THREAD 11) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD1 1)) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (NOP) (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (SUSPEND -ST RIN G) (END THREAD 11) (COMMENT "line 156") (START THREAD 12) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD1 2)) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (NOP) (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R0)) (MOVE (:J-REGI STE R0) (:J-REGI STE I)) (COMMENT "line 157") (SUSPEND -ST RIN G) 82 (END THREAD 12) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_l ist ") :NO-BRAN CH) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_0 _po in ter ") :NO-BRAN CH) (DC (:TAGGED -LI TER AL MSG "(FACT_ in let 0+F ACT _pl ac e<< ip_ off set _p os) |ms g_u |5" )) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_1 _po in ter ") :NO-BRAN CH) (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_2 _po in ter ") :NO-BRAN CH) (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_3 _po in ter ") :NO-BRAN CH) (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_4 _po in ter ") :NO-BRAN CH) (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_5 _po in ter ") :NO-BRAN CH) (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_6 _po in ter ") :NO-BRAN CH) (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_7 _po in ter ") :NO-BRAN CH) (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_8 _po in ter ") :NO-BRAN CH) (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_9 _po in ter ") :NO-BRAN CH) (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_1 0_p oi nte r") :NO-BRA NCH (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_1 1_p oi nte r") :NO-BRA NCH (DC (:TAGGED -LI TER AL MSG "(FACT_ in let 11+ FAC T_p la ce< <ip _of fse t_ pos )|m sg_ u|4 ") (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_1 2_p oi nte r") :NO-BRA NCH (DC (:TAGGED -LI TER AL MSG "(FACT_ in let 12+ FAC T_p la ce< <ip _of fse t_ pos )|m sg_ u|4 ") (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_1 3_p oi nte r") :NO-BRA NCH (DC (:TAGGED -LI TER AL SYM 0)) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_1 4_p oi nte r") :NO-BRA NCH (DC (:TAGGED -LI TER AL MSG "(FACT_ in let 14+ FAC T_p la ce< <ip _of fse t_ pos )|m sg_ u|4 ") (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_1 5_p oi nte r") :NO-BRA NCH (DC (:TAGGED -LI TER AL MSG "(FACT_ in let 15+ FAC T_p la ce< <ip _of fse t_ pos )|m sg_ u|2 ") (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_1 6_p oi nte r") :NO-BRA NCH (DC (:TAGGED -LI TER AL MSG "(FACT_ in let 16+ FAC T_p la ce< <ip _of fse t_ pos )|m sg_ u|4 ") (END-C ODE BLO CK FACT (0 5) (11 4) (12 4) (14 4) (15 2) (16 4))) A.3.3 MDP Assem bly set GSLOT0 _1 21 set GSLOT0 _0 20 set SSLOT2 18 set SSLOT1 17 set SSLOT0 16 set JSLOT0 set PSSLOT0_ 15 set PSSLOT0_ 14 set PFSLOT1_ 13 set PFSLOT1_ 12 set PFSLOT0_ 11 set PFSLOT0_ 10 set ISLOT4 set ISLOT3 set ISLOT2 set ISLOT1 set ISLOT0 module fact size 167 entry fact_c ode blo ck_ st art entry fact_i nle t_l ist entry GC_FAC GC_FACT dc {GC_0_ FAC T_0 dc {GC_0_ FAC T_1 entry GC_0_F ACT GC_0_FA CT dc {FACT_ 0} dc {FACT_ 1} dc dc nil dc cfut:- dc cfut:- dc nil dc nil fact_co de blo ck_ sta rt: ;file FACT.t l0 ;line 22 ;FRAME SLOTS ;Frame header ;Frame body ;Frame size 33 DC 33 DC DC nil DC ip:((FAC T_I NLE T0+ fa ct_ pla ce) <<i p_ off set _po s)| ip _u| ip_ a0_ abs ol ute ;line 55 FACT_IN LE T0: MOVE [1,A3] R2 MOVE R2, A1 83 MOVE [2,A3], R1 MOVE R1, [PFSLOT0_ 0, A1] PFSLOT0 _0 10 MOVE [3,A3], R2 MOVE R2, [PFSLOT0_ 1, A1] PFSLOT0 _1 11 MOVE [4,A3], R1 MOVE R1, [JSLOT0,A 1] JSLOT0 ;line 57 ;line 58 ;line 59 ;line 60 MOVE 2, R2 MOVE R2, [SSLOT2,A 1] SSLOT2 18 ;line 61 MOVE R2, [SSLOT1,A 1] SSLOT1 17 ;line 62 MOVE 3, R1 MOVE R1, [SSLOT0,A 1] SSLOT0 16 ;line 63 ;line 64 ;line 65 MOVE [JSLOT0 ,A1 ], R2 JSLOT0 ADD R2, -1, R1 SEND0 [PFSLOT0_ 0,A 1] PFSLOT0_ 10 SEND0 [R1,A0] MOVE NNR, R2 SEND20 [PFSLOT0 _1, A1 ], R2 PFSLOT0_ 11 SENDE0 A1 ;line 66 MOVE 16, R1 DC ip:((F ACT _TH REA D0 +fa ct_ pla ce) << ip_ off set _po s) |ip _u| ip_ a0_ ab sol ute CALL maybe_p ost _it _c all ;line 68 FACT_IN LET 11: MOVE [1,A3], R1 MOVE R1, A1 MOVE [2,A3], R2 MOVE R2, [PSSLOT0_ 0, A1] PSSLOT0 _0 14 MOVE [3,A3], R1 MOVE R1, [PSSLOT0_ 1, A1] PSSLOT0 _1 15 ;line 70 ;line 71 DC ip:((F ACT _TH REA D1 +fa ct_ pla ce) << ip_ off set _po s) |ip _u| ip_ a0_ ab sol ute CALL post_it _ca ll ;line 74 FACT_IN LET 12: MOVE [1,A3], R2 MOVE R2, A1 MOVE [2,A3], R1 MOVE R1, [ISLOT1,A 1] ISLOT1 ;line 76 ;line 77 DC ip:((FAC T_T HRE AD2 +f act _pl ace )<< ip _of fse t_p os) |i p_u |ip _a0 _ab so lut CALL post_i t_c all ;line 80 FACT_IN LE T14 MOVE [1,A3] R2 MOVE R2, A1 MOVE [2,A3] R1 MOVE R1, [PFSLOT1 _0, A1 PFSLOT1 _0 12 MOVE [3,A3] R2 MOVE R2, [PFSLOT1 _1, A1 PFSLOT1 _1 13 ;line 82 ;line 83 ;line 84 MOVE 18, R1 DC ip:((FAC T_T HRE AD8 +f act _pl ace )<< ip _of fse t_p os) |i p_u |ip _a0 _ab so lut CALL maybe_ pos t_i t_c al ;line 86 FACT_IN LE T15 MOVE [1,A3] R1 MOVE R1, A1 ;line 88 DC ip:((FAC T_T HRE AD1 0+ fac t_p lac e)< <i p_o ffs et_ pos )| ip_ u|i p_a 0_a bs olu te CALL post_i t_c all ;line 91 FACT_IN LE T16 MOVE [1,A3] R2 MOVE R2, A1 MOVE [2,A3] R1 MOVE R1, [ISLOT4, A1] ISLOT4 ;line 93 ;line 94 ;line 95 MOVE 17, R1 DC ip:((FAC T_T HRE AD9 +f act _pl ace )<< ip _of fse t_p os) |i p_u |ip _a0 _ab so lut CALL maybe_ pos t_i t_c al ;line 100 FACT_TH RE AD0 MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, ;line 104 MOVE [JSLOT 0,A 1], R2 JSLOT0 ADD R2, 0, R1 SEND0 [PFSLOT0 _0, A1] PFSLOT0 _0 10 SEND0 [R1,A0] 84 SENDE0 [PFSLOT0 _1, A1 PFSLOT0 _1 11 ;line 105 dc {fact_1 move R0, R1 dc ip:(ffr ee+ lib rar y_ pla ce< <ip _of fs et_ pos )|i p_a 0_ abs olu te move R0, ip ;line 108 FACT_TH REA D1: MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, MOVE [R3,A0], R0 SUB R3, 1, R3 MOVE R0, IP ;line 111 FACT_TH REA D2: MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, ;line 113 MOVE [ISLOT1 ,A1 ], R2 ISLOT1 LE R2, 1, R1 ;line 114 BF R1, ^L0 ADD R3, 1, R3 DC ip:((F ACT _TH REA D5 +fa ct_ pla ce) << ip_ off set _po s) |ip _u| ip_ a0_ ab sol ute MOVE R0, [R3,A0] BR ^L1 L0: ADD R3, 1, R3 DC ip:((F ACT _TH REA D7 +fa ct_ pla ce) << ip_ off set _po s) |ip _u| ip_ a0_ ab sol ute MOVE R0, [R3,A0] L1: ;line 115 BT R1, ^FACT_TH REA D3 fall through ;line 120 FACT_TH REA D4: MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, ;line 121 MOVE [_ALLO C_L OC, A0] R2 ADD R2, 1, R2 AND R2, [_NPROC_M INU S_ 1_L OC, A0] R2 MOVE R2, [_ALLOC_ LOC ,A 0] MOVE [R2,A2 ], R2 DC {SYS_ALL OC_ MSG _RE F} SEND20 R2, R0 DC {FACT_1} MOVE NNR, R2 SEND20 R0, R2 DC {FACT_IN LET _14 _PO IN TER _RE F} SEND2E0 A1, R0 MOVE [R3,A0] R0 SUB R3, 1, R3 MOVE R0, IP ;line 117 FACT_TH RE AD3 MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, ;line 118 MOVE [SSLOT 0,A 1], R2 SSLOT0 16 SUB R2, 1, R1 BZ R1, ^FACT_T HRE AD0 MOVE R1, [SSLOT0, A1] SSLOT0 16 MOVE [R3,A0] R0 SUB R3, 1, R3 MOVE R0, IP ;line 123 FACT_TH RE AD5 MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, ;line 124 MOVE [ISLOT 1,A 1], R2 ISLOT1 MOVE R2, [ISLOT0, A1] ISLOT0 ;line 125 fall through ;line 127 FACT_TH RE AD6 MOVE 0, R0 MOVE R0, NOP 85 MOVE 1, R0 MOVE R0, ;line 128 MOVE [JSLOT0 ,A1 ], R1 JSLOT0 ADD R1, 1, R2 SEND0 [PFSLOT0_ 0,A 1] PFSLOT0_ 10 SEND0 [R2,A0] SEND0 [PFSLOT0_ 1,A 1] PFSLOT0_ 11 SEND0 [ISLOT0,A 1] SENDE0 nil ISLOT0 ;line 129 MOVE [SSLOT0 ,A1 ], R1 SSLOT0 16 SUB R1, 1, R2 BZ R2, ^FACT_TH REA D0 MOVE R2, [SSLOT0,A 1] SSLOT0 16 MOVE [R3,A0], R0 SUB R3, 1, R3 MOVE R0, IP ;line 131 FACT_TH REA D7: MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, ;line 132 MOVE [ISLOT1 ,A1 ], R1 ISLOT1 SUB R1, 1, R2 MOVE R2, [ISLOT2,A 1] ISLOT2 ;line 133 MOVE [SSLOT2 ,A1 ], R1 SSLOT2 18 SUB R1, 1, R2 BNZ R2, ^LABEL4 ADD R3, 1, R3 DC ip:((F ACT _TH REA D8 +fa ct_ pla ce) << ip_ off set _po s) |ip _u| ip_ a0_ ab sol ute MOVE R0, [R3,A0] BR ^LABEL LABEL4: MOVE R2, [SSLOT2,A 1] SSLOT2 18 LABEL5: ;line 134 MOVE [SSLOT1 ,A1 ], R1 SSLOT1 17 SUB R1, 1, R2 BZ R2, ^FACT_TH REA D9 MOVE R2, [SSLOT1,A 1] SSLOT1 17 MOVE [R3,A0], R0 SUB R3, 1, R3 MOVE R0, IP ;line 142 FACT_TH RE AD9 MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, ;line 146 MOVE [ISLOT 1,A 1], R1 ISLOT1 MUL R1, [ISLOT4,A 1], R2 ISLOT4 MOVE R2, [ISLOT3, A1] ISLOT3 ;line 147 MOVE R2, [ISLOT0, A1] ISLOT0 ;line 148 BR ^FACT_TH REA D6 ;line 136 FACT_TH RE AD8 MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, ;line 140 DC {FACT_IN LET _12 _RE F} SEND20 [PFSLOT 1_0 ,A1 ], R0 PFSLOT1 _0 12 SEND0 [PFSLOT1 _1, A1] PFSLOT1 _1 13 SEND0 [ISLOT2, A1] SENDE0 nil ISLOT2 MOVE [R3,A0] R0 SUB R3, 1, R3 MOVE R0, IP ;line 150 FACT_TH RE AD1 0: MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, ;line 152 MOVE [SSLOT 0,A 1], R1 SSLOT0 16 SUB R1, 1, R2 BNZ R2, ^jog5071 DC ip:((FAC T_T HRE AD0 +f act _pl ace )<< ip _of fse t_p os) |i p_u |ip _a0 _ab so lut MOVE R0, IP jog5071 MOVE R2, [SSLOT0, A1] SSLOT0 16 MOVE [R3,A0] R0 86 SUB R3, 1, R3 MOVE R0, IP ;line 154 FACT_TH REA D11 MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, MOVE [R3,A0], R0 SUB R3, 1, R3 MOVE R0, IP ;line 156 FACT_TH REA D12 MOVE 0, R0 MOVE R0, NOP MOVE 1, R0 MOVE R0, ;line 157 MOVE [R3,A0], R0 SUB R3, 1, R3 MOVE R0, IP FACT_in let _li st: FACT_in let _0_ poi nte r: DC msg:(F ACT _in let 0+ FAC T_p lac e<< ip _of fse t_p os) |m sg_ u|5 FACT_in let _1_ poi nte r: DC nil FACT_in let _2_ poi nte r: DC nil FACT_in let _3_ poi nte r: DC nil FACT_in let _4_ poi nte r: DC nil FACT_in let _5_ poi nte r: DC nil FACT_in let _6_ poi nte r: DC nil FACT_in let _7_ poi nte r: DC nil FACT_in let _8_ poi nte r: DC nil FACT_in let _9_ poi nte r: DC nil FACT_in let _10 _po int er DC nil FACT_in le t_1 1_p oin ter DC msg:(FAC T_i nle t11 +F ACT _pl ace <<i p_ off set _po s)| ms g_u |4 FACT_in le t_1 2_p oin ter DC msg:(FAC T_i nle t12 +F ACT _pl ace <<i p_ off set _po s)| ms g_u |4 FACT_in le t_1 3_p oin ter DC nil FACT_in le t_1 4_p oin ter DC msg:(FAC T_i nle t14 +F ACT _pl ace <<i p_ off set _po s)| ms g_u |4 FACT_in le t_1 5_p oin ter DC msg:(FAC T_i nle t15 +F ACT _pl ace <<i p_ off set _po s)| ms g_u |2 FACT_in le t_1 6_p oin ter DC msg:(FAC T_i nle t16 +F ACT _pl ace <<i p_ off set _po s)| ms g_u |4 entry FACT_i nle t0 entry FACT_i nle t_0 _po in ter entry FACT_i nle t1 entry FACT_i nle t_1 _po in ter entry FACT_i nle t2 entry FACT_i nle t_2 _po in ter entry FACT_i nle t3 entry FACT_i nle t_3 _po in ter entry FACT_i nle t4 entry FACT_i nle t_4 _po in ter entry FACT_i nle t5 entry FACT_i nle t_5 _po in ter entry FACT_i nle t6 entry FACT_i nle t_6 _po in ter entry FACT_i nle t7 entry FACT_i nle t_7 _po in ter entry FACT_i nle t8 entry FACT_i nle t_8 _po in ter entry FACT_i nle t9 entry FACT_i nle t_9 _po in ter entry FACT_i nle t10 entry FACT_i nle t_1 0_p oi nte entry FACT_i nle t11 entry FACT_i nle t_1 1_p oi nte entry FACT_i nle t12 entry FACT_i nle t_1 2_p oi nte entry FACT_i nle t13 entry FACT_i nle t_1 3_p oi nte entry FACT_i nle t14 entry FACT_i nle t_1 4_p oi nte entry FACT_i nle t15 entry FACT_i nle t_1 5_p oi nte entry FACT_i nle t16 entry FACT_i nle t_1 6_p oi nte end 87 ref FACT_0 l_nnr ref FACT_1 addr:(FA CT_ pla ce+ FAC T_ cod ebl ock _st ar t<< ip_ off set _p os) ref GC_FAC T_0 l_nnr ref GC_FAC T_1 addr:((F ACT _pl ace +G C_F ACT )<< ip_ of fse t_p os) |2 ref GC_0_F ACT _0 l_nnr ref GC_0_F ACT _1 addr:( (FA CT_ pla ce +GC _0_ FAC T)< <i p_o ffs et_ pos )| ref FACT_i nle t_0 _po in ter _re FACT_in let _0_ poi nt er+ FAC T_p lac ref FACT_i nle t_0 _re msg:(FA CT_ in let 0+F ACT _pl ac e<< ip_ off set _p os) |ms g_u |5 ref FACT_i nle t_1 _po in ter _re FACT_in let _1_ poi nt er+ FAC T_p lac ref FACT_i nle t_2 _po in ter _re FACT_in let _2_ poi nt er+ FAC T_p lac ref FACT_i nle t_3 _po in ter _re FACT_in let _3_ poi nt er+ FAC T_p lac ref FACT_i nle t_4 _po in ter _re FACT_in let _4_ poi nt er+ FAC T_p lac ref FACT_i nle t_5 _po in ter _re FACT_in let _5_ poi nt er+ FAC T_p lac ref FACT_i nle t_6 _po in ter _re FACT_in let _6_ poi nt er+ FAC T_p lac ref FACT_i nle t_7 _po in ter _re FACT_in let _7_ poi nt er+ FAC T_p lac ref FACT_i nle t_8 _po in ter _re FACT_in let _8_ poi nt er+ FAC T_p lac ref FACT_i nle t_9 _po in ter _re FACT_in let _9_ poi nt er+ FAC T_p lac ref FACT_i nle t_1 0_p oi nte r_r ef FACT_i nle t_1 0_p oi nte r+F ACT _pl ac ref FACT_i nle t_1 1_p oi nte r_r ef FACT_i nle t_1 1_p oi nte r+F ACT _pl ac ref FACT_i nle t_1 1_r ef msg:(FACT _i nle t11 +FA CT_ pl ace <<i p_o ffs et _po s)| msg _u| ref FACT_i nle t_1 2_p oi nte r_r ef FACT_i nle t_1 2_p oi nte r+F ACT _pl ac ref FACT_i nle t_1 2_r ef msg:(FACT _i nle t12 +FA CT_ pl ace <<i p_o ffs et _po s)| msg _u| ref FACT_i nle t_1 3_p oi nte r_r ef FACT_i nle t_1 3_p oi nte r+F ACT _pl ac ref FACT_i nle t_1 4_p oi nte r_r ef FACT_i nle t_1 4_p oi nte r+F ACT _pl ac ref FACT_i nle t_1 4_r ef msg:(FACT _i nle t14 +FA CT_ pl ace <<i p_o ffs et _po s)| msg _u| ref FACT_i nle t_1 5_p oi nte r_r ef FACT_i nle t_1 5_p oi nte r+F ACT _pl ac ref FACT_i nle t_1 5_r ef msg:(FACT _i nle t15 +FA CT_ pl ace <<i p_o ffs et _po s)| msg _u| ref FACT_i nle t_1 6_p oi nte r_r ef FACT_i nle t_1 6_p oi nte r+F ACT _pl ac ref FACT_i nle t_1 6_r ef msg:(FACT _i nle t16 +FA CT_ pl ace <<i p_o ffs et _po s)| msg _u| A.4 Flattened Implem en tation A.4.1 Complex MDP (global -st ruc (:labe gc_fact (:ref gc_0_fact _0 (:ref gc_0_f act _1) (global -st ruc (:labe gc_0_fa ct) (:ref fact_0) (:ref fact_1) (:tagg ed- lit era sym 0) (:tagged -l ite ral cfut -1) (:tagg ed- lit era cfut -1) (:tagged -li ter al sym 0) (:tagg ed- lit era sym 0)) (codebl ock "fact") (commen "file FACT.t l0" (commen "line 22") (commen "FRAME SLOTS") (commen "Frame header" (commen "Frame body") (assemb le r-l abe islot0 1) (assemb le r-l abe islot1 2) (assemb le r-l abe islot2 3) (assemb le r-l abe islot3 4) (assemb le r-l abe islot4 5) (assemb le r-l abe pfslot 0_0 7) (assemb le r-l abe pfslot 0_1 8) (assemb le r-l abe pfslot 1_0 9) (assemb le r-l abe pfslot 1_1 10) (assemb le r-l abe psslot 0_0 11) (assemb le r-l abe psslot 0_1 12) (assemb le r-l abe jslot0 6) (assemb le r-l abe sslot0 13) (assemb le r-l abe sslot1 14) (assemb le r-l abe sslot2 15) (assemb le r-l abe gslot0 _0 17) (assemb le r-l abe gslot0 _1 18) (commen "Frame size 19") (dc 19) (dc 5) (dc (:tagged -li ter al sym 0)) (dc (:tagged -li ter al local-ip (:label fact_inl et0 )) (commen "line 55") (start inlet 0) (label (:label fact_inl et0 )) (move (:mess age 1) (:j-reg ist er A1)) (commen "line 57") (commen "line 58") (commen "line 59") (commen "line 60") (move (:frame sslot2) (commen "line 61") (move (:frame sslot1) (commen "line 62") (move (:frame sslot0) (commen "line 63") (commen "line 64") (commen "line 65") (move (:j-reg ist er i)) (send0 (:messag 2)) (reserv (:registe add-in let )) (add (:messa ge 4) -1 (:regist er add-inle t)) (send0 (:tempor ary (:regis ter add-inl et) )) (free (:regi ste add-in let )) (send0 (:messag 3)) (send0 (:j-regi ste NNR)) 88 (sende0 (:j-regi ste A1)) (move (:j-regi ste i)) (commen "line 66") (move (:messa ge 2) (:frame pfslot0_ 0)) (move (:messa ge 3) (:frame pfslot0_ 1)) (move (:messa ge 4) (:frame jslot0)) (send0 (:j-regis ter NNR)) (send0 (:ref fact_inl et_ 1_r ef) (sende0 (:j-regi ste A1)) (suspen d) (end-in let (end inlet 0) (commen "specia inlet" (start inlet 1) (label (:label fact_i nle t1) (move (:messa ge 1) (:j-regi ste A1)) (commen "line 66") (reserv (:regis ter genjump )) (sub (:frame sslot0) (:regis ter genjump )) (bz (:regi ste genjum p) (:tagged- li ter al rel (:label L0))) (move (:regis ter genjump (:frame sslot0) (free (:regis ter genjump )) (suspen d) (label (:label L0)) (end-in let (end inlet 1) (commen "line 100") (start thread 0) (fall-t hro ugh (commen "thread 0") (commen "line 104") (move (:j-regi ste i)) (send0 (:frame pfslot 0_0 )) (reserv (:regis ter add-inl et) (add (:frame jslot0) (:regis ter add-inl et) (send0 (:tempora ry (:regist er add-inle t)) (free (:regis ter add-inl et) (sende0 (:frame pfslot0_ 1)) (move (:j-regi ste i)) (commen "line 105") (ffree) (end thread 0) (commen "line 68") (start inlet 11) (label (:label fact_i nle t11 )) (move (:messa ge 1) (:j-regi ste A1)) (commen "line 70") (commen "line 71") (commen "receiv of psslot0 elimin ate d") (commen fall through" (end-in le t) (end inlet 11) (commen "line 108") (start thread 1) (fall-t hr oug h) (commen "thread 1") (suspen d) (end thread 1) (commen "line 74") (start inlet 12) (label (:label fact_inl et1 2)) (move (:mess age 1) (:j-reg ist er A1)) (commen "line 76") (commen "line 77") (commen fall through" (end-in le t) (end inlet 12) (commen "line 111") (start thread 2) (fall-t hr oug h) (commen "thread 2") (commen "line 113") (move (:mess age 2) (:frame islot1)) (le (:frame islot1) (:regis ter temp0b) (commen "line 114") (tl0 start nswitch (bf (:regist er temp0b) (:tagged- lit er al rel (:label L1))) (add (:j-reg ist er R3) (:j-regi ste R3)) (move (:tagg ed- lit era local-ip (:label fact_thre ad 5)) (:lcv (:j-reg ist er R3))) (br (:tagged -li ter al rel (:label L2))) (label (:label L1)) (add (:j-reg ist er R3) (:j-regi ste R3)) (move (:tagg ed- lit era local-ip (:label fact_thre ad 7)) (:lcv (:j-reg ist er R3))) (label (:label L2)) (tl0 end nswitch) (commen "line 115") (tl0 start sswitch (bt (:regist er temp0b) (:tagged- lit er al rel (:label fact_thr ead 3) )) (commen fall through" (tl0 end sswitch) (end thread 2) (commen "line 120") (start thread 4) (label (:label fact_thr ead 4)) (commen "line 121") (move (:j-reg ist er i)) (mp-fal lo c-s etu p) (send1 (:ref sys_allo c_ msg _re f)) 89 (send1 (:ref fact_1)) (send1 (:j-regis ter nnr)) (send1 (:j-regis ter A1)) (sende1 (:ref fact_in let _14 _po int er _re f)) (move (:j-regi ste i)) (suspen d-s tri ng) (end thread 4) (commen "line 80") (start inlet 14) (label (:label fact_i nle t14 )) (move (:messa ge 1) (:j-regi ste A1)) (commen "line 82") (commen "line 83") (commen only-us (:ref fact_inle t_ 14_ poi nte r_r ef pfslot1 0.T) (commen "line 84") (reserv (:regis ter genjump )) (sub (:frame sslot2) (:regis ter genjump )) (bz (:regi ste genjum p) (:tagged- li ter al rel (:label L5))) (move (:regis ter genjump (:frame sslot2) (free (:regis ter genjump )) (move (:messa ge 2) (:frame pfslot1_ 0)) (move (:messa ge 3) (:frame pfslot1_ 1)) (suspen d) (label (:label L5)) (end-in let (end inlet 14) (commen "line 136") (start thread 8) (fall-t hro ugh (commen "thread 8") (commen "line 140") (move (:j-regi ste i)) (send0 (:message 2)) (send0 (:ref fact_inl et_ 12_ ref )) (send0 (:message 3)) (send0 (:frame islot2 )) (sende0 (:tagged -li te ral sym 0)) (move (:j-regi ste i)) (suspen d) (end thread 8) (commen "line 86") (start inlet 15) (label (:label fact_i nle t15 )) (move (:messa ge 1) (:j-regi ste A1)) (commen "line 88") (commen fall throug h") (end-in let (end inlet 15) (commen "line 150") (start thread 10) (fall-t hr oug h) (commen "thread 10") (commen "line 152") (tl0 start sfall) (reserv (:registe genjum p)) (sub (:frame sslot0) (:registe genjum p)) (bz (:regist er genjump) (:tagged -li te ral rel (:labe fact_th rea d0 ))) (move (:regi ste genjum p) (:frame sslot0 )) (free (:regi ste genjum p)) (suspen d) (tl0 end sfall) (end thread 10) (commen "line 100") (start thread 0) (label (:label fact_thr ead 0)) (commen "line 104") (move (:j-reg ist er i)) (send0 (:frame pfslot0_ 0)) (reserv (:registe add-in let )) (add (:frame jslot0) (:registe add-in let )) (send0 (:tempor ary (:regis ter add-inl et) )) (free (:regi ste add-in let )) (sende0 (:frame pfslot0 _1) (move (:j-reg ist er i)) (commen "line 105") (ffree) (end thread 0) (commen "line 91") (start inlet 16) (label (:label fact_inl et1 6)) (move (:mess age 1) (:j-reg ist er A1)) (commen "line 93") (commen "line 94") (commen only-use (:ref fact_inl et_ 16 _po int er_ ref islot4 0.T) (commen "line 95") (reserv (:registe genjum p)) (sub (:frame sslot1) (:registe genjum p)) (bz (:regist er genjump) (:tagged -li te ral rel (:labe L6))) (move (:regi ste genjum p) (:frame sslot1 )) (free (:regi ste genjum p)) (move (:mess age 2) (:frame islot4)) (suspen d) (label (:label L6)) (end-in le t) (end inlet 16) (commen "line 142") (start thread 9) (fall-t hr oug h) 90 (commen "thread 9") (commen "line 146") (mul (:frame islot1) (:message 2) (:frame islot3) (commen "line 147") (move (:frame islot3) (:frame islot0)) (commen "line 148") (tl0 start nfall) (commen fall throug h") (tl0 end nfall) (end thread 9) (commen "line 127") (start thread 6) (label (:label fact_t hre ad6 )) (commen "line 128") (move (:j-regi ste i)) (send0 (:frame pfslot 0_0 )) (reserv (:regis ter add-inl et) (add (:frame jslot0) (:regis ter add-inl et) (send0 (:tempora ry (:regist er add-inle t)) (free (:regis ter add-inl et) (send0 (:frame pfslot 0_1 )) (send0 (:frame islot0 )) (sende0 (:tagged -li te ral sym 0)) (move (:j-regi ste i)) (commen "line 129") (tl0 start sfall) (reserv (:regis ter genjump )) (sub (:frame sslot0) (:regis ter genjump )) (bz (:regi ste genjum p) (:tagged- li ter al rel (:label fact_thr ea d0) )) (move (:regis ter genjump (:frame sslot0) (free (:regis ter genjump )) (suspen d-s tri ng) (tl0 end sfall) (end thread 6) (commen "line 117") (start thread 3) (label (:label fact_t hre ad3 )) (commen "line 118") (tl0 start sfall) (reserv (:regis ter genjump )) (sub (:frame sslot0) (:regis ter genjump )) (bz (:regi ste genjum p) (:tagged- li ter al rel (:label fact_thr ea d0) )) (move (:regis ter genjump (:frame sslot0) (free (:regis ter genjump )) (suspen d-s tri ng) (tl0 end sfall) (end thread 3) (commen "line 123") (start thread 5) (label (:label fact_thr ead 5)) (commen "line 124") (move (:fram islot1) (:frame islot0) (commen "line 125") (tl0 start nfall) (br (:tagged -li ter al rel (:label fact_th rea d6) )) (tl0 end nfall) (end thread 5) (commen "line 131") (start thread 7) (label (:label fact_thr ead 7)) (commen "line 132") (sub (:frame islot1) (:frame islot2 )) (commen "line 133") (tl0 start sfork) (reserv (:registe genjum p)) (sub (:frame sslot2) (:registe genjum p)) (bnz (:regis ter genjump (:tagge d-l it era rel (:label label7))) (add (:j-reg ist er R3) (:j-regi ste R3)) (move (:tagg ed- lit era local-ip (:label fact_thre ad 8)) (:lcv (:j-reg ist er R3))) (br (:tagged -li ter al rel (:label label8) )) (label (:label label7)) (move (:regi ste genjum p) (:frame sslot2 )) (label (:label label8)) (free (:regi ste genjum p)) (tl0 end sfork) (commen "line 134") (tl0 start sfall) (reserv (:registe genjum p)) (sub (:frame sslot1) (:registe genjum p)) (bz (:regist er genjump) (:tagged -li te ral rel (:labe fact_th rea d9 ))) (move (:regi ste genjum p) (:frame sslot1 )) (free (:regi ste genjum p)) (suspen d- str ing (tl0 end sfall) (end thread 7) (commen "line 142") (start thread 9) (label (:label fact_thr ead 9)) (commen "line 146") (mul (:frame islot1) (:frame islot4) (:frame islot3 )) (commen "line 147") (move (:fram islot3) (:frame islot0) (commen "line 148") (tl0 start nfall) (br (:tagged -li ter al rel (:label fact_th rea d6) )) (tl0 end nfall) (end thread 9) (commen "line 136") 91 (start thread 8) (label (:label fact_t hre ad8 )) (commen "line 140") (move (:j-regi ste i)) (send0 (:frame pfslot 1_0 )) (send0 (:ref fact_inl et_ 12_ ref )) (send0 (:frame pfslot 1_1 )) (send0 (:frame islot2 )) (sende0 (:tagged -li te ral sym 0)) (move (:j-regi ste i)) (suspen d-s tri ng) (end thread 8) (commen "line 154") (start thread 11) (label (:label fact_t hre ad1 1)) (suspen d-s tri ng) (end thread 11) (commen "line 156") (start thread 12) (label (:label fact_t hre ad1 2)) (commen "line 157") (suspen d-s tri ng) (end thread 12) (inlet- han dle fact (0 5)(1 2) (11 4) (12 4) (14 4) (15 2) (16 4)) (end-co deb loc fact (0 5)(1 2) (11 4) (12 4) (14 4) (15 2) (16 4)) A.4.2 Simple MDP ((GSLOT 0_1 18) (GSLOT 0_0 17) (SSLOT 15) (SSLOT 14) (SSLOT 13) (JSLOT 6) (PSSLO T0_ 12) (PSSLO T0_ 11) (PFSLO T1_ 10) (PFSLO T1_ 9) (PFSLO T0_ 8) (PFSLO T0_ 7) (ISLOT 5) (ISLOT 4) (ISLOT 3) (ISLOT 2) (ISLOT0 1)) ((GLOBA L- STR UCT (:LABEL GC_FACT) (:TAGGE D-L ITE RAL SPECIAL _TA (:REF GC_0_FACT _0 )) (:TAGGE D-L ITE RAL SPECIAL _TA (:REF GC_0_FACT _1) )) (GLOBAL- STR UCT (:LABEL GC_0_FAC T) (:TAGGED -LI TER AL SPECIAL_ TAG (:REF FACT_0) (:TAGGE D-L ITE RAL SPECIAL _TA (:REF FACT_1)) (:TAGGED -LI TER AL INT 1) (:TAGGE D-L ITE RAL SYM 0) (:TAGGED- LI TER AL CFUT -1) (:TAGGE D-L ITE RAL CFUT -1) (:TAGGE D- LIT ERA SYM 0) (:TAGGE D-L ITE RAL SYM 0)) (CODEBLO CK "fact") (COMMENT "file FACT.tl 0") (COMMENT "line 22") (COMMENT "FRAME SLOTS" (COMMENT "Frame header ") (COMMENT "Frame body") (COMMENT "Frame size 19") (DC (:TAGGE D-L ITE RAL INT 19)) (DC (:TAGGE D-L ITE RAL INT 5)) (DC (:TAGGE D-L ITE RAL SYM 0)) (DC (:TAGGE D-L ITE RAL LOCAL-I (:LABE FACT_IN LET 0) )) (COMMENT "line 55") (START INLET 0) (LABEL (:TAGGE D-L ITE RA LABEL FACT_I NLE T0) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 1)) (:J-REG IS TER R2)) (MOVE (:J-REGI STE R2) (:J-REGI STE A1)) (COMMENT "line 57") (COMMENT "line 58") (COMMENT "line 59") (COMMENT "line 60") (MOVE (:TAGGED -LI TER AL INT 2) (:J-RE GIS TER R1)) (MOVE (:J-REGI STE R1) (:FRAME (:TAGGED -LI TER AL INT (SSLOT2 15)))) (COMMENT "line 61") (MOVE (:J-REGI STE R1) (:FRAME (:TAGGED -LI TER AL INT (SSLOT1 14)))) (COMMENT "line 62") (MOVE (:TAGGED -LI TER AL INT 3) (:J-RE GIS TER R2)) (MOVE (:J-REGI STE R2) (:FRAME (:TAGGED -LI TER AL INT (SSLOT0 13)))) (COMMENT "line 63") (COMMENT "line 64") (COMMENT "line 65") (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R1)) (MOVE (:J-REGI STE R1) (:J-REGI STE I)) (SEND0 (:MESSA GE (:TAGGED -LI TER AL INT 2))) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 4)) (:J-REG IS TER R2)) (ADD (:J-RE GIS TER R2) (:TAGGED- LIT ER AL INT -1) (:J-RE GIS TER R1)) (SEND0 (:TEMPO RAR (:J-RE GIS TER R1))) (SEND0 (:MESSA GE (:TAGGED -LI TER AL INT 3))) (MOVE (:J-REGI STE NNR) (:J-REG IST ER R2)) (SEND0 (:J-REG IST ER R2)) (SENDE0 (:J-REGIS TER A1)) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R1)) 92 (MOVE (:J-REGIS TER R1) (:J-REGIS TE I)) (COMME NT "line 66") (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 2)) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (PFSLOT0 _0 7)))) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 3)) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (PFSLOT0 _1 8)))) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 4)) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (JSLOT0 6)))) (MOVE (:J-REGIS TER NNR) (:J-REGI ST ER R1)) (SEND0 (:J-REGI STE R1)) (DC (:TAGGED -LI TER AL SPECIAL_ TAG (:REF FACT_IN LE T_1 _RE F)) (SEND0 (:J-REGI STE R0)) (SENDE (:J-REG IST ER A1)) (SUSPE ND) (END 12 INLET 0) (COMME NT "special inlet") (START INLET 1) (LABEL (:TAGGED -LI TE RAL LABEL FACT_IN LET 1)) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 1)) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:J-REGIS TE A1)) (COMME NT "line 66") (MOVE (:FRAME (:TAGG ED- LIT ERA INT (SSLOT0 13))) (:J-REGIS TE R1)) (SUB (:J-REG IST ER R1) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R2)) (BZ (:J-REGI STE R2) (:TAGGED -LI TE RAL REL (:LABE L0))) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (SSLOT0 13)))) (SUSPE ND) (LABEL (:TAGGED -LI TE RAL LABEL L0)) (END 2.0 INLET 1) (COMME NT "line 100") (START THREAD 0) (FALL- THR OUG H) (COMME NT "thread 0") (COMME NT "line 104") (MOVE (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:J-REGIS TE I)) (SEND0 (:FRAME (:TAGGED -LI TER AL INT (PFSLOT 0_0 7)))) (MOVE (:FRAME (:TAGG ED- LIT ERA INT (JSLOT0 6))) (:J-REG IST ER R2)) (ADD (:J-REG IST ER R2) (:TAGGE D-L IT ERA INT 0) (:J-REGI STE R1)) (SEND0 (:TEMPOR ARY (:J-REG IST ER R1))) (SENDE (:FRAME (:TAGGE D-L ITE RAL INT (PFSLOT0_ 8)))) (MOVE (:TAGGED- LIT ER AL INT 0) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:J-REGIS TE I)) (COMME NT "line 105") (FFREE (END THREAD 0) (COMME NT "line 68") (START INLET 11) (LABEL (:TAGGED -LI TE RAL LABEL FACT_IN LET 11) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 1)) (:J-REG IST ER R1)) (MOVE (:J-REGI STE R1) (:J-REGI STE A1)) (COMMENT "line 70") (COMMENT "line 71") (COMMENT "receive of psslot0 elimina ted ") (COMMENT fall through ") (END INLET 11) (COMMENT "line 108") (START THREAD 1) (FALL-TH ROU GH) (COMMENT "thread 1") (SUSPEND (END THREAD 1) (COMMENT "line 74") (START INLET 12) (LABEL (:TAGGE D-L ITE RA LABEL FACT_I NLE T12 )) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 1)) (:J-REG IS TER R2)) (MOVE (:J-REGI STE R2) (:J-REGI STE A1)) (COMMENT "line 76") (COMMENT "line 77") (COMMENT fall through ") (END INLET 12) (COMMENT "line 111") (START THREAD 2) (FALL-TH ROU GH) (COMMENT "thread 2") (COMMENT "line 113") (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 2)) (:J-REG IS TER R1)) (MOVE (:J-REGI STE R1) (:FRAME (:TAGGED -LI TER AL INT (ISLOT1 2)))) (LE (:J-REG IST ER R1) (:TAGGE D-L ITE RA INT 1) (:J-REGI STE R2)) (COMMENT "line 114") (TL0 START NSWITCH) (BF (:J-REG IST ER R2) (:TAGGE D-L ITE RA REL (:LABEL L1))) (ADD (:J-RE GIS TER R3) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R3)) (DC (:TAGGE D-L ITE RAL LOCAL-I (:LABE FACT_TH REA D5 ))) (MOVE (:J-REGI STE R0) (:LCV (:J-REG IST ER R3))) (BR (:TAGGE D-L ITE RAL REL (:LABEL L2))) (LABEL (:TAGGE D-L ITE RA LABEL L1)) (ADD (:J-RE GIS TER R3) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R3)) (DC (:TAGGE D-L ITE RAL LOCAL-I (:LABE FACT_TH REA D7 ))) (MOVE (:J-REGI STE R0) (:LCV (:J-REG IST ER R3))) (LABEL (:TAGGE D-L ITE RA LABEL L2)) (TL0 END NSWITCH) (COMMENT "line 115") (TL0 START SSWITCH) (BT (:J-REG IST ER R2) (:TAGGE D-L ITE RA REL (:LABEL FACT_THRE AD3 )) (COMMENT fall through ") (TL0 END SSWITCH) (END 2.0 THREAD 2) (COMMENT "line 120") 93 (START THREAD 4) (LABEL (:TAGGED -LI TE RAL LABEL FACT_TH REA D4) (COMME NT "line 121") (MOVE (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:J-REGIS TE I)) (MP-FA LLO (:J-REG IS TER R1)) (DC (:TAGGED -LI TER AL SPECIAL_ TAG (:REF SYS_ALL OC _MS G_R EF) )) (SEND1 (:J-REGI STE R0)) (DC (:TAGGED -LI TER AL SPECIAL_ TAG (:REF FACT_1) )) (SEND1 (:J-REGI STE R0)) (MOVE (:J-REGIS TER NNR) (:J-REGI ST ER R1)) (SEND1 (:J-REGI STE R1)) (SEND1 (:J-REGI STE A1)) (DC (:TAGGED -LI TER AL SPECIAL_ TAG (:REF FACT_IN LE T_1 4_P OIN TER _R EF) )) (SENDE (:J-REG IST ER R0)) (MOVE (:TAGGED- LIT ER AL INT 0) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:J-REGIS TE I)) (SUSPE ND- STR ING (END THREAD 4) (COMME NT "line 80") (START INLET 14) (LABEL (:TAGGED -LI TE RAL LABEL FACT_IN LET 14) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 1)) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:J-REGIS TE A1)) (COMME NT "line 82") (COMME NT "line 83") (COMME NT ONLY-USE) (COMME NT "line 84") (MOVE (:FRAME (:TAGG ED- LIT ERA INT (SSLOT2 15))) (:J-REGIS TE R2)) (SUB (:J-REG IST ER R2) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R1)) (BZ (:J-REGI STE R1) (:TAGGED -LI TE RAL REL (:LABE L5))) (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (SSLOT2 15)))) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 2)) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (PFSLOT1 _0 9)))) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 3)) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (PFSLOT1 _1 10)))) (SUSPE ND) (LABEL (:TAGGED -LI TE RAL LABEL L5)) (END 3.0 INLET 14) (COMME NT "line 136") (START THREAD 8) (FALL- THR OUG H) (COMME NT "thread 8") (COMME NT "line 140") (MOVE (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:J-REGIS TE I)) (SEND0 (:MESSAG (:TAGG ED- LIT ERA INT 2))) (DC (:TAGGED -LI TER AL SPECIAL_ TAG (:REF FACT_IN LE T_1 2_R EF) )) (SEND0 (:J-REGI STE R0)) (SEND0 (:MESSA GE (:TAGGED -LI TER AL INT 3))) (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (ISLOT2 3)))) (SENDE0 (:TAGGED- LIT ER AL SYM 0)) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R1)) (MOVE (:J-REGI STE R1) (:J-REGI STE I)) (SUSPEND (END THREAD 8) (COMMENT "line 86") (START INLET 15) (LABEL (:TAGGE D-L ITE RA LABEL FACT_I NLE T15 )) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 1)) (:J-REG IS TER R2)) (MOVE (:J-REGI STE R2) (:J-REGI STE A1)) (COMMENT "line 88") (COMMENT fall through ") (END INLET 15) (COMMENT "line 150") (START THREAD 10) (FALL-TH ROU GH) (COMMENT "thread 10") (COMMENT "line 152") (TL0 START SFALL) (MOVE (:FRAME (:TAGGED -LI TER AL INT (SSLOT0 13))) (:J-REGI STE R1)) (SUB (:J-RE GIS TER R1) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R2)) (BZ (:J-REG IST ER R2) (:TAGGE D-L ITE RA REL (:LABEL FACT_THRE AD0 )) (MOVE (:J-REGI STE R2) (:FRAME (:TAGGED -LI TER AL INT (SSLOT0 13)))) (SUSPEND (TL0 END SFALL) (END THREAD 10) (COMMENT "line 100") (START THREAD 0) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD0 )) (COMMENT "line 104") (MOVE (:TAGGED -LI TER AL INT 1) (:J-RE GIS TER R1)) (MOVE (:J-REGI STE R1) (:J-REGI STE I)) (SEND0 (:FRAME (:TAGGE D-L ITE RAL INT (PFSLOT0_ 7)))) (MOVE (:FRAME (:TAGGED -LI TER AL INT (JSLOT0 6))) (:J-REGIS TER R2)) (ADD (:J-RE GIS TER R2) (:TAGGED- LIT ER AL INT 0) (:J-REG IST ER R1)) (SEND0 (:TEMPO RAR (:J-RE GIS TER R1))) (SENDE0 (:FRAME (:TAGG ED- LIT ERA INT (PFSLOT0 _1 8)))) (MOVE (:TAGGED -LI TER AL INT 0) (:J-RE GIS TER R2)) (MOVE (:J-REGI STE R2) (:J-REGI STE I)) (COMMENT "line 105") (FFREE) (END THREAD 0) (COMMENT "line 91") (START INLET 16) (LABEL (:TAGGE D-L ITE RA LABEL FACT_I NLE T16 )) (MOVE (:MESSAG (:TAGG ED- LIT ERA INT 1)) (:J-REG IS TER R1)) (MOVE (:J-REGI STE R1) (:J-REGI STE A1)) 94 (COMME NT "line 93") (COMME NT "line 94") (COMME NT ONLY-USE) (COMME NT "line 95") (MOVE (:FRAME (:TAGG ED- LIT ERA INT (SSLOT1 14))) (:J-REGIS TE R2)) (SUB (:J-REG IST ER R2) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R1)) (BZ (:J-REGI STE R1) (:TAGGED -LI TE RAL REL (:LABE L6))) (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (SSLOT1 14)))) (MOVE (:MESSAGE (:TAGGE D-L ITE RAL INT 2)) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (ISLOT4 5)))) (SUSPE ND) (LABEL (:TAGGED -LI TE RAL LABEL L6)) (END 2.5 INLET 16) (COMME NT "line 142") (START THREAD 9) (FALL- THR OUG H) (COMME NT "thread 9") (COMME NT "line 146") (MOVE (:FRAME (:TAGG ED- LIT ERA INT (ISLOT1 2))) (:J-REG IST ER R1)) (MUL (:J-REG IST ER R1) (:MESSA GE (:TAGGED -LI TER AL INT 2)) (:J-REGI STE R2)) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (ISLOT3 4)))) (COMME NT "line 147") (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (ISLOT0 1))))

(COMME NT "line 148") (TL0 START NFALL) (COMME NT fall through" (TL0 END NFALL) (END THREAD 9) (COMME NT "line 127") (START THREAD 6) (LABEL (:TAGGED -LI TE RAL LABEL FACT_TH REA D6) (COMME NT "line 128") (MOVE (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:J-REGIS TE I)) (SEND0 (:FRAME (:TAGGED -LI TER AL INT (PFSLOT 0_0 7)))) (MOVE (:FRAME (:TAGG ED- LIT ERA INT (JSLOT0 6))) (:J-REG IST ER R2)) (ADD (:J-REG IST ER R2) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R1)) (SEND0 (:TEMPOR ARY (:J-REG IST ER R1))) (SEND0 (:FRAME (:TAGGED -LI TER AL INT (PFSLOT 0_1 8)))) (SEND0 (:FRAME (:TAGGED -LI TER AL INT (ISLOT0 1)))) (SENDE (:TAGGE D-L IT ERA SYM 0)) (MOVE (:TAGGED- LIT ER AL INT 0) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:J-REGIS TE I)) (COMME NT "line 129") (TL0 START SFALL) (MOVE (:FRAME (:TAGG ED- LIT ERA INT (SSLOT0 13))) (:J-REGIS TE R1)) (SUB (:J-REG IST ER R1) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R2)) (BZ (:J-REGI STE R2) (:TAGGED -LI TE RAL REL (:LABE FACT_TH REA D0 ))) (MOVE (:J-REGIS TER R2) (:FRAME (:TAGG ED- LIT ERA INT (SSLOT0 13)))) (SUSPEND -ST RIN G) (TL0 END SFALL) (END THREAD 6) (COMMENT "line 117") (START THREAD 3) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD3 )) (COMMENT "line 118") (TL0 START SFALL) (MOVE (:FRAME (:TAGGED -LI TER AL INT (SSLOT0 13))) (:J-REGI STE R1)) (SUB (:J-RE GIS TER R1) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R2)) (BZ (:J-REG IST ER R2) (:TAGGE D-L ITE RA REL (:LABEL FACT_THRE AD0 )) (MOVE (:J-REGI STE R2) (:FRAME (:TAGGED -LI TER AL INT (SSLOT0 13)))) (SUSPEND -ST RIN G) (TL0 END SFALL) (END THREAD 3) (COMMENT "line 123") (START THREAD 5) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD5 )) (COMMENT "line 124") (MOVE (:FRAME (:TAGGED -LI TER AL INT (ISLOT1 2))) (:J-REGIS TER R1)) (MOVE (:J-REGI STE R1) (:FRAME (:TAGGED -LI TER AL INT (ISLOT0 1)))) (COMMENT "line 125") (TL0 START NFALL) (BR (:TAGGE D-L ITE RAL REL (:LABEL FACT_T HRE AD6 ))) (TL0 END NFALL) (END THREAD 5) (COMMENT "line 131") (START THREAD 7) (LABEL (:TAGGE D-L ITE RA LABEL FACT_T HRE AD7 )) (COMMENT "line 132") (MOVE (:FRAME (:TAGGED -LI TER AL INT (ISLOT1 2))) (:J-REGIS TER R2)) (SUB (:J-RE GIS TER R2) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R1)) (MOVE (:J-REGI STE R1) (:FRAME (:TAGGED -LI TER AL INT (ISLOT2 3)))) (COMMENT "line 133") (TL0 START SFORK) (MOVE (:FRAME (:TAGGED -LI TER AL INT (SSLOT2 15))) (:J-REGI STE R2)) (SUB (:J-RE GIS TER R2) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R1)) (BNZ (:J-RE GIS TER R1) (:TAGGED- LIT ER AL REL (:LABEL LABEL7)) (ADD (:J-RE GIS TER R3) (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R3)) (DC (:TAGGE D-L ITE RAL LOCAL-I (:LABE FACT_TH REA D8 ))) (MOVE (:J-REGI STE R0) (:LCV (:J-REG IST ER R3))) (BR (:TAGGE D-L ITE RAL REL (:LABEL LABEL8 ))) (LABEL (:TAGGE D-L ITE RA LABEL LABEL7 )) (MOVE (:J-REGI STE R1) (:FRAME (:TAGGED -LI TER AL INT (SSLOT2 15)))) (LABEL (:TAGGE D-L ITE RA LABEL LABEL8 )) (TL0 END SFORK) (COMMENT "line 134") (TL0 START SFALL) (MOVE (:FRAME (:TAGGED -LI TER AL INT (SSLOT1 14))) (:J-REGI STE R2)) 95 (SUB (:J-REG IST ER R2) (:TAGGE D-L IT ERA INT 1) (:J-REGI STE R1)) (BZ (:J-REGI STE R1) (:TAGGED -LI TE RAL REL (:LABE FACT_TH REA D9 ))) (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (SSLOT1 14)))) (SUSPE ND- STR ING (TL0 END SFALL) (END 2.0 THREAD 7) (COMME NT "line 142") (START THREAD 9) (LABEL (:TAGGED -LI TE RAL LABEL FACT_TH REA D9) (COMME NT "line 146") (MOVE (:FRAME (:TAGG ED- LIT ERA INT (ISLOT1 2))) (:J-REG IST ER R2)) (MUL (:J-REG IST ER R2) (:FRAME (:TAGGE D-L ITE RAL INT (ISLOT4 5))) (:J-REGI ST ER R1)) (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (ISLOT3 4)))) (COMME NT "line 147") (MOVE (:J-REGIS TER R1) (:FRAME (:TAGG ED- LIT ERA INT (ISLOT0 1)))) (COMME NT "line 148") (TL0 START NFALL) (BR (:TAGGED -LI TER AL REL (:LABEL FACT_TH REA D6) )) (TL0 END NFALL) (END THREAD 9) (COMME NT "line 136") (START THREAD 8) (LABEL (:TAGGED -LI TE RAL LABEL FACT_TH REA D8) (COMME NT "line 140") (MOVE (:TAGGED- LIT ER AL INT 1) (:J-REG IST ER R2)) (MOVE (:J-REGIS TER R2) (:J-REGIS TE I)) (SEND0 (:FRAME (:TAGGED -LI TER AL INT (PFSLOT 1_0 9)))) (DC (:TAGGED -LI TER AL SPECIAL_ TAG (:REF FACT_IN LE T_1 2_R EF) )) (SEND0 (:J-REGI STE R0)) (SEND0 (:FRAME (:TAGGED -LI TER AL INT (PFSLOT 1_1 10)))) (SEND0 (:FRAME (:TAGGED -LI TER AL INT (ISLOT2 3)))) (SENDE (:TAGGE D-L IT ERA SYM 0)) (MOVE (:TAGGED- LIT ER AL INT 0) (:J-REG IST ER R1)) (MOVE (:J-REGIS TER R1) (:J-REGIS TE I)) (SUSPE ND- STR ING (END THREAD 8) (COMME NT "line 154") (START THREAD 11) (LABEL (:TAGGED -LI TE RAL LABEL FACT_TH REA D11 )) (SUSPE ND- STR ING (END THREAD 11) (COMME NT "line 156") (START THREAD 12) (LABEL (:TAGGED -LI TE RAL LABEL FACT_TH REA D12 )) (COMME NT "line 157") (SUSPE ND- STR ING (END THREAD 12) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_l ist ") :NO-BRAN CH) (LABEL (:TAGGED -LI TE RAL LABEL "FACT_i nle t_0 _po in ter ") :NO-BRAN CH) (DC (:TAGGE D-L ITE RAL MSG "(FACT_in le t0+ FAC T_p lac e< <ip _of fse t_p os )|m sg_ u|5 ")) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 1_p oin te r") :NO-BRAN CH (DC (:TAGGE D-L ITE RAL MSG "(FACT_in le t1+ FAC T_p lac e< <ip _of fse t_p os )|m sg_ u|2 ")) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 2_p oin te r") :NO-BRAN CH (DC (:TAGGE D-L ITE RAL SYM 0)) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 3_p oin te r") :NO-BRAN CH (DC (:TAGGE D-L ITE RAL SYM 0)) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 4_p oin te r") :NO-BRAN CH (DC (:TAGGE D-L ITE RAL SYM 0)) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 5_p oin te r") :NO-BRAN CH (DC (:TAGGE D-L ITE RAL SYM 0)) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 6_p oin te r") :NO-BRAN CH (DC (:TAGGE D-L ITE RAL SYM 0)) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 7_p oin te r") :NO-BRAN CH (DC (:TAGGE D-L ITE RAL SYM 0)) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 8_p oin te r") :NO-BRAN CH (DC (:TAGGE D-L ITE RAL SYM 0)) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 9_p oin te r") :NO-BRAN CH (DC (:TAGGE D-L ITE RAL SYM 0)) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 10_ poi nt er" :NO-BRA NC H) (DC (:TAGGE D-L ITE RAL SYM 0)) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 11_ poi nt er" :NO-BRA NC H) (DC (:TAGGE D-L ITE RAL MSG "(FACT_in le t11 +FA CT_ pla ce <<i p_o ffs et_ po s)| msg _u| 4") (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 12_ poi nt er" :NO-BRA NC H) (DC (:TAGGE D-L ITE RAL MSG "(FACT_in le t12 +FA CT_ pla ce <<i p_o ffs et_ po s)| msg _u| 4") (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 13_ poi nt er" :NO-BRA NC H) (DC (:TAGGE D-L ITE RAL SYM 0)) (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 14_ poi nt er" :NO-BRA NC H) (DC (:TAGGE D-L ITE RAL MSG "(FACT_in le t14 +FA CT_ pla ce <<i p_o ffs et_ po s)| msg _u| 4") (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 15_ poi nt er" :NO-BRA NC H) (DC (:TAGGE D-L ITE RAL MSG "(FACT_in le t15 +FA CT_ pla ce <<i p_o ffs et_ po s)| msg _u| 2") (LABEL (:TAGGE D-L ITE RA LABEL "FACT_ inl et_ 16_ poi nt er" :NO-BRA NC H) (DC (:TAGGE D-L ITE RAL MSG "(FACT_in le t16 +FA CT_ pla ce <<i p_o ffs et_ po s)| msg _u| 4") (END-COD EBL OCK FACT (0 5) (1 2) (11 4) (12 4) (14 4) (15 2) (16 4))) A.4.3 MDP Assem bly set GSLOT0_1 18 set GSLOT0_0 17 set SSLOT2 15 set SSLOT1 14 set SSLOT0 13 set JSLOT0 set PSSLOT0_ 12 set PSSLOT0_ 11 96 set PFSLOT 1_1 10 set PFSLOT 1_0 set PFSLOT 0_1 set PFSLOT 0_0 set ISLOT4 set ISLOT3 set ISLOT2 set ISLOT1 set ISLOT0 module fact size 161 entry fact_co deb loc k_ sta rt entry fact_in let _li st entry GC_FACT GC_FACT dc {GC_0_F ACT _0} dc {GC_0_F ACT _1} entry GC_0_FA CT GC_0_FA CT: dc {FACT_0 dc {FACT_1 dc dc nil dc cfut:-1 dc cfut:-1 dc nil dc nil fact_co deb loc k_s tar t: ;file FACT.tl ;line 22 ;FRAME SLOTS ;Frame header ;Frame body ;Frame size 19 DC 19 DC DC nil DC ip:((F ACT _IN LET 0+ fac t_p lac e)< <i p_o ffs et_ pos )| ip_ u|i p_a 0_a bs olu te ;line 55 FACT_IN LET 0: MOVE [1,A3], R2 MOVE R2, A1 ;line 57 ;line 58 ;line 59 ;line 60 MOVE 2, R1 MOVE R1, [SSLOT2, A1] SSLOT2 15 ;line 61 MOVE R1, [SSLOT1, A1] SSLOT1 14 ;line 62 MOVE 3, R2 MOVE R2, [SSLOT0, A1] SSLOT0 13 ;line 63 ;line 64 ;line 65 MOVE 1, R1 MOVE R1, MOVE [4,A3] R2 ADD R2, -1, R1 SEND0 [2,A3] SEND0 [R1,A0] MOVE NNR, R2 SEND20 [3,A3], R2 SENDE0 A1 MOVE 0, R1 MOVE R1, ;line 66 MOVE [2,A3] R2 MOVE R2, [PFSLOT0 _0, A1 PFSLOT0 _0 MOVE [3,A3] R1 MOVE R1, [PFSLOT0 _1, A1 PFSLOT0 _1 MOVE [4,A3] R2 MOVE R2, [JSLOT0, A1] JSLOT0 MOVE NNR, R1 DC {FACT_IN LET _1_ REF SEND20 R1, R0 SENDE0 A1 SUSPEND ;specia inlet FACT_IN LE T1: MOVE [1,A3] R2 MOVE R2, A1 ;line 66 MOVE [SSLOT 0,A 1], R1 SSLOT0 13 SUB R1, 1, R2 BZ R2, ^L0 MOVE R2, [SSLOT0, A1] SSLOT0 13 SUSPEND L0: ;line 100 ;thread ;line 104 MOVE 1, R1 97 MOVE R1, MOVE [JSLOT0 ,A1 ], R2 JSLOT0 ADD R2, 0, R1 SEND0 [PFSLOT0_ 0,A 1] PFSLOT0_ SEND0 [R1,A0] SENDE0 [PFSLOT0 _1, A1 PFSLOT0 _1 MOVE 0, R2 MOVE R2, ;line 105 dc {fact_1 move R0, R1 dc ip:(ffr ee+ lib rar y_ pla ce< <ip _of fs et_ pos )|i p_a 0_ abs olu te move R0, ip ;line 68 FACT_IN LET 11: MOVE [1,A3], R1 MOVE R1, A1 ;line 70 ;line 71 ;receiv of psslot0 elimina ted fall through ;line 108 ;thread SUSPEN ;line 74 FACT_IN LET 12: MOVE [1,A3], R2 MOVE R2, A1 ;line 76 ;line 77 fall through ;line 111 ;thread ;line 113 MOVE [2,A3], R1 MOVE R1, [ISLOT1,A 1] ISLOT1 LE R1, 1, R2 ;line 114 BF R2, ^L1 ADD R3, 1, R3 DC ip:((F ACT _TH REA D5 +fa ct_ pla ce) << ip_ off set _po s) |ip _u| ip_ a0_ ab sol ute MOVE R0, [R3,A0] BR ^L2 L1: ADD R3, 1, R3 DC ip:((F ACT _TH REA D7 +fa ct_ pla ce) << ip_ off set _po s) |ip _u| ip_ a0_ ab sol ute MOVE R0, [R3,A0] L2: ;line 115 BT R2, ^FACT_T HRE AD3 fall through ;line 120 FACT_TH RE AD4 ;line 121 MOVE 1, R1 MOVE R1, MOVE [_ALLO C_L OC, A0] R1 ADD R1, 1, R1 AND R1, [_NPROC_M INU S_ 1_L OC, A0] R1 MOVE R1, [_ALLOC_ LOC ,A 0] MOVE [R1,A2 ], R1 DC {SYS_ALL OC_ MSG _RE F} SEND21 R1, R0 DC {FACT_1} MOVE NNR, R1 SEND21 R0, R1 DC {FACT_IN LET _14 _PO IN TER _RE F} SEND2E1 A1, R0 MOVE 0, R1 MOVE R1, MOVE [R3,A0] R0 SUB R3, 1, R3 MOVE R0, IP ;line 80 FACT_IN LE T14 MOVE [1,A3] R1 MOVE R1, A1 ;line 82 ;line 83 ;ONLY-U SE ;line 84 MOVE [SSLOT 2,A 1], R2 SSLOT2 15 SUB R2, 1, R1 BZ R1, ^L5 MOVE R1, [SSLOT2, A1] SSLOT2 15 MOVE [2,A3] R2 MOVE R2, [PFSLOT1 _0, A1 PFSLOT1 _0 MOVE [3,A3] R1 MOVE R1, [PFSLOT1 _1, A1 PFSLOT1 _1 10 SUSPEND L5: ;line 136 ;thread ;line 140 MOVE 1, R2 MOVE R2, DC {FACT_IN LET _12 _RE F} 98 SEND20 [2,A3], R0 SEND0 [3,A3] SEND0 [ISLOT2,A 1] SENDE0 nil ISLOT2 MOVE 0, R1 MOVE R1, SUSPEN ;line 86 FACT_IN LET 15: MOVE [1,A3], R2 MOVE R2, A1 ;line 88 fall through ;line 150 ;thread 10 ;line 152 MOVE [SSLOT0 ,A1 ], R1 SSLOT0 13 SUB R1, 1, R2 BZ R2, ^FACT_TH REA D0 MOVE R2, [SSLOT0,A 1] SSLOT0 13 SUSPEN ;line 100 FACT_TH REA D0: ;line 104 MOVE 1, R1 MOVE R1, MOVE [JSLOT0 ,A1 ], R2 JSLOT0 ADD R2, 0, R1 SEND0 [PFSLOT0_ 0,A 1] PFSLOT0_ SEND0 [R1,A0] SENDE0 [PFSLOT0 _1, A1 PFSLOT0 _1 MOVE 0, R2 MOVE R2, ;line 105 dc {fact_1 move R0, R1 dc ip:(ffr ee+ lib rar y_ pla ce< <ip _of fs et_ pos )|i p_a 0_ abs olu te move R0, ip ;line 91 FACT_IN LET 16: MOVE [1,A3], R1 MOVE R1, A1 ;line 93 ;line 94 ;ONLY-U SE ;line 95 MOVE [SSLOT1 ,A1 ], R2 SSLOT1 14 SUB R2, 1, R1 BZ R1, ^L6 MOVE R1, [SSLOT1, A1] SSLOT1 14 MOVE [2,A3] R2 MOVE R2, [ISLOT4, A1] ISLOT4 SUSPEND L6: ;line 142 ;thread ;line 146 MOVE [ISLOT 1,A 1], R1 ISLOT1 MUL R1, [2,A3], R2 MOVE R2, [ISLOT3, A1] ISLOT3 ;line 147 MOVE R2, [ISLOT0, A1] ISLOT0 ;line 148 fall through ;line 127 FACT_TH RE AD6 ;line 128 MOVE 1, R1 MOVE R1, MOVE [JSLOT 0,A 1], R2 JSLOT0 ADD R2, 1, R1 SEND0 [PFSLOT0 _0, A1] PFSLOT0 _0 SEND0 [R1,A0] SEND0 [PFSLOT0 _1, A1] PFSLOT0 _1 SEND0 [ISLOT0, A1] SENDE0 nil ISLOT0 MOVE 0, R2 MOVE R2, ;line 129 MOVE [SSLOT 0,A 1], R1 SSLOT0 13 SUB R1, 1, R2 BZ R2, ^FACT_T HRE AD0 MOVE R2, [SSLOT0, A1] SSLOT0 13 MOVE [R3,A0] R0 SUB R3, 1, R3 MOVE R0, IP ;line 117 FACT_TH RE AD3 ;line 118 MOVE [SSLOT 0,A 1], R1 SSLOT0 13 SUB R1, 1, R2 BZ R2, ^FACT_T HRE AD0 MOVE R2, [SSLOT0, A1] SSLOT0 13 MOVE [R3,A0] R0 SUB R3, 1, R3 MOVE R0, IP 99 ;line 123 FACT_TH REA D5: ;line 124 MOVE [ISLOT1 ,A1 ], R1 ISLOT1 MOVE R1, [ISLOT0,A 1] ISLOT0 ;line 125 BR ^FACT_ THR EAD ;line 131 FACT_TH REA D7: ;line 132 MOVE [ISLOT1 ,A1 ], R2 ISLOT1 SUB R2, 1, R1 MOVE R1, [ISLOT2,A 1] ISLOT2 ;line 133 MOVE [SSLOT2 ,A1 ], R2 SSLOT2 15 SUB R2, 1, R1 BNZ R1, ^LABEL7 ADD R3, 1, R3 DC ip:((F ACT _TH REA D8 +fa ct_ pla ce) << ip_ off set _po s) |ip _u| ip_ a0_ ab sol ute MOVE R0, [R3,A0] BR ^LABEL LABEL7: MOVE R1, [SSLOT2,A 1] SSLOT2 15 LABEL8: ;line 134 MOVE [SSLOT1 ,A1 ], R2 SSLOT1 14 SUB R2, 1, R1 BZ R1, ^FACT_TH REA D9 MOVE R1, [SSLOT1,A 1] SSLOT1 14 MOVE [R3,A0], R0 SUB R3, 1, R3 MOVE R0, IP ;line 142 FACT_TH REA D9: ;line 146 MOVE [ISLOT1 ,A1 ], R2 ISLOT1 MUL R2, [ISLOT4 ,A1 ], R1 ISLOT4 MOVE R1, [ISLOT3,A 1] ISLOT3 ;line 147 MOVE R1, [ISLOT0,A 1] ISLOT0 ;line 148 BR ^FACT_ THR EAD ;line 136 FACT_TH REA D8: ;line 140 MOVE 1, R2 MOVE R2, DC {FACT_ INL ET_ 12_ RE F} SEND20 [PFSLOT 1_0 ,A1 ], R0 PFSLOT1 _0 SEND0 [PFSLOT1 _1, A1] PFSLOT1 _1 10 SEND0 [ISLOT2, A1] SENDE0 nil ISLOT2 MOVE 0, R1 MOVE R1, MOVE [R3,A0] R0 SUB R3, 1, R3 MOVE R0, IP ;line 154 FACT_TH RE AD1 1: MOVE [R3,A0] R0 SUB R3, 1, R3 MOVE R0, IP ;line 156 FACT_TH RE AD1 2: ;line 157 MOVE [R3,A0] R0 SUB R3, 1, R3 MOVE R0, IP FACT_in le t_l ist FACT_in le t_0 _po int er: DC msg:(FAC T_i nle t0+ FA CT_ pla ce< <ip _o ffs et_ pos )|m sg _u| FACT_in le t_1 _po int er: DC msg:(FAC T_i nle t1+ FA CT_ pla ce< <ip _o ffs et_ pos )|m sg _u| FACT_in le t_2 _po int er: DC nil FACT_in le t_3 _po int er: DC nil FACT_in le t_4 _po int er: DC nil FACT_in le t_5 _po int er: DC nil FACT_in le t_6 _po int er: DC nil FACT_in le t_7 _po int er: DC nil FACT_in le t_8 _po int er: DC nil FACT_in le t_9 _po int er: DC nil FACT_in le t_1 0_p oin ter DC nil FACT_in le t_1 1_p oin ter DC msg:(FAC T_i nle t11 +F ACT _pl ace <<i p_ off set _po s)| ms g_u |4 FACT_in le t_1 2_p oin ter 100 DC msg:(F ACT _in let 12 +FA CT_ pla ce< <i p_o ffs et_ pos )| msg _u| FACT_in let _13 _po int er DC nil FACT_in let _14 _po int er DC msg:(F ACT _in let 14 +FA CT_ pla ce< <i p_o ffs et_ pos )| msg _u| FACT_in let _15 _po int er DC msg:(F ACT _in let 15 +FA CT_ pla ce< <i p_o ffs et_ pos )| msg _u| FACT_in let _16 _po int er DC msg:(F ACT _in let 16 +FA CT_ pla ce< <i p_o ffs et_ pos )| msg _u| entry FACT_in let entry FACT_in let _0_ po int er entry FACT_in let entry FACT_in let _1_ po int er entry FACT_in let entry FACT_in let _2_ po int er entry FACT_in let entry FACT_in let _3_ po int er entry FACT_in let entry FACT_in let _4_ po int er entry FACT_in let entry FACT_in let _5_ po int er entry FACT_in let entry FACT_in let _6_ po int er entry FACT_in let entry FACT_in let _7_ po int er entry FACT_in let entry FACT_in let _8_ po int er entry FACT_in let entry FACT_in let _9_ po int er entry FACT_in let 10 entry FACT_in let _10 _p oin ter entry FACT_in let 11 entry FACT_in let _11 _p oin ter entry FACT_in let 12 entry FACT_in let _12 _p oin ter entry FACT_in let 13 entry FACT_in let _13 _p oin ter entry FACT_in let 14 entry FACT_in let _14 _p oin ter entry FACT_in let 15 entry FACT_in let _15 _p oin ter entry FACT_in let 16 entry FACT_in let _16 _p oin ter end ref FACT_0 l_nnr ref FACT_1 addr:(FA CT_ pla ce+ FAC T_ cod ebl ock _st ar t<< ip_ off set _p os) ref GC_FAC T_0 l_nnr ref GC_FACT _1 addr:((FA CT_ pl ace +GC _FA CT) << ip_ off set _po s) |2 ref GC_0_FA CT_ l_nnr ref GC_0_FA CT_ addr:(( FAC T_ pla ce+ GC_ 0_F AC T)< <ip _of fse t_ pos )|8 ref FACT_in let _0 _po int er_ ref FACT_inl et_ 0_ poi nte r+F ACT _p lac ref FACT_in let _0 _re msg:(FA CT_ inl et0 +FA CT _pl ace <<i p_o ff set _po s)| msg _u |5 ref FACT_in let _1 _po int er_ ref FACT_inl et_ 1_ poi nte r+F ACT _p lac ref FACT_in let _1 _re msg:(FA CT_ inl et1 +FA CT _pl ace <<i p_o ff set _po s)| msg _u |2 ref FACT_in let _2 _po int er_ ref FACT_inl et_ 2_ poi nte r+F ACT _p lac ref FACT_in let _3 _po int er_ ref FACT_inl et_ 3_ poi nte r+F ACT _p lac ref FACT_in let _4 _po int er_ ref FACT_inl et_ 4_ poi nte r+F ACT _p lac ref FACT_in let _5 _po int er_ ref FACT_inl et_ 5_ poi nte r+F ACT _p lac ref FACT_in let _6 _po int er_ ref FACT_inl et_ 6_ poi nte r+F ACT _p lac ref FACT_in let _7 _po int er_ ref FACT_inl et_ 7_ poi nte r+F ACT _p lac ref FACT_in let _8 _po int er_ ref FACT_inl et_ 8_ poi nte r+F ACT _p lac ref FACT_in let _9 _po int er_ ref FACT_inl et_ 9_ poi nte r+F ACT _p lac ref FACT_in let _1 0_p oin ter _re FACT_in let _1 0_p oin ter +FA CT _pl ace ref FACT_in let _1 1_p oin ter _re FACT_in let _1 1_p oin ter +FA CT _pl ace ref FACT_in let _1 1_r ef msg:(F ACT _in let 11+ FA CT_ pla ce< <ip _o ffs et_ pos )|m sg _u| ref FACT_in let _1 2_p oin ter _re FACT_in let _1 2_p oin ter +FA CT _pl ace ref FACT_in let _1 2_r ef msg:(F ACT _in let 12+ FA CT_ pla ce< <ip _o ffs et_ pos )|m sg _u| ref FACT_in let _1 3_p oin ter _re FACT_in let _1 3_p oin ter +FA CT _pl ace ref FACT_in let _1 4_p oin ter _re FACT_in let _1 4_p oin ter +FA CT _pl ace ref FACT_in let _1 4_r ef msg:(F ACT _in let 14+ FA CT_ pla ce< <ip _o ffs et_ pos )|m sg _u| ref FACT_in let _1 5_p oin ter _re FACT_in let _1 5_p oin ter +FA CT _pl ace ref FACT_in let _1 5_r ef msg:(F ACT _in let 15+ FA CT_ pla ce< <ip _o ffs et_ pos )|m sg _u| ref FACT_in let _1 6_p oin ter _re FACT_in let _1 6_p oin ter +FA CT _pl ace ref FACT_in let _1 6_r ef msg:(F ACT _in let 16+ FA CT_ pla ce< <ip _o ffs et_ pos )|m sg _u| 101 App endix Id Co de for ara�ns -*- Package ID-COM PIL ER -*- %%% Id Example Progra %%% Title: Paraffin %%% Origin al Author: Steve Heller @includ "basic- lib ra ry" %%% derive from /df/mon soo n/0 09/ pa raf fin s-p ubl is hed .id bounde outer loops. Generati on of radicals type radical radical radica radical def length in {for <- do next finally }}; def 3_part iti ons {: (i,j,k) || <- to div <- to div (m-i) (i+j) }; Def remain der l1 @!opco de hd,"HD"; @!opco de tl,"TL"; @!opco de store_hd ,"S TOR E-H D"; @!opco de store_tl ,"S TOR E-T L"; typeof hd (list *0) -> *0; typeof tl (list *0) -> (list *0); typeof store_hd ((list *0),*0 -> void; typeof store_tl ((list *0),(l ist *0)) -> void; handle make_con (); last {while cons? l1 sequenti al do elt, next l1 hd l1, tl l1; next handle make_co ns (); store_ hd (next handle, l1); store_ tl (handle, nex handle) Finally handle }; 102 store_tl (last, nil); result tl handle in result }; %%% %%% def remainde rs nil nil %%% remainde rs (r:rs) (r:rs) (remain der rs); %%% def radica l_g ene rat or radica ls {array (0,n) of [0] H:nil [j] rads_of_s iz e_n radicals || <- to bound b} in radica ls} def rads_o f_s ize _n radicals {: ri rj rk || (i,j,k) <- 3_partit ion (n-1) ri:ris <- remain der (radica ls [i] rj:rjs <- remain der (if (i == j) then ri:ris else radical s[j ]) rk <- if (j == k) then rj:rjs else radicals [k] }; Generati on of paraffin s. type paraffin BCP radical radical CCP radical radical radical radical; def BCP_ge ner ato radica ls if (odd? n) then nil else {: BCP r1 r2 || r1:r1s <- remainde rs (radical s[d iv 2]) r2 <- r1:r1s }; def 4_part iti ons {partiti ons nil; in {for <- to div do next partitio ns {for <- to div (m-i) do next partit ion {for <- max (ceilin ((float m)/(flo at 2)) j) to (div (m-i-j) 2) do next partiti ons (i,j,k,( m-( i+ j+k ))) partit ion finall partiti ons finally partit ion s} finally partitio ns} }; def CCP_ge ner ato radica ls {: CCP ri rj rk rl || (i,j,k,l) <- 4_parti tio ns (n-1) ri:ris <- remaind ers (radica ls[ i]) rj:rjs <- remaind ers (if (i==j) then ri:ris else radical s[j ]) rk:rks <- remaind ers (if (j==k) then rj:rjs else radical s[k ]) rl <- if (k==l) then rk:rks else radical s[l }; 103 def BCP_un til rb genb radica ls radica l_g ene rat or (div 2) rb; in {array (1,n) of [j] (BCP_gen era tor radical j) || <- to bound genb }}; def CCP_un til rb genb radica ls radica l_g ene rat or (div 2) rb; in {array (1,n) of [j] (CCP_gen era tor radical j) || <- to bound genb }}; def paraff ins _un til rb genb radica ls radica l_g ene rat or (div 2) rb; in {array (1,n) of [j] (BCP_gen era tor radical j), (CCP_gen era tor radical j)

|| <- to bound genb }}; %%% $[0 10 36] def test_B CP_ unt il rb genb result BCP_unti rb genb; in {array (1,n) of [i] bv result[ i]; in (lengt bv)} || <- to bound genb }}; %%% $[1 35 39] def test_C CP_ unt il rb genb result CCP_unti rb genb; in {array (1,n) of [i] cv result[ i]; in (lengt cv) || <- to bound genb }}; %%% $[1 18 35 75] def test_p ara ffi ns_ un til rb genb result paraffin s_u nti rb genb; in {array (1,n) of [i] bv,cv result[ i]; in (lengt bv) (lengt cv) || <- to bound genb }}; def foo (x,y,z); def main nf {n floor nf; rb 2; genb 2; bcp_res ult test_BCP _un til rb genb; ccp_res ult test_CCP _un til rb genb; paraffi ns_ res ult test_par aff in s_u nti rb genb; in foo bcp_resu lt ccp_resu lt paraffin s_r esu lt} def top main 10.0; 104 Bibliograph [1] Ang, Bo on S., Alejandro Caro, Stephen Glim, and Andrew Sha w. An In tro duction to the Id Compiler. Computati on Structures Group Memo 328. MIT Lab oratory for Computer Science, Cam bri dge, MA, 1991. [2] Arvind and Rishiyur S. Nikhil. Executing Program on the MIT agged-T ok en Data o Arc hitecture. Computation Structures Group Memo 271. MIT Lab oratory for Computer Science, Cam bri dge, MA, 1988. [3] Barth, aul S., Nikhil, Rishiyur S., and Arvind. \M-Structures: Extending arall el, Non-strict, unctional Language with State." Confer en on unction al Pr gr amming anguages and Computer c hite ctur Cam bridge, MA, 1991. [4] Buehrer, Ric hard and Kattam uri Ek anadham. Incorp orating Data Flo Ideas in to on Neumann Pro cessors for aral lel Execution. IEEE ansaction on Computers C- 36(12):1 515 {152 (Decem er 1987). [5] Chiou, Derek. \F ram Memory Managemen for the Monso on Pro cessor". Pr din gs of the 1992 MIT Student Workshop on VLSI and Par al lel Systems [6] Culler, D. E. Managing aral leli sm and Resources in Scien ti�c Data o Program s. ec hnical Rep ort 446, MIT Lab oratory for Computer Science, Marc 1990. (PhD Thesis, Dept. of EECS, MIT.) [7] Culler, Da vid E., An urag Sah, Klaus Erik Sc hauser, Thorsten on Eic en, and John wrzynek. \Fine-grain Prallelism with Minimal Hardw are Supp ort: Compiler- Con tro lled Threaded Abstract Mac hine," Pr din gs of the ourth International Con- 105 fer enc on c hite ctur al Supp ort for Pr gr amming anguages and Op er ating Systems 1991, pages 164 175. [8] Dally William J. Data o on the J-Mac hine. An unn umm ered MIT Concurren VLSI Arc hitecture memo MIT Arti�cial In telligence Lab oratory Cam bridge, MA, 1988. [9] Dally William et al. Message-Driv en Pro cessor Arc hitecture. MIT Arti�cial In telligence Lab Memo 1069, MIT Arti�cial In telligence Lab oratory Cam bri dge, MA, 1988. [10] Dally William J. The J-Mac hine: System Supp ort for Actors. In Hewitt, Carl, and Agha Gul, editors, Concurr ent Obje ct Pr gr amming for Know le dge Pr es sing c- tor Persp ctive MIT Press, Cam bri dge, MA, 1989. [11] Dally William J., et al. The J-Mac hine: Fine-Grain Concurren Computer. Informa- tion Pr es sing 89, Pr din gs of the IFIP Congr es 1989. [12] Ga jski, D. D., D. A. adua, D. J. Kuc k, and R. H. Kuhn. Second Opinion on Data Flo Mac hines and Languages. IEEE Computer ebruary 1982, pages 58{69. [13] Iann ucci, Rob ert Alan, Data o on Neumann Hybrid Arc hitecture. ec hnical Rep ort MIT/LCS/TR-228, MIT Lab oratory for Computer Science, Cam bridge, MA, 1988. (PhD Thesis, Departmen of EECS, MIT.) [14] Nikhil, Rishiyur S., ID Language Reference Man ual ersion 90.1. Computation Struc- tures Group Memo 284-2, MIT Lab oratory for Computer Science, Cam bridge, MA, 1991. [15] Nikhil, Rishiyur S. and Arvind. Id: language with implici parallelism Computation Structures Group Memo 305, MIT Lab oratory for Computer Science, Cam bridge, MA, 1991. [16] Noak es, Mic hael, MDP Programer’s Man ual. MIT Concurren VLSI Arc hitecture Memo 40, MIT Arti�cial In telligence Lab oratory Cam bridge, MA, 1991. [17] apadop oulos, Gregory Mic hael. Implemen tati on of General Purp ose Data o Multi- pro cessor. ec hnical Rep ort MIT/LCS/TR-432, MIT Lab oratory for Computer Science, Cam bridge, MA, 1989. (PhD Thesis, Departmen of EECS, MIT.) 106 [18] apadop oulos, Gregory M., and Da vi E. Culler, Monso on: An Explicit ok en Store Arc hitecture. In Pr dings of the 17 th International Symp osium on Computer chi- te ctur Seattle, ashington, Ma 1990. [19] Sc hauser, Klaus Erik. Compili ng Data o in to Threads: E�cien Compiler-Con tro ll ed Multithreading for Lenien arall el Languages. Master’s Pro ject, Departmen of Elec- trical Engineering and Computer Sciences, Univ ersit of California Berk eley 1991. [20] Sp ertus, Ellen. Preliminary Data o on the MDP MIT Concurren VLSI Arc tiecture Memo 21, MIT Arti�cial In telligence Lab orary Cam bridge, MA, 1989. [21] Sp ertus, Ellen. Data o Computatio for the J-Mac hine. MIT Arti�cial In telligence Lab oratory ec hnical Rep ort 1233, Cam bridge, MA, 1990. (Bac helor’s Thesis, Depart- men of EECS, MIT.) [22] Sp ertus, Ellen and William J. Dally Exp erimen ts with Data o on General-Purp ose aral lel Computer. MIT Arti�cial In telligence Lab oratory ec hnical Memo 1272, Cam- bridge, MA, 1991. [23] Sp ertus, Ellen and William J. Dally Exp eriences Implemen t ing Data o on General- Purp ose arall el Computer. Pr dings of the 1991 International Confer enc on Par- al lel Pr essi ng pages I-231{I I-235. [24] Sp ertus, Ellen. An Analysis of the J-Mac hine’s Abilit to Supp ort Fine-Grained Compu- tation. MIT Arti�cial In telligence Lab oratory ec hnical Memo 1380, Cam bridge, MA, exp ected in 1993. [25] raub, Kenneth R. Compiler for the MIT agged-tok en Data o Arc hitecture. ec h- nical Rep ort MIT/LCS/TR-370, MIT Lab oratory for Computer Science, Cam bridge, MA, 1986. [26] raub, Kenneth R., Da vid E. Culler, and Klaus E. Sc hauser. Global Analysis for arti- tioning Non-Strict Program in to Sequen tial Threads. In Pr dings of the 1992 CM Confer en on Lisp and unctional Pr gr amming San rancisco, June 1992. 107 [27] raub, Kenneth R., Compilat ion at arti tio ning: New Approac to Compiling Non- Strict unctional Languages. In Pr din gs of the Confer enc on unctional Pr g am- ming an guages and Computer chite ctur London, Septem er 1989. [28] raub, Kenneth R. Data o Compiler Substrate. Computatio Structures Group Memo 261, MIT Lab oratory for Computer Science, Cam bri dge, MA, 1986. (Master’s Thesis, Departmen of EECS, MIT.) [29] raub, Kenneth R., Sequen tial Implemen tati on of Lenien Programm i ng Languages. ec hnical Rep ort MIT/LCS/TR-417. MIT Lab oratory for Computer Science, Cam- bridge, MA, Septem er 1988. (PhD Thesis, Departmen of EECS, MIT.) [30] on Eic en, Thorsten; Da vid E. Culler, Klaus Erik Sc hauser, and Seth Cop en Goldstein. TL0 ersion 2.1: An implem en tat ion of Threaded Abstract Mac hine (draft). Univ ersit of California, Berk eley 1991. 108