Linear Graph Reduction: Confron ting the Cost of Naming Alan Ba wden Marc 10, 1993 Abstract Linear graph reduction is simple computational mo del in whic the cost of naming things is explicitly represe ted. The ey idea is the notion of line arity name is linear if it is only used once, so with linear naming ou cannot create more than one outstanding reference to an en tit As result, linear naming is heap to supp ort and easy to reason ab out. Programs can translated in to the linear graph reduction mo del suc that linear names in the program are implem en ted directly as linear names in the mo del. Nonlinear names are supp orted constructing them out of linear names. The translation th us exp oses those places where the program uses names in exp ensiv e, nonlinear ys. Tw applications demonstrate the utilit of using linear graph reduction: First, in the area of distributed computing, linear naming mak es it easy to supp ort heap cross-net ork references and highly ortable data structure s, Linear naming also facilitates demand driv en migrati on of tasks and data around the net ork without requiring explicit guidance from the programm er. Second, linear graph reduction rev eals new haracterization of the phe- nomenon of state. Systems in whic state app ears are those whic dep end on certain glob al system prop erties. State is not lo calizable phenomenon, whic suggests that our usual ob ject orien ted metaphor for state is a ed. Con ten ts In tr duct ion 1.1 Linearit 1.1.1 What is it? 1.1.2 Wh is it called \linearit y"? 1.1.3 Wh is linearit imp ortan t? 1.1.4 Wh not just use -calculus? 11 1.2 Application to distributed computing 12 1.2.1 The state of the art 12 1.2.2 uni�ed approac 14 1.2.3 Con tin uations and lo cation transparency 15 1.2.4 The streaming problem, demand migration and tasks 16 1.2.5 Results 17 1.3 Application to the problem of state 17 1.4 Outline 19 Linear Graph Reduction 21 2.1 Linear graphs 21 2.2 Linear graph gramm ars 23 2.3 Graph expressions 24 2.4 Mo deling real systems 25 2.4.1 Represen ting linear structure 26 2.4.2 Represen ting nonlinear structure 27 2.4.3 Represen ting ob jects with state 29 2.4.4 Represen ting input/output eha vior 31 Compili ng Sc he me 33 3.1 ertex yp es for the Sc heme run-time 34 3.1.1 Ob jects 35 3.1.2 Messages 37 3.1.2.1 Op erations 38 3.1.3 toms 39 3.1.3.1 Globals 40 CONTENTS 3.1.4 utures 43 3.2 ranslating Sc heme constructs 44 3.2.1 BEGIN 48 3.2.2 IF 48 3.2.3 FUTURE 50 3.2.4 LETREC 51 3.3 Optimization: sim ulati on 53 3.4 real example 57 3.5 Co de generation 62 3.6 Summ ary 66 Main t ain i ng Connection Across the Net ork 67 4.1 The con tract of link 68 4.2 The link main tenance proto col 70 4.2.1 Link main tenance data structures 71 4.2.2 Link la er comm unicati on 72 4.2.3 Creating new link 72 4.2.4 Destro ying link 72 4.2.5 Mo ving one end of link 73 4.2.6 Reclaimi ng link records 74 4.3 Pro of of correctnes 75 4.4 Examples 77 4.4.1 There and bac again 77 4.4.2 oll the leader 79 4.4.3 andering around from home 79 4.4.4 Ev eryb dy lea es home 80 4.4.5 Confusion reigns 81 4.5 Analysis and ossible impro em en ts 83 4.6 Summ ary 85 Distri b ut ed Execution 87 5.1 Run-time mo dules 87 5.2 Tw examples 91 5.2.1 The source co de 91 5.2.2 First example 94 5.2.3 Second example 100 5.3 Migration heuristics 105 5.3.1 The heuristics 107 5.3.2 The example revisited 109 5.4 Summ ary 111 CONTENTS State 115 6.1 What is state? 116 6.2 The symptom of state 118 6.2.1 Symptom nondeterminism 118 6.2.2 Symptom cycles 120 6.3 Lo calit 122 6.3.1 Homom orphism and lo cal indistinguishabili 123 6.3.2 Metho ds 124 6.4 Implications for programs 127 6.4.1 The parable of the rob ot 128 6.5 The ob ject metaphor 129 6.6 Summa ry 130 Conclusion 133 7.1 Relation to other ork 133 7.1.1 Linear naming 133 7.1.2 Graph reduction 135 7.1.3 Distributed computing 136 7.1.3.1 Explicit lo cations 136 7.1.3.2 Lo cation indep enden ob ject names 137 7.1.3.3 Uni�ed nami ng 137 7.1.4 Programm ing language seman ti cs 138 7.1.5 The target tai proto col 139 7.1.6 Thinking ab out state 140 7.2 uture researc 140 7.2.1 Linearit 140 7.2.2 Linear graph reduction 140 7.2.3 Programm ing languages 141 7.2.4 Garbage collection 142 7.2.5 Distributed computing 143 7.2.6 State 144 7.3 Con tributions 145 Bibli ogr aph 147 List of Figures 2.1 Linear Graph 22 2.2 Nonlinear Graph 22 2.3 Metho 23 2.4 Copy tree 27 2.5 Car message in transit 29 2.6 The Car message arriv es 30 3.1 Run-time ertex yp es 35 3.2 The metho for calling FACT 58 3.3 The metho for calling LOOP 59 3.4 The metho for when (< 2) is true 60 3.5 The metho for when (< 2) is false 61 3.6 The initial orking graph for (FACT 2) 61 3.7 Before the conditional test (�rst time) 61 3.8 Before tree-clim bing 62 3.9 After tree-clim bi ng 63 3.10 Before the conditional test (second time) 63 3.11 Returning the result 63 5.1 Run-time mo dules 88 6.1 The metho for calling EXPERIMENT 121 6.2 Linear Graph Homom orphism 124 Chapter In tro duction Linear graph reduction is simple computational mo del in whic the cost of naming things is explicitly represen ted. Names are costly ecause comm unica- tion is costly and names go ern the computational en tities comm uni cate. Linear graph reduction can used to mo del computational systems in order to exp ose the places where those systems use names in exp ensiv ys. The ey to the linear graph reduction approac to naming is the notion of line arity Brie y name is linear if it is only used once. With nonlinear naming ou can create more than one outstanding reference to an en tit but with linear naming ou cannot. As result, linear naming is heap er to supp ort than fully general naming and it is also easier to reason ab out. Programs can translated in to the linear graph reduction mo del suc that linear names in the program are impl em en ted directly as linear names in the mo del. Nonlinear names can supp orted constructing them out of the more primitiv linear names. can ho ose to view this translation as either exp osing nonlinearit since certain telltale structures are created con erted nonlinear names, or as eliminating nonlinearit since the mo del itself is en tirely linear. In either case, once program has een translated in to the linear graph reduction mo del, man problems whic are exacerbated nonlinear naming ecome more tractable. demonstrate the utilit of the linear graph reduction mo del, applied it it di�eren areas. First, used it to solv some practical problems in the construction of distributed programm ing en vironm en t. By taking adv an tag of the prop erties of linear naming as able to build distributed programm ing en vironm en in whic cross-net ork reference are heap, and all data structures are highly ortable. urthermore, the con trolled linear nami ng mec hani sm fa- cilitates the construction of heuristics that e�ectiv ely migrate tasks and data around the net ork without requiring explicit guidance from the programm er. Second, used linear graph reduction to dev elop new theoretical harac- terization of the notion of state. System’s in whic state app ears stand rev ealed CHAPTER 1. INTR ODUCTION as those whic dep end on certain glob al prop erties of the system. What normally think of as state is merely the this prop ert is er eive the observ ers em edded in the system. State is not phenomenon that can neces- sarily lo calized, whic suggests that our usual ob ject orien ted programm ing language metaphor for state is a ed. The rest of this hapter in tro duces the notion of linearit and the linear graph reduction mo del and describ es applications. Section 1.1 de�nes linearit and some related notions. Section 1.2 summ arizes the curren state of the art in distributed programm ing en vironm en ts, and then describ es ho used linear graph reduction to solv some fundamen tal problems in that area. Section 1.3 explains ho used linear graph reduction to in estigate the origins of the phenomenon of state. 1.1 Linearit 1.1.1 What is it? Linearit is prop ert of names. name is linear if it is only used once. By extension, things that use names, suc as expressions and programs, are linear if all of the names they use are linear. or example (define (shorter? y) (< (length x) (length y))) is linear Sc heme C92 pro cedure ecause and are oth used exactly once. (F or simpli cit assume that global iden ti�ers suc as LENGTH and are some kind of constan t, rather than eing ordinary names.) (define (length l) (if (null? l) (+ (length (cdr l))))) is nonlinear ecause is used wice in the case where its alue is nonempt Note that (define (f x) (if (null? l) (x) (car x))) is linear ecause is only use once (b ecause only one arm of conditional or case statemen is ev er executed). In other ords, it isn’t syn tactic curr enc es of name that matter, it is the um er of times that the name ust resolv ed during execution. An in terpreter could written that hec ks for linearit eeping coun for eac ariabl in ev ery en vironm en t. Initially eac coun is zero. Eac time the alue of aria ble is retriev ed, the asso ciated coun is incremen ted. If Whenev er de�ne new term will set it in old yp e. 1.1. LINEARITY coun for particular ariable ev er exceeds one, that ariable is nonlinear name. ariables whose coun nev er exceeds one are linear names. Notice that this de�nition of linearit has little to do with the fami li ar mean- ing of \linear" from algebra. The pro cedure (define (discrimina nt c) (- (expt 2) (* c))) computes nonlinear function er the um ers, but it ful�lls our de�nition of linear pro cedure ecause the names and are all used exactly once in its dy Simila rly (define (double x) (+ x)) computes linear function in the algebraic sense, while the pro cedure de�nition is nonlinear ecause the name is used wice. data structure is just bunc of names bundled together, so data struc- ture is linear if ev erything that manipul ates it uses those names linearly and if the structure itself is only manipula ted once. This is really just the dual of the observ ation previously made ab out conditional and case statemen ts. Imag- ine gathering up all the pieces of co de that manipulate instances of the giv en structure and assem bling them in to gian case statemen that dispatc hes on the op eration that is to erformed. If treat not only iden ti�ers, but also accesses to structure comp onen ts as names, then if that case statemen is linear will sa that the original data structure as linear. reference is lo w-l ev el name|exam pl es are memo ry addresses and net- ork addresses. nonlin ear reference is reference that can freely dupli- cated. Most famili ar reference are nonlinear. In con trast, linear reference is reference that can not duplicated. If all names in program are linear names, then all the reference manipulated at run-time can linear reference s. Linear graph reduction (whic is describ ed completely in hapter 2) is graph reduction system in whic the reduction rules are linear. In graph reduction system edges are references so for graph reduction system to linear means that the um er of edges inciden to giv en ertex cannot hange as result of graph reduction (e.g. if ertex is created with inciden edges, it will ha inciden edges throughout its lifetim e). This is in con trast to ypical graph reduction systems where the um er of edges inciden to ertex can hange during the ertex’s lifetim e. In suc systems the edges are directed, and it is the um er of inb ound inciden edges that can hange. In particular, the um er of in ound edges is normall allo ed to gro without ound. But see the discussion in section 1.1.2. In e�ect, con er the program in to the ob ject orien ted st yle of Sc he me program m ing found in AS85 ]. CHAPTER 1. INTR ODUCTION Since the all reduction rules in linear graph reduction system are linear, it follo ws that the ertices are linear data structures in the sense de�ned ab e. are guaran teed that at all times, all structures only ha edges connecting them to �xed um er of other structures It is ossible to translate an arbitrary computer program in to set of rules for linear graph reduction system. (The complete translation pro cess for particular ell-kno wn language is describ ed in hapter 3.) In the pro cess of this translation, something ust done in order to implem en nonlinear names that app ear in the program, using only linear reductions and linear ertices. ortunately it pro es ossible to build structures that supp ort the eha vior of nonlinear names. Imp ortan tly it pro es ossible to do this in suc that the linear names are implem en ted dir ctl in terms of edges (the nativ reference mec hanism in the linear graph reduction mo del). This translation pro cess th us \squeezes out" the nonlinearities in the original program, exp osing them to view. Another imp ortan di�erence et een linear graph reduction and most tradi- tional graph reduction systems is the ertices are used. raditi onall graph reduction has een used to represen the pro cess of normali zing an expression, and so ertices ypically corresp ond to expressions tak en from the program. In linear graph reduction, use ertices to represen the fami li ar data structures found in ypical programm ing language implem en tation: records, stac frames, closures, lists, um ers, etc. The orking graph directly represe ts the state of suc an implem en tatio captured at particular oin in time. The linear reduction rules mo del the hanges that ccur in the state of the implem en tatio as the computation ev olv es. 1.1.2 Wh is it called \linearit y"? It ma not imm ediately ob vious wh ha hosen to call this prop ert \lin- earit y". In dictionary the �rst sense giv en for \linear" is ypicall something lik of, relating to, resem bling or ha ving graph that is straigh line, whic is ob viously the original meaning of the ord, but an additional sense is usually giv en as of the �rst degree with resp ec to one or more ariables. This second sense represen ts fact that mathem aticians disc over ab out func- tions whose graph satis�es the �rst sense of the ord: Linear functions can written as expressions (using only the op erations and in whic the relev an ariable is only used onc As result of this disco ery the de�nition 1.1. LINEARITY of linear has expanded to include this syn tactic prop ert It is the syn tactic prop ert alone that ha in mind when use the ord linear. None of the other senses apply (at least in an that ha een able to disco er). Note that itself the syn tactic prop ert is still enough to pro that comp ositions of linear expressions are linear. Substituting linear expres- sion for ev ery ccurrence of ariabl in another linear expression alw ys results in linear result. This kind of pro of orks equally ell for the linear functions from algebra as it do es for linear programm ing language expressions. 1.1.3 Wh is linearit imp ortan t? The ey to the imp ortance of linearit is the observ ation that nonlinear naming can used to create more than one outstanding reference to an en tit y|and this can exp ensiv e. As long as an en tit is only referred to through linear names, there can only one place in the system that refers to it, but as so on as non- linear names are used, reference can ultipl urthermore, in all traditional programm i ng languages this is the only reference can ultipl y; unnamed en tities, suc as con tin uations and the in term ediate alues pro duced during the ev aluati on of expressions, are only referenced from one lo cation throughout their lifetim es. When referenc es proliferate, man things can happ en that ould otherwise imp ossible. In general, ust pa some price in order to prepare for these additional ossibilities. Here are three examples that will pla roles of arying imp ortance in the rest of this dissertation: Garbage collecti on. In the absence of ulti ple reference s, the storage man- agemen problem is easy to solv e: The storage asso ciated with an en tit can freed the �rst time it is used, ecause the �rst time ust also the last time. garbage collector only ecomes necessary when nonlinear names allo the reference to en tities to ulti ply Programm ing language impl em en tors ha traditionally tak en adv an tage of this fact in order to stac allo cate con tin uatio ns. Most programm i ng languages don’t pro vide mec hani sm for naming con tin uations. In those languages con- tin uatio is only ev er reference from single lo cation at time; it is either the \curren t" con tin uati on, or it is reference from some more recen con tin uati on. Once suc con tin ua tion is used, it ma imm ediately discarded. The de�nitio of linear also no includes other consequen ce of the original de�nition of the ord. or exampl e, function satisfying relation lik is said to linear|ev en though the domain and range of ma suc that it mak es little sense to dra graph of in order to see if it resem bl es straigh line. 10 CHAPTER 1. INTR ODUCTION In programm ing languages that pro vide mec hanism for naming con tin ua- tions, suc as Sc heme C92 and Comm on Lisp Ste90 ], allo cating con tin uati ons on stac no longer orks in all situations. (Comm on Lisp’s approac to this problem is to just allo cate con tin uations on the stac an yw and then write the resulting limi tatio ns in to the language de�nition.) Distrib ut ed computi ng. In the absence of ultipl references there are no comm uni cations ottlenec ks. If en tities refer to eac other using only linear names, eac en tit can only kno wn ab out one other en tit When that single outstanding reference is �nally used to comm uni cate with the en tit that will necess arily the reference’s last use. So the �rst message receiv ed will also the only message receiv ed. There is nev er an need to orry that large um er of messages ma arriv in short time and sw amp the lo cal comm uni cations facilities. Indeed, the receiv er do es not ev en need to con tin ue to listen after the �rst and �nal message arriv es. As with garbage collection, implem en tors are already taking adv an ta ge of this in the case of con tin uati ons. When implem en ting remote pro cedure calls BN84 con tin uati on is link et een net ork lo cations that will ev en tu- ally transp ort some answ er bac to the caller. Since con tin uation can only used once, there is nev er an need to dev ote an resource to main ta ining that link after the completion of its single in tended use. This connection et een nonlinear naming and the complexit of comm u- nications in distributed en vironmen will cen tral to oth hapter and hapter 5. Side e�ects. In the absence of ulti ple references side e�ects are imp ossibl e. Again, this results from the inabilit to use an en tit more than once without using nonlinear naming. In this case the notion of side e�ect simply mak es no sense unless ou can in teract with the same en tit at least twic ou need to able to erform one op eration that supp osedly alters the state of the en tit follo ed second op eration that detects the alteration. This observ ation will pla cen tral role in hapter 6, where the phenomenon of state will examined. Of course don’t an to giv up the language capabilities that mak garbage collection necessary or that mak comm uni cations ottlenec ks ossible, or that allo side e�ects; am not adv cating \linear st yle" of programm ing analogous to the \functional st yle" of programm ing It is practical to program in functional st yle, but linearit is to restrictiv to ev er in ict it directly on programm ers. There are times when ulti ple references to the same en tit are exactly what the programm er needs. or example, comm unications ottlenec Although in Ba w84 did adv cat exactly that. ha since come to senses. 1.1. LINEARITY 11 ma small price to pa in return for the abilit to share some aluabl resource. ully general naming is erful to ol. an to able to use that er whenev er need it. But don’t an to pa for it when aren’t using it. In fact, as man of the examples that follo will demonstrate, ypical programs are largely linear. Most ob jects are named linearly most of the time. By impl em en ti ng naming suc that only pa for nonlinear naming when actually use it, can mak the comm on case of linear naming uc heap er. This is wh it is imp ortan that the translation of program in to linear graph reduction rules implem en ts the linear names from the program directly in terms of the linear references (edges) in the graph|if those edges are ept heap, then linear names in the original program will heap. 1.1.4 Wh not just use -calculus? -calculus is simple mo del of naming that has traditionally een used in the study of programm ing languages. Wh can’t the study of linear naming carried out using -calculus? The problem is that -calculus itself exhibits the phenomenon wish to study -calculus lets ou write an iden ti�er as man times as ou lik e. -calculus itself mak es no distinction et een linear names and nonlinear names. or man purp oses, this prop ert of -calculus is an adv an tage. or example, computer’s memory system supp orts nonlinear naming|a computer’s memory is willing to accept the same address er and er again|whic con enien tly allo ws compiler to implem en the high-lev el names from -calculus directly in terms of the lo w-lev el names from the memory system. This prop ert is what mak es translating program in to \continuation- passing st yle" Ste76 Ste78 an e�ectiv tec hnique for compiler. This trans- lation exp oses the unnamed in termedia te alues and con tin ua tions necessary to execute the program turning them in to explicitly named quan tities. This simpli �es orking with the original program reducing all reference manip- ulation to the named case. In particular, since the memo ry system supp orts essen tially the same mo del of naming, compiling the continuation-passing st yle -calculus in to mac hi ne language is relativ ely simple. As it happ ens, all the names in tro duced when program is translated in to continuation-passing st yle -calculus are linear. But nothing in the -calculus explicitly represe ts this fact. or this reason it can argued that the trans- lation has actually hidden some imp ortan informatio n, since some quan tities that ere previously only referenced through sp ecial case linear mec hanism are no reference through the general nonlinear naming mec hanism Compil er writers that use continuation-passing st yle are are of this loss of explicit inform ation. They generally tak sp ecial pains to sure that the com- piler stac k-allo cates con tin uati ons (at least in the comm on cases). See KKR 86 for an example. In e�ect they ust ork to reco er some sp ecial case infor- 12 CHAPTER 1. INTR ODUCTION mation ab out linearit that the translation in to continuation-passing st yle has hidden. The translation of program in to the linear graph reduction mo del is closely analogous to the translation in to continuation-passing st yle -calculus. It to exp oses things that ere previously impli cit in the program. In addition to ex- osing con tin uati ons and in termediate alues, it also exp oses nonlinear naming. This exp osure comes ab out for analogous reasons: just as continuation-passing st yle -calculus do es not supp ort in termedia te alues and con tin uations, the linear graph reduction mo del do esn’t supp ort nonlinear naming. 1.2 Applicati on to distributed com puti ng In order to demonstrate the er of exp osing nonlinearit en in searc of practical problem that could solv ed using this to ol. Distributed computing presen ted itself as the ob vious hoice ecause it is an area in whic naming problems are particularly acute. In distributed en vironm en t, the user of name and the named en tit itself ma separated the net ork, situation whic creates problems not presen in purely lo cal naming In this section, will brie y review the state of the art in distributed com- puting, discuss some of the problems curren tly eing faced, and then explain ho applied linear graph reduction to solv those problems. 1.2.1 The state of the art The remote pro cedure call (RPC) is ell established as basis for distributed computing BN84 ]. If what is needed is single in teraction with some remote en tit and if the nature of that in teraction is kno wn in adv ance, then RPC orks ell. RPC ac hiev es nice mo dula rit neatly aligning the net ork in terface with the pro cedure call in terface. RPC pro vides su�cien basis for constructing an distributed application, but erformance can ecome problem if the pattern of pro cedure calls do es not represen an e�cien pattern of net ork transmissions. Problems are caused the fact that ev ery RPC en tails complete net ork round trip. or example, reading series of ytes is naturally expresse as sequence of calls to pro- cedure that reads bu�er full of ytes, but erformance will unacceptable if eac of those calls tak es the time of net ork round trip. net ork stream (suc as TCP connection os81 ]) will ac hiev the same goal with uc et- ter erformance, but it is ery di�cult to duplicate the stream uses the net ork giv en only RPC. will call this the \streaming problem". Additional problems are caused the fact that the result of an RPC is alw ys returned to the source of the call. or example, supp ose task running on net ork no de an ts to cop blo of data from no de to no de The natural for to pro ceed is to �rst read in the data with one RPC to 1.2. APPLICA TION TO DISTRIBUTED COMPUTING 13 and then write it out with second RPC to The total time sp en crossing the net ork will where is the \t ypical" net ork transit time. The data itself will cross the net ork wice|once from to and again from to Clearly the same job could accomplished in using more lo w-lev el mec hani sm s: �rst message from to describ es the job to done, then message from to carries the data, and �nally message from to announces the completion of the job. Again, it is ery di�cult to duplicate this eha vior giv en only RPC. will call this the \con tin uatio problem". The streaming problem can solv ed in ariet of ys. or example, the RPC and stream mec hanism can com bi ned to allo call and return messages to pip elined er the same comm unicatio ns hannel. In order to tak full adv an tag of this pip elining, the originator needs to able to mak man calls efore claimi ng an of the returns. Some additional linguistic supp ort is required to mak suc \call-streams" as neatly mo dular as simple RPC LBG 88 LS88 ]. In man cases the streaming problem can solv ed migrati ng the clien to the lo cation of the data, instead of insisting that the data journey to the clien t. Consider the case where the individual elemen ts of the stream are to summ ed together. Instead of arranging to stream the data er the net ork to the clien t, the holder of the data is sen description of the task to erformed; it then runs that task and returns the result to the clien t. This is almo st lik RPC, except that an arbitrary task is erformed remotely rather than selecting one from �xed men of exp orted pro cedures This requires some language for describing that task to the remote site. ypical description language hoices are Lisp or ostScript dialects FE85 ar92 Sun90 ]. Neither of these tec hniques is fully general solution to the erformance problems of pure RPC. In particular, neither addresses the con tin ua tion prob- lem, since oth tec hniques alw ys insist on returning answ ers directly to the questioner. The con tin uati on problem could solv ed using arian of RPC where the call message explicitly con tained con tin uati on that said where to send the answ er. In the example ab e, con tin uation that named as the place to send the answ er ould passed in call message from to then ould send the data to in second (tail-recursiv e) call message that con tained the same con tin uatio n; �nally ould return to that con tin uation sending return message to In addition to erformance problems, there is another shortcoming shared RPC and all the impro em en ts describ ed ab e: They all require the caller to sp ecify the net ork no de where the next step of the computation is to tak place. The caller ust explicitly think ab out where data is lo cated. It ould uc etter if this as handled automaticall and transparen tly so that the programm er nev er had to think ab out ho osing et een remote and lo cal pro cedure call. Instead, tasks and data ould mo from place to place as Eac RPC call tak es for the call to tra el from caller to callee, and for the reply to return. See ar92 for go presen tati on of the argumen wh ultimat ely is the only time orth orrying ab out. 14 CHAPTER 1. INTR ODUCTION needed, in order to collect together the informati on needed for the computation to progress. While RPC aligns the net ork in terface with the pro cedure call in terface it fails to unite the net ork naming system with the programm i ng language naming system. bring ab out suc transparency the reference manipulated the system ust uniforml capture the net ork lo cation of the referen t. Suc reference cannot simple oin ters, since sometim es the relev an informatio will lo cal, and other times it will remote. Using suc reference will necess arily require that these cases distinguished. This leads naturally to the sligh tly more arm’s length approac to reference that is haracteristic of ob ject orien ted programm ing An example of this is the \p orts" are used as univ ersal references in Mac YTR 87 ]. 1.2.2 uni�ed approac All of the arious impro em en ts on simple RPC based systems are heading in reasonable directions. Ev en tually these dev elopm en ts, and others lik them, ma com bined to build e�cien t, lo cation transparen t, distributed programm ing en vironmen ts. But the journey do wn this road will di�cult one un til distributed system arc hitects recognize that all of the problems ha something in comm on: They are all ultimately naming issues. Sp eci�cally: Solutions to the streaming problem all require mobil it of either tasks or data, and mobili is di�cult ecause it puts pressure on the en tities can name eac other. An one who has ev er �led forw arding address with the ost o�ce understands ho mobil it in teracts badly with naming systems. The con tin uatio problem is result of the the ypical implem en tatio of RPC fails to explicitly name con tin uati ons. The lac of lo cation transparency is de�ciency in the naming sc heme used for ob jects in the distributed en vironm en t. In all three cases, the ro ot of the problem is that implem en tors are reluctan to em brace fully general naming sc hemes for remotely lo cated ob jects. Implem en- tors oid suc naming ecause nonline ar nami ng can exp ensiv to supp ort in distributed en vironmen t, although in fact linear naming is the commo case (for example, linear naming is all that is ever needed to solv the con tin uatio problem) and linear naming can supp orted quite heaply Th us, using linear graph reduction as the basis for distributed pro- gramm ing en vironmen t, all of the problems discussed in the last section can addressed at once. The basic strategy is to compile programs written in famil iar programm i ng language in to the linear graph reduction mo del, and then execute them on distributed graph reduction engine. ha constructed suc 1.2. APPLICA TION TO DISTRIBUTED COMPUTING 15 system|its detailed description mak es up the dy of this dissertation. In the rest of this section will describ ho this approac solv es the problems iden ti�ed ab e. run-time, the ertices in the orking graph will parceled out to the arious net ork no des that are participan ts in the distributed graph reduction engine. Recall that these ertices function as stac frames (con tin uations), records, um ers, pro cedures, etc., and the edges that join them function as the references those structures mak to eac other. Some edges will join ertices held at the same lo cation, and other edges will cross the net ork. As the orking graph ev olv es due to the application of linear reduction rules, it will sometimes pro necessary to migrate groups of ertices from place to place. 1.2.3 Con tin uations and lo cation transparency The con tin uation problem will solv ed ecause in the linear graph reduction mo del all data structures refer to eac other using the same uniform mec hanism (edges). So in particular, con tin ua tions will alw ys explicitly referred to other en tities. In more implem en tationa terms, stac frames will link ed together just as an other data structures are link ed together|there will no implicit references to con tin uati ons suc as \return to the next thing do wn on the stac k" or \return to the net ork en tit who ask ed ou the question". referenc to con tin uations that resides on di�eren net ork no de will represen ted in the same as reference to an other remote ob ject. Imp ortan tl since con tin ua tions are alw ys manipul ated linearly these ref- erences to remote con tin ua tions will alw ys heap. There will nev er an need to deplo the additional mec hanism necessary to allo there to ultipl references to con tin uation. Lo cation transparency will also consequenc of using uniform rep- resen tation for all reference s. Since all references are the same, can allo the names used in our programs to implem en ted directly in terms of these references This will eep the lo cations of all en tities completely hidden from view in the programm ing language. In other ords, uniform represen tation for references allo ws us to align the net ork naming system with the programm ing language naming system. Linearit facilitates these solutions minim i zing the cost of adopting uniform represe tation for referenc es. ould ha ac hiev ed the same results using nonlinear reference s|at price. As long as the nonlinear reference to lo cal and remote en tities had the same represen tation, and as long as con tin ua- tions ere referenced explicitly ould ha solv ed the con tin uatio problem and ac hiev ed lo cation transparency These nonlinear reference ould di�- cult, but not imp ossible, to mai tain across the net ork. Ho ev er, as will demonstrate in (almost painful) detail in hapter 4, cross- net ork linear references are ery simple and easy to main tai n. This is direct result of the fact that linear references cannot duplicated. Supp orting linear 16 CHAPTER 1. INTR ODUCTION reference from remote lo cations to lo cal en tit is easy ecause ou only need to orry ab out the whereab outs of one outstanding referenc e. If that reference ev er ecomes lo cal, then all net ork resource dev oted to mai taini ng the reference can easily discarded. If the reference en tit needs to mo to new lo cation, only that single reference needs to trac ed do wn and informed of the new lo cation. 1.2.4 The streaming problem, demand migration and tasks Cheap linear reference also pla role in solving the streaming problem. Re- call that the streaming problem is an instance of the more general problem of mobili y: task is separated from the data it an ts to manipula te next, and so either the task or the data ust migrated. Since oth task structures and data structures con tain reference to, and are referenced other en tities, using linear reference mak es oth tasks and data easier to migrate. But that do esn’t directly address the issue of which structure to migrate. Should migrate the data to the task, or the task to the data? Nor do es it address the uc harder problem of selecting what to migrate and what to lea ehind. If decide to migrate list, should send the elemen ts of that list along for the ride? If send stac frame, what structures directly referenced from that stac frame should accompan it? Should also include the next stac frame do wn? These ouldn’t problems if simply rev erted to the curren state of a�airs, where the programm er ust explicitly sp ecify ev erything ab out mi- gration. But ha ving successfully hidden the net ork from the programm ing language lev el so far, it ould shame to surrender at this oin t. ortu- nately linearit can used in di�eren to solv this problem as ell. The solution is closely analogous to the demand paging orks to implem en virtual memory When it ecomes clear that migratio ust tak place, will handle this \fault" using some simple heuristics to select set of ertices to migrate. Just as demand paging satis�es page fault bringing more ords in to memory than are strictly necessary to reliev the fault, will migrate ad- ditional ertices ey ond those that are imm ediately needed. This pro cess will called demand migrati on In demand paging, the heuristic is to read in ords adjacen to the one that caused the fault. This orks ell ecause of the prop ert comm only called \lo calit y" addresses referenced in the recen past tend to close to addresses that will referenced in the near future. Using exclusiv ely linear structures enables us to mak analogous predictions ab out what structures will need to close to eac other in the near future, so can o id future separate migrati ons (\faults") migrating those structures together. The migrati on heuristics ork com bini ng the limi ted and con trolled na- ture of linear references with some simple compile-tim analysis of the set of linear graph reduction rules. Precisely ho this orks will explained in 1.3. APPLICA TION TO THE PR OBLEM OF ST TE 17 hapter 5, but the basic con tribution made linearit is to mak it easy to kno when one en tit mak es the only reference to another en tit ). In suc case, if is de�nitely going to migrated, then it is lik ely that migrat- ing is go hoice. This observ ation simpli�es the problem enough that few heuristics are able to mak migrati on hoices that are close to optimal In fact, the heuristics are so go that they are able to reconstruct the in- tuitiv notion of \pro cess" or \task", ev en though the linear graph reduction mo del itself supp orts no suc notion. In tuitiv ely task is some lo cus of ongoing activit along with all of the data structure that are directly related to sup- orting that activit In other ords, task is exactly the righ thing to treat as unit when migrating things around net ork. In order to tak full adv an tag of programm ing in distributed en vironmen t, there needs to some mec hanism for getting more than one task running at the same time. or this purp ose ha hosen the FUTURE construct as found in MultiLisp Hal84 ]. (F utures ha particularly elegan implem en tation in the linear graph reduction mo del.) will see that the mig ration heuristics ork ell at sp otting the linear graph structure that prop erly \b elongs" to the arious tasks created when using futures, and so the system will able to migrate those tasks separately around the net ork. All this from mo del that has no nativ notion of task to egin with. 1.2.5 Results In distributed en vironm en t, parts of an ev olving computation can ecome separated from eac other. fundamen ta problem is bringing these parts bac together again when the appropriate time arriv es. This is precisely what naming is for name things that are not curr ently in teracting with so that ma trac them do wn later and in teract with them then. Th us, should exp ect that something that claims to an impro ed to think ab out naming should �nd application in distributed computing. Linear graph reduction passes this test. My impl em en tati on demonstrates ho prop er atten tion to linearit can mak cross-net ork references heap, can supp ort highly mobil data structures, and can facilitate heuristics to e�ectiv ely migrate tasks on demand without explicit guidance from the programm er. 1.3 Application to the problem of state As second demonstration of linear graph reduction, will presen (in hapter 6) an examination of the phenomenon of state In this con text, linearit yields an imp ortan insigh rather than imm ediately practical ene�ts. Most treatmen ts of state start with some primitiv elemen ts that supp ort state and then study mec hanism used to com bi ne those elemen ts in y that eep the state ell eha ed GL86 SRI91 ]. My approac di�ers in that will 18 CHAPTER 1. INTR ODUCTION creating en tities that supp ort state out of nothing. Then careful examinatio of the conditions necessary for state to emerge will rev eal the essence of what state is really all ab out. Understanding that essence will rev eal wh the usual approac hes to state sometim es go wry The rest of this section outlines approac to state and summarizes the resulting insigh t. The �rst problem will face is the lac of satisfactory preexisting de�ni- tion for \state". ypicall state is tak en to prop ert that can lo calized to sp eci�c en tities|some en tities ha state and other en tities are \stateless"| but as our goal, in part, is to disco er whether or not state can lo calized, cannot adopt suc de�nition. Instead, state will not de�ned at all initiall and will rely on an approac that pa ys careful atten tion to the er eptions of the en tities in computational system. That is, will examine systems in whic some comp onen ts er eive state in other comp onen ts. Later, armed with successfully haracterized those systems, will able to supply de�nition for \state". (This en tire en terprise can view ed as searc for this de�nition.) This is subtle approac h, and it is in teresting to consider ho it is that the linear graph reduction mo del suggested it. Using linear referenc es mak es it uc clearer where the oundary lies et een base-lev el computation and meta-lev el computation that manipul ates or reasons ab out it. linear reference to an en tit in the base-lev el computation can held another base-lev el en- tit but for that same reference to held some meta-lev el en tit ould imply (b ecause of linearit y) that no base-lev el en tit can holding that ref- erence. This clearly rev eals confusion of lev els and suggests that some other indep endent reference mec hanism is required for the meta-lev el to name the en- tities in the base-lev el. Since state is erceiv ed thr ough the references to an en tit this suggests that state as erceiv ed from the meta-lev el ma not the same as state erceiv ed from within the base-lev el. restrict our atten tions to base-lev el erceptions ecause this is the viewp oin that our programs actually ossess. this oin in the dissertation will ha seen man examples of linear graph reduction systems in whic arious comp onen ts erceiv state. will, for example, ha seen the Sc heme primi tiv SET-CAR! impl em en ted in linear graph reduction terms. So then the reader will ha no trouble seeing that al suc systems share comm on haracteristics: They are all nondeterministic. That is, they all require sets of graph reduction rules in whic the outcome of computation can dep end on the order in whic rules are applied. They all require linear graph structure that con tains cycles. These observ ations, esp ecially the observ ation of cycles, will motiv ate us to tak an apparen digression in to the formal mathemati cal prop erties of linear graph structure. In particular will study homom orphism et een linear graphs as to ol that will enable us to examine lo cal vs. global prop erties. 1.4. OUTLINE 19 Then will pro some theorems ab out the actions of linear graph reduction rule sets when applied to graphs that ha the same lo cal structure but di�eren global structure. this oin will pull rabbit out of hat, for it turns out that linear graph reduction systems that are sensitiv to the global structure of the sys- tem (in certain ell-de�ned y) must nondeterministic and must exhibit cycles|precisely the symptom observ ed empiricall in systems that exp eri- ence state. This implies that what is really going on when the comp onen ts of system exp erience state is that the system as whole has this kind of global sensitivit claim that this is ho state should de�ned. What normally think of as state is merely the expression of global prop ert of system in the erceptions of the observ ers em edded in that system. This insigh can applied to um er of di�eren problems to suggest new approac hes to their solution. erhaps the most promising is in the area of programm i ng language design. Characterizing state in these global terms rev eals that the usual programm ing language metaphor for managing state, the notion of utabl \ob jects", con tains a w|state is not something that can necessarily assigned single lo cation, state is more of global tension et een um er of en tities. Giv en this clearer understanding of what state is all ab out, can hop to dev elop etter programm i ng language constructs that more accurately matc state’s true nature. No suc programm ing language constructs, or other practical deriv ativ es of this insigh in to state, ha een dev elop ed. So far this new ersp ec tiv remains surprising and subtle curiosit This is in con trast to the distributed linear graph reduction engine, whic is quite straigh tforw ard demonstration of the practical adv an tages of thinking ab out linearit eliev e, ho ev er, that in the long run this haracterization of the phenomenon of state will pro to the more imp ortan result. 1.4 Outline Chapter describ es the linear graph reduction mo del itself, and describ es the general principles used whenev er linear graph reduction is used as mo del to exp ose linearit It also in tro duces the notation used throughout the rest of the dissertation. Chapter is the �rst of three hapters that describ the distributed pro- gramm i ng en vironmen t. It describ es the compiler used to translate Sc heme program in to linear graph reduction rules. This hapter should lea the reader with solid understanding of ho linear graph reduction can supp ort all famil ia programm i ng language constructs. Chapter describ es the basic net ork proto col used to supp ort the dis- tributed linear graph reduction engine. In this hapter will see the �rst example where linearit has tangible ene�t. Because it only supp orts lin- 20 CHAPTER 1. INTR ODUCTION ear naming, the proto col is quite simple and ligh t-w eigh t. This hapter can skimm ed eople who are scared of net orks. Chapter describ es the algorithm and heuristics used the individual agen ts that mak up the distributed reduction engine. In second example of ene�t deriv ed from linearit these agen ts use some linearit y-ba sed heuristics to further impro the comm unicati ons eha vior of the execution of the program. In hapter linearit is used to examine the phenomenon of state. It dev elops an in teresting and oten tially useful haracterization of systems in whic state ccurs. This hapter only requires an understanding of the the material up through hapter 3. This hapter can skipp ed eople who are scared of higher mathemati cs. Chapter puts this ork in con text comparing it to other related (and not so related) ork on naming, programm ing languages, distributed computing, graph reduction, and state. This hapter also discusses future directions that researc in to linearit can explore, and it summa rizes what feel are the most imp ortan con tributions of this ork. Chapter Linear Graph Reduction This hapter in tro duces the abstract linear graph reduction mo del. The �rst section describ es static structure called linear graph The second section describ es the line ar graph grammar whic is collection of reduction rules that can applied to linear graph to cause it to ev olv e. The third section describ es simple and con enien textual represen tation for these structures that will used throughout the rest of this dissertation. The �nal section is brief in tro duction to the ys in whic linear graph reduction can applied to real problems to exp ose linearit 2.1 Linear graphs In tuitiv ely linear graph is simil ar to the top ological structure of an electronic circuit. An electronic circuit consists of collection of gadgets joined together wires. Gadgets come in arious yp es|transistors, capacitors, resistors, etc. Eac yp of gadget alw ys has the same um er and kinds of terminals. transistor, for example, alw ys has three terminals called the collector, the base, and the emitter. Eac terminal of eac gadget can joined, using wires, to some um er of other terminals of other gadgets. linear graph di�ers from circuit hie y in that restrict the ter- minal can connected. In linear graph eac terminal ust connected to exactly one other terminal. (In particular, there can no unconnected terminals.) Symm etrical gadgets are also ruled out. Some gadgets found in circuits, suc as resistors, ha indistinguishable terminals. In linear graph all the terminals of an particular yp of gadget ust distinguishable. Some con enien terminolog y: The gadgets in linear graph are called er- tices The yp of ertex is called simply yp and the terminals of ertex are called terminal The wires that join pairs of terminals are called 21 22 CHAPTER 2. LINEAR GRAPH REDUCTION Figure 2.1: Linear Graph Figure 2.2: Nonlinear Graph connections The um er of terminals ertex has is its alence The yp of terminal is called lab el Th us, asso ciated with eac ertex yp is set of terminal lab els that determine ho man terminals ertex of that yp will ossess, and what they are called. or example, if ere trying to use linear graph to represen circuit, the yp Transistor mig asso ciated with the three lab els collector ", base ", and emitter ". Giv en set of yp es, eac with an asso ciated set of lab els, can consider the set of linear graphs er that set of yp es, just as giv en set of letters called an alphab et, can consider the set of strings er that alphab et. Figure 2.1 sho ws linear graph er the yp es Transistor and Cons where yp Cons has the three asso ciated lab els car ", cdr ", and \" (the empt string). This example is single linear graph|a linear graph ma consist of sev eral disconnected comp onen ts. Figure 2.2 is not an example of linear graph; the \" terminal of the Cons ertex is not connected to exactly one other terminal. The restriction that terminals joined in pairs is crucial to the de�nition|it is what mak es the graph \linear". 2.2. LINEAR GRAPH GRAMMARS 23 Figure 2.3: Metho 2.2 Linear graph gramm ars linear graph grammar is collection of reduction rules called metho ds Eac metho describ es ho to replace certain kind of subgraph with di�eren subgraph. If the linear graphs er some set of yp es are analogous to the strings er some alphab et, then linear graph gramm ar is analogous to the famil ia string gramm a r. In string gramm ar the individual rules are fairly simple, consisting of just an ordered pair of strings. When an instance of the �rst string, (the left hand side is found, it ma replaced an instance of the second string (the righ hand side ). It is clear what is mean \replacing" one string with another. In linear graph gramm a the notion of replacemen ust treated more carefully Figure 2.3 sho ws an example of metho d. Both the left hand and righ hand sides of metho are subgraphs with certain um er of lo ose ends metho ust sp ecify ho the terminals that used to connected to terminals in the old subgraph should reconnecte to terminals in the new subgraph. In the �gure, the lo ose ends in eac subgraph are lab eled to indicate ho this reconnection is to done. or example, when applying the metho in �gure 2.3, Cons ertex and Transistor ertex, connected from cdr to base are to replaced with new Cons ertices connected together as indicated. The terminal in the old linear graph that as connected to the \" terminal of the old Cons ertex is reconnected to the car terminal of the �rst new Cons ertex, as sho wn the lo ose ends lab eled The terminal that as connected to the emitter terminal of the old Transistor ertex is reconnecte to the \" terminal of the same new Cons ertex, as sho wn the lo ose ends lab eled The terminal that as connected to the car terminal of the old Cons ertex, and the one that as connected to the collector terminal of the old Transistor ertex, are reconnected to ach other |this is indicated the lo ose ends lab eled and subgraph that matc hes the left hand side of some metho is called redex and the act of applying metho is called reduction It should 24 CHAPTER 2. LINEAR GRAPH REDUCTION emphasized that when reduction ccurs, the redex is discarded. In this asp ect linear graph gramm ars really are exactly analogous to the gramm ars are de�ned for strings. It migh in teresting to con tin ue the analogy with string gramm a rs and de�ne the \language" generated giv en linear graph gramm ar as the set of linear graphs that can generated starting with graph consisting of single ertex of some initial yp e. There mig in teresting results to pro ed, for example, ab out what kind of linear graphs can generated using only con text sensitiv linear graph gramm ars, where that notion is suitably de�ned. But none of these oten tially in teresting paths will explored in what fol- lo ws. In using linear graph gramm ars as mo del of computation will ha no need of the notion of generated language. urthermore, only one kind of metho will app ear in the linear graph gramm ars describ ed elo w: metho ds whose left hand side consists of exactly ertices joined single connec- tion. Figure 2.3 is an example of suc binary metho There will nev er an need for metho whose left hand side con tains cycle, more than one connected comp onen t, or other than ertices. 2.3 Graph expressions Graph expressions are textual represen tation for linear graphs that are more con enien than the pictures ha used so far. As an example, here is the graph expression for the graph in �gure 2.1: (graph () (<Cons> car:1 cdr:1) (<Cons> car:2 cdr:3) (<Transistor> collector:3 base:2 emitter:4) (<Cons> car:4 cdr:5) (<Transistor> collector:6 base:7 emitter:8) (<Transistor> collector:6 base:8 emitter:7)) graph expression sup er�cially resem bles the S-expression represen tation used for -abstractions. graph expression is written as paren thesized list whose �rst elemen is the ord graph ". The second elemen is an ordered list of lo ose ends, and the rest of the elemen ts represen the ertices. Eac ertex is written as paren thesized list whose �rst elemen is the yp of the ertex, and rest of whose elemen ts are the ertex’s terminals. yp is written enclosing its name et een angle brac ets. Eac terminal is written as lab el and an index separated colon. (If the lab el is the empt string, then the colon is omitted.) The indices sp ecify ho the ertices are connected together. Eac index corresp onds to one connection. An index th us app ears in the graph expression 2.4. MODELING REAL SYSTEMS 25 exactly twic once for eac of the terminals the connection joins. If one or oth of the ends of connection are lo ose ends, then the index app ears once or wice in the list of lo ose ends at the eginning. Indices are ypically small non-negativ in tegers, but the alues hosen are arbitrary Indices are only meaningful within single graph expression. In order to generate the graph expression from linear graph, start pic king an index for eac connection. Eac of the ends of connection is either joined to terminal, or it is dangling lo ose. or eac connection attac its index to the things at its ends. Ev ery terminal and ev ery lo ose end no has an attac hed index, and ev ery index has een attac hed to exactly things. The graph expression is constructe (1) reading o� the indices attac hed to the lo ose ends, and (2) visiting eac ertex and reading o� the indices attac hed to its terminals. In order to generate picture from graph expression, start dra wing all the ertices listed, without dra wing an connections et een them. Pic oin for eac lo ose end indicated in the graph expression. No consider the indices one at time. Eac index will ccur exactly wice in the graph expression. Dra connection et een the corresp onding oin ts. metho is written as an ordered pair of graph expressions. The graph expressions ust ha the same um er of lo ose ends. The ordering of the lo ose ends determines the corresp ondenc that is to used when the metho is applied. Th us the metho in �gure 2.3 is written as follo ws: (graph (0 3) (<Cons> car:1 cdr:4) (<Transistor> collector:2 base:4 emitter:3) (graph (0 2) (<Cons> car:0 cdr:3) (<Cons> car:3 cdr:4)) With little practice, it isn’t di�cult to read graph expressions directly but initially the reader ma �nd it helpful to dra the graphs hand to help visualize them. 2.4 Mo deling real system Linear graph reduction can used to mo del real computational systems using linear graphs to represen data structures and using metho ds to enco de algorithm s. The precise details of ho the mo deling is done ma ary from application to application, but there are some comm on ideas that are set forth in this section. The basic idea is to translate the program to executed in to linear graph gramm a r|a collection of yp es and metho ds. This is di�eren from the original com binator mo del ur79 where the program ecomes gr aph and the set of 26 CHAPTER 2. LINEAR GRAPH REDUCTION ertex yp es and reduction rules are �xed from the start. All of the prop erties of the program ust enco ded someho in set of metho ds. The fact that applicable metho ds are selected nondeterministically means that ordering constrain ts in the program ust satis�ed ensuring that metho ds only ecome applicable in the desired order. ypicall this is done ha ving one metho in tro duce certain ertex yp in to the graph that app ears in the left hand side of another metho d. This ensures that the second metho can only run after the �rst metho d, since the �rst metho ust pro duce ertex of that yp efore the second metho can consume it. In e�ect, the program coun ter is represen ted as the presence of one of selected set of ertex yp es in the orking graph. more imp ortan problem than represen ting the sequen tialit required in the input program is represen ting the nonlinearit it requires. Linear graph reduction itself is linear|the connections that hold the graph together are con- strained to eha in linear fashion (a connection joins terminal to exactly one other terminal), and metho ds are de�ned to preserv that prop ert Th us, when data structures and algorithm are built from linear graphs and metho ds, the nonlinear parts of the algorithm will ha to expressed in terms of more primitiv linear elemen ts. 2.4.1 Represen ti ng linear structures Represen ting line ar data structures is generally quite straigh tforw a rd. The basic idea is that ob jects traditionally represen ted using -comp onen record struc- tures are instead represe ted using ertices of alence 1. The extra terminal, called handle is used as place for other ertices to connect to. So, for exam- ple, where oin ter ould installed in the th comp onen of record structure oin ting to record structure connection is made from the th terminal of ertex to the handle terminal of ertex (Handle terminals are usually giv en the empt string as their lab el.) All attributes of an ob ject other than its reference to other ob jects are enco ded using the yp of the ertex. In tegers, for example, mak no references to other ob jects; their only attribute is their um erical magni tude. Th us an in teger is represen ted as univ al en ertex, and eac in teger is giv en its wn unique yp e. Represen ting nonlinear data structures requires some additional mec hanism This is, of course, the goal of this en tire exercise. Because are using In some more ev ol ed com bina tor implem en t atio ns the compile do es in tro du ce new ertex yp es and reduction rules ey8 ]. This ma seem lik an excessiv um er of yp es to in tro duc in suc an o�hand manner, but this profusio of yp es is only for the con e nien ce of the abstract mo del, and do es not translate in to an ine�ciencies in an actual implemen tat ion Note that the notion of ertex yp has nothing to do with the notion of data yp or ariab le yp encoun ter ed in yp ed programm ing languag es. That notion of yp is actually more closely related to the lab els placed on the terminal in linear graph. 2.4. MODELING REAL SYSTEMS 27 Figure 2.4: Copy tree represen tation that supp orts linear data structures directly but that allo ws nonlinear structures to built explicitly when necessar the nonlinearities in the original program will exp osed. 2.4.2 Represen ti ng nonlinear structures The exact mec hanism used to represen nonlinear structures aries, but it is alw ys based on the ertex yp es Copy and Drop When the program requires reference to an ob ject to duplicated, triv al en Copy ertex is attac hed to the ob ject’s handle terminal its target terminal. The other terminals of the Copy ertex, lab eled and are then ai la ble to used in place of the original handle terminal. As more and more copies of the original reference are made, more and more Copy ertices accum ula te in tree et een the users and the ob ject they wish to reference. Figure 2.4 sho ws an example of suc tree. Simil arly when the program wishes to discard reference it attac hes that reference to univ al en Drop ertex. mak Drop ork prop erly in com bina- tion with Copy the follo wing metho ds are alw ys assumed whenev er oth yp es are in use: 28 CHAPTER 2. LINEAR GRAPH REDUCTION (graph (0 1) (<Drop> 2) (<Copy> target:0 a:2 b:1)) (graph (0 0)) (graph (0 1) (<Drop> 2) (<Copy> target:0 a:1 b:2)) (graph (0 0)) These metho ds ensure that if reference is duplicated, and then one of the copies is discarded, the graph will return to its original state. (Metho ds for balancing the tree of Copy ertices are not needed.) Since the users of an ob ject are no longer directly connected to it, it is more di�cult for them to in teract with the ob ject|some additional proto col ust emplo ed. There are basically tec hniques that are used, dep ending on whether the ob ject or the users tak resp onsibilit for handling the situation. The ob ject at the ap ex of the tree can tak resp onsibilit reacting to the Copy ertex someho making suitable cop of itself. or example, um ers will usually react duplicating themselv es as follo ws: (graph (0 1) (<Copy> target:2 a:0 b:1) (<Number 9> 2)) (graph (0 1) (<Number 9> 0) (<Number 9> 1)) Alternativ ely the users at the fringe of the tree can tak resp onsibilit clim bing up the Copy tree to the ob ject at the ap ex, using metho ds simil ar to these o (graph (0 3) (<Car> target:4 tail:2 cont:3) (<Copy> target:0 a:4 b:1)) (graph (0 3) (<Car> target:0 tail:4 cont:3) (<Copy> target:4 a:2 b:1)) (graph (0 3) (<Car> target:4 tail:2 cont:3) (<Copy> target:0 a:1 b:4)) (graph (0 3) (<Car> target:0 tail:4 cont:3) (<Copy> target:4 a:1 b:2)) 2.4. MODELING REAL SYSTEMS 29 Figure 2.5: Car message in transit These metho ds ermit Car ertex to clim up through tree of Copy ertices to reac the ob ject at the ap ex. Figure 2.5 sho ws Car ertex in the pro cess of maki ng suc journey; after the �rst metho ab is applied, the Car ertex arriv es at the ap ex of the tree, as sho wn in �gure 2.6. (Note ho the cont terminal is eing carried along for the ride.) ertex yp es, suc as Car in this example, whic clim through Copy trees in this fashion are called messages The terminals of message that are used to erform this clim are customarily lab eled target and tail just as they are ab e. Usually some mix of these tec hniques is used to cop with the Copy trees in tro duced nonlinearities. Small ob jects, suc as um ers, will duplicate themselv es, while large ob jects will resp ond to messages that kno ho to tree- clim b. 2.4.3 Represen ti ng ob jects with state Messages that tree-clim are also the usual tec hnique used for supp orting ob jects that ha state. or example, the Car message just in tro duced ma in teract with Cons ertex using metho lik the follo wing 30 CHAPTER 2. LINEAR GRAPH REDUCTION Figure 2.6: The Car message arriv es (graph (0 3) (<Car> target:4 tail:2 cont:3) (<Cons> car:0 cdr:1)) (graph (0 3) (<Cons> car:4 cdr:1) (<Copy> target:0 a:3 b:4)) This metho returns cop of the car of the Cons to the con tin uatio ob ject (presumed to attac hed to the cont terminal of the Car ertex), and also replaces the Cons ertex at the ap ex of the tree. simila tree-clim bing Set Car message allo ws Cons to utated using this metho d: (graph (0 4) (<Set Car> target:5 tail:2 cont:3 new:4) (<Cons> car:0 cdr:1)) (graph (0 4) (<Cons> car:4 cdr:1)) This metho returns the old car of the Cons to the con tin ua tion ob ject, and replaces the Cons ertex at the ap ex of the tree with one whose car terminal is connected to the replacemen alue (previously attac hed to the new terminal of the Set Car ertex). 2.4. MODELING REAL SYSTEMS 31 Both of the last metho ds use particular proto col for returning alue to the con tin uatio ob ject. The hoice of con tin uati on proto col is imp ortan t, and will examined in more detail in later hapters; for the mom en ha hosen to emplo simple proto col where con tin ua tion is simply attac hed directly to the return alue. It is clear from this example that tree-clim bing messages are fully general proto col that allo ws the graph structure at the ap ex of Copy tree to react in an arbitr ary to the messages that are funneled up to it. Just ho arbitrary this eha vior can is illustrated the follo wing example: (graph (0 3) (<Abracadabra> target:4 tail:2 cont:3) (<Cons> car:0 cdr:1)) (graph (0 3) (<Drop> 0) (<Drop> 1) (<Nil> 2) (<True> 3)) Here ha an Abracadabra message that hanges Cons in to an empt list! This is not something that can ccur in an ordinary Lisp implem en tation, where the yp of an ob ject is not something that can utated. Notice that the Copy tree serv es to serialize the messages that arriv at the ap ex. Choices made ab out whic metho ds to apply while messages are clim bing up the tree will determine the order that those messages arriv at the top. It ma seem surprising that ou can create side e�ects with something as simple as linear graph reduction. Other forms of graph reduction are not gen- erally credited with this abilit Actually this has little to do with the nature of graph reduction itself; it is an artifact of ho graph reduction is generally view ed as an e�cien to erform expression reduction. Here, are taking di�eren view, where graph reduction is used to mo del the data structures that impl em en tors build to supp ort programm i ng languages, rather than mo deling the expressions that theorists use to think ab out programm ing languages. 2.4.4 Represen ti ng input/output eha vior some lev el, something other than graph reduction ust tak place in order to cause haracters to app ear on terminal. ortunately it is ossible to oid confron ting suc lo w-l ev el issues directly Instead, simply imag ine that some other part of the graph is resp onsible for erforming primitiv I/O, and con- cen trate on ho in teract with it (This is similar to the most mo dern programm i ng languages supp ort I/O facilities. Instead of pro viding I/O directly they sp ecify an in terface to library of I/O pro cedures .) Although eginni ng Lisp studen ts sometime wish that it could|esp eci ally when they are �rst in tro du ce to the DELQ function. 32 CHAPTER 2. LINEAR GRAPH REDUCTION This approac to I/O has an in teresting consequence for the linear graph reduction mo del. It means that subgraphs can discarded if they get discon- nected from the parts of the graph that are connected to the I/O facilities. The reason for this is that no matter what metho ds ma apply to suc subgraph, it can nev er ecome reconnecte d, and th us it is unable to e�ect the output of the computation. Since disconnected comp onen ts can discarded from the orking graph at run-time, they can also discarded from the righ hand sides of metho ds to o id in tro ducing them in the �rst place. When compile linear graph gram- mars for execution on real hardw are, this will an imp ortan optimi zation. (See section 3.3.) Discarding disconnected comp onen ts is simila in spirit to con en ti onal garbage collection. This completes the in tro duction to linear graph reduction. thorough fami l- iarit with linear graph reduction and esp ecially with the mo deling tec hniques in tro duced in this section will assumed in the follo wi ng hapters. therefore encourage ou to tak some time out no to play with some simple gramm ars and with mo deling arious kinds of data structures ou should resist the temptation to mak up new kinds of metho ds. Only binary metho ds will needed in the follo w ing hapters. go problem is to design collection of metho ds that implem en com- binator mac hi ne. The hallenge comes from the fact that oth the and com bina tors are nonlinear: xy xz duplicates the alue and in xy the alue is discarded. Using Copy trees, as describ ed ab e, is the ob vious solution, but other solutions are also ossible. This is consequen ce of the fact that the left hand side of binary metho is connect ed. If metho ds with disconne cte left hand sides ere allo ed, then reconnec tio n, and all kinds of other non-lo c al e�ects, are ossibilit Chapter Compiling Sc hem In the next three hapters will presen practical impl em en tati on of dis- tributed linear graph reduction engine. This system allo ws programm er to pro- gram in standard sequen tial programm ing language (Sc heme C92 ]), whic is then compiled in to linear graph gramm ar, and executed collectiv ely sev- eral pro cessors comm unicati ng er net ork. The goal of building this system as to demonstrate ho linear graph reduction eeps the impl em en tati on sim- ple and e�cien t, and allo ws some erful new tec hniques to applied to the problems of distributed execution. This hapter explains ho Sc heme is compiled in to linear graph gramm ar. It is ab out ho to correctly capture the seman tics of standard Sc heme using lin- ear graph structure and metho ds. It is not ab out ho to design programm ing language that tak es full adv an ta ge of eing based on linear graph reduction. Chapter describ es the fundamen tal net ork proto col and data structures used to main ta in distribute linear graph structure The fact that connections are more constrained than full- edged oin ters eeps this proto col heap and fast. Chapter 5, describ es the distributed linear graph reduction engine. It de- scrib es the eha vior of the individual agen ts that hold the ertices that mak up the orking graph. Agen ts exc hange ertices through the net ork and they apply metho ds to the subgraphs comp osed of the ertices they curren tly os- sess. Agen ts decide whic ertices to migrate, when to migrate them, and who to migrate them to, using simple mo del of the exp ense of in teragen con- nections. Chapter and hapter are ept distinct ecause they describ di�eren ys in whic linearit is imp ortan to the system. Chapter demonstrates ho data structures that only name eac other linearly are heap to supp ort in distributed en vironm en t, where traditional non-linear naming mec hani sm ould burdensome. Chapter sho ws ho linearit can further exploited to mak decisions ab out migrati ng tasks and data in order to mak distributed 33 34 CHAPTER 3. COMPILING SCHEME execution more e�cien t. Sc heme as hosen as the source language as an example of ypical sequen- tial programm i ng language. Sc heme is lexically scop ed, call-b y-v alue dialect of Lisp. Sc heme is describ ed in C92 ]. Lik most other Lisp dialects Sc heme is \mostly functional", whic means that Sc heme programs are mostly written in the functional subset of the language|only ccasionally are imp erativ features used. Sc heme is also deterministic; in particular it mak es no concessions to the ossibilities of concurren execution. In theory OR TR AN or could ha serv ed instead of Sc heme (w will not restricted to the functional subset of Sc heme) but since it turns out that functional constructs are uc more straigh tforw ard to compile, language that is mostly functional mak es etter hoice for exp ository purp oses. Stic king to purely sequen tial deterministic programm ing language fails to demonstrate um er of in teresting things ab out distributed linear graph reduction. purely sequen tial program calls for only single action to tak place at time; sequen tial program describ es only single task. Th us, ev en in distributed en vironm en there will only single lo cus of activit y| althoug that lo cus ma mo if the task ust migrate in order to access some remote resource. In order to get things executing concurren tly need to extend Sc heme with some kind of parallel programm ing construct. ortunately there is fairly ell-kno wn Sc heme extension, the FUTURE sp ecial form Lie81 Hal84 Mil87 ], that can meet our needs. Of course didn’t ha the time to mak this truly complete Sc heme implem en tation. There are man data yp es, pro cedures and sp ecial forms missing. In principle these missing pieces can all supplied. One missing piece that ou should not fo oled in to thinking is signi�can omission is the SET! sp ecial form. Using the tec hnique of assignmen con ersi on KKR 86 an program that mak es use of assignmen statemen ts can transformed in to one that uses utabl ob jects, suc as CONS -cells, instead. Since have impl em en ted utabl CONS -cells, could ha done assignmen con ersion as ell. Ho ev er, this ould probably double the size of the curren small compiler, so in the in terest of simpli cit left it out. 3.1 ertex yp es for the Sc hem run-tim This section describ es the ertex yp es used the Sc heme run-time orld. Man of the tec hniques used these yp es ere in tro duced in section 2.4. The ertex yp es describ ed in this section can classi�ed according to the hierarc sho wn in �gure 3.1. This hierarc will double as the outline for the rest of this section. 3.1. VER TEX TYPES OR THE SCHEME UN-TIME 35 Figure 3.1: Run-time ertex yp es 3.1.1 Ob jects An ob ject is ertex used in the ordinary data structures are used in traditional Sc heme implem en tatio n. Recall the tec hnique in tro duced in sec- tion 2.4: an -comp onen aggregate data structure ecomes an terminal ertex, where the extra terminal serv es as handle for users of the ob ject to connect to. The handle terminal is alw ys giv en the empt string as its lab el. The follo wing ob ject yp es are built in to the Sc heme run-time system: yp Lab els Cons \", car ", cdr Continuation \", cont Sum \", left ", right Difference \", left ", right Product \", left ", right Equal? \", left ", right Less? \", left ", right Greater? \", left ", right In addition, the compiler mak es more ob ject yp es as result of translating the user’s program (see section 3.2). All ob ject yp es ha metho for the case where Drop ertex is connected to the ob ject’s handle. or example, here is the metho for the Cons yp e: (graph (0 1) (<Cons> car:0 cdr:1) (<Drop> 2)) (graph (0 1) (<Drop> 1) (<Drop> 0)) 36 CHAPTER 3. COMPILING SCHEME Simila metho ds exist for all of the other yp es in the table ab e, as ell as for all the compil er-pro duced ob ject yp es. Ob ject yp es sp eci�cally do not ha metho for when Copy ertex is connected to the ob ject’s handle. Instead, the Copy ertices are allo ed accum ulate in to tree, with the ob ject ertex at the ap ex. The message clim bing tec hnique describ ed in section 2.4.2 is used to comm unicate with suc ertices. (See also the message yp es describ ed in the next section.) The yp Cons is used to implem en Sc heme CONS -cells. Additional metho ds, describ ed elo w, supp ort the Sc heme pro cedures CAR CDR SET-CAR! SET-CDR! and NULL? The yp Continuation is used the CALL-WITH-C URREN T-CON TINUA TION pro cedure for the con tin uations that it creates. The cont terminal of Continuation is connected to \ra w" con tin uatio of the kind generally pro- duced the compiler. This is explained in more detail in section 3.1.3.1 The yp es Sum Difference Product Equal? Less? and Greater? are used to implem en arithmetic. In order to erform addition, subtraction, ul- tiplication or comparison, one connects the alues to added, subtracted, ul tipli ed or compared to the left and right terminals of Sum Difference etc. Of course, simply building tree that represe ts the arithmetic to er- formed isn’t ery satisfactory when one an ts to compute an actual umeric answ er, so the Sc heme run-time eha es as if metho ds suc as (graph (0 1) (<Sum> left:2 right:1) (<Number 2)) (graph (0 1) (<Sum right:1)) and (graph (0) (<Sum right:1) (<Number 1)) (graph (0) (<Number 0)) ere de�ned for all um ers and These metho ds mak trees of arithmetic op erators and um ers simplify in to um ers (or to the olean alues True and False in the case of the comparison predicates). This simpli�cation pro ceeds in parallel with the ev aluation of the rest of the program. This parallelism ust not exp osed to the programm er if the sequen tial seman ti cs of Sc heme are to faithfully repro duced, so the compiler will careful to construct ertices suc as Sum at exactly the mom en when the sequen tial seman tics calls for an addition to tak place. 3.1. VER TEX TYPES OR THE SCHEME UN-TIME 37 useful to think ab out this is to ima gine that ertex of yp lik Sum is itself um er, so the act of constructing suc ertex is equiv alen to erforming an addition. The simpli�catio pro cess merely con erts one kind of um er in to another more con enien kind of um er. This arithmetic-b y-construction-and-sim pli �cation sc heme is no means the only arithmetic could ha een implem en ted. Its adv an tage is that the compiler is ery go at compili ng calls to constructors (b ecause ultimately it ust express everything in terms of constructing graph structure), so treating calls to in the same as calls to CONS results in uc simpler generated co de (i.e. few er metho ds). It has the practical disadv an tage that the arithmetic simpli �cation pro cess ma not pro ceed quic ky enough to oid \dragging" phenomenon simil ar to that sometimes exp erience \lazy" ev aluation strate- gies (see ey87 ]). 3.1.2 Messages message is ertex that has target and tail terminals, and the meth- ds necess ary to allo it to clim through Copy trees in the fashion describ ed in section 2.4.2. Messages are used to mo del oth pro cedure calling and mes- sage passing. Most messages also ha cont terminal that is connected to compiler-pro duced con tin uati on. Suc messages are called op erations The follo wing message yp es are built in to the Sc heme run-time system: yp Lab els Return target ", tail ", Call target ", tail ", cont Call target ", tail ", cont ", Call target ", tail ", cont ", ", Call target ", tail ", cont ", ", ", Call target ", tail ", cont ", ", ", ", Call target ", tail ", cont ", ", ", ", ", Car target ", tail ", cont Cdr target ", tail ", cont Set Car target ", tail ", cont ", new Set Cdr target ", tail ", cont ", new Null? target ", tail ", cont The one message that lac ks cont terminal (and is therefore not an op er- ation) is Return The reason for this is that Return is used to resume con tin uation| ypical ly one that as recen tly attac hed to the cont terminal of an op eration. The terminal of Return is attac hed to the alue that is to returned to the con tin ua tion. The in the name Return re ects the fact that the run-time supp orts ultip le return alues. There also exist message Return Return Return etc., for returni ng 38 CHAPTER 3. COMPILING SCHEME 3.1.2.1 Op erations The op erations Call through Call are used to in o ob jects that represen pro cedures The argumen ts to passed to the pro cedure are attac hed to the terminals through and the con tin ua tion is attac hed to the cont terminal. The Car op eration is generated calls to the Sc heme CAR pro cedure. (Ho this happ ens is co ered elo in section 3.1.3.1.) The metho (graph (0 3) (<Car> target:4 tail:2 cont:3) (<Cons> car:0 cdr:1)) (graph (0 3) (<Cons> car:4 cdr:1) (<Return 1> target:3 tail:5 0:6) (<Drop> 5) (<Copy> target:0 a:6 b:4)) mak es Car eha as it should when it clim bs up to Cons The car of the Cons is copied, one cop is returned in Return message sen to the con tin ua tion, and the other cop ecomes the car of the recreated Cons that will seen the next message to arriv e. An analogous metho is de�ned for the Cdr op eration. The Set Car op eration is generated calls to the

Sc heme SET-CAR! pro- cedure. The metho (graph (0 4) (<Set Car> target:5 tail:2 cont:3 new:4) (<Cons> car:0 cdr:1)) (graph (0 4) (<Cons> car:4 cdr:1) (<Return 1> target:3 tail:5 0:0) (<Drop> 5)) creates new Cons whose car is the alue that as previously attac hed to the new terminal of the Set Car An analogous metho is de�ned for the Set Cdr op eration. The Null? op eration is generated calls to the Sc heme NULL? pro cedure. The metho ds other um ers of alues. The curren compile do es not mak use of these other messages, so they are not describ ed here. Actually the op erati on Call is de�ned for all non-neg ativ but none of the examples here will require more than argumen ts. 3.1. VER TEX TYPES OR THE SCHEME UN-TIME 39 (graph (0 3) (<Null?> target:4 tail:2 cont:3) (<Cons> car:0 cdr:1)) (graph (0 3) (<Cons> car:0 cdr:1) (<False> 4) (<Return 1> target:3 tail:5 0:4) (<Drop> 5)) and (graph (0 1) (<Null?> target:2 tail:0 cont:1) (<Nil> 2)) (graph (0 1) (<Nil> 0) (<True> 2) (<Return 1> target:1 tail:3 0:2) (<Drop> 3)) allo the Null? op eration to distinguish et een Cons ertices and Nil ertices: True or False ertex is returned to the con tin ua tion, as appropriate, and the original target is recreated for the ene�t of the next message to arriv e. 3.1.3 toms An atom is ertex that has single terminal (its handle) and metho that mak es duplicate of the atom when it is connected to the target terminal of Copy ertex. or example, the atomic yp True has the asso ciated metho d: (graph (0 1) (<True> 2) (<Copy> target:2 a:0 b:1)) (graph (0 1) (<True> 1) (<True> 0)) ou migh exp ect that metho lik (graph () (<True> 0) (<Drop> 0)) (graph ()) ould needed to mak atoms disapp ear when they ere dropp ed. Ho ev er, as discussed in section 2.4, disconnected subgraphs can alw ys discarded without an e�ect on the output of the computation; instead of de�ning suc 40 CHAPTER 3. COMPILING SCHEME metho ds, can rely on disconnected subgraph garbage collection to clean up when atoms are dropp ed. The follo wing miscellaneous atomic yp es are built in to the Sc heme run-time system: yp Lab els Drop \" Nil \" True \" False \" Number \" Failure \" Sink \" Drop ertices ere describ ed in section 2.4. Nil ertices represen the empt list. True and False ertices are used as olean alues. or an um er there is an atomic ertex yp named Number that represen ts that alue. Failure and Sink are part of the supp ort for Future s. Failure is Future that can nev er ecome \real" alue, and Sink is con tin uati on that simply discards an alue that is returned to it. The implem en tation of Future is describ ed more detail elo w. 3.1.3.1 Globals Iden ti�ers that ccur free in top lev el Sc heme expressions are called global iden- ti�ers. Global iden ti�ers ypically name primitiv pro cedures suc as CONS CAR or CALL-WITH-CUR RENT -CONT INUAT ION that ha no in ternal state. In those cases can mak the alues of these global iden ti�ers atoms that resp ond to the appropriate Call op eration. tom that are the alue of global iden ti�ers are simply called globals or an global iden ti�er there is global ertex yp named Global that is the yp of its alue. Constructors. Man global yp es resp ond to the appropriate Call op era- tion returning new ertex of some other yp e. Suc globals are called constructors The sc heme run-time supp orts the follo wi ng constructors: yp Constructed yp Global CONS Cons Global Sum Global Difference Global Product Global Equal? Global Less? Global Greater? 3.1. VER TEX TYPES OR THE SCHEME UN-TIME 41 (The constructed yp es are all ob jects in tro duced in section 3.1.1. The metho that con trols what happ ens when Global CONS ertex en- coun ters Call op eration is ypical of the eha vior of constructors: (graph (0 3) (<Global CONS> 4) (<Call 2> target:4 tail:0 cont:1 0:2 1:3)) (graph (0 3) (<Global CONS> 0) (<Cons> car:2 cdr:3) (<Return 1> target:1 tail:5 0:4) (<Drop> 5)) This metho constructs new Cons ertex and returns it to the con tin uati on, initiali zing its car and cdr from the argumen ts to the Call It also lea es ehind Global CONS ertex in case another message is aiting on the tail of the Call (This is necess ary ecause the caller can’t kno whether the pro cedure eing called is an atom or an ob ject, so it ust use the same calling con en tio in either case.) Op erators. Man global yp es resp ond to the appropriate Call op eration sending another op eration to the �rst argumen t. Suc globals are called operators The sc heme run-time supp orts the follo wi ng op erators: yp Op eration sen Global CAR Car Global CDR Cdr Global SET-CAR! Set Car Global SET-CDR! Set Cdr Global NULL? Null? The metho that con trols what happ ens when Global SET-CAR! ertex encoun ters Call op eration is ypical of the eha vior of op erators: (graph (0 3) (<Global SET-CAR!> 4) (<Call 2> target:4 tail:0 cont:1 0:2 1:3)) (graph (0 3) (<Global SET-CAR!> 0) (<Set Car> target:2 tail:4 cont:1 new:3) (<Drop> 4)) This metho creates Set Car op eration and targets it for the Call ’s �rst argumen t. The Call ’s second argumen is attac hed to the Set Car ’s new termi- nal, and the Call ’s con tin uatio ecomes the con tin uatio for the Set Car As with the constructors, the Global SET-CAR! op erator is reconstructe in case another message is aiting on the tail of the Call 42 CHAPTER 3. COMPILING SCHEME Call with curren con ti uati on Man eople �nd the pro cedure CALL- WITH-CURRENT-C ONTIN UATIO to scary Those eople ma safely skip the rest of this section. On the other hand, think that this implem en ta tion of CALL-WITH-CURR ENT-C ONTIN UATIO is particularly nice, so encourage ou to read and understand it. erhaps afterw ards ou on’t scared an more! The metho (graph (0 2) (<Global CALL-WITH-CURR ENT-C ONTI NUATI ON> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global CALL-WITH-CURR ENT-C ONTI NUATI ON> 0) (<Copy> target:1 a:4 b:6) (<Continuatio n> cont:4) (<Call 1> target:2 tail:5 cont:6 0:3) (<Drop> 5)) serv es to supp ort Sc heme’s CALL-WITH-CURR ENT-C ONTIN UATI ON pro cedure. Re- call that the �rst argumen to CALL-WITH-CU RRENT -CONT INUAT ION is one- argumen pro cedure, whic is to tail-recursiv ely applied to an escap pro ce- dure that captures the con tin uati on that as originall passed to CALL-WITH- CURRENT-CONTIN UATIO This metho mak es ertex of yp Continuation that holds one cop of the con tin ua tion in its cont terminal. The other cop is supplied as the con tin uation for the tail-recursiv call of the one-argumen pro cedure that as passed to CALL-WITH- CURRE NT-CO NTINU ATION Continuation is an ob ject yp (see section 3.1.1). Since Continuation ust eha as one-argumen pro cedure, the follo wi ng metho describ es the in teraction of Continuation with Call (graph (0 3) (<Continuatio n> cont:0) (<Call 1> target:4 tail:1 cont:2 0:3)) (graph (0 3) (<Drop> 2) (<Continuatio n> cont:4) (<Return 1> target:0 tail:4 0:3)) This metho tak es the argumen passed in the Call and returns it directly to the captured con tin uation. As usual, the Continuation ertex is reconstructed for the ene�t of an future callers. There are in teresting things to notice ab out this metho d. First, observ that when Continuatio is called, the con tin uatio supplied the Call op eration is dropp ed. This metho d, and the one imm edia tely preceding it that copied con tin uatio n, are the only metho ds that treat con tin uati ons nonlinearly Second, notice that when the Continuation is reconstructe d, no Copy er- tex is used to duplicate the captured con tin uati on. Instead, the tail of the 3.1. VER TEX TYPES OR THE SCHEME UN-TIME 43 Return ertex is used. This orks ecause the captured con tin uation also ob eys the proto col for an ob ject, so after it has pro cessed the Return it will connect reconstruction of itself to the tail terminal. This device will app ear man times in subsequen metho ds|in e�ect, ev ery message con tains an im- plicit Copy that the sender of message can use if it wishes to retain its access to the target. 3.1.4 utures One yp fails to �t in to the neat categorization of yp es in to ob jects, messages, and atoms: the Future ertex yp e. Future is created the (extended) Sc heme FUTURE sp ecial form. Future has terminals, lab eled \" and as cont ", oth of whic can though of as handles. The \" terminal is connected to the parts of the orking graph that are treating the future as if it ere already full- edged al ue. or example, this terminal migh connect to the left terminal of Sum or the car terminal of Cons The as cont terminal is connected to the parts of the orking graph that are orking on computing the future’s ev en tual alue. This terminal functions as con tin uation, so it accepts Return messages through the follo wing metho d: (graph (0 2) (<Future> as cont:3) (<Return 1> target:3 tail:0 0:1)) (graph (0 1) (<Sink> 0)) This metho connects the returned alue directly to the parts of the graph that ha pro ceeded on as if the al ue as already there. In e�ect the Future ertex \b ecomes" the returned al ue. This metho also replaces the Future with Sink atom. Sink resp onds to an additional attempts to return alues simply dropping them: (graph (0 1) (<Sink> 2) (<Return 1> target:2 tail:0 0:1)) (graph (0 1) (<Sink> 0) (<Drop> 1)) Of course this can only ccur if CALL-WITH-CUR RENT -CONT INUAT ION as used to capture and duplicate the con tin uati on|no rm al ly the Sink atom will quic kly dropp ed. If no alues are ev er returned to the as cont terminal of Future i.e. if it is simply dropp ed, then this metho will apply: As result, the futures describ ed here eha lik those in MultiLisp Hal84 ]. Other ossible eha vi ors are describ ed in Mil87 KW90 ]. 44 CHAPTER 3. COMPILING SCHEME (graph (0) (<Future> as cont:1) (<Drop> 1)) (graph (0) (<Failure> 0)) So the Future ertex ecomes Failure atom. There are no metho ds that allo Sc heme program to test for suc failed future, this is done purely as storage reclamation measure. or simila reasons, the metho (graph (0) (<Future> as cont:0) (<Drop> 1)) (graph (0) (<Sink> 0)) handles the case where the \" terminal of Future is dropp ed. 3.2 ranslating Sc hem constructs This section describ es ho Sc heme program is translated in to collection of metho ds. The only top-lev el expressions that are supp orted are pro cedure de�nitions. Eac de�nition de�nes global yp (see section 3.1.3.1) and metho for what should happ en when the global yp is treated as pro cedure. or example, giv en the top-lev el de�nition (define (inc x) (+ 1)) the metho (graph (0 2) (<Global INC> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global INC> 0) (<Number 1> 3) (<Sum> left:2 right:3) (<Return 1> target:1 tail:5 0:4) (<Drop> 5)) is the result. It is easy to see that this metho erforms the computation called for in the dy of the de�nition and returns the answ er to the supplied con tin uatio n. (Notice that the compiler has in tegrated kno wledge ab out the meaning of the global iden ti�er in to this metho d.) 3.2. TRANSLA TING SCHEME CONSTR UCTS 45 De�nitions that call for more complicated computations will require the compiler to generate new ob ject yp es to represen the required closures and con tin uations. or example, compili ng (define (f x) (lambda (y) (+ y))) yields the metho (graph (0 2) (<Global F> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global F> 0) (<Lambda 1583> x:2) (<Return 1> target:1 tail:4 0:3) (<Drop> 4)) whic creates Lambda 1583 ob ject to serv as closure. The al ue of is captured in this closure for later use when the Lambda 1583 handles Call op eration: (graph (0 3) (<Lambda 1583> x:3) (<Call 1> target:4 tail:0 cont:1 0:2)) (graph (0 3) (<Lambda 1583> x:4) (<Copy> target:3 a:6 b:4) (<Sum> left:6 right:2) (<Return 1> target:1 tail:7 0:5) (<Drop> 7)) This adds the argumen to one cop of the captured alue, and recreates the Lambda 1583 using the other cop Note that the alues of the captured ariabl es are held directly the clo- sure ob ject itself. There are no separate en vironmen ob jects as there are in traditional Sc heme in terpreter AS85 ]. En vironm en ts are not needed when there are no lo cal ariable assignmen ts. (Recall that are pretending that assignmen statemen ts ha een eliminated through assignmen con ersion.) Con tin uatio ns are created in similar manner. or example, compil ing (define (f g) (+ (g) 1)) yields the metho This is badly hose name. It ould etter if the compiler ga suc generated yp es names that started with Procedu re or Closure instead of Lambda ". 46 CHAPTER 3. COMPILING SCHEME (graph (0 2) (<Global F> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global F> 0) (<Evarg 1472> cont:1) (<Call 0> target:2 tail:4 cont:3) (<Drop> 4)) whic creates an Evarg 1472 ob ject to serv as the con tin uation when the pro- cedure is called. An Evarg 1472 handles Return message incremen ting the returned alue efore passing that alue bac to the original con tin uatio n: (graph (0 2) (<Evarg 1472> cont:2) (<Return 1> target:3 tail:0 0:1)) (graph (0 2) (<Evarg 1472> cont:3) (<Return 1> target:2 tail:3 0:5) (<Sum> left:1 right:4) (<Number 1> 4)) Lik an ob ject, an Evarg 1472 reconstruct itself for the ene�t of an further Return messages. Note that in order to prop erly reconstruct itself, this con tin uation metho needs to mak cop of the original con tin ua tion it holds. (It do es this using the tail of the Return .) This is in apparen violatio of assertion in section 3.1.3.1 that only the metho ds asso ciated with CALL-WITH-CURR ENT- CONTINUATION ev er treat con tin uati ons in nonlinear fashion. Ho ev er, observ that this cop ying is only done to co er the case where the Evarg 1472 is itself copied. In the absence of CALL-WITH-CUR RENT- CONTI NUATI ON ev ery Return message has Drop follo wi ng close ehind on its tail and these con tin uatio ns are all quic kly discarded. If CALL-WITH-C URREN T-CON TINUA TION ere eliminated from the language, con tin uatio metho ds ould not need to engage in all this useless duplication. Con tin uati ons can also capture ariables from the lexical en vironm en and in termediate alues. Consider the de�nition: (define (bar f) (+ (f) (f))) This compiles in to the metho 3.2. TRANSLA TING SCHEME CONSTR UCTS 47 (graph (0 2) (<Global BAR> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global BAR> 0) (<Evarg 673> cont:1 f:4) (<Call 0> target:2 tail:4 cont:3)) whic calls the function with con tin uati on of yp Evarg 673 whic holds oth the original con tin uati on, and second cop of the alue of When alue is returned to an Evarg 673 the metho (graph (0 3) (<Evarg 673> cont:2 f:3) (<Return 1> target:4 tail:0 0:1)) (graph (0 3) (<Evarg 673> cont:4 f:5) (<Evarg 662> cont:7 0:1) (<Call 0> target:3 tail:5 cont:6) (<Copy> target:2 a:7 b:4)) calls the sa ed alue of (for the second time) with con tin ua tion of yp Evarg 662 whic mai tains hold on the original con tin uation, and also holds on to the returned alue. When alue is returned to an Evarg 662 the metho (graph (0 3) (<Evarg 662> cont:2 0:3) (<Return 1> target:4 tail:0 0:1)) (graph (0 3) (<Evarg 662> cont:4 0:5) (<Sum> left:7 right:1) (<Return 1> target:2 tail:4 0:6) (<Copy> target:3 a:7 b:5)) adds the returned alue al ue to the sa ed al ue and returns the result to the sa ed con tin uation. The examples presen ted so far demonstrate ho the basic Sc heme constructs can compil ed in to metho ds. Com binati ons, lo cal and global iden ti�ers, LAMBDA expressions, and constan ts ha all een demonstrated. The follo w- ing subsections describ the treatmen of the Sc heme sp ecial forms IF BEGIN LETREC and FUTURE (The sp ecial forms LET LET* COND AND and OR are also presen t. They are de�ned as macros.) This should complete the picture of ho an arbitrary sequen tial Sc heme program can compiled in to linear graph gramm a r. 48 CHAPTER 3. COMPILING SCHEME 3.2.1 BEGIN BEGIN is handled in uc the same as com bi nation. or example, (define (twice f) (begin (f) (f))) generates the metho (graph (0 2) (<Global TWICE> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global TWICE> 0) (<Evseq 733> cont:1 f:4) (<Call 0> target:2 tail:4 cont:3)) whic calls the function with con tin ua tion of yp Evseq 733 whic holds oth the original con tin uati on, and second cop of the alue of When alue is returned to an Evseq 733 the metho (graph (0 3) (<Evseq 733> cont:2 f:3) (<Return 1> target:4 tail:0 0:1)) (graph (0 3) (<Evseq 733> cont:4 f:5) (<Call 0> target:3 tail:5 cont:6) (<Drop> 1) (<Copy> target:2 a:6 b:4)) drops the returned alue and calls the sa ed alue of (for the second time) with the original con tin uatio n. 3.2.2 IF Conditional expressions are somewhat more complicated. There are cases, dep ending on the nature of the expression whic is to tested. In some cases the compiler can pro duce single yp and metho ds, while in other cases the compiler is forced to generate an additional yp and an additional metho d. First, an example of the simple case: The de�nition (define (test x) (if (< 2) 105)) generates the metho 3.2. TRANSLA TING SCHEME CONSTR UCTS 49 (graph (0 3) (<Global TEST> 4) (<Call 2> target:4 tail:0 cont:1 0:2 1:3)) (graph (0 3) (<Global TEST> 0) (<Test 1307> cont:1 x:3) (<Less?> left:2 right:5) (<Number 2> 5)) whic compares with 2, and connects the result to the handle of Test 1307 ertex. Test 1307 is compiler generated yp e, simila to con tin uati on. It captures the con tin uati on and the alues of the ariabl es that are used on either arm of the conditional. Test 1307 is not con tin uation, ecause it do es not exp ect to handle Return message. Instead it exp ects to connected to the alue to tested, so that it ma erform dispatc on the Bo olean alue. If the alue is True the metho (graph (0 1) (<Test 1307> cont:0 x:1) (<True> 2)) (graph (0 1) (<Return 1> target:0 tail:2 0:1) (<Drop> 2)) returns the preserv ed alue of to the con tin uation. If the alue is False the metho (graph (0 1) (<Test 1307> cont:0 x:1) (<False> 2)) (graph (0 1) (<Drop> 1) (<Number 105> 2) (<Return 1> target:0 tail:3 0:2) (<Drop> 3)) discards the preserv ed alue of and returns 105. The previous example as simple ecause the compiler as able to oid generating an explicit con tin uatio for the call to This on’t alw ys ossible. If the example had een (define (test x) (if (f) 105)) then the compiler ould ha generated the metho 50 CHAPTER 3. COMPILING SCHEME (graph (0 3) (<Global TEST> 4) (<Call 2> target:4 tail:0 cont:1 0:2 1:3)) (graph (0 3) (<Global TEST> 0) (<Evif 1450> cont:1 x:3) (<Call 0> target:2 tail:5 cont:4) (<Drop> 5)) whic calls with con tin uatio of yp Evif 1450 When alue is returned to an Evif 1450 the metho (graph (0 3) (<Evif 1450> cont:2 x:3) (<Return 1> target:4 tail:0 0:1)) (graph (0 3) (<Evif 1450> cont:4 x:5) (<Test 1307> cont:6 x:7) (<Copy> target:2 a:6 b:4) (<Copy> target:3 a:7 b:5)) connects that alue to the Test 1307 ertex and (as usual) recreates the con- tin uation. 3.2.3 FUTURE Since the FUTURE sp ecial form is not standard part of Sc heme, presen brief in tro duction of it here. (More complete descriptions can found elsewhere Hal84 Mil87 ].) FUTURE expression con tains single sub expression. When the FUTURE expression is ev aluated, what as previously single thread of execution splits, and execution con tin ues concurren tly in di�eren directions. One thread of execution starts ev aluating the sub expression. The other thread of execution con tin ues the execution of the rest of the program, taking as the alue of the FUTURE expression something called \future". Execution con tin ues in parallel un til one of things happ ens: If the ev aluation of the sub expression yields alue, then the future omes that alue. If, on the other hand, the ev aluation of the rest of the program requires an actual al ue instead of future, then that thread simply aits un til ev aluatio of the sub express ion �nally yields alue. The compilati on of the FUTURE sp ecial form is quite simple. Consider (define (future-call f) (future (f))) whic compiles in to the single metho d: An op eratio that can pro quite hall eng ing to implemen t! 3.2. TRANSLA TING SCHEME CONSTR UCTS 51 (graph (0 2) (<Global FUTURE-CAL L> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global FUTURE-CAL L> 0) (<Future> as cont:4) (<Return 1> target:1 tail:5 0:3) (<Call 0> target:2 tail:6 cont:4) (<Drop> 5) (<Drop> 6)) Almost exactly the same metho ould ha een generated if the call to had not een wrapp ed in FUTURE The di�erence is the additional Future and Return ertices strung together et een the original con tin uation and the cont terminal of the Call This has the e�ect of imm ediately returning the Future to the caller, while allo wi ng the call to to pro ceed sim ultaneously arious metho ds for Future ere describ ed in section 3.1.4. ou mig think of Future ertices as an ti-particles for Return ertices. When FUTURE sp ecial form is ev aluated, Return and an an ti- Return (a Future are created. Later, when the expression inside the FUTURE pro duces Return the Return and the an ti- Retur annihilate eac other. 3.2.4 LETREC There are man in teresting things to sa ab out the implem en ta tion of LETREC but none of them is really essen tial to an understanding of the curren system, so the reader can skip this subsection without missing an ything imp ortan t. On the other hand, Sc heme language a�cionados will �nd this stu� righ up their alley Let us start with simple example: The de�nition (define (make-f) (letrec ((f (lambda (n) (f (+ 1))))) f)) generates the metho (graph (0 1) (<Global MAKE-F> 2) (<Call 0> target:2 tail:0 cont:1)) (graph (0 1) (<Global MAKE-F> 0) (<Lambda 2101> f:3) (<Return 1> target:1 tail:4 0:5) (<Drop> 4) (<Copy> target:2 a:3 b:5)) 52 CHAPTER 3. COMPILING SCHEME whic creates closure of yp Lambda 2101 One cop of the closure is returned and the other cop is lo op ed bac to ecome the alue of the closed-o er aria ble Later, when the closure is called, the metho (graph (0 3) (<Lambda 2101> f:3) (<Call 1> target:4 tail:0 cont:1 0:2)) (graph (0 3) (<Lambda 2101> f:4) (<Number 1> 5) (<Sum> left:2 right:5) (<Call 1> target:3 tail:4 cont:1 0:6)) calls one cop of the function and mak es second cop for the reconstructed Lambda 2101 ertex. So far, this is exactly what one ould exp ect giv en the usual Sc heme def- inition for LETREC and the Sc heme ob jects are eing mo deled, but the underlying mec hanism that supp orts this is actually uc more general. or example (define (circular-list x) (letrec ((l (cons l))) l)) generates the metho (graph (0 2) (<Global CIRCULAR-LIST> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global CIRCULAR-LIST> 0) (<Cons> car:2 cdr:4) (<Return 1> target:1 tail:5 0:6) (<Drop> 5) (<Copy> target:3 a:4 b:6)) whic returns (one cop of Cons whose cdr is (the other cop of itself. In fact, using Future s, any expression can app ear in LETREC or ex- ample (define (fixpoint f) (letrec ((x (f x))) x)) generates the metho 3.3. OPTIMIZA TION: SIMULA TION 53 (graph (0 2) (<Global FIXPOINT> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global FIXPOINT> 0) (<Future> as cont:4) (<Return 1> target:1 tail:5 0:6) (<Call 1> target:2 tail:7 cont:4 0:8) (<Drop> 5) (<Drop> 7) (<Copy> target:3 a:8 b:6)) whic creates Future to �ll in for the alue of the call to and then passes one cop in to as its argumen t, and returns the other cop The �rst examples ere pro duced generating the fully general trans- lation, using Future s, and then optimi zing the Future (using the tec h- niques describ ed in the next section). In the usual case, where the expressions in LETREC are all LAMBDA -expressions, the futures can alw ys elimi nated. The fact that futures can used to implem en fully general LETREC is not new. See Mil87 ]. 3.3 Optim i zati on: sim ul ati on The compiler uses one simple tec hnique to optimize linear graph gramm a rs: It applies metho ds to the righ hand sides of other metho ds. see wh this is safe thing to do, supp ose metho applies to the righ hand side of metho In other ords, the left hand side of ccurs as subgraph of the righ hand side of When is actually applied to the orking graph at run-time, its righ hand side will instan tiated as subgraph of the orking graph; so ’s left hand side will no ccur in the orking graph. When is applied, always ecomes applicable imm ediately afterw ards. Applying to simply erforms that application at compile-tim e. In e�ect, this do es compile-tim sim u lat ion of the run-time orld. Some ossible execution histories are elimina ted making these decisions at compile-tim e. After is applied, ecomes applicable, but the run-time is free to ho ose some other applicable metho instead. migh ev en hange the graph so that is no longer applicable. By making the hoice to apply at compile-tim e, that ossibilit is precluded. ortunately the compiler tak es care to generate gramm ars that ork correctly giv en an sc heduling of metho ds, so this isn’t problem. Sim ula tion turns out to quite go at cleaning up the rubbish left ehind the ra source-to-metho ds translation algorithm In fact, all the metho ds presen ted in the previous section as examples of compiler output ere already 54 CHAPTER 3. COMPILING SCHEME optimized in this Unsim ulated metho ds are considerably more di�cult to read. or example, the de�nition (define (invoke f) (f)) initially ecomes metho ds: (graph (0 2) (<Global INVOKE> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global INVOKE> 0) (<Evarg 317> cont:1) (<Return 1> target:3 tail:4 0:2) (<Drop> 4)) (graph (0 2) (<Evarg 317> cont:2) (<Return 1> target:3 tail:0 0:1)) (graph (0 2) (<Evarg 317> cont:3) (<Call 0> target:1 tail:4 cont:5) (<Drop> 4) (<Copy> target:2 a:5 b:3)) The ob ject yp Evarg 317 is the con tin uatio for the ev aluation of the expres- sion The �rst metho creates an Evarg 317 and imm ediately returns the alue of to it. The second metho describ es what happ ens when alue is returned to an Evarg 317 So the second metho can applied to the righ hand side of the �rst metho so that it ecomes: (graph (0 2) (<Global INVOKE> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global INVOKE> 0) (<Copy> target:1 a:5 b:6) (<Evarg 317> cont:6) (<Call 0> target:2 tail:7 cont:5) (<Drop> 4) (<Drop> 7)) Then can apply the metho that applies when Drop is connected to the handle of Evarg 317 (Recall from section 3.1.1 that all ob ject yp es ha suc metho d.) The result: 3.3. OPTIMIZA TION: SIMULA TION 55 (graph (0 2) (<Global INVOKE> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global INVOKE> 0) (<Copy> target:1 a:5 b:6) (<Call 0> target:2 tail:7 cont:5) (<Drop> 6) (<Drop> 7)) No can apply the metho that applies when Drop is connected to the terminal of Copy (see section 2.4) to obtain the �nal result: (graph (0 2) (<Global INVOKE> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global INVOKE> 0) (<Call 0> target:2 tail:7 cont:1) (<Drop> 7)) Sim ula tion sometim es lo oks lot lik -reduction, but it is oth more and less erful. It is mor erful ecause it is able to in tegrate kno wledge of the eha vior of arious data yp es in to the generated co de. or example, the de�nition (define (f x) (car (cons x))) ecomes simply (graph (0 2) (<Global F> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global F> 0) (<Return 1> target:1 tail:3 0:2) (<Drop> 3)) ecause the compiler has the complete set of metho ds describing the eha vior of CAR and CONS a il able at compile-tim e. (This example also illustrates ho nonlinearities can sometimes elimi nated at compile-tim e.) On the other hand, sim ul ation is less erful than -reduction ecause it is unable to elimina te captured ariabl es from closures. or example (define (7up) ((lambda (x) (lambda () x)) 7)) can -substituted to ecome 56 CHAPTER 3. COMPILING SCHEME (define (7up) (lambda () 7)) but compiles in to the follo wi ng metho ds: (graph (0 1) (<Global 7UP> 2) (<Call 0> target:2 tail:0 cont:1)) (graph (0 1) (<Global 7UP> 0) (<Lambda 487> x:3) (<Number 7> 3) (<Return 1> target:1 tail:4 0:2) (<Drop> 4)) (graph (0 2) (<Lambda 487> x:2) (<Call 0> target:3 tail:0 cont:1)) (graph (0 2) (<Lambda 487> x:3) (<Return 1> target:1 tail:4 0:5) (<Drop> 4) (<Copy> target:2 a:5 b:3)) ould prefer for the compiler to elimi nate the ariable and generate instead the metho ds: (graph (0 1) (<Global 7UP> 2) (<Call 0> target:2 tail:0 cont:1)) (graph (0 1) (<Global 7UP> 0) (<Lambda 487> 2) (<Return 1> target:1 tail:3 0:2) (<Drop> 3)) (graph (0 1) (<Lambda 487> 2) (<Call 0> target:2 tail:0 cont:1)) (graph (0 1) (<Lambda 487> 0) (<Return 1> target:1 tail:2 0:3) (<Drop> 2) (<Number 7> 3)) The problem is that the initial translation decided that the yp Lambda 487 (used to represen closures of the expression (LAMBDA () X) needed an 3.4. REAL EXAMPLE 57 terminal to remem er the alue of and no amoun of mere sim ul ation can eliminate terminal. More complex optimizatio ns ould required to duplicate full -reduction. Another imp ortan function serv ed sim ul ation is to in tegrate calls to the constructors and op erators describ ed in section 3.1.3.1 in to the co de. Calls to for example, are con erted in to Sum ertex constructions, rather than remaining explicit calls to Global Man of the ra translations also rely on sim ula tion to pro duce reasonable co de. or example, the ra translation for LETREC alw y mak es use of futures, and assumes they will elimi nated in the comm on cases (section 3.2.4). Sim ula tion remains alid tec hnique ev en if the compiler uses only subset of the metho ds and yp es that will presen at run-time. In fact, the curren compiler do esn’t ha complete kno wledge of the umeric yp es and the metho ds that impl em en arithmetic (although it could, giv en some more ork). The compil er also lac ks all kno wledge of the ertex yp es used at run-time to impl em en I/O. Suc yp es cannot ev en ccur in an of the metho ds manip- ulated at compile-tim e. Therefore, in particular, suc yp es cannot ccur in an disconnected comp onen app earing in the righ hand side of metho d. Th us the compiler kno ws that al disconnected comp onen ts in metho righ hand sides will garbage at run-time (see section 2.4), and so it can discard them imm ediately Of course there is danger in doing suc complete sim ulati on of the pro- gram at compile-tim e: The compiler migh �nd itself running the program to completion using the considerably slo er compile-tim data structures (F or example, if the expression ((LAMBDA (X) (X X)) (LAMBDA (X) (X X))) ap- ears in the program.) Compil ers that do -reduction face this danger as ell. prev en the sim ula tion from getting out of hand, no righ hand side is ev er sim ula ted for more than 250 steps. That um er as pic ed ecause couple of con triv ed examples really needed to run that long, but ordinarily all righ hand sides terminate in less than 20 steps. Other optimi zations esides sim ul ation are certainly ossible. Sim ul atio is particularly easy ecause it only in olv es the in teraction of metho ds (the metho eing applied, and the metho whose righ hand side is eing mo di�ed). 3.4 real exampl So far, the examples ha all een hosen to emphasize some particular asp ect of compilati on. get feeling for what compilati on will do with more ypical Sc heme pro cedure, consider the follo wing famous function: 58 CHAPTER 3. COMPILING SCHEME Figure 3.2: The metho for calling FACT (define (fact n) (let loop ((a 1) (n n)) (if (< 2) (loop (* a) (- 1))))) After translation and optimizatio n, four metho ds remain. One metho describ es the eha vior of when FACT is �rst called: (graph (0 2) (<Global FACT> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global FACT> 0) (<Copy> target:2 a:7 b:10) (<Lambda 642> loop:4) (<Copy> target:3 a:8 b:4) (<Test 520> cont:1 n:7 loop:8 a:9) (<Number 1> 9) (<Less?> left:10 right:5) (<Number 2> 5)) Among other things, this metho builds closure (a Lambda 642 ob ject) to represe the in ternal pro cedure named LOOP in the source. picture of this metho is sho wn in �gure 3.2. When this closure is in o ed, the relev an metho will e: The ertex yp es in this �gure, and those that follo w, ha een abbreviat ed in straigh t- forw ard Lambda 642 ecome L. 642 ", Call ecome C. ", etc. 3.4. REAL EXAMPLE 59 Figure 3.3: The metho for calling LOOP (graph (0 4) (<Lambda 642> loop:4) (<Call 2> target:5 tail:0 cont:1 0:2 1:3)) (graph (0 4) (<Lambda 642> loop:5) (<Number 2> 6) (<Test 520> cont:1 n:8 loop:9 a:2) (<Less?> left:10 right:6) (<Copy> target:3 a:8 b:10) (<Copy> target:4 a:9 b:5)) picture of this metho is sho wn in �gure 3.3. Notice that oth of these metho ds con tain co de that hec ks to see if the curren alue of is less than 2. The reason for this is that the aggressiv sim ula tion describ ed in the previous section has the e�ect of op en-co ding calls to pro cedures kno wn to the compiler|the �rst metho of suc kno wn pro cedure, the metho that describ es what happ ens imm ediately after the pro cedure is called, will in tegrated in to the metho that called it. These metho ds also oth build Test 520 ertices to react to the results of the comparison. The other metho ds describ the ossible outcomes: Either as less than 2: 60 CHAPTER 3. COMPILING SCHEME Figure 3.4: The metho for when (< 2) is true (graph (0 3) (<Test 520> cont:0 n:1 loop:2 a:3) (<True> 4)) (graph (0 3) (<Return 1> target:0 tail:4 0:3) (<Drop> 4) (<Drop> 1) (<Drop> 2)) in whic case the curren alue of is returned, or another trip around the lo op is required: (graph (0 3) (<Test 520> cont:0 n:1 loop:2 a:3) (<False> 4)) (graph (0 3) (<Number 1> 4) (<Product> left:6 right:3) (<Difference> left:8 right:4) (<Call 2> target:2 tail:9 cont:0 0:5 1:7) (<Drop> 9) (<Copy> target:1 a:6 b:8)) in whic case some arithmetic is erformed to obtain new alues to argumen ts to LOOP Pictures of these metho ds are sho wn in �gure 3.4 and �gure 3.5. (Note that sim ula tion as unable to disco er that this call to LOOP is the same ev ery time. This demonstrates ho sim ul atio is not quite go enough to remo all traces of LETREC This failure is simila to the example on page 56, where the compiler failed to erform -reduction.) Figure 3.6 sho ws piece of linear graph structure set up for call to the FACT pro cedure. After applying the metho for calling FACT (�gure 3.2), and after cop ying the argumen and erforming the comparison the result app ears in �gure 3.7. The metho for the false arm of the conditional (�gure 3.5) can no 3.4. REAL EXAMPLE 61 Figure 3.5: The metho for when (< 2) is false Figure 3.6: The initial orking graph for (FACT 2) Figure 3.7: Before the conditional test (�rst time) 62 CHAPTER 3. COMPILING SCHEME Figure 3.8: Before tree-clim bing applied, and after some cop ying and some arithmetic the result app ears in �gure 3.8. Notice that the Copy and Lambda 642 subgraph surviv ed this round unc hanged. No the Call ertex is connected to the terminal of Copy so the standard tree-clim bing metho can applied and this graph ecomes the graph sho wn in �gure 3.9. The Drop and Copy ertices will no elimina ted, and the metho for calling Lambda 642 will run, resulting in another cop and comparison, all resulting in the graph sho wn in �gure 3.10. Notice ho the Copy and Lambda 642 subgraph has een cr ate this pro cess, and as result this graph strongly resem bles the one sho wn in �gure 3.7. This time of course, the comparison came out the other so the metho for the true arm of the conditional no applies (�gure 3.4), resulting in the graph sho wn in �gure 3.11. The correct result is no eing returned to the original con tin uatio n. Tw disconnected comp onen ts remain that will garbage col- lected. 3.5 Co de generation Co de generation has the follo wing phases: 1. Compute whic yp es and metho ds will needed at run-time. Starting with the set of yp es kno wn to in the initial graph, the compiler lo oks for metho ds that migh apply to graph built from just those yp es, i.e. metho ds whose left hand side is made en tirely from yp es in the set. Then the compiler adds all the yp es used in the righ hand sides of these metho ds in to the set. This op eration is rep eated un til no new yp es and metho ds are disco ered. (This \tree shak e" will ev en discard built-in yp es and metho ds describ ed in section 3.1 if they are not needed. If 3.5. CODE GENERA TION 63 Figure 3.9: After tree-clim bi ng Figure 3.10: Before the conditional test (second time) Figure 3.11: Returning the result 64 CHAPTER 3. COMPILING SCHEME program do esn’t use futures or CONS -cells, then none of the supp ort for those features will included.) 2. or eac yp disco ered in the �rst phase, decide ho ertices of that yp will represe ted at run-time. The run-time system uses tagged alues to implem en the connections et een ertices. Connections to univ al en yp es are represe ted as im- mediate tagged alues, where the tag iden ti�es the yp of the ertex, and the rest of the alue is ignored. or connections to larger alence yp es, the tag iden ti�es the yp of the ertex and whic of its terminals is eing connected to, and the rest of the al ue is the address of blo of storage that con tains alues that represe the ertex’s other connections. 3. rite pro cedure that impl em en ts eac metho d. Eac metho ecomes pro cedure that erforms surgery on the run- time orking graph to transform single instance of the metho d’s left hand side in to an instance of its righ hand side. The co de calls arious utilities pro vided the run-time system to manipulate graph structure, and carefully alerts the run-time system whenev er it creates subgraph to whic some other metho migh apply The set of yp es and metho ds computed in the �rst phase are used to com- pute the \activit y" of eac terminal of eac yp e. terminal is activ if it ccurs on one end of connection in the left hand side of an metho d. An inactiv terminal is one that is not activ e. terminal is monoactiv if it is the sole activ terminal among all the terminals of its yp e. If an activ terminal is not monoactiv e, then it is oly acti Recall that all metho ds are binary metho ds. The left hand side of binary metho is en tirely haracterized the pair of terminals joined its single connection. So for example, the metho on page 38 describ es what happ ens when the target terminal of Car op eration is joined to the handle of Cons ob ject. Those terminals are th us activ whenev er this metho is presen at run-time. urthermore, since no other metho ds or metho sc hema will mak an of the other terminals of the yp es Car and Cons activ e, those terminals are in fact monoactiv e. All three terminals of Copy ertex are oly activ e, ecause ev ery message yp has metho ds for when its handle is joined to either the or the terminal of Copy and in addition ev ery atom yp has metho for when it is joined to the target terminal of Copy erm inal activit informatio pla ys um er of imp ortan roles: The compiler uses terminal activities when it designs the run-time repre- sen tations used for ertices. More ab out this elo w. 3.5. CODE GENERA TION 65 The link er uses terminal activities to hec that the assumptions made in separately compiled mo dules ab out the haracteristics of ertex yp es held in commo are all consisten t. Since the curren compil er is actually blo compiler, this problem reduces to hec king that the compiler agrees with the run-time system ab out the haracteristics of few built-in yp es. (Most of them, suc as Sum Product and the Number yp es, are concerned with implem en ting arithmetic.) The run-time system uses terminal activities to help mak decisions ab out ho to migrate graph structure around the net ork during distributed graph reduction. More ab out this in hapter 5. The la out of the blo of storage used to represen ertex yp can aried dep ending on the requiremen ts of the metho ds that men tio that yp in either their left or righ hand side. The co de generated for those metho ds is the only co de that ev er manipulates that storage, so the format of its con ten ts is en tirely up to the compiler. This lea es fair amoun of ro om for optimi zations, but as this dissertation isn’t concerned with the e�cien lo al execution of linear graph gramm ars, these optimizations are not describ ed here. Instead will assume that the compiler uses the general case represen tation for all yp es. In the general case ertex of alence is represen ted using an arra of tagged alues that indicate for eac terminal what other terminal it is connected to. Th us ev ery connection is represen ted using pair of oin ters, one running in eac direction. The individual metho pro cedures all share fairly simple structure: 1. Allo cate the storage needed to represen the ertices in the righ hand side of the metho d. 2. Mo connections et een the other terminals of the old pair of ertices and the appropriate terminals of the newly allo cated ertices. 3. Create additional in ternal connections et een the newly allo cated er- tices. 4. ree the storage that as used to represe the left hand side ertices. In steps and connections to old terminals are brok en and connections to new terminals are made. If the terminal in ol ed is activ e, this can cause previously applicable metho ds to ecome inapplicable and vice ersa. In these cases the metho pro cedure mak es or breaks the connection calling an appropriate run-time routine that do es the ork necessary to main tai queue of redexes. (This redex queue will ma jor haracter in hapter 5.) Metho ds could compiled in to considerably etter co de. It should os- sible to pro duce metho ds that erform yp dispatc hes and arithmetic directly rather than alw ys relying on the run-time. see no fundamen tal obstacles that 66 CHAPTER 3. COMPILING SCHEME prev en su�cien tly go compiler from pro ducing essen tially the same co de as an other Sc heme compiler for the same source co de. Ac hieving that goal remains topic for future researc h. The resulting collection of pro cedures are compiled the compiler and link ed together with the run-time system. When the resulting executable �le is started it initializes the storage system, starts up the net ork in terface routines, loads all the metho pro cedures in to hash table, builds the initial orking graph (based on parsing the comm and line argumen ts), and calls the main sc heduler lo op (describ ed in the hapter 5). 3.6 Summ ary In this hapter demonstrated ho Sc heme can mo deled using linear graph reduction. sho ed ho the arious Sc heme data yp es could represen ted using linear graph structure and ho the Sc heme language could faithfully translated in to linear graph gramm ar. The curren system is far from eing complete Sc heme system|it lac ks man data yp es and language features|but tried to include enough of the picture so that it should ob vious ho to �nish the job. ey prop ert of this translation is that linear constructs in the original program are translated directly in to linearities in the resulting graph gramm ar. If pro cedure uses the alue of one of its argumen ts in linear manner, then the reference to that alue will alw ys direct connection|there will no need for tree of Copy ertices. In this linearities in the original program are exp osed in the linear graph structure mo del, where can exploit them during execution. In hapter Sc heme programs will compiled as describ ed ab e, and executed distributed graph reduction engine. That engine will ha no understanding of what the arious ertex yp es mean to us in this hapter. In sense it isn’t necessary to ha an understanding of this hapter in order to understand hapter 5, but ou cannot truly appreciate the action without it. When the distributed graph reduction engine decides to transp ort subgraph con taining ertex of yp Call from one net ork lo cation to another, ou ma see wh this act is go graph reduction strategy but if ou understand this hapter, the act acquires additional signi�cance as an example of remote pro cedure call. gcc Chapter Main taining Connections Across the Net ork This hapter describ es the link abstraction and the net ork proto col that im- plemen ts it. The distributed graph reduction engine is made up of collection of agen t that eac hold subset of the ertices in the orking graph. Links are used to main ta in connections et een ertices that are held di�eren agen ts. In hapter will use the mec hanism describ ed in this hapter to supp ort the execution of the co de generated in hapter 3. link has ends whic can tra el indep enden tly from agen to agen t. agen that is curren tly in ossession of one of the ends of link can inquire ab out the most recen tly kno wn lo cation of the other end. simple net ork proto col guaran tees that eac end is promptly informed ab out hanges in the lo cation of the other. The migratio of subgraph from one agen to another will ypically cause ulti ple link ends to pass from agen to agen er the net ork. As shall see in hapter 5, this is the only signi�can cost of subgraph mig ration. Th us the more exp ensiv it is to mo link ends, the more exp ensiv it will to migrate subgraphs. It is therefore orth whi le to ork at making the implem en ta tion of links as ligh t-w eigh as ossible. ortunately links are able to meet the goal of eing ligh t-w eigh ecause they impl em en line ar reference s. nonlinear reference mec hanism has to orry ab out um er of things that linear reference oi d. Nonlinear references can duplicated and stored in an arbitrary um er of di�eren lo cations. The target of nonlinear reference ust prepared to handle ultipl requests from In order to etter understan ho the link abstract ion �ts in to the rest of the system, the reader ma �nd it helpful at this oin to preview �gure 5.1 on page 88, whic sho ws ho the run-tim mo dules supp ort eac other. The link mo dule app ear fairly lo do wn, supp ort ed only the reliable message service. 67 68 CHAPTER 4. CONNECTIONS CR OSS THE NETW ORK reference holders, and ust con tin ue to exist un til some separate mec hanism determines that there are no more outstanding reference s. An implem en tatio of nonlinear reference that cross net ork ust tak these ossibilities in to accoun t|see YTR 87 for an example of the consequences In con trast, linear references cannot duplicated. The en tit at the other end of linear reference need only prepared to handle single request and can then cease to exist. Supp ort for linear references that cross net ork only needs to orry ab out the whereab outs of one remote en tit If that en tit ev er ecomes lo cal, then all net ork resources dev oted to main tai ning the linear reference can easily discarded. 4.1 The con tract of link Links capture the essenc of the requiremen ts for supp orting cross-net ork con- nections in simple abstraction. The follo wing �v pro cedures de�ne the com- plete in terface to the abstraction. Note that these pro cedures are all in o ed some particular agen t|that calling agen is an impli cit argumen to them all. create_link() Link pro cedure Creates new link. The calling agen will giv en ossession of oth ends of the new link. destroy_link( Li nk pro cedure Destro ys Link The calling agen ust ossess oth ends of Link efore calling destroy_lin pick_up_link( Li nk Agen Descriptor pro cedure Starts the pro cess of mo v ing one end of Link from the calling agen to Agen The Descriptor is an iden ti�er that can presen ted to put_down_ link (see elo w) to complete the mo e. The calling agen ust ossess at least one of the ends of Link efore calling pick_up_link and after the call it will ossess one few er. put_down_link( Descriptor Link pro cedure Finishes the pro cess of mo ving link. The calling agen no has ossession of an additional end of Link The calling agen ust the agen sp eci�ed in the call to pick_up_link that created Descriptor query_link( Link Agen or NULL pro cedure Queries Link ab out the lo cation of its other end. If the calling agen ossesse oth ends of the link, then NULL is returned. The calling agen ust ossess at least one of the ends of Link efore calling query_link 4.1. THE CONTRA CT OF LINK 69 descriptor can though of as the ortable represen tation of link end. rom the oin of view of the users of this in terface, the only purp ose serv ed descriptor is to prev en the caller from confusing ulti ple link ends that are in transit at the same time. (Another to accomplish the same thing ould to arrange for link ends to arriv in the same order that they ere transmitted.) rom within the link la er, descriptors serv devious additional purp ose. The only thing the user of the link abstraction can do with descriptor is carry it to the destination agen and call put_down_link The link la er tak es adv an- tage of this making informatio that it an ts to transmit to the destination agen art of the descriptor itself This hac allo ws the link la er to oid sending its wn reliable messages in man (but not all) situations. In order to mak this ork prop erly an agen that calls pick_up_lin accepts resp onsi- bilit for reliably deliv ering the descriptor to the destination agen and calling put_down_li nk In practice this additional resp onsibilit is no burden. Note there there is nev er an need for the calling agen to distinguish et een the ends of link|for example, lab eling them the \left" and \righ t" ends. An agen in terested in the state of particular link will either �nd that it is in ossession of oth ends, or it will in terested in the lo cation of the other end. No other distinguishing haracteristics are required. The ends of link can though of as virtual tok ens. These tok ens are passed from agen to agen as part of the descriptors. an giv en mom en t, eac tok en exists in exactly one place in the net ork: either it is in the ossession of some agen t, or it is part of descriptor. The con tract of the link la er is to guaran tee that: Neither of these tok ens will duplicated or lost. (This is easy to accom- plish as long as descriptors are deliv ered reliably .) If one tok en sta ys imm obil in the ossession of an agen t, then that agen will receiv prompt up dates ab out the lo cation of the other tok en. If oth tok ens sta imm obi le, then after some small um er of messages (p erhaps or three) ha journey ed through the net ork, eac ossess- ing agen will learn the iden tit of the other. If neither tok en is mo ving, no net ork tra�c will required to main tain the link. An agen that do es not curren tly ossess either tok en from giv en link will able to easily reclaim all lo cal resources dev oted to main tai ning that link|ev en though the link con tin ues to exist, and ma ev en pass through this agen again in the future. When link is destro ed (via call to destroy_link ), all resources on all agen ts dev oted to main tai ning that link will easily reclaimed. 70 CHAPTER 4. CONNECTIONS CR OSS THE NETW ORK call to query_link do es not initiate an net ork tra�c. query_link alw ys just imm ediately returns the most recen lo cal informa tion ab out the lo cation of the other end of the link. The link mo dule orks in the bac kground to up date this informa tion as quic kly as ossible, but there is no guaran tee that the claimed lo cation of the other tok en re ects curren realit The other tok en ma ha recen tly departed from the claimed lo cation, or alternativ ely it ma still part of descriptor en route to the claimed lo cation. Higher lev el mo dules ust designed to tak the lim itati ons of query_link ’s answ ers in to accoun t. In section 5.3, when graph structure mi- gration is describ ed, this fact will pla an imp ortan role. 4.2 The link m ain te nance proto col In this section will describ the link main tenance proto col in detail. This proto col meets all the requiremen ts set forth in the previous section, and is clearly go enough to demonstrate that cross-net ork connections can ept ligh t-w eigh t. There are still some problems with this proto col, and in tuitio is that ev en etter proto cols are ossible. There are desires that motiv ate the design of this proto col. First, there is the desire to quic kly propagate hanges in the lo cation of one end of link to the agen that holds the other end. Second, there is the desire to easily reclaim resources dev oted to links whose ends are no longer presen at giv en agen t. The most ob vio us kind of proto col, where agen ts forw ard messages addressed to link ends that ha recen tly departed, is unsuitable on oth coun ts. First, if oth ends of link are hopping rapidly from agen to agen t, then it can tak an arbitrary um er of forw arding steps efore the most up-to-date informatio ab out one end can arriv at the other end. Second, it is di�cult for an agen to kno when it is safe to forget what it kno ws ab out link if the proto col relies on agen ts to pro vide forw arding. The proto col describ ed here solv es these problems using �xed home agen for eac link that is alw y ept informed ab out the lo cations of the ends. The home agen of link will the agen who called create_link to forge the link in the �rst place. The home agen receiv es status rep orts from the ends whenev er they mo e. Occasionally the home agen will notice that the ends ha oten tially lost trac of eac other, in whic case it will send messages to correct the situation. This guaran tees that an agen holding one end of link will learn the true lo cation of the other end of the link after at most single forw arding step. This also allo ws an agen other than the home It is in fact ossible for an agen to call query_ lin and �nd that the other end of the link is eliev ed to ossessed the calling agen itself, ev en though only one tok en is actually residen lo cally This can happ en if the tok en for the other end is in transit and as e rtak en some of the message that the link la er itself exc ha ng es|onc the tok en for the other end arriv es, calls to query_l ink will return NULL as exp ected 4.2. THE LINK MAINTENANCE PR OTOCOL 71 agen to discard all kno wledge of an link whose ends are elsewhere. Relying on third part home agen do es ha its disadv an tages. If the home agen ecomes inaccessible for some reason, then the ends of link ma lose trac of eac other, ev en through they ma within easy reac of eac other. Ev en if the home agen remains accessible, the ends ma ander far from home, so that when the home agen t’s services are required lot of long distance net ork tra�c tak es place to correct what should purely lo cal problem. These are not particularly bad problems for ery short-liv ed links, but for links that last more that few seconds it ould nice to shift the home agen t’s resp onsibilities from the original creator to one of the agen ts curren tly holding an end of the link. Although the curren run-time system do es not impl em en it, will suggest tec hnique that addresses this problem elo w. 4.2.1 Link main tenance data structures The link la er is built on top of reliable message la er, whic assigns 64- bit Agen t-Id to eac agen t. Eac link is assigned unique Link-Id when create_link is called. The 95-bit Link-Id consists of the 64-bit Agen t-Id of the home agen (who called create_link ), plus 31-bit extension generated the home agen t. This mak es it easy to obtain the Agen t-Id of the home agen of link giv en an arbitrary Link-Id. Inside the link la er, the ends ar distinguished. They are called the up and do wn ends of the link. (The up end prefers to tra el, although nothing tak es adv an tage of this fact.) Eac agen main tai ns table of link records ey ed Link-Id. link record con tains the follo wing �elds: id The Link-Id of this link. Recall that this includes the Agen t-Id of the home agen for the link. up_agent The Agen t-Id of the agen eliev ed to in ossession of the up end of this link. down_agent The Agen t-Id of the agen eliev ed to in ossession of the do wn end of this link. up_sequence 16-bit sequence um er asso ciated with the informatio curren tly stored in up_agent The sequence um ers are used is describ ed elo w. The issue of what to do when an agen runs out of 31-bit extension is not addressed in this implemen tati on. Link-Ids could reused after suitable timeout. 72 CHAPTER 4. CONNECTIONS CR OSS THE NETW ORK down_sequence 16-bit sequence um er asso ciated with the informati on curren tly stored in down_agent up_flag This ag is set if the up end of the link is actually held the lo cal agen t. If this bit is set, then up_agent will necess arily con tain the Agen t-Id of the lo cal agen t. (The con erse is not true.) down_flag This ag is set if the do wn end of the link is actually held the lo cal agen t. If this bit is set, then down_agent will necess arily con tain the Agen t-Id of the lo cal agen t. up_flag and down_flag record the presence of the tok ens discussed in section 4.1.) deleted_flag This ag is set if the link has een destro ed. 4.2.2 Link la er comm unication The link la er relies on other la ers to transp ort descriptors, but it also needs to exc hange messages within itself. Th us the link mo dule uses the same re- liable message service used the migratio routines that will describ ed in section 5.3. This in tro duces some unnecess ary comm unicatio in some cir- cumstances since the link la er do esn’t actually need all the er of reliable messages, but it has the virtue of simpli fying the link la er|m a king it easier to implem en t, debug and explain. 4.2.3 Creating new link When an agen calls create_link new Link-Id is generated (with the calling agen as home agen t), and new link record for that link is added to the calling agen t’s link record table. In that new record the up_agent and down_agent are set to the calling agen t’s wn Agen t-Id, the up_flag and down_flag are set, the deleted_flag is clear, and the up_sequence and down_sequence are initialized to 0. 4.2.4 Destro ying link When an agen calls destroy_link the system �rst hec ks to sure that oth up_flag and down_flag are set, otherwise the calling agen do es not ha ermission to destro the link. Then, if the calling agen is not itself the home agen t, message is dispatc hed to the home agen informing it of the demise of the link. 4.2. THE LINK MAINTENANCE PR OTOCOL 73 Both the destro ying agen and the home agen set the deleted_flag in their records for that link. They could imm ediately discard these records, but as shall see elo w, there are adv an tages to holding on to this informatio for short time. 4.2.5 Mo ving one end of link When an agen calls pick_up_link the system �rst hec ks to sure that one of up_flag or down_flag is set, otherwise the calling agen do es not ha ermission to mo the link. The system then pic ks one of the ends that the calling agen ossesses|without loss of generalit can assume that this is the up end|and mo di�es it as follo ws: The up_flag is cleared. The Agen t-Id up_agent is set to the destination where the caller is planning on sending the descriptor. The um er up_sequence is incremen ted. cop of this mo di�ed link record is sen in reliable message to the link’s home agen t, second cop is sen via reliable message to the agen named in down_agent and third cop is made part of the descriptor that is returned pick_up_lin (whic will ev en tuall deliv ered to the destination agen no named in up_agent ). The up_flag and down_flag in these copies are cleared, except the up_flag in the descriptor is set in order to tell the recipien whic end it is getting. The e�ect of this is to insure that the follo wi ng four agen ts all ev en tually learn ab out the new state of the link: (1) the caller of pick_up_lin who just pac ed the up end in to descriptor; (2) the destination agen t, who will so on receiv the up end inside that descriptor; (3) the agen eliev ed to holding the do wn end; and (4) the home agen t. Of course some of these agen ts ma actually the same, in whic case oi sending duplicate messages. or example, it is comm on for the caller of pick_up_lin the agen holding the other end of the link, and the home agen t, to all the same agen (this will alw ys the case for link newly created create_link ). In this case, only the cop of the new link record transmitted as part of the descriptor need actually sen t. Whenev er an agen receiv es link record, either in descriptor, or in message sen within the link la er, it merges the new informatio in this up date record with whatev er informatio it has stored in its wn link table. If it do es not curren tly ha link record for the link in question, it simply copies the up date record in to its table. If it already has record for the link, then it separately merges the up and do wn halv es retaining the information with the larger sequence um er. 74 CHAPTER 4. CONNECTIONS CR OSS THE NETW ORK If the merging agen is the link’s home agen t, then there are some additional considerations. First, if the home agen disco ers that it no longer has lo cal record for that link, then in the new record the deleted_flag will set. This ensures that destruction of link is nev er forgotten, ecause its destruction is the only its link record can ev er anish from its home agen t’s link table. Th us at an oin in the future an agen that needs to kno if giv en link has een destro ed can alw ys ask the link’s home agen t. Certain rare cases of link record reclamation, describ ed elo w, mak use of this abilit Second, recall that the home agen t’s main function is to guard against the ossibilit that the ends of the link ha lost trac of eac other. or this reason the home agen compares the new lo cal record with oth the up date record and the old lo cal record. If the new record di�ers from oth of the others, then it is ossible that the ends of the link ha ecome separated. In that case, the agen ts named in the up_agent and down_agent of the new lo cal record are eac sen cop of the record. Those up dates will themselv es merged in to their recipien t’s lo cal records using the algorithm just describ ed. The pro of that this algorithm successfully eeps the ends of link in- formed of eac other’s lo cation is presen ted in section 4.3. 4.2.6 Reclaim ing link records erio dically agen ts scan their link tables and attempt to reclaim link records that no longer serv an useful purp ose. link record can not reclaimed if an of the follo wi ng are true: This is the home agen of the link, and the deleted_flag is not set. The home agen is dep ended up on to nev er forget an ything it has ev er een told ab out its wn links (un til more recen informatio arriv es). One of up_flag or down_flag is set, and the deleted_fl ag is not set. Clearly to reclaim suc record ould to ermanen tly lose one of the ends of the link. The record has een recen tly used. This condition is not necess ary to the correctnes of the algorithm but it do es impro erformance in couple of cases discussed elo w. Clearly there is little to lose retaining useful informati on. Otherwise the record is candidate for reclamation. The curren impleme ta tion on’t reclaim record that has een used in the last 30 seconds. There are man alternativ es to this simple approac h. or example agen ts could ait un til their link record table gro ws ey on certain size, and then reclaim enough of the oldest records to reduce that size giv en amoun t. 4.3. PR OOF OF CORRECTNESS 75 If the deleted_flag is set in reclamation candidate, then the record is reclaimed. If the deleted_flag is not set in reclamation candidate, then, ecause of the three hec ks listed ab e, kno that: This is not the home agen t. Neither the up_flag nor the down_flag is set. The record has not een recen tly used. In this case the agen compares the up_agent and down_agent in the record with its wn Agen t-Id. If neither matc hes, then again the record is reclaimed. Ho ev er, if one do es matc h, then it is ossible that the actual end of the link is en route to this agen t, and that this record represe ts useful informati on that will needed once that end arriv es. This migh happ en if the home agen detected some confusion and sen up date records to the ends|suc an up date mig actually arriv in adv ance of the end itself. (Of course this is highly unlik ely to the case if the record has een sitting around un touc hed for long time, whic is one reason not to reclaim records un til they ha gotten little stale.) So in this one case, the agen ust actually corresp ond with the link’s home agen in order to determine whether or not it can reclaim the record. It do es this sending message to the home agen requesting that an up date message sen bac k. When that up date arriv es it will either rev eal that the link has een destro ed, or it will hange the up_agent and down_agent so that they no longer refer to the lo cal agen t, or erhaps it will con�rm that the record really is up-to-date informa tion, in whic case the agen can only hold on to the record and ait for it to pro useful. The safet of this algorithm is pro ed in the next section. 4.3 Pro of of correctness In this section, will pro that the link main tenance proto col describ ed in the previous section is correct. There are things that ust pro ed: The ends of link can nev er ermanen tly lose sigh of eac other. More precisely if an agen receiv es link end and holds on to it, it is guaran teed to ev en tuall learn ab out the lo cation of the other end. The algorithm for link record reclamation nev er discards an useful infor- mation. will start pro ving the �rst prop ert under the assumption that agen ts nev er discard any link records. Whenev er either end of link hanges its lo cation, it alw ys dispatc hes an up date record re ecting that hange in reliable message to the link’s home 76 CHAPTER 4. CONNECTIONS CR OSS THE NETW ORK agen t. Th us, the home agen alw ys ev en tually learns where the ends are lo- cated. The algorithm emplo ed the home agen guaran tees that the follo wing in arian is main tained: An up date con taining the same up_sequence up_agent down_ sequence and down_agent as are con tained in the home agen t’s link record has een sen to oth the up_agent and the down_agent named there. In other ords, the home agen ensures that pr cisely what it curren tly kno ws has een sen t, in single message, to eac of the agen ts that it eliev es need that informati on. The home agen can usually main tai this in a rian without doing an ork at all. As describ ed in section 4.2.5, after the home agen erforms the merge algorithm, it compares the new lo cal record with the old lo cal record and the up date record. If the new lo cal record matc hes the old lo cal record, then the in arian remains true ecause the lo cal record hasn’t hanged. If the new lo cal record matc hes the receiv ed up date record, then the in ari an remains true ecause the agen that sen the up date also sen copies of that record to the link end holders|it already did the ork necessary to main tain the in arian t. Only in the case where the new lo cal record di�ers from oth the inputs to the merge will the home agen ha to tak an action in order to preserv the in arian t. In that case, it simply generates the necessary up dates itself. (This case can only happ en if the informatio in one half of the up date is strictly new er than what the old lo cal record con tained, while the information in the other half is strictly older. This, in turn, can only happ en in the presumably rare case where the link ends mo at almost exactly the same time.) Since all lo cation hanges are sen to the home agen t, main tai ning this in- arian guaran tees that the ends nev er completely lose touc with eac other. If an agen holds on to link end for long enough, then ev en tuall the home agen will learn oth where this end is, and where the other end is. that time, the in arian ensures that someb dy will ha sen the agen an up date con taining what the home agen kno ws. This completes the pro of that the ends cannot lose eac other. This pro of assumed that agen ts nev er forget an ything. No ha to orry that the link record reclamation pro cess migh foul things up discarding useful informatio n. There are cases to consider. In the easy case the deleted_flag is set in the record. This can only happ en if the link has een destro ed, in whic case the only informatio that needs to preserv ed ab out the link is the news of its destruction. ha already seen that the home agen is alw ys able to reconstruc this fact giv en Link-Id. The second case of link record reclamation ccurs when (1) the reclaiming agen is not the home agen of the link and (2) the up_agent and down_agent of 4.4. EXAMPLES 77 the record do not con tain the Agen t-Id of the reclaiming agen t. So the reclaiming agen is neither the home agen t, nor is it curren tly holding either end of the link. Suc an agen will nev er again need to kno an ything ab out the link in question unless some other agen decides to send one of the ends bac to it. In that case, kno that the home agen will ork to ensure that the reclaiming agen will sen single up date record that con tains everything it needs to kno w. So our only concern is to o id reclaiming the curren lo cal record after that vital up date has arriv ed. That vital up date, ho ev er, will alw y men tio the reclaiming agen as either the most recen up_agent or down_agent and the corresp onding sequence um er will larger than an sequence um er et asso ciated with the lo cation of that end. If suc an up date had arriv ed lo cally the merge algorithm ould therefore ha preserv ed that informatio n. So since neither the up_agent nor the down_agent men tion the reclaiming agen t, suc an up date, if it exists at all, has not et arriv ed. And it is therefore safe to reclaim the lo cal link record. 4.4 Example In order to giv the reader etter understanding of ho the link mai tenance proto col eha es in practice, this section con tains sev eral examples of it in action. Throughout these examples will the home agen of the example link and and will other agen ts. Initially calls create_link and is giv en ossession of oth ends of newly forged link. link record is placed in ’s link record table that describ es this situation. As there will lot of link records ying around in the descriptions that follo w, it will help to ha concise notation for them. Link records will written as follo ws: up_sequence up_agent down_sequenc down_agent Flags where Flags is subset of up down d elete or example, imm ediately after calls create_link the state of the orld is: is holding: u d own gi Note that don’t need to sp ecify whic link the record describ es, since all the examples only concern single link. 4.4.1 There and bac again In the simplest ossible case, imm edia tely calls destroy_lin That case is neither ery in teresting nor ery lik ely so pass imm ediately to the second simplest case, where sends one end of the link to who imm edia tely returns it. 78 CHAPTER 4. CONNECTIONS CR OSS THE NETW ORK First, calls pick_up_link passing it the link and the Agen t-Id of its in tended destination, Then it sends the resulting descriptor to The resulting state: is holding: A; down gi In descriptor ound for A; up gi Note that up end has een hosen to mo from to and the sequence um er in the up half of the record has een incremen ted to re ect this fact. Since is the home agen t, and since is still holding the do wn end of the link, no additional up date records ere generated. When the descriptor arriv es at calls put_down_link This creates new link record at is holding: A; down gi is holding: A; up gi this oin t, if either or calls query_link it will told that the other agen is holding the other end of the link. No decides to send its end bac to calls pick_up_link and sends the resulting descriptor bac to is holding: A; d own gi is holding: fgi In descriptor ound for up gi Since is sending the end bac to the home agen t, who it also eliev es to holding the other end, again no additional up dates ere generated. this oin call to query_link ould still claim that is holding the other end, ev en though this is no longer the case. But this situation only ersists un til the descriptor arriv es at and is merged in with the existing record: is holding: up down gi is holding: f gi No is holding oth ends, so it can call destroy_link Since is the home agen t, an up date is not needed to inform the home agen of the destruction. The result: is holding: up do wn delet ed gi is holding: fgi The algorithm for link record reclamation will recognize that oth of these records ma reclaimed whenev er the agen ts that hold them �nd it con enien t. (In fact, could ha reclaimed the record that it holds an time after it send the end bac to .) Note that in this simple case, the link la er did not send any messages at all. All net ork tra�c as con tained in descriptors carried in messages sen other la ers. requen tly the link la er can get with eing completely parasitic on the messages sen other la ers. 4.4. EXAMPLES 79 4.4.2 ollo the leader No let us return to the state just after called put_down_link is holding: A; down gi is holding: A; up gi No let us supp ose that instead of sending its end bac to sends the other end on to So calls pick_up_link and sends the descriptor o� to is holding: A; A; fgi In descriptor ound for A; A; down gi is holding: A; u gi merges in the descriptor: is holding: A; A; fgi is holding: A; A; up down gi No supp ose that this time calls destroy_link This requires to send an up date record in link la er message to to inform it of the destruction of the link: is holding: A; A; f gi is holding: A; A; up down del eted gi In an up date for A; A; dele ted gi And �nally after receiv es the news: is holding: A; A; d elete gi is holding: A; A; u d own dele ted gi Again ha arriv ed at state where either agen can reclaim its record of the link whenev er it desires. In this case there as only one link la er message sen t, due to the fact that the link as destro ed somewhere other than at its wn home agen t. 4.4.3 andering around from home Again let us return to the state just after called put_down_li nk is holding: A; down gi is holding: A; up gi This time, supp ose that decides to pass its end of the link on to So calls pick_up_lin and sends the descriptor o� to is holding: A; down gi is holding: f gi In descriptor ound for up gi In an up date for f gi 80 CHAPTER 4. CONNECTIONS CR OSS THE NETW ORK Notice that this required to send an up date record bac to oth ecause is the home agen and ecause eliev es is holding the other end. After pro cesses that up date, and after merges the descriptor: is holding: do wn gi is holding: fg is holding: up gi this oin is free to reclaim its record of the link and oth and are are of who is holding the other end of the link. This example demonstrates that as long as one end of the link sta ys at home, the price of mo vi ng the other end is single link la er message. 4.4.4 Ev ery dy lea es home No let us consider what happ ens when oth ends lea home for separate destinations. After sending one end to supp ose calls pick_up_link again and sends that descriptor to is holding: A; fgi In descriptor ound for A; down gi In an up date for A; fgi is holding: A; up gi An up date as dispatc hed to to eep it inform ed of the lo cation of the other end. After pro cesse that up date, and after merges the descriptor: is holding: A; fgi is holding: A; up gi is holding: A; down gi No supp ose an ts to pass its end on to It calls pick_up_link and sends the descriptor: is holding: A; fgi is holding: fgi In descriptor ound for up gi In an up date for fgi In an up date for fgi is holding: A; dow gi Tw up date messages ere generated, one for the home agen and one for the agen eliev ed to holding the other end. Once ev erything settles do wn: is holding: fg is holding: fg is holding: up gi is holding: do wn gi 4.4. EXAMPLES 81 is free to reclaim its record, and and eac kno that the other holds the other end of the link. So see that when the second end lea es the home agen t, one link la er message is required, and whenev er either end mo es from there on in, link la er messages are required. 4.4.5 Confusion reigns In the previous example, an in teresting case ccurs if passes its end of the link on to efor it receiv es ord that the other end has tra eled from to return to the state just after tak es that action: is holding: A; fg In descriptor ound for A; d own gi In an up date for A; fg is holding: A; u gi No this time, efore an messages are deliv ered, calls pick_up_link and sends that descriptor to is holding: A; fg In descriptor ound for A; d own gi In an up date for A; fg is holding: fgi In descriptor ound for up gi In an up date for fgi Since is una a re that the other end is on its to it only generated an up date for Let us supp ose that that up date no arriv es at and is merged: is holding: fgi In an up date for fgi In an up date for fgi In descriptor ound for A; d own gi In an up date for A; fg is holding: fgi In descriptor ound for up gi The merge resulted in record that as di�eren from oth the inputs, so generated up dates for and Note that is curren tly free to reclaim its record. So far, no messages ha arriv ed at either or supp ose the descriptor arriv es �rst, follo ed the up date. The result: 82 CHAPTER 4. CONNECTIONS CR OSS THE NETW ORK is holding: fg In an up date for fg In an up date for A; fgi is holding: fg In descriptor ound for u gi is holding: d own gi no eliev es that is holding the other end, ev en though it hasn’t actually arriv ed there et. (Before the up date arriv ed, call to query_link at ould ha claimed that held the other end, ev en though it had already departed.) let us supp ose that the up date from arriv es �rst. The result: is holding: fg In an up date for A; fgi is holding: fg In descriptor ound for u gi is holding: d own gi is holding: fg Notice that at this oin t, the record at is candidate for reclamation, but since itself app ears in the record, ust ask for another up date if it gets anxious ab out that record|and in this situation another up date from will simply reassure that the record it holds really is imp ortan t. But this is unlik ely to happ en, ecause the descriptor sen to will almost certainly arriv long efore reclamation ecomes an issue. The result of merging that descriptor will e: is holding: fgi In an up date for A; fgi is holding: fgi is holding: dow gi is holding: up gi So no and kno all ab out eac other. Only the up date destined for remains to deliv ered. Since is unlik ely to get around to reclaiming the record it is curren tly holding efore that happ ens, the results after deliv ery and merging will e: is holding: fg is holding: fg is holding: do wn gi is holding: up gi The up dated record that is no holding is still one that can reclaimed at will. Notice that if had reclaimed its previous record efore the up date as deliv ered, then that up date ould ha created new record in whic itself as men ti oned. In order to reclaim that new record ould ha had to �rst 4.5. ANAL YSIS AND POSSIBLE IMPR VEMENTS 83 request another up date from This demonstrates that there are ene�ts to not reclaiming link records to quic kly The di�erence et een this example and the one in the previous section as that in this case the ends brie y lost trac of eac other. sa that it to ok additional link la er messages to correct the situation. can also see that the orst ossible case, in terms of the um er of link la er messages needed to supp ort the proto col, is when oth ends ha tra eled from the home agen t, and then they oth mo again nearly sim ulta neously In that case, six link la er message will sen t: eac from the sending agen ts (one to the home agen t, and one to the other sending agen t), and more from the home agen to the new end holders. 4.5 Analysis and ossible im pro em en ts In section 4.1, listed the requiremen ts that the link main tenance proto col as designed to meet. The degree to whic those requiremen ts ha een satis�ed can no ev aluated. The basic in tegrit requiremen t, that neither of the ends duplicated or lost, as nev er at issue. As long as descriptors are deliv ered in reliable messages, this is easy to ac hiev e. Simi larl there as nev er an question that as long as neither end of link as mo vi ng, no net ork tra�c ould needed to main tain the link. In order to ev aluate ho ell the requiremen ts ha een met that agen ts receiv prompt up dates ab out lo cations, consider the case of an agen t, whic has just obtained one end of link from descriptor. Ho long ust ait efore it learns the lo cation of the other end? kno ws that at the time the transmitting agen called pick_up_link that agen also sen an up date to the home agen to announce that as the new lo cation. Once that up date arriv es, the home agen will kno where to send future up dates ab out the lo cation of the other end. Th us, ev en if the other end nev er learns ab out the up dates it sends to the home agen will rela ed on to So after an initial short ait, will start receiving curren informati on that has passed through at most single third part This migh not particularly quic to eep in touc h, esp ecially if the home agen is lo cated ery far but it is uc etter than sc heme where an un ounded um er of forw arding agen ts ma in terv ene. Finally it as required that link record reclamation easy Ideally an agen that is not curren tly holding either of the ends of link should able to reclaim its record of that link whenev er it an ts|without consulting an other agen ts. This proto col ac hiev es that goal, with exceptions. First, as sa at the end of the last example, in some ery rare cases an extremely old up date can arriv at an agen long after that agen had discarded its previous record of the same link. The record created suc an up date 84 CHAPTER 4. CONNECTIONS CR OSS THE NETW ORK cannot reclaimed without probing the home agen for con�rmation. The longer agen ts hold on to old records, the more unlik ely this case ecomes, so the cost here can made negligible. Second, the home agen ust preserv its link record ev en after oth ends of the link ha left home. This is another instance where relying on �xed third part agen is bit troublesome. One imp ortan sp ecial case erforms particularly ell. If there are only agen ts ev er in ol ed in the history of link, then no link la er messages will required at all. All the corresp ondenc et een those agen ts ab out that link can carried within the descriptors exc hanged as part of the higher lev el proto cols. (The �rst examples ab demonstrate this.) This case is imp ortan ecause it ccurs whenev er the higher lev el is eha ving as it ould for remote pro cedure call. That is, if agen ts pass subgraphs bac and forth that represen pro cedure calls, call argumen ts, pro cedure returns and returned alues, then the links created to supp ort the pro cess will all of this sp ecial kind. The ob vious to impro this proto col is to pro vide some to mo the home agen t. While the home agen con tin ues to hold one of the ends of the link, there isn’t uc ro om for impro em en t, but as so on as the home agen ecomes third part �nd ourselv es in state where man things ould erform etter if only the home agen could mo ed to where one of the ends as lo cated. In fact, can ac hiev the e�ect of mo ving the home agen discarding the old link and replacing it with new one, forged the agen that ould etter home. This optimization is not done in the curren implem en ta tion, but it ould easy to add. or example, if and are holding the ends of link forged and decides that it ould etter home agen for suc link, can call create_link to forge new link, and then send message con taining descriptors: one descriptor con tains ’s end of the old link, and the other con- tains one of the ends of the new link. When receiv es the message it hec ks to see if it still has the other end of the old link. If it do es, calls destroy_link to disp ose of the old link and starts to use the enclosed end of the new link. If the other end of the old link has departed, then pac ks the ends bac up and sends the message o� to hase after it. This tec hnique for home agen relo cation op erates as separate la er on top of the link la er. The link la er is already built on top of reliable message la er. The resulting structure is three lev els deep, all to accomplish the simple job of link main tenance. It is clear that the ottom la ers could pro�t eing com bi ned in to single la er. or example, there are ccasions where messages sitting in an It ma ev en ossible to elimina te this case en ti rely using an argume based on maxi- um pac et lifetimes. 4.6. SUMMAR 85 agen t’s reliable message la er retransmission queue can abandoned ecause the link main tenance la er at that agen no has more up-to-date inform ation to transmit. The fact that oth the reliable message la er and the link la er main tain their wn sequence um ers suggests ho closely related these la ers really are. My in tuition is that using third la er for home agen relo ca- tion is also mism dularizatio n; eliev that etter proto col can designed that com bines all three of these la ers in to single uni�ed proto col. 4.6 Summ ary In this hapter describ ed the link abstraction whic implem en ts cross-net ork linear naming, and demonstrated that links can implem en ted heaply Lin- earit is imp ortan in eeping links heap ecause it guaran tees that eac end of link only has to think ab out one thing: the lo cation of the other end. In the next hapter links will used to supp ort the cross-net ork connec- tions necessary for distributed linear graph reduction. The fact that links are heap will mean that linear graph structure can easily mo ed from agen to agen t. 86 CHAPTER 4. CONNECTIONS CR OSS THE NETW ORK Chapter Distributed Execution This hapter describ es the distributed linear graph reduction engine. It de- scrib es the eha vior of the individual agen ts that hold the ertices that mak up the orking graph. Agen ts exc hange ertices through the net ork and they apply metho ds to the subgraphs comp osed of the ertices they curren tly ossess. Agen ts decide whic ertices to migrate, when to migrate them, and who to migrate them to, using few simple heuristics. These heuristics are e�ectiv ecause the lifetim cum ul ativ cost of main ta ining cross-net ork link is oth predictable and small The same could not said of traditional nonlinear, oin ter-lik reference mec hanism s. 5.1 Run-tim m dule Figure 5.1 depicts ho the mo dules that comprise the run-time system supp ort eac other. the ery ottom lies mo dule that main tai ns data structures that represe the lo cal part of the orking graph, and mo dule that pro vides reliable message service for in teragen comm uni cation. Other mo dules are constructed on top of those o, and at the top sits sc heduler that decides what to do next. will no brie y describ eac mo dule and ho it relates to the other mo dules. Reliabl Messages. Agen ts comm unicate with eac other using simple reliable message service. This service is constructe on top of the In ternet’s UDP proto col os80 ], although an unreliable datagram service ould serv as ell. The reliable message service main tains its wn sequence um ers, timers, retransmission queues, and deliv ery queues. It encapsulates its messages and ac kno wledgm en ts within UDP datagrams. Eac reliable message is transp orted 87 88 CHAPTER 5. DISTRIBUTED EXECUTION Figure 5.1: Run-time mo dules in one datagram sen to the destination and ac kno wledged in second datagram sen bac to the source. The reliable message service uses 64-bit Agen t-Id as the address of an agen t. Links. The abstraction of link is used to main tain connections er the net ork. Chapter describ ed ho links are impl em en ted in detail. Recall that ev ery link has exactly ends somewhere in the net ork, and that if an agen is holding one of the ends, then it will ept informed ab out the curren lo cation of the other end. In order to accomplish this, the link mo dule uses the reliable message service to exc hange messages with link mo dules running on other agen ts. Graph Structu re. The graph structure mo dule is partly storage manager. It con tains routines that allo cate and free the blo ks of storage used to represen ertices (as describ ed in hapter 3). This mo dule is also harged with main tain- ing queues: The reduction queue con tains redexes that are aiting to reduced lo cally and the migration queue con tains redexes that are unable to reduce ecause one of the ertices is held remote agen t. Compil ed metho pro cedures (the results of the compilati on pro cedure de- scrib ed in hapter 3) are distributed to all agen ts. These pro cedures use utilities in the graph structure mo dule to alter the orking graph. These utilities are 5.1. UN-TIME MODULES 89 careful to delete en tries from either queue if they concern ertices that ha een remo ed, and to add appropriate new queue en tries. The tagged alues used for connections mak it easy to sp ot redexes whenev er new connection is made. Co de that constructs new graph structure calls the pro cedure connect_dispa tch to mak new connections et een ertices, passing it the tagged alues that represe the terminals that are to connected. By extracting the tags, concatenating them, and lo oking the result up in table, connect_dispatc can quic kly dispatc to an appropriate routine that kno ws exactly ho to mak the desired connection. or example, when connecting the target terminal of Car op eration to the handle of Cons ob ject, connect_di spatc can tell from the tags alone that metho applies whenev er those terminals are connected, so it mak es an en try in the reduction queue. sp ecial tag is used to iden tify connections to ertices held agen ts else- where in the net ork. In this case, the rest of the tagged al ue con tains the address of (the lo cal part of link. Giv en link, the system can determine the Agen t-Id of the agen holding the ertex at the other end of the connection, and the tag that the alue would have if it ere connection to lo cally held ertex (call this the \true tag"). When connect_dispatc is giv en alue tagged as connection to remote ertex, it dispatc hes to routine that pulls the true tag out of the link and hec ks to see if some metho ould apply if the ertices ere held the same agen t. If so, then sa that the redex is blo ed the net ork. Blo ed redexes are stored in the mig ration queue. Subgrap ransp ort er. The subgraph transp orter can mo arbitrary sub- graphs from agen to agen t. Subgraph transp orter mo dules running on di�eren agen ts exc hange messages using the reliable message service. Suc messages use simple language to describ graph structure that as recen tly disassem bled the sender, and that should reassem bled the receiv er. These messages also con tain links that sp ecify ho the subgraph is joined to the rest of the orking graph. Before sending subgraph, the transp orter calls the graph structure mo dule to disassem ble the structure to sen t, and it calls the link mo dule to create links to supp ort newly created in teragen connections. After receiving sub- graph, the transp orter calls the graph structure mo dule to reassem ble it, and the link mo dule to �gure out ho to connect it to the rest of the lo cally held graph. The subgraph transp orter mak es no decisions ab out what ertices to send or where to send them. It is erfectly capable of pic king up an arbitrary ertex from the middle of the lo cally held graph, and sending it to an arbitrary agen t. It Sp eci�ca lly the metho on page 38. Carried in descripto rs, as describ e in hapt er 4. 90 CHAPTER 5. DISTRIBUTED EXECUTION is not necessary for the transp orted graph structure to connected to an ything at the destination. olicy decisions ab out what to mo e, where to mo it, and when to mo it are made the net ork executiv e. Net ork Executiv e. The net ork executiv is in ok ed the sc heduler to drain en tries from the migrati on queue. Recall that en tries are made in this queue when the graph structure mo dule disco ers that redex is blo ed the net ork. The net ork executiv �rst hec ks the lo cal ertex in the blo ed redex to see if it is also one of the ertices in redex in the reduction queue. If so, the net ork executiv just puts the blo ed redex bac on the migration queue. The idea here is to oi pushing ertex er the net ork that lo cal reduction is ab out to replace with di�eren ertex|let the lo cal redex run �rst, and erhaps the need to comm uni cate with the remote agen will eliminated. If the lo cal ertex is not sub ject to lo cal reduction, then the net ork execu- tiv calls the link mo dule to determine the Agen t-Id of the lo cation of the other ertex in the blo ed redex, and then prepares to call the subgraph transp orter to mo the lo cal ertex to that lo cation. Since this commi ts the system to sending message, the net ork executiv examines the ertices in the neigh orho of the ertex to transp orted to see if there migh some ene�t in sending some of them along in the same message. The heuristics used the net ork executiv to select the subgraph to mig rated are describ ed in detail in section 5.3. The selected subgraph is then �red o� to its destination. When the subgraph arriv es, the transp orter on the destination agen incor- orates it in to its lo cal graph structure If the other ertex in the formerly blo ed redex is still held that agen t, then so on lo cal reduction will tak place. If not, no harm has een done, the orking graph is still in tact. If the other ertex has mo ed elsewhere, then the redex is still blo ed on the net ork, and it ecomes the resp onsibilit of the destination agen t’s net ork executiv e, whic ma or ma not decide to send it hasing after that ertex again. Lo cal Executiv e. The net ork executiv is in ok ed the sc heduler to drain en tries from the reduction queue. Recall that en tries are made in this queue when the graph structure mo dule disco ers an un blo ed redex. The lo cal exec- utiv really has no in telligence of its wn. or eac en try in the queue it simply calls the compiler generated pro cedure that impl emen ts the reduction. Sc hedu l er. The sc heduler pro vides three di�eren services, although the mo d- ule dep endenc diagram that started this section only sho ws one of them: The sc heduler dispatc hes incoming net ork messages to the link mo dule or to the subgraph transp orter. Di�eren agen t’s link mo dules exc hange messages to eep ev ery agen that holds one end of link informed of the 5.2. TW EXAMPLES 91 lo cation of the other end. The subgraph transp orter gets message when some graph structure arriv es from di�eren agen t. The sc heduler pro vides timer in terrupts to the link mo dule and the reliable message mo dule. The link mo dule uses these ccasions to garbage collect its in ternal data structures (see hapter for details). The reliable message mo dule uses these ccasions to retransmit unac kno wl edged messages. And �nally as the mo dule dep endency diagram indicates, the sc heduler calls the net ork executiv and the lo cal executiv to drain their resp ectiv queues. The only non trivial part of the sc heduler is the it selects en tries from the migratio and reduction queues for execution. The algorithm it uses ensures that certain minim um um er of lo cal reductions are made et een the time redex �rst ecomes blo ed on the net ork, and the time the net ork executiv �rst sees it. The idea is to giv the graph structure in the neigh orho of the newly blo ed redex time to settle do wn efore thinking ab out mo vi ng stu� er the net ork. This heuristic orks quite ell in practice. As will see in the examples elo w, it frequen tly has the e�ect of dela ying remote migratio un til there are no ending lo cal redexes. This is go d, ecause the agen isn’t asting time using the net ork to ac hiev some goal when purely lo cal computation migh ha hanged or ev en elimina ted that goal. 5.2 Tw exampl e Giv en the brief outline of the run-time system just concluded, some examples of actual execution can no presen ted. 5.2.1 The source co de The complete Sc heme source co de for the �rst example con tains four top-lev el de�nitions. First famili ar pro cedure: (define (fact n) (let loop ((a 1) (n n)) (if (< 2) (loop (* a) (- 1))))) The metho ds generated for this de�nition ere examined in section 3.4. Second, somewhat eculiar pro cedure: (define (force-numb er n) (if (= 0) n)) 92 CHAPTER 5. DISTRIBUTED EXECUTION The purp ose of this pro cedure ma not imm ediately ob vious. FORCE-NUMBER is only needed ecause of or in teraction et een the arithmetic is implem en ted and the I/O has een left unimplemente When the ini- tial orking graph is constructed it will con tain con tin uation that handles Return message displa yi ng the returned alue on the console|ev en if that alue happ ens to still Future or Sum ertex. This isn’t ery informati when one desires umeric alue, so FORCE-NUMBER can used to insure that alue is an actual um er. Its result ust um er ecause umeric alue is required efore the comparison with can completed. FORCE-NUMBE is the �rst of three kludges rev ealed in this section. All three are mec hanism in tro duced to co er up for missing features that pro duction implem en tation ould necessarily include. In this case, FORCE-NUMBER helps comp ensate for the lac of true I/O system. true I/O system ould written in Sc heme and ould con tain metho ds that prin ted just the yp es the user cares to see (suc as um ers and CONS -cells), and ould ait for other yp es of ertices to metamorphose in to those kno wn yp es. The third pro cedure also requires some explanation: (define (remote-fact host n) (host (lambda () (fact n)))) Clearly the argumen named HOST will ertex that can treated as one- argumen pro cedure. In fact, HOST will alw ys eha as if it as the follo wing pro cedure: (lambda (thunk) (thunk)) And so the e�ect will alw ys to compute and return the factorial of The di�er enc et een calling FACT and REMOTE-FACT is that efore commencing, REMOTE-FACT ust brie y examine its other argumen t. The reason for this curious proto col is the second of this section’s three kludges. The problem is that the distributed linear graph reduction engine lac ks an motiv atio to eep the orking graph distributed. Giv en what ha presen ted so far, an excellen reduction strategy ould for all agen ts to send ev ery ertex they ossess to single cen tral agen t, who ould then run the en tire problem lo cally In most cases this strategy will optima in terms of minim i zing net ork tra�c and dela But in pro duction impl em en tati on, some ertex yp es ould unable to migrate from agen to agen t. These ertices ould anc hored at particular agen ecause they represen hardw are device (prin ter, disk driv e, eyb oard, etc.) that is attac hed to that agen t. or example, eyb oard input migh accomplished ha ving Keyboard Input Stream ertex that eha ed as zero-argumen pro cedure: Or the terminal of Copy ertex 5.2. TW EXAMPLES 93 (graph (0 1) (<Keyboard Input Stream> 2) (<Call 0> target:2 tail:0 cont:1)) (graph (0 1) (<Keyboard Input Stream> 0) (<Return 1> target:1 tail:3 0:2) (<Number 2) (<Drop> 3)) where di�eren ould returned eac time this metho as applied, de- ending up on whic ey had een pressed next. Keyboard Input Stream ertex refers impl icitl to the eyb oard of the agen that is holding it, and th us it cannot mo ed. So there are sp ecial asp ects to Keyboard Input Stream ertex, (1) some lo w-lev el system magic ust link it to the actual eyb oard, and (2) the run- time system ust recognize its imm obi li In the curren system repro duce only the second asp ect. Network Anchor ertex is ertex that is anc hored to whatev er agen is holding it, and that can treated as one argumen pro cedure: (graph (0 2) (<Network Anchor> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Network Anchor> 0) (<Call 0> target:2 tail:3 cont:1) (<Drop> 3)) Since the Network Anchor cannot mo ed, whenev er this metho is appli- cable, the Call ertex will forced to tra el to the agen that holds the Network Anchor So the purp ose of REMOTE-FACT is �nally rev ealed.

It exp ects to passed \host" in the form of Network Anchor that is anc hored at some sp eci�c agen t, as ell as um er. First it touc hes the Network Anchor passing it th unk. This will cause Call to tra el to the designated agen t. If, as is lik ely the net ork executiv decides to send the th unk (the argumen to the call) along in the same net ork message, then the ev aluati on of (FACT N) will start execution at that agen t. The subsequen computation of will tend to sta on that agen due to the inertia created the strategy of sh unning use of the net ork unless it app ears una oi dable. In e�ect REMOTE-FACT erforms remote pro cedure call to FACT ourth and �nally ha the follo wi ng pro cedure: 94 CHAPTER 5. DISTRIBUTED EXECUTION (define (main args) (or (null? args) (force-numbe (+ (remote-fact (car args) 8) (remote-fact (car (cdr args)) 9))))) call to the pro cedure MAIN will part of the initial orking graph. The argumen ARGS will con tain list of Network Anchor ertices that result from parsing the comm and line. Eac comma nd line argumen will 64-bit Agen t- Id. Those agen ts will con tacted during the construction of the initial orking graph, and Network Anchor will created at eac one. Reading the co de for MAIN see that if no agen ts are sp eci�ed in the command line, so ARGS is empt the call to MAIN simply returns True If agen ts are sp eci�ed, then the �rst is ask ed to compute 8!, the second is ask ed to compute 9!, the results are added, FORCE-NUMBE insures that the sum has reduced to true um er, and the answ er is returned. The third of this section’s three kludges concerns the need for the case where ARGS is empt After the alue True has een displa ed on the console the initial con tin uation, the executing agen will �nd that it no longer has an ertices in its ossession whatso ev er. this oin t, it ould simply cease to exist, but instead it con tin ues to listen to the net ork in the hop that some other agen will send it something to do. Th us can use this trivial case to ot up new agen ts running on di�eren hosts. 5.2.2 First example test the example program, �rst run the executable �le, passing no com- mand line argumen ts, on the hosts wish to use as serv ers. This creates agen ts (call them and that are simply aiting for messages from other agen ts. Then run the executable on third host, passing it the Agen t-Ids of and as comm and line argumen ts. This creates third agen who con tacts and and together they construct the follo wi ng initial orking graph: 5.2. TW EXAMPLES 95 (graph () ;; (<Network Anchor> 10) ;; (<Network Anchor> 9) ;; ;; Reduction Queue: (<Global MAIN> 3) (<Call 1> target:3 tail:4 cont:8 0:2) (<Drop> 4) (<Cons> car:10 cdr:1) (<Cons> car:9 cdr:0) (<Nil> 0) (<Network Anchor> 8) (I will using ;; -comm en ts to indicate whic agen ts are holding whic er- tices.) Only one metho can applied to this graph, the one for the connection um ered ", and oth of the ertices that it joins are held so all queues are empt except ’s reduction queue. ’s sc heduler th us calls ’s lo cal execu- tiv e, whic applies metho ds to the subgraph held un til the orking graph ecomes: (graph () ;; (<Network Anchor> 10) ;; (<Network Anchor> 9) ;; ;; Migration Queue: 10 (<Call 1> target:10 tail:5 cont:4 0:6) (<Lambda 894> n:1) (<Number 8> 1) (<Evarg 1262> cont:7 args:3) (<Cons> car:5 cdr:2) (<Cons> car:9 cdr:0) (<Nil> 0) (<Evarg 1305> cont:8) (<Network Anchor> 8) see that the computation has adv anced to the oin where ’s Network Anchor is ab out to called. The argumen eing passed is zero-argumen pro cedure whic is closure with one free ariabl (whose alue is 8). This is the closure from the dy of REMOTE-FACT The con tin uati on for the call is an 96 CHAPTER 5. DISTRIBUTED EXECUTION Evarg 1262 ertex that captures the original ARGS argumen to MAIN When the call to FACT �nally returns to the Evarg 1262 it will need the alue of this ariable in order to start ev aluating the other argumen in the call to The next con tin uati on do wn the \stac k" is of yp Evarg 1305 it is aiting to supply the argumen to FORCE-NUMBER The ottommo st con tin ua tion is ’s Network Anchor whic will displa the �nal alue on ’s console. Again only one redex remains, the one corresp onding to connection 10 still eliev es that the terminal on the other end of connection 10 is the car terminal of Cons (for whic there is no metho d), but kno ws the true story so there is no an en try in ’s migrati on queue. This is the resp onsibilit for blo ed redexes is alw y handled, the burden alw ys falls on the agen who �rst disco ers the blo ed redex. Usually this is due to lo cal execution at that agen replacing ertex with one of di�eren yp e. ’s sc heduler sees that nothing more can done lo cally so it allo ws ’s net ork executiv to run, to see if it can un blo connection 10 The net ork executiv sees that the remote ertex (the Network Anchor is not mobile, but there is nothing to prev en the lo cal ertex (the Call from tra eling, so it resolv es to send subgraph con taining that ertex from to The net ork executiv no applies its migration heuristics to determine whic h, if an other lo cal ertices should accompan the Call to its desti- nation. These heuristics ha et to describ ed, but understanding them is not essen tial to understanding the example. It is su�cien to kno that the heuristics decide that it lo oks lik go et to pic up al the ertices that is holding (except, of course, ’s Network Anchor and send them along to Later, in section 5.3, will see ho this advice as computed. So the net ork executiv calls the subgraph transp orter to erform the mi- gration. One message is sen from to con taining the description of the migrating graph structure and three link end descriptors: one end of the link that carries connection 10 one end of the link that carries connection one end of new link that carries connection After ’s subgraph transp orter reassem bles the structure ha the follo wing situation: Notice ho faithfully this follo ws the sequen t ial de�nition of the Sc hem languag e. don’t ev al uat an part of the second argume to un til after the �rst argumen has actually returned its alu e. net ork anc h or can also treated as con t in u atio n. The returned alue will prin ted on the console. 5.2. TW EXAMPLES 97 (graph () ;; ;; Reduction Queue: 10 (<Network Anchor> 10) (<Call 1> target:10 tail:5 cont:4 0:6) (<Lambda 894> n:1) (<Number 8> 1) (<Evarg 1262> cont:7 args:3) (<Cons> car:5 cdr:2) (<Cons> car:9 cdr:0) (<Nil> 0) (<Evarg 1305> cont:8) ;; (<Network Anchor> 9) ;; (<Network Anchor> 8) As the subgraph transp orter installed the new structure at it disco ered the no un blo ed redex corresp onding to connection 10 whic is no sitting in ’s reduction queue. When the link la er as informed that one end of the link for connection as mo vi ng from to it dispatc hed an up date message from to where it susp ect ed the other end as lo cated. Also, when the link that used to carry connection 10 as destro ed message as sen to the link’s home agen t. So the en tire act of migration in olv ed three messages, plus some ac kno wledgm en ts. No ’s lo cal executiv gets to ork applying metho ds to the subgraph held un til the orking graph ecomes: The ac kno wledg me for the structure migration message from to can piggyb ac ed on top of the notice of destruct ion sen from to The existing reliable message mo dule do es not mak this optimiza tio n, but it should. 98 CHAPTER 5. DISTRIBUTED EXECUTION (graph () ;; ;; Migration Queue: (<Call 1> target:9 tail:0 cont:3 0:1) (<Drop> 0) (<Lambda 894> n:2) (<Number 9> 2) (<Evarg 1251> cont:7 0:4) (<Number 40320> 4) (<Evarg 1305> cont:8) ;; (<Network Anchor> 9) ;; (<Network Anchor> 8) This situation resem bles the situation at just efore the previous mig ration. Again there is single blo ed redex, whic is call on remote Network Anchor The argumen is closure of the same yp e, although this time the closed er alue is the um er 9. The Evarg 1305 con tin uation hasn’t een touc hed, but the con tin uation ab it on the stac is no of yp Evarg 1251 This con tin uation is holding the alue 40320, with the in ten of adding it to the returned alue. simila scene unfolds: The net ork executiv resolv es to send the Call ertex to rendezv ous with the Network Anchor at and the migratio heuris- tics suggest that all of the ertices held should accompan it. message con taining description of the graph structure and descriptors is dispatc hed from to The descriptors are for the ends of the links for connections and This time the link mo dule sends up dates to since it is the home agen for oth links, and ecause it is also the curren lo cation of the other end of the link for connection Also, the link for connection is destro ed at generating message from to otal messages sen for this migratio n: 4. The orking graph after the migration: 5.2. TW EXAMPLES 99 (graph () ;; ;; Reduction Queue: (<Network Anchor> 9) (<Call 1> target:9 tail:0 cont:3 0:1) (<Drop> 0) (<Lambda 894> n:2) (<Number 9> 2) (<Evarg 1251> cont:7 0:4) (<Number 40320> 4) (<Evarg 1305> cont:8) ;; (<Network Anchor> 8) And after more purely lo cal reduction: (graph () ;; ;; Migration Queue: (<Return 1> target:8 tail:0 0:1) (<Drop> 0) (<Number 403200> 1) ;; (<Network Anchor> 8) This time instead of calling remote Network Anchor are trying to return alue to it, but the e�ect is uc the same: The Return ust migrate from to The migration heuristics again suggest sending the whole sho along for the ride. message is dispatc hed from to con taining the graph structure and descriptor for the link end. This time, the link la er sends no additional messages of its wn. otal messages sen for this migrati on: 1. The result: (graph () ;; ;; Reduction Queue: (<Network Anchor> 8) (<Return 1> target:8 tail:0 0:1) (<Drop> 0) (<Number 403200> 1) whic reduces to the empt graph, after prin ting the um er 403200 on ’s console. 100 CHAPTER 5. DISTRIBUTED EXECUTION In all, messages ere sen and ac kno wl edged. The curren simple-m inded reliable message mo dule sends 16 UDP datagrams to transp ort these messages and ac kno wl edgm en ts. etter reliable message mo dule, whic knew ho to com bine messages and ac kno wl edgm en ts ound for the same destination, could reduce this to datagrams. More imp ortan than coun ting messages (or the underlying unreliable data- grams) is the total dela in tro duced net ork tra el. Three times the en tire \task" pac ed its bags and mo ed to new lo cation. Th us the total dela is where is the \t ypical" net ork transit time. This is the est ossible dela for executing single task that ust visit remote lo cations in order to complete its job. In system that supp orted only the standard remote pro cedure call (RPC) mec hanism where eac remote call ev ok es reply from the callee bac to the caller, the analogous program ould run with dela of for eac of the remote calls. (Recall that for the mom en are restricting ourselv es to purely sequen tial execution.) The additional dela of in an RPC system is an instance of the con tin uatio problem in tro duced in hapter 1. This example th us demonstrates ho system is able to solv that problem. The crucial mom en ccurred when the task migrated from to that time the connection to the con tin uati on on as passed from to along with the rest of the migrati ng structure. This enabled the task to migrate directly from to with the �nal result. In an RPC system, where there is no explicit represen tation for con tin ua tion, this ould imp ossible to accomplish. Of course the migratio heuristics also pla ed role in this victory er RPC. Things could ha gone ery badly if the heuristics hadn’t made suc go hoices ab out what ertices to migrate eac time. In section 5.3 will see wh the heuristics are so go at gathering together ertices that corresp ond to our in tuitiv notion of task. 5.2.3 Second example No let us mak small hange in our example program. Supp ose the pro cedure REMOTE-FACT is mo di�ed to ecome: (define (remote-fact host n) (future (host (lambda () (fact n))))) Recall that the FUTURE sp ecial form starts executing its sub express ion, but imm ediately returns to its caller. Th us this new ersion of REMOTE-FACT will return Future to its caller that will ev en tually ome the result of calling the FACT pro cedure on the sp eci�ed host. The fact that the um er of datagra ms in the est case orks out to the same as the um e of messages is purely coinciden ce. ar92 tak es the trouble to pro this fact! 5.2. TW EXAMPLES 101 Ev erything else ab out the program and the startup pro cedure sta ys the same. The same initial orking graph is constructed, and lo cal reduction tak es place at un til the orking graph ecomes: (graph () ;; (<Network Anchor> 16) ;; (<Network Anchor> 17) ;; ;; Migration Queue: 16, 17 (<Call 1> target:16 tail:0 cont:1 0:2) (<Drop> 0) (<Lambda 1661> n:3) (<Number 8> 3) (<Future> 13 as cont:1) (<Call 1> target:17 tail:4 cont:5 0:6) (<Drop> 4) (<Lambda 1661> n:7) (<Number 9> 7) (<Future> 14 as cont:5) (<Sum> 15 left:13 right:14) (<Copy> target:15 a:8 b:9) (<Equal?> 11 left:8 right:10) (<Number 0> 10) (<Test 746> 11 cont:12 n:9) (<Network Anchor> 12) Since futures ha een in tro duced, this initial computation at is able to adv ance further efore it ust in o lv the net ork. Both calls to REMOTE-FACT returned futures, and the subgraphs resp onsible for supplying alues for those futures ran un til they blo ed calling the remote Network Anchor ertices lo cated at and Mean while, the rest of the graph ran un til it got blo ed in the co de for FORCE-NUMBER In e�ect, the orking graph fork ed in to three separate tasks (re ecte the grouping of the ertices in the graph expression ab e), whic then ran indep enden tly un til they blo ed. This is what one ould exp ect, giv en ho futures are normally impl em en ted Mil87 Hal84 ], but remem er that there is no explicit notion of \task" in linear graph reduction. asks here are an emergen phenomenon that arises naturally from more primiti mo del of computation. The net ork executiv on no gets to ork on the blo ed redexes: As hance ould ha it, it �rst considers connection 17 whose other end is held 102 CHAPTER 5. DISTRIBUTED EXECUTION It determines that the Call ertex ust migrate to to rendezv ous with the Network Anchor there. The migration heuristics are consulted, and they suggest sending the subgraph consisting of the Call ertex, the directly attac hed Drop Future and Lambda 1661 ertices, and the Number ertex. These ertices are gathered up and sen in message to new link is created to supp ort connection 14 When the graph structure arriv es at the link for connection 17 is destro ed, generating message bac to that link’s home agen t, otal messages sen for this migrati on: 2. Next the net ork executiv considers connection 16 whose other end is held Again, the Call ertex ust migrate, and this time the heuristics suggest sending attac hed Drop Future and Lambda 1661 ertices, the Number ertex, and the Sum ertex. These ertices are gathered up and sen in message to new link is created to supp ort connection 15 Since the other end of the link just recen tly created to supp ort connection 14 is no mo ving to the link la er sends an up date to announcing the mo e. When the graph structure arriv es at the link for connection 16 is destro ed, generating message bac to that link’s home agen t, otal messages sen for this migrati on: 3. In section 5.3, will see wh the heuristics hose to partition the graph in exactly this manner. or no w, simply note that they almost selected exactly the \tasks" that previously iden ti�ed in tuitiv ely The decision to send the Sum ertex to instead of eeping it on ma seem eculiar|in fact, it will cause minor trouble later on|but ev en that can defended as reasonable hoice. After the migratio ns the orking graph ecomes: 5.2. TW EXAMPLES 103 (graph () ;; ;; Reduction Queue: 16 (<Network Anchor> 16) (<Call 1> target:16 tail:0 cont:1 0:2) (<Drop> 0) (<Lambda 1661> n:3) (<Number 8> 3) (<Future> 13 as cont:1) (<Sum> 15 left:13 right:14) ;; ;; Reduction Queue: 17 (<Network Anchor> 17) (<Call 1> target:17 tail:4 cont:5 0:6) (<Drop> 4) (<Lambda 1661> n:7) (<Number 9> 7) (<Future> 14 as cont:5) ;; (<Copy> target:15 a:8 b:9) (<Equal?> 11 left:8 right:10) (<Number 0> 10) (<Test 746> 11 cont:12 n:9) (<Network Anchor> 12) The lo cal executiv es on and no ork in parallel applying metho ds lo cally un til the orking graph ecomes: (graph () ;; (<Number 40320> 13) (<Sum> 15 left:13 right:14) ;; ;; Migration Queue: 14 (<Number 362880> 14) ;; (<Copy> target:15 a:8 b:9) (<Equal?> 11 left:8 right:10) (<Number 0> 10) (<Test 746> 11 cont:12 n:9) (<Network Anchor> 12) The net ork executiv on clearly has no hoice but to send the Number 362880 ertex to Since is the home agen for the link supp orting con- 104 CHAPTER 5. DISTRIBUTED EXECUTION nection 14 this will in olv link la er message from to announcing the mo e, and another from to when the link is destro ed. otal messages sen for this migrati on: 3. The result: (graph () ;; ;; Reduction Queue: 14 (<Number 40320> 13) (<Number 362880> 14) (<Sum> 15 left:13 right:14) ;; (<Copy> target:15 a:8 b:9) (<Equal?> 11 left:8 right:10) (<Number 0> 10) (<Test 746> 11 cont:12 n:9) (<Network Anchor> 12) ’s lo cal executiv reduces this to: (graph () ;; ;; Migration Queue: 15 (<Number 403200> 15) ;; (<Copy> target:15 a:8 b:9) (<Equal?> 11 left:8 right:10) (<Number 0> 10) (<Test 746> 11 cont:12 n:9) (<Network Anchor> 12) ’s net ork executiv then sends the Number 403200 bac to Since the home agen for the link supp orting connection 15 is also no link la er messages are needed. otal messages sen for this mig ration: 1. The result: (graph () ;; ;; Reduction Queue: 15 (<Number 403200> 15) (<Copy> target:15 a:8 b:9) (<Equal?> 11 left:8 right:10) (<Number 0> 10) (<Test 746> 11 cont:12 n:9) (<Network Anchor> 12) 5.3. MIGRA TION HEURISTICS 105 whic reduces to nothing, after prin ting the um er 403200 on ’s console. In all, messages ere sen and ac kno wl edged. The curren simple-m i nded reliable message mo dule sends 18 UDP datagrams to transp ort these messages and ac kno wledgm en ts, but as efore, etter reliable message mo dule could reduce this to datagrams. The net ork induced dela is again ecause of the critical path from to to and bac to This is where the decision to mig rate the Sum ertex gets us in trouble. If the Sum had remained ehind on then when the computations on and completed they ould ha oth sen their results directly to where they ould ha een added and imm ediately prin ted. In this case the dela ould ha een only In standard RPC system that also supp orted some kind of futures (suc as those describ ed in LS88 ]) the analogous program ould in fact run with dela of |so in this case RPC wins. The migrati on heuristics had to guess ab out the est place to compute the sum (whic is computed after dela of in either case), and they got it wrong. RPC is to in exible to ev en consider the ossibilit of computing the sum elsewhere, and so in this case it happ ens to do the righ thing. could ha �ddled with the heuristics to mak the optima thing happ en in this example as ell, but the goal of this second example as to illustrate the e�ect of in tro ducing futures, not to eat RPC second time. It also helps to ha an example of the heuristics erforming less than erfectly in order to emphasize that they are, after all, only heuristics. 5.3 Migration heuristics Un til no ha o ided explaining the heuristics emplo ed the net ork executiv to select migratory subgraphs. did this to emphasize ho these heuristics are not in an essen tial to the system as describ ed so far. As long as the net ork executiv migrates the ertex necessary to un blo blo ed redex, the heuristics can do ery little to prev en the computation from making at least some progress. (That is, as long as they don’t create new blo ed redexes|fortunately this is easy to forbid.) Of course go heuristics can impro matters great deal an ticipating where ertex is going to needed, and sending it there in adv ance. In the examples of the last section it as clearly ene�cial for the argumen ts attac hed to migrating Call to accompan the Call to its destination. But mak no claim that the heuristics describ ed here are the right set of heuristics; I’v only exp erimen ted with few ariations|the curren set ork acceptably ell| but uc etter heuristics are clearly ossible. These heuristics are in teresting, not ecause of exactly what they do, but ecause of the kind of asoning that went into cr ating them The ey idea is to tak adv an tage of the fact that linear connections eha in more predictable 106 CHAPTER 5. DISTRIBUTED EXECUTION fashion than nonlinear reference mec hanism s. These heuristics examine graph structure and mak judgmen ts ab out the consequence of mo ving bits of it from agen to agen t. They ha no under- standing of what the ertex yp es mean to the compiler (as pro cedure calls, closures, con tin uatio ns, or whatev er), all they kno ab out the ertices is the terminal activit informati on (describ ed in hapter 3). They compare di�eren distributed con�gurations of graph structure comparing the links required to supp ort eac con�guration, and reasoning ab out the exp ense lik ely to result from eac link. The costs asso ciated with eac link are easy to estimate in part ecause of the pains to ok in hapter to limit the exp ense of eac link lev el op eration (creating, mo vi ng and destro ying them). More imp ortan tly link costs are easy to estimate ecause ypical link is used exactly onc An agen will use link to trac do wn the lo cation of some remote ertex, and will then send the lo cal ertex it holds to that lo cation. When the migrati ng ertex arriv es, the link will destro ed, as it is no longer needed. (This as the fate of ev ery single link in the examples in the last section.) �rst appro xim atio ev ery link represen ts exactly one future migration, so strategy for mini m izing the um er of migrati ons is to try to mini m ize the um er of links. Another to understand wh this orks is to think of link as represe t- ing ap ability to send one message et een pair of mobile en tities. Limiting the capabilit to single message enables us to reclaim the resources dev oted to main tai ning the link at the same time the message is sen t; this eeps costs incurred link during its lifetim �xed. If ultipl messages are required, ul tiple links ust forged in adv ance of those requiremen ts. The result is that the system can an ticipate to some exten ho man messages the curren computation will need to exc hange, at least in the near term, coun ting the um er of extan links. There is go analogy et een the blo ed redexes are handled and the page faults are handled demand paging. In oth cases, the ossi- bilit of the fault is ignored at compile-tim e, and instead the fault is detected and handled at run-time. In demand paging, the fault is detected the mem- ory hardw are. In distributed graph reduction, the blo ed redex is detected when connect_di spatc is passed alue tagged as connection to remote terminal. In demand paging, adjacen ords are read in to ph ysical memo ry in addition to the single ord that is required to satisfy the fault; this simple heuristic tak es adv an tag of lo calit of reference to decreases the um er of fu- ture page faults. In distributed graph reduction, the heuristics describ ed in this section pla simil ar role; they ork to decrease the um er of future faults an ticipating redexes and transp orting additional graph structure In oth cases the run-time can a�ord to do certain amoun of head-scratc hing, ecause it is already comm itted to an exp ensiv action to clear up the existing problem. 5.3. MIGRA TION HEURISTICS 107 5.3.1 The heuristics Once an agen t’s net ork executiv has decided to migrate single ertex it orks on expanding the migratory subgraph one ertex at time. Eac lo cally held ertex that is directly connect to ertex that will mig rate, is considered in turn. If that ertex satis�es the criteria describ ed elo w, it is added to the migrato ry subgraph. This pro cess of examining the fringe of the migratory subgraph is rep eated un til ev en tually no ertices satisfy the criteria. Since this algorithm only considers the e�ects of adding one ertex at time, it erforms rather o pic hill-clim searc for the est subgraph to migrate. It is not hard to construct cases where adding either of ertices alone will rejected, but adding oth oth ertices at once ould an impro em en t. This algorithm will nev er disco er suc ossibilities. Don’t let the message get to large. As the migratory subgraph gro ws, the size of the message that will sen generally gro ws. Eac ertex to migrated tak es certain amoun of space to describ e, and eac link end descriptor tak es up space. But ertices are ypically somewhat smaller than descriptors, so if sending particular ertex will decrease the um er of required links, then the message size will actually decrease. Th us, if the algorithm reac hes oin where the message is close to the maxim um message size, it will only consider additions to the subgraph that actually decrease the um er of links. Don’t migrate un b l ed redexes. If ertex is mem er of an un blo ed redex, it will nev er considered for migratio n. This prev en ts agen ts from exp orting un�nished ork to other agen ts|the idea is to let computation �nish running lo cally efore getting in o lv ed with the relativ ely exp ensiv net ork. As sp ecial case, this restriction prev en ts migratio from creating new blo ed redexes. Monoactiv erti ces follo their activ terminal. ertices that ha only one activ terminal and ertices that ha man activ terminals are treated di�eren tly The ma jorit of ertices fall in to the monoactiv case. Suc ertex is added to the migratory subgraph if and only if its activ terminal is connected to ertex already selected for mig ration. monoactiv ertex cannot participate in an future reductions unless its sole activ terminal gets connected to some appropriate ertex (one for whic metho exists). If monoactiv ertex gets separated from whatev er graph structure its activ terminal is connected to, nothing further can happ en to it unless it subsequen tly pac ks up and follo ws that structure, or unless that struc- ture happ ens to return to it. So letting suc separation tak place guar ante es In the curren system, on the e rag e, three ertic es tak up the same amoun of space as single descript or. 108 CHAPTER 5. DISTRIBUTED EXECUTION that message ust sen efore the monoactiv ertex can do an ything use- ful. If encourage the monoactiv ertex to follo what its activ terminal is connected to, man suc messages will oi ded. When that structure �nally ecomes something the ertex can in teract with, the ertex will already there ready to participate in lo cal reduction. As an imp ortan sp ecial case of this heuristic, ertex with only single terminal will alw ys follo whatev er structure it is attac hed to. Th us um ers and other atoms will alw ys stic with the ertices they are connected to. This heuristic is largely resp onsible for the the system so success fully extracts \tasks" from the orking graph. Con tin uations are represen ted using ertices whose sole activ terminal is connected to the graph structure that will ev en tually return alue. So con tin uati ons will tend to tag along after the computations whose alues they are aiting for. Con tin uatio ns link ed together to form \stac k" will tend to tra el together. An essen tial ingredien in the stac ks stic together is the fact that con tin uatio ns are alm ost alw ys treated linearly in Sc heme programs. (The only exception is when CALL-WITH-CU RRENT -CONT INUA TION is used. See sec- tion 3.1.3.1. Due to this linearit eac con tin uatio will directly connected to the next, without ev en an in terv ening tree of Copy ertices. This is clear example where the linearit in the original program, exp osed the explicit represe tation as linear graph structure is exploited to aid in the execution of the program. or oly acti erti ces, just oi creating more links. oly activ er- tices are added to the migrato ry subgraph as long as doing so do es not incr ase the um er of links. The idea here is that as long as no additional links are required, ertex is more lik ely to needed at the remote agen t, where kno some action is ab out to tak place, than it is lo cally where things ha settled do wn. Com bi ning all the ab heuristics yields the follo wi ng algorithm Step Initialize to con tain just the initial ertex that is to migrated. Step or eac lo cal ertex 62 where is not mem er of an un blo ed redex, and is connected to some ertex do the follo wing If sending ould strictly de cr ase the um er of required links, add to If the message eing assem bled is not close to full, and sending ould not incr ase the um er of required links, add to If the message eing assem bled is not close to full, and the terminal through whic is joined to is monoactiv e, add to Step If an new ertices ere added to in step 1, go do step again. 5.3. MIGRA TION HEURISTICS 109 5.3.2 The example revisited Let us no return to the follo wi ng situation from the previous section, and examine in detail exactly ho the migratory subgraphs ere hosen: (graph () ;; (<Network Anchor> 16) ;; (<Network Anchor> 17) ;; ;; Migration Queue: 16, 17 (<Call 1> target:16 tail:0 cont:1 0:2) (<Drop> 0) (<Lambda 1661> n:3) (<Number 8> 3) (<Future> 13 as cont:1) (<Call 1> target:17 tail:4 cont:5 0:6) (<Drop> 4) (<Lambda 1661> n:7) (<Number 9> 7) (<Future> 14 as cont:5) (<Sum> 15 left:13 right:14) (<Copy> target:15 a:8 b:9) (<Equal?> 11 left:8 right:10) (<Number 0> 10) (<Test 746> 11 cont:12 n:9) (<Network Anchor> 12) Recall that the net ork executiv started considering connection 17 and determined that it should send the Call at one end of that connection from to Here is ho the migration heuristics ork in that case: 1. The Drop connected to the tail terminal of the Call is sen ecause its sole activ terminal is connected to the Call 2. The Lambda 1661 connected to the terminal of the Call is sen for the same reason. 3. The Number connected to the terminal of the Lambda 1661 is sen to follo the Lambda 1661 4. The Future connected to the cont terminal of the Call is sen ecause if it isn’t sen t, connection will require link, while if it is sen t, connection 110 CHAPTER 5. DISTRIBUTED EXECUTION 13 will require link. So sending it creates no increase in the um er of links. 5. The Sum ertex is not sen t. If it isn’t sen t, connection 13 will require link, while if it is sen t, connections 14 and 15 will oth require links. As the Sum ertex as the only remaining candidate for migration, at this oin the migratory subgraph stops expanding. When the net ork executiv considers connection 16 and its Call ertex, ev erything happ ens in uc the same un til the Sum ertex comes up for consideration. This time, if the Sum is not sen t, connections 13 and 14 will require links. (Remem er made link for connection 13 ecause of the previous migrati on!) If the Sum is sen t, connections 13 and 15 will require links. Either need links, so the Sum gets mig rated. The next step is to consider the Copy ertex. If it is not sen t, connection 15 con tin ues to need link, but if it is sen t, connections and oth require links. Th us the Copy is not sen t, and the migratory subgraph stops expanding. It ould not hard to hange these heuristics so that in this example the Sum ertex as not migrated; could insist that in the oly activ case ertices are only migrated if they actually decrease the um er of required links. This ould cause the dela in prin ting the answ er to drop from to But remem er that the in teresting thing ab out these heuristics is not ho they function, but the reasoning that en in to creating them. Rather than patc hing them so that particular cases function in particular ys, should examine this example to see if it rev eals some a in the reasoning ehind the heuristic. Note that while the dela efore the answ er is printe is the dela efore the answ er is ompute is In fact, the dela will whether the Sum ertex is migrated to or remains on So the real problem with sending the Sum to is that it causes the answ er to the call to to app ear in the wrong place, giv en that the rest of the computation calls for that alue to prin ted Could any heuristic predict this, giv en the state of the orking graph at the time the migrati on of the Sum is eing considered? The heuristic ust ho ose et een nearly symmetrical situations. In either case, the Sum ertex winds up on one agen t, with one connection to some lo cal structure and connections to remote structures In order to mak an informed decision ab out whic alternativ to select, the heuristic needs to understand more ab out the future course of the computation than can extracted just coun ting links. It is ossible to construct cases where are giv en simila orking graph, but due to the future course of the computation, the est hoice is to migrate the ertex. Simply hanging the comparison in the heuristic from to do esn’t actually address the problem. In order to distinguish et een the cases in the Sum example, the heuris- tics need to kno more ab out the univ erse of metho ds|they need to kno more 5.4. SUMMAR 111 ab out the consequence of their actions. The terminal activities are one step in that direction, and ha already seen that the heuristic for monoactiv ertices uses that informa tion to go adv an tag e. erhaps some additional in- formati on precomputed from the univ erse of metho ds can help suggest that it is not really go idea for Sum ertex to get separated from the structure attac hed to its handle. The preceding discussion should not in an elittle the erformance of the existing heuristics. They ork quite ell at exploiting the existing com bina- tion of linearit and terminal activit inform ation. I’m only suggesting that con tin uing to tra el in the same direction, the system can made ev en etter. 5.4 Summ ary This completes the presen tation of the practical implem en tation of distributed linear graph reduction. In hapter sho ed ho to translate an ordinary sequen tial Sc heme program in to linear graph gramm a r. ey prop ert of this translation is that linearities in the original program remain linearities in the resulting gramm ar. Chapter demonstrated that linear reference et een distributed en tities can main tai ned heaply The fact that linear references are more constrained that full- edged oin ters mak es this proto col simple, heap and fast. In this hapter, the pieces ere put together to build system that executes the translated program in distributed en vironm en t. Linear references also help ed here allo wing the run-time system to mak go decisions ab out ho to distribute the graph structure. This system is quite real. The run-time system con tains 5400 lines of co de. It runs under sev eral opular ersions of Unix. The compiler consists of 2500 lines of Sc heme co de. It tries to honestly address all of the issues that ould arise in \pro duction" system. This includes issues, man of them quite un- dane, that ha not ev en men tio ned here. or example, there are in teresting tec hniques used for describing graph structure compactly in messages, and for represen ting graph structure so as to mak lo cal reduction run faster. Man things ha een left undone. The rest of this section catalogs some of the issues that ould ha to addressed efore this system could used for real. ault oleran ce. The curren system is not at all fault toleran t. If an agen crashes, the system breaks completely at all lev els from the reliable message la er on up. In pro duction system, something ould ha to done ab out graph structure that as temp orarily inaccessible due to problems with an agen or the net ork path to that agen t. or example, graph structure en route to suc an agen could returned to the sender. erhaps the same kind of reasoning ab out linear graph structure that en in to the design of the migrati on heuristics could help in coping with faults. This 112 CHAPTER 5. DISTRIBUTED EXECUTION migh fruitful area of future researc h. Securit Nothing in the curren system addresses securit concerns. The cur- ren run-time is ev en erfectly happ to migrate the compan pa yroll database (represe ted as linear graph structure) to the orkstation sitting on the recep- tionist’s desk. Better Link Proto col. As noted at the end of hapter 4, there are ma jor impro em en ts to made to the link main tenance proto col. First, the link la er should able to relo cate the home agen when neither end of the link remains at home. Second, the link la er should more closely in tegrated in to the reliable message la er. Migration. As noted at the end of the previous section, more in telli gen mi- gration strategies are clearly ossible, and probably desirable. Other factors esides blo ed redexes and oten tial links can tak en in to consideration. Subgraphs should migrated from erloaded agen ts to underutilized agen ts. The cost of link should eigh ted according to the estimated net ork dela et een its ends. These strategies, and others lik them, ould con tin ue to build on the same basic foundation that supp orts the existing migratio strategies. Thrashing. Nothing prev en ts migrati ng graph structure from hasing other migrating graph structure uselessly around the net ork. In the simplest case of this problem agen ts holding ertices on opp osite ends of connection sim ul taneously decide to send the ertex they are holding to the other agen t. The result is that the ertices hange places, and nothing useful has een accomplished. Some simple strategies for prev en ting suc \thrashing" are already built in to the curren migrati on heuristics (this is one reason wh the agen who �rst disco ers blo ed redex is alw ys resp onsible for un blo ki ng it), but in pro duction system some additional an ti-thrashing mec hani sm migh ell needed. It is ossible that random ariations in the eha vior of the net ork will su�cien to prev en graph structure from hasing its tail forev er, but if reliance of natural randomness pro es insu�cien t, some simple tie-breaking strategies can implem en ted. This is an example of the kind of issue that can’t really addressed without �rst gaining some exp erience with running large applications. Dynamic Co de Distrib ut i on. Curren tly all metho ds are kno wn all agen ts efore the system starts running. This mak es it imp ossible to in tro duce new ertex yp es after the program has started running. Unfortunately this is pre- cisely what an agen that o�ers some general service to the net ork needs to 5.4. SUMMAR 113 able to do. Suc agen ts cannot ossibly come in to existence already kno wing all the programs that they migh need to brie y host. Instead when they see ertex yp that ha nev er encoun tered efore, they need to go and learn the metho ds they ma need to handle that yp e. This requires some straigh tforw ard ork on the run-time to cause it to notice when metho migh missing and searc for it. Presumably suc \metho fault" is rare ccurrenc e, since the results of the searc can cac hed lo cally The resulting algorithm should closely resem ble demand paging. Nonlin ear References. There are some situations in whic linear references erform orly so true pro duction system ould also include nonlinear ref- erence mec hanism s. or example, an ob ject that represen ts the ro ot of �le system migh ha undreds of outstanding references In this case, build- ing tree of Copy ertices to collect and serialize op erations migh ery ine�cien t|esp ecially in distributed implem en tati on where op erations migh ha to tra el er the net ork from agen to agen tracing connections et een widely scattered Copy ertices. etter mec hanism migh true \p oin ter" data yp e. Clien ts ould able to freely transp ort and duplicate copies of oin ter, but the target of oin ter ould remain ignoran of ho man copies curren tly existed and where they ere lo cated. The target ould therefore �nd it uc more di�cult to mo to new lo cation, or to terminate its existence. oin ters ould an alternativ to connections that ould pro vide di�eren t, and sometimes more appropriate, allo cation of the resp onsibilities and exp enses asso ciated with eeping reference to an ob ject. go analogy can made et een the \pure" linear graph reduction system ha presen ted and an implem en tation of \pure" Lisp. pure Lisp impl em en tati on migh only supp ort Cons data yp e, but true pro duction ersion of Lisp supp orts data structures suc as arra ys that ha e�cien im- plemen tati ons in terms of the underlying hardw are. Garbage Collection Metho ds for handling the in teraction of ertices with Copy and Drop ertices giv es the system the equiv alen of reference -coun garbage collector. As with an reference coun garbage collector, circular struc- tures can ev ade the reference coun mec hanism ul Sc he me. As has already een men tio ned, the run-time only supp orts lim ited subset of the features of full Sc heme implem en tatio n. Muc of the ork required to complete this job is straigh tforw ard and dull, but there are in teresting language design issues still aiting to addressed. Designing an I/O system is one un�nished job ha already encoun tered. Another highly in teresting problem is supp orting the Sc heme pro cedure EQ? The curren proto col for represe ting ob jects do es not include an to test 114 CHAPTER 5. DISTRIBUTED EXECUTION if reference actually sp eak to the \same" ob ject. In other ords, there is no to tell if connections are connected to the fringe of the same Copy ertex tree. An treatmen of this issue ust address subtle issues ab out exactly what one means when one talks ab out \the same ob ject". These issues are the sub ject of hapter 6. Language Design. Finally it is orth men tio ning that pro duction system built around distributed linear graph reduction ould not necessarily an to stic so closely to sequen tial programm ing language seman tics. This demon- stration system uses standard sequen tial Sc heme in part to demonstrate that it could done, and in part to o id erloading the reader with to man new concepts. pro duction system ould at least in tro duce some new programm ing lan- guage extensions that help promote linearit and that allo parallelism (suc as the FUTURE sp ecial form). But new programm i ng language could also designed from scratc h, erhaps using di�eren proto col for con tin uations. After presen ting catalog of things left undone and paths still to explored, let me �nish the hapter in more ositiv with summary of what the distributed linear graph reduction engine has demonstrated ab out the ene�ts of pa ying atten tion to linearit and of using linear graph structure All run-time structures (con tin uations, record structures, pro cedures, etc.) are represe ted explicitly using linear graph structure, so the prop er treat- men of con tin uatio ns in tail-recursiv pro cedure calls is ensured. Linearit eeps the link proto col simple, so cross-net ork references are heap. Cheap cross-net ork reference ermit data structures to highly ortable. Linearit mak es it ossible to forecast future net ork tra�c, so heuristics can designed that facilitate the demand migration of tasks and data. Com bi ne these ene�ts and the result is that programs suc as the �rst example in section 5.2 can function with the minimum ossible net ork dela Chapter State Ha ving demonstrated ho linear graph reduction functions in practical set- ting in the last three hapters, ould no lik to turn to more theoretical application. In this hapter the notion of linearit and the to ol of linear graph reduction will used to examine one of the most erplexing phenomenon in computer science: the phenomenon of state As functional programm ing languages and parallel computing hardw are e- come more widespread, understanding the phenomenon of state is ecoming increasingly more imp ortan t. It is generally agreed that the unrestricted use of state can mak program hard to understand, compile, and execute, and that these problems increase in the presence of parallel hardw are. The usual approac to con trolli ng these problems is to imp ose programm i ng language re- strictions on the use of state, erhaps ev en ruling it out altogether. Others ha prop osed sc hemes that accept state as necessit and try to mini m ize its bad e�ects Bac78 Agh86 GL86 Kni86 ]. eliev that efore either outla wing state, or learning to simply tolerate it, should try to etter understand it, in the hop of ev en tuall eing able to reform it. This hapter tak es some steps to ards suc an understanding. Using the linear graph reduction mo del will able to haracterize those systems in whic some comp onen ts of system erceiv other comp onen ts as ha ving state. will learn new of thinking ab out state, and will gain insigh in to wh state seems to suc problem. This insigh migh one da help us mak our programm ing languages more expressiv when program with state. This excursion in to the theory of state ma seem quite abstract, esp ecially in con trast to the practical presen tation of the distributed graph reduction system just concluded. The ma seem quite unrelated, but there are at least three imp ortan oin ts of con tact et een them. First, the problem of managing state in distributed en vironm en is quite an imp ortan one. distributed database is hie y system for pro viding the useful facilit of state to distributed 115 116 CHAPTER 6. ST TE set of clien ts. Since linear graph reduction pro vides insigh in to oth state and distributed computing separately it ma pro pro�table to apply these ideas in �elds that ha oth asp ects, suc as distributed databases. will not, ho ev er, demonstrating suc com bi ned application here. This remains promising researc topic. The second oin of con tact is of more practical nature. Ha ving seen linear graph reduction applied in real system will mak uc of the follo wing presen tation uc easier to understand. The subtleties of ho linear graph structure can used to repro duce the eha vior of more fami li ar computational systems ha already een explained in more than enough detail. will able to assume that the reader has gained certain amoun of in tuitio ab out ho linear graph reduction orks in practice. Third, the con trast et een the applications, one quite practical and applied, and the other quite theoretical and abstract, serv es to underscore con ten tion that linearit is an imp ortan notion of quite general applicabilit that deserv es to more widely appreciated throughout computer science. 6.1 What is state? It is not imm ediately clear to what, if an ything, the ord \state" refers. ordinarily treat state as eing prop ert of some \ob ject". pretend that state can lo calized in certain ortions of the systems construct. act as if the question \where is the state?" has an answ er. Ordinarily this do esn’t get us in to an trouble. But, as will argue elo w, if try to analyze systems from glob al ersp ectiv e, this view ecomes un tenable. It cannot the case that state is an attribute ossessed an ob ject inde- enden of its observ er. In system consisting of an observ er and some other comp onen ts, in whic the observ er describ es one comp onen as ha ving state, it is often ossible to pro vide an alternate description in whic some other comp o- nen con tains the state. Often the system can redescrib ed from viewp oin in whic another comp onen is treated as the observ er and the original observ er app ears to the comp onen with state. Sometim es the system can ev en describ ed in suc as to eliminate all men ti on of state. (In SS78 Steele and Sussman explore this ystif ying asp ect of state in some depth.) In cases where state cannot eliminated, it eha es uc lik bump in rug that on’t go Flatten the bump out in one place, and some other part of the rug bulges up. An part of the rug can made lo cally at, but some global prop ert (p erhaps the rug is to large for the ro om) mak es it imp ossible for the en tire rug to at sim ultaneously Analogously ma able to describ all the comp onen ts of system in stateless terms, but when the comp onen ts are assem bled together, some comp onen ts will erceiv other comp onen ts as ossessing state. As an example, consider the simple system consisting of programm er in ter- 6.1. WHA IS ST TE? 117 acting, via eyb oard and displa with computer. Imagine that the soft are running on the computer is written en tirely in functional programm ing lan- guage, the stream of output sen to the displa is expressed as function of the stream of eyb oard input. (See Hen80 for demonstration of ho this can done.) Th us the description of the subsystem consisting of the eyb oard, computer and displa is en tirely free of an men tion of state, et from the pro- gramm er’s viewp oin t, as he edits �le, the computer certainly app ars to ha state. Imagine further that the programm er is actually rob ot programm ed in functional language, his stream of eystrok es is expresse as function of the stream of imag es he sees. No the situation app ears symm etrical with resp ect to programm er and computer, and the computer can claim that it is the programm er that is the comp onen of the system that has state. All comp onen ts in this system agree that from their ersp ec tiv there is state somewhere else in the system, but since eac comp onen is itself describ ed in state-free terms, there is no comp onen that can iden ti�ed as the lo cation of that state. This do es not mean that the phenomenon of state is an less real than it ould if could assign it lo cation. It do es mean that ha to careful ab out treating state as an ything other than erceptual phenomenon exp erienced some comp onen ts in their in teraction with other comp onen ts. In particular, ust not exp ect to single out comp onen ts as the rep ositories of state. Therefore an imp ortan asp ect of approac to studying state will reliance on observ ers emb dde in the system itself to rep ort on state as they ex- erience it. more con en tional approac ould to treat state as something exp erienced observ ers external to the system under study Mine is uc more minim ali st approac h, demanding less of state as phenomenon. State is certainly exp erience en tities within the systems that construct, but this do es not impl that state can studied as if it ere prop ert of those en tities. This is simila to the stand tak en those ph ysicists who adv cate the Man orl ds in terpretation of quan tum mec hani cs DG73 ], and adopt it for simila reasons. By disp ensing with external acts of observ ation, and instead treating observ ation solely as sp ecial case of in teraction et een the comp onen ts of system, the Man orlds form ula tion giv es insigh in to wh observ ers er eive e�ects suc as the Einstein-P dolsky-Rosen \parado x". The programs write are really instructions to follo ed little ph ysi- cists who inhabit computational univ erses that create for them. These em- edded observ ers ust react to their en vironm en on the basis of their ercep- tions of it. They are not privy to the go d’s-ey view that e, as the creators and debuggers of their univ erse, are giv en. Since programm i ng languages are designed to facilitate the instruction of these little ph ysicists, it is natural that programm ing languages describ phe- nomena as they are erceiv ed suc em edded observ ers, but that do es not 118 CHAPTER 6. ST TE mean that should adopt the same terminology when study the univ erse as whole. The notion of state is ali one, in as uc as it describ es the one comp onen of system can app ear to eha to another, but it ould mistak to conclude from this that state is in trinsic prop ert that e, as external in estigators, can meaningful ly assign to certain comp onen ts. By carefully restricting the notion of state to apply only relativ to em edded observ ers, oi confusion and ac hiev additional insigh in to the conditions that cause state to app ear. 6.2 The symptom of state Exp erience using linear graph reduction suggests that all graph gramm a rs that exhibit the phenomenon of state share imp ortan haracteristics: �rst, they are alw ys nondeterministic gramm ars; second, they alw ys construct graphs that con tain cycles. In this section shall presen some in tuitiv argumen ts for wh this should so. In the next section will sho wh these harac- teristics constitute strong circumstan tial evidence that state is phenomenon caused the nonlo cal top ological structure of linear graphs. It ould nice to able to pr ove that the phenomenon of state has this top ological origin. Unfortunately this cannot done ecause state is not something that already has an adequate de�nition. All programm ers understand what state is ecause they ha exp erienced it in the systems they construct. They kno it when they see it, but they don’t ha formal de�nition for it. Th us, the est that can hop to do is to demonstrate that this top ological prop ert exhibits the same symptoms that normally asso ciate with state. cannot sho that some new de�nition of state is equiv alen to some kno wn de�nition, but can giv state de�nition for the �rst time. 6.2.1 Symptom nondetermini sm Wh should it the case that nondeterministic linear graph gramm ars are needed in order to construct systems with state? Recall once again the proto col for messages, �rst in tro duced in section 2.4. pair of metho ds, suc as the on page 28, ermit message (suc as Car to clim up through tree of Copy ertices, using terminals customarily lab eled target and tail Suc metho ds are source of nondeterminism ecause in graph suc as (graph (0 7) (<Copy> target:0 a:1 b:2) (<Car> target:1 tail:3 cont:4) (<Set Car> target:2 tail:5 cont:6 new:7)) there is hoice ab out whic message to propagate through the Copy ertex �rst. The result migh either 6.2. THE SYMPTOMS OF ST TE 119 (graph (0 7) (<Car> target:0 tail:1 cont:4) (<Copy> target:1 a:3 b:2) (<Set Car> target:2 tail:5 cont:6 new:7)) or (graph (0 7) (<Set Car> target:0 tail:2 cont:6 new:7) (<Copy> target:2 a:1 b:5) (<Car> target:1 tail:3 cont:4)) Dep ending on this hoice, either the Car message, or the Set Car message will arriv at the ap ex of the tree �rst|t completely di�eren computational his- tories ma then unfold. This nondeterminism is ossible ecause Copy ertices are willing to in teract with ertices connected to either their or terminals. In tuitiv ely Copy tree is willing to \listen" to messages arriving from an ywhere along its fringe. So nondeterminism is built in to the usual linear graph reduction impl em en- tation of ob jects with state. Of course this do es not constitute pro of that any impl em en tati on of ob jects with state ust con tain nondeterminism. Lac king de�nition of state (constructing suc de�nition is the ultimate goal of this hapter) no suc pro of is ossible. Still, it is hard to imag ine ho this nondeterminism can elimi nated. Con- sider what ould happ en if Copy ertices ere only willing to in teract through their terminals. In that case there ould only single lo cation on the fringe of Copy tree that ould listening for the next message. This single atten tiv lo cation ould determined at the time the tree as constructed. or eac ariabl that ccurred wice in the dy of LAMBDA -expression, programm ers ould ha to declare whic ccurrence as the ccurrenc e. In e�ect, programm ers ould ha to sp ecify in advanc the order in whic reads and writes will tak place. It ould imp ossible to supp ort patterns of reads and writes that aried dynamicall It is clear that suc system ould fall short of supp orting what most programm ers ould consider state-lik eha vior. Instead of simply altering the proto col for Copy trees, erhaps some com- pletely di�eren tec hnique for translating programm i ng language can found. tec hnique that builds some other form of graph structure when name is used more than once, and suc that deterministic gramm ar can ork on that struc- ture to pro duce apparen state-lik eha vior. But no suc tec hnique is kno wn; nondeterminism app ears in ev ery fully satisfactory linear graph reduction im- plemen tati on of state-lik eha vior. Others ha also observ ed that the need for nondeterminism seems to symptom of the desire for state. In Hen80 ], for example, Henderson ust add nondeterministic stream merging op erator efore he can construct an otherwise functional description of an op erating system that app ears to main ta in state. 120 CHAPTER 6. ST TE 6.2.2 Symptom cycles Wh should it the case that cyclic linear graphs are needed in order to construct systems with state? Consider ho an observ er em edded in suc system can erceiv state. There ust some exp erimen that the em edded observ er can erform that will rev eal that the part of the linear graph external to him eha es as if it had state. Suc an exp erimen t, expressed in Sc heme, migh lo ok lik e: (define (experiment x) (begin (set-car! 1) (= (car x) 1))) The general idea is to detect that the external system, accessed through the ariable someho ememb ers the action erformed SET-CAR! and this can detected the pro cedure CAR The programm er who wrote this pro cedure probably though in terms of some ob ject (probably Cons ), named the ariable whose state could written and read SET-CAR! and CAR The imp ortan thing to notice ab out the pro cedure EXPERIMENT is that the ariable ccurs in its dy wice. The reason for this is that references to the subsystem eing tested are needed in order to complete the exp erimen t. While one reference is passed to SET-CAR! second reference ust retained so that SET-CAR! ’s e�ects can observ ed. When EXPERIMENT is translated in linear graph reduction metho ds (using the tec hniques from hapter 3), the �rst metho is the follo wi ng: (graph (0 2) (<Global EXPERIMENT> 3) (<Call 1> target:3 tail:0 cont:1 0:2)) (graph (0 2) (<Global EXPERIMENT> 0) (<Evseq 401> cont:1 x:4) (<Number 1> 5) (<Set Car> target:2 tail:4 cont:3 new:5)) picture of this metho app ears in �gure 6.1. Notice that two connections join the Evseq 401 ertex to the Set Car ertex. The �rst connection is through the cont terminal of the Set Car ecause the Evseq 401 is con tin uatio aiting for con�rmation that the call to SET-CAR! has completed. The second connection joins the tail of the Set Car to the of the Evseq 401 ecause after that con�rmation arriv es, the con tin uati on will need that second cop of the reference to the alue of to con tin ue the exp erimen t. This cycle is not spurious e�ect of the the pro cedure as written, it it consequence of the nature of the exp erimen t. An system that lo oks for 6.2. THE SYMPTOMS OF ST TE 121 Figure 6.1: The metho for calling EXPERIMENT correlations et een past actions and future e�ects will ha this structure at some oin in its history see this more clearly it ma help to think ab out the phenomenon of aliasing Aliasing ccurs in traditional programm i ng languages when giv en storage lo cation comes to ha ultipl names. Aliasing is often asso ciated with puzzles that in olv the assignmen in teracts with di�eren parameter passing mec hani sm s. When lo cation has ulti ple names, it ecomes ossible to hange the alue accessed through one name using another name. Th us, the eha vior of an aliased name can altered without ev er using that name. It requires at least names for this phenomenon to ccur: �rst name whose eha vior hanges ysteriously ev en though it wasn ’t used, and second name that causes the hange ecause it was used. If name is view ed as ath for accessing lo cation, then the analogy with cyclic linear graph structure is rev ealed. If there are paths from oin where the observ er stands, to oin the observ ed lo cation, then there is cycle starting from running do wn the �rst path to and then bac up the second path to again. ra ersing the second path in everse to get from bac to ma seem unnatural ecause don’t usually tra el from ob jects bac kw ards to the en tities that kno their names, but when mo deling suc system using linear graphs it is easier to think in terms of cycles, natural top ological prop ert of an kind of graph with undirected edges. The need for cycles in systems with state has een noticed efore. Usually it is expressed as need for some kind of equalit predicate in order to ha sensible notion of side e�ect. In SS78 Steele and Sussman conclude that \the meanings of ‘equalit y’ and ‘side e�ect’ sim ul taneously constrain eac other"; in particular they note that it is imp ossible to discuss side e�ects without in tro- ducing some notion of sameness. The programm er who wrote the EXPERIMENT pro cedure in tended that the ariabl should refer to the same ob ject eac time it ccurred; he as unable to discuss side e�ects without using notion of sameness. supp ort this notion ha to in tro duce cycles in to the system. Cycles are th us inevitable when 122 CHAPTER 6. ST TE side e�ects are to detected. 6.3 Lo calit In this section will demonstrate that the symptoms ascrib ed to state in the previous section ccur in systems whose nonlo cal top ological structure a�ects their eha vior. This strongly suggests that the arious phenomena ha lo osely een calling \state-lik eha vior" can all explained in those top ological terms. will therefore adopt the top ological haracterization as the de�nition of state. The insigh gained in to the nature of state will help explain wh programm ing in the presence of state is sometim es di�cult, and wh this di�cult increases as systems ecome larger. It will also suggest where to lo ok for further insigh ts, and ho migh design etter to ols for using state. In this section the simpli cit of the linear graph mo del will pa o� in big So far the restricted nature of connections has manifested itself hie y forcing us to construct the somewhat clumsy Copy ertices in certain situations. Here will �nd that the simpli cit of connections mak es it ery easy to de�ne an appropriate notion of lo calit need to capture the notion of lo calit ecause can only study state as phenomenon exp erienced observ ers em edded in computational systems, and the only to ol that an observ er em edded in linear graph has for making an observ ation is the binary metho d, whose left hand side is matc hed against lo al subgraph. If there ere metho ds whose left hand sides ere more complex, erhaps allo wi ng the metho to run only if the en tire graph passed some test, then lo calit ould not as imp ortan t, but the left hand side of binary metho only tests small, lo cal ortion of the graph (t ertices and single connection). Th us, there is no for running program to learn an ything ab out the nonlo cal structure of the linear graph that it is part of. With the haracterization of lo calit dev elop ed elo w, this observ ation will made precise. It is orth recalling, at this oin t, ho message passing and pro cedure calling ere easily mo deled using binary metho ds. Just as binary metho ds are unable to gain nonlo cal kno wledge, so message passing and pro cedure calling are similarly limited. This limi tatio is consequence of the the pro cessing elemen ts in all computing hardw are ork. All pro cessing elemen ts ha some limi to the amoun of state that can con tained in their priv ate, imm ediately accessible memory They are forced to tak computational action based solely on this lo cal kno wledge of the state of the en tire system. They ust trust that other parts of the system|mem ories, other pro cessing elemen ts, I/O devices|are con�gured as exp ected. Recognizing this need to trust in the global con�guration of the system will the ey to new understanding of state. 6.3. LOCALITY 123 6.3.1 Homom orphism and lo cal indistinguishabilit capture the notion of lo calit can de�ne homomorphi sm from one linear graph to another as map that preserv es the lo cal structure of the graph. More precisely homom o rphism is map from the terminals of the linear graph to the terminals of the linear graph suc that: If and are terminals in and is connected to then is con- nected to ). If and are terminals in that elong to the same ertex, then and elong to the same ertex in The lab el of terminal in is the same as the lab el of in and the yp of ’s ertex is the same as the yp of )’s ertex. is an epimorp hi sm if it is on to, monomorphi sm if it is one-to-one, and an isomorp hi sm if it is oth. If is an isomorphism it has an in erse that is also an isomorphism Since all the terminals of ertex in are mapp ed together to the same ertex in homom o rphism also de�nes as map from ertices to ertices. Th us if is ertex in can extend our notation and let the corresp onding ertex in In fact, homom orphism is completely determined its action on ertices. Figure 6.2 sho ws an example of homom o rphism The arro ws indicate ho the ertices of the left hand graph are mapp ed to the ertices of the righ hand graph. This is the only homom orphism et een these linear graphs, although in general there ma man Imagine what it ould lik to explore maze that as built on the plan of linear graph: Eac ertex ecomes ro om, eac connection ecomes hallw sign er eac do orw giv es the lab el of the corresp onding terminal, and sign in the cen ter of eac ro om giv es the yp of the corresp onding ertex. Unless he turns around and retraces his steps, an explorer can nev er kno that he has arriv ed in ro om that he passed through efore. or all the explorer can tell, the linear graph he is exploring migh ell (p ossibly in�nite) tree con taining no cycles whatso ev er. There ould no for him to distinguish et een the linear graphs in �gure 6.2. Suc graphs are lo cally indistinguishable. orm al ly and are lo cally indist i ngu is habl written if there exists graph and epimorphism and It can sho wn that lo cal indistinguishabili is an equiv al ence relation on linear graphs. As sp ecial case of this de�nition note that if is an epimorphism then This picture resem bles picture of metho since it has left hand side and righ hand side and arro ws that express relation ship et e en the o. This resem bla nc is coincid en t al|the notions will ept en tirel separate The category of linear graphs and linear graph homom orp hism has man in ter esti ng prop ert ies. An en te rta inin exercise is to determine ho to comput pro ducts of linear graphs. 124 CHAPTER 6. ST TE Figure 6.2: Linear Graph Homom o rphism 6.3.2 Metho ds Things ecome more complicated once in tro duce metho ds in to the picture. In this section will pro some theorems ab out the relationship et een linear graph gramm a rs and homom orphism and lo cal indistinguishabil it The pro ofs are sk etc hed rather than eing presen ted in tedious detail, since the results are all easy to see once the de�nitions are understo d. will con tin ue to assume that all metho ds are binary metho ds. The theorems in this section are all true ev en if sligh tly relax that restriction and allo an metho whose left hand side is tree (a connected graph con taining no cycles), but that additional generalit is not needed in an ything that follo ws. write if the linear graph is the result of applying an um er of metho ds to an um er of disjoint redexes in write when there is series Theorem Given homomorphism and if then ther exists line ar gr aph and homomorphism such that This an summarize in the fol lowing diagr am: 6.3. LOCALITY 125 If is an epimorphism, then an found so that it is also an epimorphism. Pro of Eac redex in that is reduced in forming can lifted bac through to set of redexes in The set of all suc redexes can then reduced to obtain can then constructed from in the ob vious Theorem Given and if then ther exists and such that If is an epimorphism, then an found so that it is also an epimorphism. Pro of This follo ws easily from the previous theorem induction. The theorem is true giv en an linear graph gramm ar. It is the strongest suc result ha pro en that do es not constrain the gramm ar. or certain classes of gramm ars, and in particular for the class that con tains most deter- mini stic gramm a rs, stronger theorems can pro en: linear graph gramm ar is preclusi if redexes can nev er erlap. This means that if redex app ears in linear graph and if and if that redex as not one of the ones reduced in formi ng then that redex still app ears in The app earance of redex in graph th us pr cludes the ossibilit that an ything else will happ en to those ertices efore the corresp onding metho can applied. or example, an gramm ar that con tains the metho ds on page 28 cannot preclusiv e. The reason for this is that, as sho ed in section 6.2.1, it is ossible to construct graph where the Copy ertex elongs to di�eren redexes. ha already iden ti�ed this prop ert of Copy ertices as source of nondeterminism. The follo wing theorem demonstrates that preclusiv gramm ars are in fact deterministic. Theorem If line ar gr aph gr ammar is pr clusive, then given line ar gr aphs and such that and ther exists line ar gr aph such that and Pro of Since the gramm ar is preclusiv the redexes in are all disjoin t. can divide them up in to four classes, (1) those that ere reduced in forming oth and (2) those that ere reduced only in forming (3) those that ere reduced only in forming and (4) those that ere reduced in neither case. Redexes in the second class ust still ccur in and redexes in the third class ust still ccur in so applying the corresp onding metho ds can form from either or (In fact, ecause can apply the metho ds that corresp ond to the �rst three classes redexes.) Theorem If line ar gr aph gr ammar is pr clusive, then given line ar gr aphs and such that and ther exists such that and Pro of This follo ws easily from the previous theorem induction. 126 CHAPTER 6. ST TE Theorem sho ws most clearly what it is ab out preclusiv gramm a rs that mak es them eha deterministically It giv es us condition under whic ha Ch urc h-Rosser theorem for linear graphs. It sho ws that no matter what order ho ose to apply the metho ds from preclusiv gramm ar, alw ys ac hiev the same result. If it is ossible to apply metho ds un til linear graph is pro duced to whic no further metho ds can applied, then that graph is unique. The �nal theorems relate lo cal indistinguishabilit and preclusiv gram- mars: Theorem If line ar gr aph gr ammar is pr clusive, then given line ar gr aphs and such that and ther exists line ar gr aphs 00 and 00 such that 00 00 and 00 00 Pro of The most straigh tforw a rd to construct 00 and 00 is to let them the results of reducing al redexes in and This is ossible ecause these redexes ust all disjoin (since the gramm ar is preclusiv e). urther, it ust the case that is the result of erforming some subset of these reductions, so erforming the remainder see that 00 It is clear from the construction that 00 00 Theorem If line ar gr aph gr ammar is pr clusive, then given line ar gr aphs and such that and ther exists line ar gr aphs 00 and 00 such that 00 00 and 00 00 This an summarize in the fol lowing diagr am: 00 00 Pro of This follo ws from the previous theorem induction and using the- orem 3. Theorem is ery similar in form to theorem 4; their meanings ould iden tical if replaced the in theorem with \=". Theorem sho ws that giv en preclusiv gramm a r, not only do es it not matter what order ho ose to apply metho ds (theorem 4), it do es not ev en matter whic lo cally indistin- guishable linear graphs ho ose to apply them to. preclusiv gramm ar is completely insensitiv to the nonlo cal structure of the system. 6.4. IMPLICA TIONS OR PR OGRAMS 127 6.4 Impl i c ations for programs The theorems ha just seen ha impl icatio ns for what an em edded ob- serv er can learn ab out the system in whic it is em edded. Supp ose are giv en pair of linear graphs and where and are ask ed to pro duce linear graph gramm ar that can someho distinguish et een the o First, need to precise ab out what mean \distin- guish". an to able to run the gramm ar on or and then apply some test to determine if the system has learned ho it as initialized. The test ust lo al otherwise could supply the empt gramm ar and sp ecify that the test is simply graph equalit Th us will include distinguished ertex yp es, Was-G and Was-H in our gramm ar, and sp ecify that if ertex of yp Was-G ev er app ears in the graph, then it will understo that the gramm a has decided that the initial graph as and simila rly Was-H will signal that the gramm ar has decided that the initial graph as No consider the case where there is an epimorphism Supp ose that giv en some gramm ar ha and that con tains ertex of yp Was-H then theorem there is graph where and an epimorphism Since is an epimorphism, ust also con tain ertex of yp Was-H The gramm ar is th us capable of deciding that the initial graph as ev en though it as applied to The gramm ar will therefore in error. Th us no gramm ar can ev er orr ct ly decide that it as initially applied to (although it is ossible that it migh learn that it as applied to ). Putting this observ ation in somewhat more computational terms: If, in the course of some computation, system �nds itself in con�guration and there is an epimorphism then from that oin on a rd there is nothing that the system can do that will allo it to disco er that it had in fact een in con�guration and not in con�guration It migh disco er that it had een in con�guration and from this it could conclude that it had not een in con�guration but it can nev er disco er that it had een in con�guration Ev erything that can happ en to is lo cally indistinguishable from something that can also happ en to Lo oking at this fact from et another angle: If system is halted in con- �guration and recon�gured to in con�guration where there is an epi- morphism the system can erhaps \mal function" arriving at con�guration (i.e. where there are no con�gurations 00 and 00 suc that 00 00 and 00 00 There are conditions under whic suc malfunctions are imp ossible: If the gramm ar is preclusiv e, then since theorem guaran tees us that if can �nd the requisite 00 and 00 If con tains no cycles, then an epimorphism ust an isomorphism so can let 00 00 128 CHAPTER 6. ST TE Th us, replacing with the lo cally indistinguishable can cause mal func- tion only if con tains cycles and the gramm a is not preclusiv e. Surprisingly these are almo st exactly the symptoms previously iden ti�ed as alw ys eing presen in systems that exhibit state-lik eha vior. (I sa \almost ex- actly" ecause nev er precisely de�ned what as mean \nondeterminism" in section 6.2.1. The con ten of theorem as that preclusiv gramm ars e- ha deterministically but there are non-preclusiv gramm ars that also eha deterministically so the concepts do not align exactly .) ha no arriv ed at the crucial in tersection of our in tuitiv observ a- tions ab out state-lik eha vior (section 6.2) with our theorems ab out lo calit (section 6.3). ha disco ered that the features that alw y accompan state lik eha vior are just the features necessary to mak the system dep enden on its nonlo cal structure. This leads me to prop ose that systems that exhibit state-lik eha vior are, in fact, precisely those systems whic dep end on their nonlo cal structure in order to function correctly Accepting this prop osed de�nition of what it means for system to exp eri- ence state, lea es us with the follo wi ng picture of the orld: Stateless systems ha the prop ert that they are insensitiv to their nonlo cal structure|the eha the same in all lo cally indistinguishable con�gurations. State is exp erience the comp onen ts in system when some lo cally indistinguishable con�gurations of the system ma ev olv in additional unin tended y s. Im- ortan tly no test the system can erform in ternally can determine that it is prop erly con�gured. This sa ys great deal ab out wh programm ing in the presence of state is di�cult. Programmi ng with state means that there are conditions whic the system dep ends up on, that it cannot hec for itself. The system ust trust that it is con�gured as it exp ects. It ust trust that it ev olv ed from kno wn initial conditions through the application of kno wn metho ds, rather than eing created sp on taneously in some lo cally indistinguishable con�guration that could nev er ha een reac hed naturally 6.4.1 The parable of the rob ot mak this more concrete, recall the rob ot from section 6.1 who as in teracting with his computer via eyb oard and displa Remem er that this as system in whic all comp onen ts erceiv ed state ev en though they could all expressed in functional terms. Supp ose halt this system and replace it with lo cally indistinguishable con�guration. Sp eci�cally replace it with rob ots and computers, where the �rst rob ot yp es on one computer’s eyb oard, but atc hes the displa of the other computer, while the second rob ot yp es on the other eyb oard and atc hes the �rst displa In order to remain lo cally indistinguishable from the original con�guration, eac rob ot and eac computer ust placed in the same in ternal con�guration as it as when the system as still singular. Eac rob ot \b eliev es" that he is 6.5. THE OBJECT MET APHOR 129 alone, and that he is in teracting with single computer. Initially oth rob ots con tin ue yping secure in this elief. They are unable to detect that they no op erate in doubled system ecause they oth yp exactly the same thing at the same time, and the computers resp ond iden tically with the appropriate output. Suddenly y lands on one of the displa ys. The rob ot atc hing that displa pauses brie y to sho it The other rob ot then notices that his displa do esn’t re ect his last few eystrok es, while the �rst rob ot notices that his displa re ects eystrok es that he as only planning on making righ efore the y disturb ed his concen tration. Up on further exp erimen tation the rob ots ev en tuall disco er their true situation. The original singular rob ot had no of testing that he as part of the singular system, nev ertheless he dep ended on this fact in order to act sensibly He trusted that there really as single computer that as resp onding to his eystrok es, and that what he sa on the displa represe ted its reactions. He trusted that the �le he yp ed in to da really ould reapp ear when he called it up on the displa tomorro w. If ou ask ed him to explain just ho the rest of the system as able to eha in that he ould explain that \the computer has state". That is his explanation of ho the situation app ears to him as an em edded observ er, but it isn’t ery go explanation from our oin of view. It ev en has built in to it the presupp osition that there is only single computer. can see that the prop ert of the system that really matters, the prop ert that the rob ot accepts and dep ends on to function in the system without error, is the un testable assertion that the system’s nonlo cal structure is what the rob ot eliev es it to e, and not some lo cally indistinguishable equiv alen t. 6.5 The ob ject m et aphor ha concluded that systems in whic state app ears are systems whose non- lo cal top ological structure is imp ortan to their correct functioning. In order to write correct programs that describ suc systems, programm ers ust un- derstand, and reason ab out, nonlo cal prop erties. Unfortunately programm ing languages do not giv programm ers ery uc help in this job. Most programm ing languages supp ort only the metaphor of ob jects for using state. The simplest languages giv the programm er state ariable simple ob jects that can read and written. More adv anced languages pro- vide abstraction mec hanism that supp ort the construction of abstract ob jects GR83 LAB 81 Mo o86 Agh86 whic supp ort more complex op erations. The ob ject metaphor is that ob jects serv as ontainers for state. Eac con- tainer divides the system in to parts, consisting of the users of the con tainer, and the eep ers of the con tainer. If the con tainer is state ariabl e, the eep ers will consist of memory hardw are. If the con tainer is some more complex ob ject, 130 CHAPTER 6. ST TE the eep ers will impl em en ted in soft are just lik the users. The users comm unicate with the eep ers passing notes through the ot- tlenec that is the ob ject itself. The eep ers are harged with main taining the ob ject metaphor. It is the eep ers, for example, who ust orry ab out making op erations app ear to happ en atomicall should that required. The eep ers are sla es to the requiremen ts of the users. They lab or to main tai the illusion that the state is actually ontaine in the ob ject. The ob ject metaphor orks acceptably in man simple situations. It cap- tures comm only ccurring pattern in whic comp onen of system serv es as clearinghouse of some kind. In order for suc clearinghouse to function, all of its users ust kno that they are using the same clearinghouse. This is an example of the kind of nonlo cal structure discussed in the previous section. No exp erimen erformed those em edded in the system can determine that the system is con�gured correctly but careful application of the proto cols of the ob ject metaphor con�ne the system to the correct nonlo cal structure. In more complex situations the ob ject metaphor is less useful. If, for exam- ple, the eep ers of ob ject ust op erate on ob ject in order to erform some op eration, and the eep ers of then try to use incorrect eha vior, suc as deadlo k, can arise. The kinds of nonlo cal prop erties that are needed to rule out suc incorrect eha vior are not captured ell using the ob ject metaphor alone. Additional reasoning (usually ery sp ecial case reasoning) is required. When started our in estigati on of state adopted the view that pro- gramm ing languages are designed for instructing the en tities that inhabit the computational univ erses create. These em edded observ ers are the ones that erceiv state in the other comp onen ts of the univ erse that surrounds them. Giv en our iden ti�cation of state-lik eha vior as dep endence on the nonlo cal structure of the system as whole, there is no apparen reason to supp ose that the ob ject metaphor is the only to describ state-lik eha vior to those em edded observ ers. The ord \ob ject" do es not app ear an ywhere in section 6.4, so erhaps can disco er new metaphors that capture the state \feels" to an em edded observ er, without reference to the notion of ob ject. If our programmi ng languages supp orted these new metaphors, could use them when appropriate, rather than eing forced to phrase ev erything in terms of ob jects. Giv en programm ing language that is su�cien tly expressiv ab out nonlo cal prop erties, ould no longer need fear programm ing with state. 6.6 Summ ary In this hapter the notion of linearit and the to ol of linear graph reduction as used to examine the phenomenon of state. concluded that state ccurs when some lo cally indistinguishable con�gurations of the system ma ev olv in unin tended ys, and furthermore no test the system can erform in ternally can determine that it is prop erly con�gured. This explains wh programm ing 6.6. SUMMAR 131 in the presence of state is di�cult|suc systems ust trust in un testable prop- erties. My hop is that this insigh will someda lead to an impro em en in the terminolog used to describ state in our programm ing languages. As men tio ned in the in tro duction, also hop that someda this insigh can pro�tably com bi ned with the more practical application of linear graph reduction to distributed computing. Finally let me remark once again on the striking con trast et een the applications of linearit presen ted herein. This hapter used linear graph re- duction to ac hiev deep theoretical insigh t, while the previous three hapters used the ery same to ol to address some highly practical problems. Linearit is ery exible to ol. 132 CHAPTER 6. ST TE Chapter Conclusion This hapter puts linear graph reduction in con text (1) comparing it to related and simila ork on naming, programm ing languages, distributed com- puting, graph reduction and state, and (2) describing some of the future researc areas that can build on what ha done. 7.1 Relation to other ork The imp ortance of linearit in naming has nev er een explicitly highligh ted as ha done here, but the phenomenon has alw ys existed. Once sensitized to the issue of linearit ou can �nd instances of it throughout computer science. Some examples are describ ed elo w. arian ts on linear graph reduction itself ha also app eared. Giv en the sim- plicit of the basic mo del, this isn’t surprising. lik to imagi ne that linear graph reduction ccupies oin of minim um complexit in some space of com- putational mo dels|an one searc hing for simple linear computational mo del is lik ely to dra wn to a rds it once they get close enough. Distributed and parallel computing are hot topics these da ys, so it’s not surprising that there are man connections et een the system describ ed here and uc recen ork in that area. In con trast, ork on state app ears to almost unique. 7.1.1 Linear naming There are some programm ing languages that ha adopted linear restriction on the that ariabl es can used. Jan us SKL90 is concurren logic programm i ng language where only ccurrence of an giv en ariabl are allo ed in an clause. When one ccurrenc is used to constrain the alue of the ariabl e, the other ccurrence can used to read that alue. This is 133 134 CHAPTER 7. CONCLUSION the logic programm ing equiv alen of the notion of linear name. The authors adopt this restriction ecause it simpli�es the seman tics of their language so that they can regard ariabl es as oin t-to-p oin comm uni cation hannels. They sometimes call this prop ert eing \broadcast-free", phrase that clearly oin ts to the linear origins of the restriction. In Laf90 Lafon presen ts notation for his In teraction Nets in whic names can only used linearly It is unclear to what exten this notation can though of as pr gr amming language rather than as direct notation for re- duction rules simila to the graph expressions ha used ab e. (I will ha more to sa ab out In teraction Nets in the section on other graph reduction systems that follo ws.) In Ba w84 ], prop osed programm i ng language with only linear names. the time as still reluctan to in tro duce nondeterminism in to the formal ism and so eac ertex as restricted to ha only one activ terminal whic triv- ially renders all gramm ars preclusiv e. This ruled out the kind of Copy ertices ha used here to supp ort nonlinear names. Lac king an other to sup- ort nonlinear names, declared them illegal. Since I’m no reconciled with nondeterminism, no longer adv cate this approac to programm i ng languages. Bac kus, in his famo us pap er Bac78 ], iden ti�es names as one of the prob- lematic features of curren programm i ng languages. In terestingly he do esn’t mak an direct connection et een names and the no w-fa m ous on Neumann ottlenec k|he is in terested in di�eren problem caused the presence of names: the consequen need for an abstraction mec hani sm and the di�culties that abstraction ould cause his prop osed algebra of programs. The language he adv cates, while erfectly free of names, still allo ws references to dupli- cated through the use of data structure selectors. The resulting programs are still as full of nonlinearities as those written in an other language. ould argue that names are actually uc more cen tral to the problem he is trying to address, for it is through nonlinear naming that ottlenec ks are formed. Bac in section 1.1.3 oin ted out that the standard tec hniques for stac allo cating con tin uations ork precisely ecause references to con tin ua tions are treated linearly in an programm ing language that do es not allo con tin uati ons to named. This ma ell the oldest unconscious application of the notion of linearit in computer science. With the adv en of compilers that translate programs in to continuation-passing st yle in termedia te co de Ste78 KKR 86 ], compiler writers are forced to ecome more a re of the fact that there is something lost in that translation. Of course, they ha not et recognized that the missing informa tion is in fact an instance of uc more general class of informatio n, namely linearit Linearit ops up all er the place once ou start lo oking for it. or ex- ample, in HW91 the authors adv cate \sw apping st yle" of programm ing that treats alues in linear fashion. They argue that the usual \cop ying st yle" causes soft are engineering problems. Ev en if ou don’t agree with their 7.1. RELA TION TO OTHER ORK 135 argumen t, they ha put their �nger on nonlinearit as something orth think- ing ab out. Another example: In at89 aters dev elops theory of \optimi zable se- ries expressions" that are written as if they manipula te arra ys, but that can compiled in to e�cien lo ops. Not surprisingly it is the ccurrenc es of nonlin- ear names that cause all the trouble. Expressions free of nonlinear names are trivially optimizabl e, while other expressions require more ork to determine whether or not they are optimizable. These last examples are not un usual|they are represen tativ of man other simila examples where nonlinearit has een making itself felt for ears. 7.1.2 Graph reduction There is not strong connection et een linear graph reduction and most other graph reduction systems, ecause the ey notion of linearit is generally missing from more traditional systems ur79 ey87 ]. In traditional graph reduction systems all ertices represe either alues or expressions that will so on normal- ize in to alues. When linear graph reduction is used to mo del real system, suc as the Sc heme system constructed ab e, ertices are used for wide ari- et of purp oses ey ond just represe ting alues. (consider Copy and Return ertices, or the ertices that represen con tin uations.) The only real comm on- alit is that in all kinds of graph reduction there is an emphasis on ha ving simple execution mo del. There are some other graph reduction systems that are linear. Both Jan us and In teraction Nets are explicitly based on suc systems. Lafon t’s illustra- tions ev en resem ble the pictures drew in hapter 2. Both systems ha an explicit directionalit asso ciated with the links in their graphs, and In teraction Nets imp oses yp discipline on terminals. ha nev er felt need for these additional constrain ts in applications of linear graph reduction, although it is true that usually there is directionalit (and ev en yp discipline) implicit in the con en ti ons adopted for building graph structure. In teraction Nets arose out of attempts to bring functional and logic pro- gramm i ng together with Linear Logic. (It is from this source that originally orro ed the ord \linear".) In In teraction Nets there is an in teresting in- arian (called semi-si mpl i cit on the form of the orking graph, and all reduction rules ust preserv it. This in arian serv es to prev en deadlo in the unfolding computation. Semi-sim pli cit is ery in teresting notion to ex- plore ecause it succeeds in ac hieving global goal (lac of deadlo k) through purely lo cal means (main taining an in aria in eac metho d). Giv en har- acterization of state as global prop ert of the orking graph, erhaps there is don’t en tir ely The authors of Jan us are particu larl in ter este the graphic al presen ta tion of their graphs, and esp eciall in animatin them. They ha also ork ed on animatin oth Lafon t ’s In ter- action Nets and linear graph reduction system. 136 CHAPTER 7. CONCLUSION some arian of semi-sim plicit that will pro relev an to the phenomenon of state. Another graph reduction system with linear rules app ears in Lamping ’s algo- rithm for optimal -calculus reduction Lam90 ]. In this case sp ci�c gramm ar is presen ted|that is, the set of metho ds is �xed and the program is enco ded in the initial graph, just as it ould for simple -com binator impl em en ta- tion. Optimal -calculus reduction is an in teresting problem ecause nonlinear names cause expressions to duplicated when -reduction is applied. oi this duplication, and instead to shar the graph structure represen ting the sub- stituted expression, Lamping uses \fan no des" in ery uc the same as ha used Copy ertices. Lamping has resorted to linear graph reduction for precisely the reason ha adv cated it here: in order to study system with nonlinear naming -calculus) he needs to exp ose the nonlinearities using linear mo del. 7.1.3 Distributed computing In the area of distributed computing there is uc ork that ears some relation to mine. These systems can roughly group ed according to ho they name ob jects and lo cations in their distributed en vironm en ts. 7.1.3.1 Explicit lo cations One group of systems share with basic remote pro cedure call (RPC) BN84 the fact that the programm er ust explicitly name the net ork lo cations of remote ob jects and services. Some examples of suc systems are NCL FE85 ], REV Sta86 ], NeFS Sun90 and Late-Binding RPC ar92 ]. These systems generalize RPC allo wi ng the programm er to sp ecify an expression to executed and the lo cation to execute it. ypicall new eyw o rd suc as AT is added to the language and the programm er writes something lik e: (at lo cation expression The Mercury system LBG 88 LS88 is not as general as these others, but it is targeted at the same erformance problems with RPC. Mercury’s call-streams supp ort form of remote execution where the con trol structure con tin ues to execute lo cally generating stream of instructions, whic are sen to the remote site, whic executes them and returns stream of results. All these systems address the erformance problems of pure RPC (including the \streaming problem" men tioned in hapter 1) allo wing pro cess to mo to more appropriate lo cation for the duration of some hore, oten tially reducing ulti ple net ork round trip dela ys to single round trip dela ha addressed the same problems using demand migrati on, whic oi ds bur- dening the programm er with eeping trac of explicit lo cations. (Of course, demand migratio relies on heuristics, so it ma sometimes erform orse than 7.1. RELA TION TO OTHER ORK 137 ell tuned system in whic the programm er explicitly sp eci�ed the optimal lo cations.) In ar92 ], artridge presen ts pro cess migrati on sc heme that he pro es will alw ys erform optima ll in terms of net ork dela Unfortunately his pro of only applies when there is single task|his observ ation is of no help in deciding ho to migrate data that ma shared ultipl tasks. My demand migrati on heuristics are designed to deal with precisely this problem. None of these systems deals with tail-recursiv calls prop erly (the \con tin- uation problem" from hapter 1), although artridge is are of the de�ciency in his system. My system has no problems with tail-recursiv calls. 7.1.3.2 Lo cation indep end en ob ject names Man distributed op erating systems supp ort lo cation indep enden naming mec hani sm for net ork ob jects. Examples are orts in Mac YTR 87 ], UIDs in Chron us STB86 ], and links in DEMOS/MP PM83 ]. These systems all sup- ort an ob ject orien ted in terface to the net ork ob jects referenced suc names, where the programm er manipula tes ob jects sending them messages. Messages are automatical ly routed to wherev er the ob ject is actually residen t. Messages can include the names of other net ork ob jects, and suc names will usable the recipien t. None of these systems explicitly address the erformance problems of RPC, as the previous group did, but the use of lo cation indep enden names do es ermit them to migrate tasks around to equalize pro cessor load or to bring tasks closer to the ob jects they manipulate. In principle these systems could migrate task whenev er it as ab out to send message to remote net ork ob ject|mo ving the task to the ob ject so that the actual message send as alw ys lo cal. This ould minim ize the um er of net ork trips. Ho ev er, the tasks themselv es are to un wieldy for impl em en tors to tak this option seriously Instead, task migrati on is view ed as more of an ccasional or erio dic resource managem en problem. The mec hanism necessary to mak suc lo cation indep enden nonline ar naming ork in these systems carry more erhead than ligh t-w eig links used to supp ort linear naming. 7.1.3.3 Uni�ed naming All the systems in the previous group use di�eren mec hanism for naming remote ob jects than they do for lo cal ob jects. reference to lo cal ob ject is ypicall simple program ariabl e, while reference to remote ob ject is some distinctly di�eren device that ust manipulated using some sp ecial facilities. In order to unify lo cal and remote naming completely remote naming 138 CHAPTER 7. CONCLUSION ust accomplished from within the programm ing language. The Actor languages Agh86 ], applied to distributed computing, are in tended to languages with suc uni�ed naming system. distributed Actor engine ould lo ok ery uc lik system. could ha hosen an Actor language instead of Sc heme as source language, but there ould ha een no real adv an tage in this, giv en that naming in an Actor language is no more or less linear than it is in Sc heme. Jan us SKL90 is also in tended as language for distributed computing with the requisite uni�ed naming system. urthermore its authors are are of the ene�ts of linearit and so Jan us only supp orts linear naming Jan us is also go candidate as source language in place of Sc heme|but an ted to sho what it as lik to exp ose nonlinearities in programm ing language translating it in to the linear graph reduction mo del, and that ouldn’ ha een ossible using language that had no nonlinearities! hop that the implem en tors of Jan us or an of the Actor languages will deriv some ene�t from exp erience applying linearit to the problem of building similar system. 7.1.4 Programm ing language seman tics The programm i ng language used in this dissertation is almost ordinary Sc heme. The only exception as the addition of the FUTURE construct in order to in tro- duce concurrency The prop er seman tics for FUTURE is curren tly sub ject of debate within the Sc heme comm unit The issues rev olv around futures and con tin uatio ns created expressions suc as (future (call-with- curre nt-co ntinu ation (lambda (cont) ))) If suc con tin uati on is in ok ed in an unexp ected y|m ore than once, or from within some foreign pro cess|what should happ en to the corresp onding future? ha adopted the seman tics found in MultiLisp Hal84 ], where the �rst in cation of the con tin uation alw ys determines the alue of the corresp onding future and additional al ues are simply discarded. Another ossibilit is describ ed in KW90 ], where additional alues are re- turned from the original FUTURE form. This alternate eha vior ould easy to accomplish within existing system. Not so easily accommo dated is the eha vior of futures in MultiSc heme Mil87 ]. MultiSc hem supp orts explicit \tasks", whic are used to con trol re- source allo cation. asks are in tim ately related to futures ecause the Multi- Sc heme garbage collector uses tasks to determine what pro cessor resources can It ould also ossible to to accomplish the same goal at the lo lev el building hardw are that treated lo cal memory addresses and remote referenc es on an equal fo oting. 7.1. RELA TION TO OTHER ORK 139 reclaimed in the ev en future ecomes garbage. When con tin uati on suc as the one created the expression ab is in o ed, the alue is returned to the future asso ciated with the curren task, ev en if that future is not the future that as created to corresp ond to the con tin uatio n. This simpli�es resource man- agemen problem but in return it horribly complicates the seman tics of futures. The linear graph reduction approac of garbage collecting disconnected comp o- nen ts addresses the same problems without the troublesome explicit tasks. 7.1.5 The target ta il proto col The follo wi ng metho originall app eared in section 2.4 to demonstrate ho tree-clim bi ng Set

Car message allo ws Cons to utated: (graph (0 4) (<Set Car> target:5 tail:2 cont:3 new:4) (<Cons> car:0 cdr:1)) (graph (0 4) (<Cons> car:4 cdr:1)) In e�ect two con tin ua tions, carried the cont and tail terminals, are deliv ered to the site of the computation. The cont con tin uati on is to receiv the result of the call, and the tail con tin uati on is to receiv the next ersion of the utabl ob ject. The same proto col for ac hieving utabil it is emplo ed in Actor systems Agh86 ]. The language used to sp ecify actor eha viors ypicall has com- mands, reply and become whic corresp ond to the actions of returning alues to cont and tail resp ectiv ely This proto col also app ears in Her90 as part of larger program to construct concurren data structures from sequen tial sp eci�cations. It is also essen tially the same tec hnique used in Hen80 to con- struct state-lik eha vior from within functional programm ing language. This proto col is the natural outcome of the most ob vio us approac to state in func- tional framew o rk: view eac new con�guration and output as function of the previous con�guration and inputs. In the linear graph reduction Sc heme system describ ed in this dissertation, the fact that ob jects are implem en ted using this proto col is not in an exp osed to the user, as it is the the other systems just men tioned. Ho ev er, this ould not di�cult feature to supp ort. All that is needed is new sp ecial form, simil ar to LAMBDA that puts the the act of reconstructing the ob ject after call under the con trol of the user (instead of ha ving the compiler supply the reconstruction automaticall as it do es for the pro cedures created LAMBDA ). This metho uses the alternat e, simpler, con tin uat ion proto col where alu is returned to con tin uat ion direct attac hm en t. 140 CHAPTER 7. CONCLUSION 7.1.6 Thinking ab out state Dixon Dix91 approac hes the phenomenon of state in manner that is simila in spirit to mine. Dixon is in terested in impro ed programm ing language supp ort for \em edded" programs|program that are part of, and ust in teract with, larger computational en vironm en t. He dev elops an alternativ approac to programm ing language seman tics that fo cuses on the the rest of the system is erceiv ed an em edded program, rather than attempting to describ the system as whole. This is the essenc of the approac to state adopted in hapter 6. It ma that his language Amala ould go place to egin the searc for etter metaphors for state that adv cated at the end of hapter 6. Amala has distinctly imp erativ a o that �nd hard to reconcile with the kind of �ne con trol imag ine ould required of language with true understanding of state. Still, it mig pro enligh tening to ork on translating Amala programs in to linear graph gramm ars to see what migh rev ealed. 7.2 uture researc This section con tains sampling of researc directions that build on the ork describ ed here. 7.2.1 Linearit It is not hard to �nd new places where the notion ha called \linearit y" app ears. Once ou get the knac of thinking ab out whether name is eing used linearly or not, it ecomes the natural approac to an problem in whic there is ottlenec to some resource, di�cult with state, question of garbage collection, or an situation where ultipl references to an en tit ma in ol ed. Since naming systems app ear in almost ev ery corner of computer science, and since suc systems rarely restrict the names so as to eep them linear, there is lot of territory that needs to revisited with linearit in mind. hop that after reading this dissertation the reader is inspired to atc out for this ubiquitous phenomenon in his wn area of in terest. 7.2.2 Linear graph reduction In this dissertation ha seen linear graph reduction used as compiler’s in termediate represe tation for program, virtual mac hine (for distributed computing), and mathem atical to ol for mo deling real systems. 7.2. FUTURE RESEAR CH 141 Eac of these uses can further explored on its wn. In the area of compilers, lot of in teresting ork on static analysis and optimi zation of linear graph gramm ars is ossible. The sim ulati on tec hnique emplo ed in hapter is only the �rst step in this direction. An example of another tec hnique is the formatio of what migh called macro-v erti ces macro-v ertex is single ertex whic can used in place of complex subgraph that the compil er guesses will ccur frequen tly at run-time. This tec hnique could used, for example, to elimina te the cycles that are comm onl in tro duced the translation of Sc heme’s LETREC construct. related tec hnique is to compute the set of pairs of terminal lab els that can ossibly found on opp osite ends of connection at run-time. This can done using straigh tforw ard transitiv closure algorithm er the set of kno wn metho ds. This informati on could used to select lik ely candidate subgraphs for macro-v ertices, or to design sp ecial case run-time represen tations for certain connections. The linear graph reduction virtual mac hine has the adv an ta ge of eing ex- tremely simple. This mak es it easy to build reduction engines for it, but more ork can done to mak suc engines e�cien t. or example, the existing com- piler compiles ev ery metho in to co de that op erates at the lev el of rearranging ertices and connections, but it should ossible for the compil er to detect man situations in whic the next reduction will in o an arithmetic primi- tiv e, and so the compiler can instead directly output nativ co de for erforming arithmetic. Simil arly it should ossible to generate nativ con trol structures (dispatc hes and conditionals) instead of alw ys relying on the general metho lo okup. As mathemati cal to ol I’m sure linear graph reduction has more surprises still in store. The results presen ted in hapter ere disco ered after only fairly shallo examination of the category theory of linear graphs. Since linear graph reduction is in tended to �ll the role of -calculus when linearit is imp ortan t, an place that -calculus is used is candidate for rein terpretation using linear graph reduction. or example, it ould in teresting to construct the equiv alen of denotational seman ti cs in the linear graph reduction orld. don’t kno what this ould lo ok lik e, but erhaps it ould rev eal deep er connection to the famili ar algebraic notion of linearit 7.2.3 Programmi ng languages Naming issues are cen tral in programm ing language design, but existing lan- guages ha not een designed with linearit in mind. Programm ing languages constructs can designed whic promote linearit or example, consider the Sc heme pro cedure: ou should glad stripp ed out the category theoret ic er hea efore presen ti ng it! 142 CHAPTER 7. CONCLUSION (define (append y) (if (null? x) (cons (car x) (append (cdr x) y)))) The ariabl is not linear since in the case where it’s alue is not the empt list it will used three times. can add DISPATCH sp ecial form to Sc heme that com bines yp dispatc with appropriate destructur ing: (define (append y) (dispatch (’() y) ((cons d) (cons (append y))))) DISPATCH lo oks lot lik the kind of pattern directed in cation one �nds in ML or Prolog.) No there are four ariables and whic are all linear. This in not just hiding the nonlinearit inside the impl em en tati on of DISPATCH for DISPATCH can translated directly in to the metho dispatc inheren in linear graph reduction. There are also alternate strategies to explored for translating program- ming languages in to linear graph reduction. The compiler describ ed in hapter as designed to faithful to the ell-kno wn, essen tially sequen tial, seman tics of Sc heme. Alternate languages are ossible that ha more parallel seman tics| languages in whic all the expressions in pro cedure application are ev aluated in parallel. describ ed suc language in Ba w86 ]. The hief di�erence e- een the languages turns out to the proto col used for con tin uations: the language in Ba w86 lac ks Return ertices, instead con tin uations are sim- ply attac hed directly to the returned alue. Finally do not erlo ok the ossibilit of using linear graph reduction for edagogical purp oses. When explained in linear graph reduction terms the FUTURE construct is particularly clean, and the mec hani cs of call to CALL- WITH-CURRENT-C ONTIN UATIO are easy to see. Pictures of linear graph structure can capture more than the traditional \b x-and-p oi ter" diagrams, ecause linear graph structure also represen ts the executing pro cesses (e.g. using Call ertices and con tin uatio ertices). 7.2.4 Garbage collection Reclamation of the resources dev oted to linear graph structure has man dif- feren asp ects, only some of whic ha een explored in the system built. The existing system uses Drop and Copy ertices to ac hiev the same e�ect as reference coun garbage collector. This orks at oth compile-tim and run-time. The existing system also collects unobserv able disconnected comp o- nen ts at compile-tim during sim ul atio n, but at run-time suc structure is not Tw metho ds that use this simple proto co ere sho wn on page 30. 7.2. FUTURE RESEAR CH 143 detected|storage and pro cessor resources can asted. Detecting unobserv- able disconnected comp onen ts in the distributed en vironm en is an in teresting arian on the distributed garbage collection problem. related resource issue is the detection of st ymi ed subgraphs st ymi ed subgraph is subgraph ounded inactiv terminals that con tains no redexes. The simplest example is pair of monoactiv ertices connected their activ terminals, to whic no metho applies. Suc subgraphs are connected to the rest of the orking graph, but are incapable of in teracting with it. It is unclear exactly what to do ab out st ymied subgraphs, but one ossibilit is to reclaim the storage dev oted to them. (Another ossibilit is to treat the app earance of st ymied subgraph as an error.) Detecting st ymied subgraphs, ev en in the non-distributed case, is an in teresting algorithm ic hallenge. There mig further generalizations of the notion of st ymi ed subgraph that rely on an analysis of the univ erse of metho ds that is deep er than the simple classi�cation of terminals in to activ and inactiv e. 7.2.5 Distributed computing the end of hapter listed um er of things that could done to mak the existing graph reduction engine more practical. Man of those tasks are suitable directions for future researc h. The most imp ortan and di�cult item on that list is probably fault tolerance. brute force approac to fault tolerance is to equip ev ery agen with its wn stable storage to store recen hec kp oin of the lo cal part of the orking graph and log of activit since then. Careful atten tion to the order of ev en ts suc as stable storage writes, message transmissions, and message ac kno wl edgm en ts, can probably mak suc sc heme ork a ble. Ho ev er, it is certainly unnecessary for every agen to ha stable storage|there is in teresting ground to explored here. imagi ne that there mig eople who are somewhat sk eptical that the lo cal graph reduction part of the existing system can ev er made as e�cien as the output of the est compilers. Suc eople ma tempted to reject this en tire exercise on those grounds. in vite those eople to consider the ossibilit that the linear graph reduction view of the orld could used as just net ork proto col. Inner lo ops could still co ded up in or assem bler, but when it came time to in teract with the net ork, ev erything (p oin ters, stac frames, record structures etc.) ould con erted in to linear graph structure. Linear graph structure ould the net ork lingua franca. Suc system ould still ene�t from linearit in the ys that the curren system do es (i.e. heap links and ork abl demand migration). 144 CHAPTER 7. CONCLUSION 7.2.6 State This is an area where exp ect linear graph reduction to pro duce more surprises. The ersp ec tiv on state presen ted in hapter is radically di�eren from the state is normally view ed, and erhaps little di�cult to get used to, but its em edded observ er approac to the phenomenon is really the only approac that can get �rm grip on what state really is. It is ossible that the results of hapter can phrased in terms of some other nonlinear mo del of computation, but susp ect that the di�culties in dealing with nonlinear references ould erwhelm the rest of the argumen and obscure the fundamen tal insigh t. In the area of state the researc direction most lik ely to ear fruit is probably the searc for etter programm ing language metaphors and constructs discussed at the end of hapter 6. ossibly this can approac hed designing pro- gramm ing language from the ground up based on linear graph reduction. If this approac pro ed successful, the next step ould to consider adding the new ideas to existing languages. erhaps related to suc programm ing language researc is the searc for etter ys of managi ng state in distributed en vironmen t. (This area is one of the oin ts of con tact et een the applications of linear graph reduction describ ed in this thesis.) Better programm ing language metaphors could also useful metaphors for thinking ab out distributed state. Or erhaps the har- acterization of state will help in the dev elopmen of fault toleran linear graph reduction engine. Man compiler-orien ted applications for the new haracterization of state suggest themselv es. or example, imagi ne compiler that notices whic meth- ds ha righ hand sides that in tro duce cycles in to the orking graph, and whic metho ds ha left hand sides that mak the gramm ar non-preclusiv e. Suc compiler ma able to use this kno wledge to recognize when the ap- paren use of side e�ect is not visible outside of some blo k, or is in some other not an \essen tial" side e�ect. erhaps suc non-essen tial side e�ects can then optimized out of the program. Suc an analysis migh useful for ev en OR TR AN compiler to erform, if it can learn something useful ab out the program. Finally the haracterization of state needs to pushed further. The insigh that systems in whic state ccurs are systems whic dep end on (un testable) global prop erties of the system as whole, do esn’t et feel complete to me. More in estigati on is needed in to the nature of those global prop erties. One ossible approac is to think ab out the In teraction Net notion of semi-sim plicit whic is di�eren kind of global prop ert erhaps it ould fruitful to in estigate metho ds that fail to to main ta in semi-simpl icit as an in aria t, or the in teraction of semi-sim pli cit with linear graph homom o rphism s. 7.3. CONTRIBUTIONS 145 7.3 Con tributions Finally review of the con tributions made this ork: Lineari This notion as ey to ev erything that follo ed. Linear names can only used once, and th us cannot used to create more than one outstanding reference to an en tit Th us, linear naming is heap er to supp ort than fully general naming and it is also easier to reason ab out. The linear graph reducti on mo del. simple computational mo del in whic all references are linear. ranslating program on to linear graph gram- mar can exp ose nonlinearities, just as translating it in to con tin uati on-passing st yle -calculus can exp ose unnamed quan tities. ransl ati ng Sc heme in to linear graph grammar. Sc heme is represen- tativ of ypical sequen tial programm i ng language. demonstrated ho arbi- trary Sc heme programs, including those that use side e�ects, can compiled in to linear graph gramm ar. also demonstrated ho to supp ort the FUTURE construct. demonstrate the er of linear graph reduction presen ted appli- cations that oth build on this translation: distributed programm i ng en viron- men t, and new theoretical haracterization of state. Linear graph structure as univ ers al distri b ute represen tati on or the distributed programm ing en vironm en t, all run-time structures (con tin ua- tions, record structures, pro cedures, etc.) are represe ted explicitly using linear graph structure. This ensures the prop er treatmen of con tin ua tions in tail- recursiv pro cedure calls. Linear net ork references: links. By taking adv an ta ge of the prop erties of linear naming as able to build distributed programm i ng en vironm en in whic cross-net ork references are heap. Cheap cross-net ork references ermit data structures to highly ortable. Demand migrati on heurist i cs. Linear naming also facilitates the construc- tion of heuristics that migrate tasks without requiring explicit guidance from the programm er. This orks in that is analogous to demand paging. An em edd ed approac to state. In order to prop erly approac the phe- nomenon of state it is imp ortan to think ab out ho state is erceiv ed observ ers em edded in the system itself. 146 CHAPTER 7. CONCLUSION haracter izati on of state. State ccurs when some lo cally indistinguish- able con�gurations of system ma ev olv in unin tended ys. urthermore, no test the system can erform in ternally can determine that it is prop erly con�gured. This explains wh programm i ng in the presence of state is di�cult. The a ed ob ject metaphor. Since state is not phenomenon that can necess arily lo calized, the usual ob ject metaphor for state ma fatally a ed. Bibli og raph [Agh86] Gul Agha. ctors: Mo del of Concurr ent Computation in Dis- tribute Systems MIT Press, 1986. [AS85] Harold Ab elson and Gerald Ja Sussman. Structur and Interpr eta- tion of Computer Pr gr ams MIT Press, 1985. [Bac78] J. Bac kus. Can programm i ng lib erated from the on Neumann st yle? functional st yle and its algebra of programs. Communic a- tions of the CM 21(8):613{641, August 1978. [Ba w84] Alan Ba wden. programm i ng language for massiv ely parallel com- puters. Master’s thesis, MIT, Septem er 1984. Dept. of Electrical Engineering and Computer Science. [Ba w86] Alan Ba wden. Connection graphs. In Pr c. Symp osium on Lisp and unctional Pr gr amming pages 258{265. CM, August 1986. [BN84] A. D. Birrel and B. J. Nelson. Implem en ting remote pro cedure calls. CM ansactions on Computer Systems 2(1):39{59, ebru- ary 1984. [DG73] B. DeWitt and N. Graham, editors. The Many-Worlds Interpr eta- tion of Quantum Me chanics Princeton Univ ersit Press, 1973. [Dix91] Mic hael Dixon. Emb dde Computation and the Semantics of Pr o- gr ams PhD thesis, Stanford Univ ersit Septem er 1991. [FE85] Joseph R. alcone and Jo el S. Emer. programm abl in terface language for heterogeneous distributed systems. TR 371, Digital Equipmen Corp. Eastern Researc Lab, Decem er 1985. [GL86] Da vi K. Gi�ord and John M. Lucassen. In tegrating functional and imp erativ programm ing. In Pr c. Symp osium on Lisp and unc- tional Pr gr ammi ng pages 28{38. CM, August 1986. [GR83] Adele Goldb erg and Da vi Robson. Smal ltalk-80: The anguage and its Implementation Addison-W esley 1983. 147 148 BIBLIOGRAPHY [Hal84] Rob ert H. Halstead, Jr. Implemen tatio of Multilisp: Lisp on ul tipro cessor. In Pr c. Symp osium on Lisp and unctional Pr o- gr amming pages 9{17. CM, August 1984. [Hen80] eter Henderson. Is it reasonable to implem en complete program- ming system in purely functional st yle? ec hnical rep ort, The Uni- ersit of New castle up on yne Computing Lab oratory Decem er 1980. [Her90] Maurice Herlih metho dology for implem en ting highly concurren data structures. In Pr c. Symp osium on Principles and Pr actic of Par al lel Pr gr amming pages 197{206. CM, July 1990. [HW91] Douglas E. Harms and Bruce W. eide. Cop ying and sw apping: In uences on the design of reusable soft are comp onen ts. IEEE ansactions on Softwar Engine ering 17(5):424{435, Ma 1991. [KKR 86] Da vid Kranz, Ric hard Kelsey Jonathan Rees, aul Hudak, James Philbin, and Norman Adams. ORBIT: An optimizing compiler for Sc heme. In Pr c. of the SIGPLAN ’86 Symp osium on Compiler Construction pages 219{233. CM, June 1986. [Kni86] om Knigh t. An arc hitecture for mostly functional languages. In Pr c. Symp osium on Lisp and unctional Pr gr amming pages 105{ 112. CM, August 1986. [KW90] Morry Katz and Daniel eise. Con tin ui ng in to the future: On the in teraction of futures and �rst-class con tin uati ons. In Pr c. Symp o- sium on Lisp and unctional Pr gr amming pages 176{184. CM, July 1990. [LAB 81] Barbara Lisk v, Russell tkinson, ob Blo om, Eliot Moss, J. Craig Sc ha�ert, Rob ert Sc hei er, and Alan Sn yder. CLU efer enc Man- ual Springer-V erlag, 1981. [Laf90] Yv es Lafon t. In teraction nets. In Pr c. Symp osium on Principles of Pr gr ammi ng anguages pages 95{108. CM, Jan uary 1990. [Lam90] John Lamping. An algorithm for optimal lam da calculus reduction. In Pr c. Symp osium on Principles of Pr gr amming anguages pages 16{30. CM, Jan uary 1990. [LBG 88] Barbara Lisk v, ob Blo om, Da vid Gi�ord, Rob ert Sc hei er, and William eihl. Comm unicati on in the Mercury system. In Pr c. Hawaii Confer enc on System Scienc es pages 178{187. IEEE, Jan- uary 1988. BIBLIOGRAPHY 149 [Lie81] Henry Lieb erman. Thinking ab out lots of things at once without getting confused: Parallellism in Act 1. Memo 626, MIT AI Lab, Ma 1981. [LS88] Barbara Lisk and Liuba Shrira. Promises: Linguistic supp ort for e�cien async hronous pro cedure calls in distributed systems. In Pr c. Confer enc on Pr gr amming anguage Design and Implemen- tation pages 260{267. CM, July 1988. [Mil87] James Miller. MultiSc hem e: parallel pro cessing system based on MIT Sc heme. TR 402, MIT LCS, Septem er 1987. [Mo o86] Da vi A. Mo on. Ob ject-orien ted programm i ng with Fla ors. In Pr c. First nnual Confer enc on Obje ct-Oriente Pr gr amming Systems, anguages, and Applic ations CM, 1986. [P ar92] Craig artridge. ate Binding RPC PhD thesis, Harv ard Univ ersit Jan uary 1992. [P ey87] Simon L. eyton Jones. The Implementation of unctional Pr gr am- ming anguages Pren tice-Hall In ternational Series in Computer Sci- ence. Pren tice-Hall, 1987. [PM83] Mic hael L. ell and Barton Miller. Pro cess migration in DE- MOS/MP. In Pr c. Ninth Symp osium on Op er ating System Princi- ples pages 110{119. CM, Octob er 1983. [P os80] J. B. ostel. User datagram proto col. Request for Comm en ts (RF C) 768, USC/Information Sciences Institute, August 1980. Av ailabl from the ARP ANET Net ork Information Cen ter. [P os81] J. B. ostel. ransm ission con trol proto col. Request for Comm en ts (RF C) 793, USC/Information Sciences Institute, Septem er 1981. Av ail able from the ARP ANET Net ork Information Cen ter. [R C9 2] Jonathan Rees and William Clinger. Revised rep ort on the algo- rithmic language Sc heme. Memo 848b, MIT AI Lab, Marc 1992. [SKL90] Vija A. Sarasw at, Ken Kahn, and Jacob Levy Jan us: step to- ards distributed constrain programm ing. In Pr c. North meric an gi Pr gr amming Confer enc pages 431{446. MIT Press, Octob er 1990. [SRI91] Vipin Sw arup, Uda S. Reddy and Ev an Ireland. Assignmen ts for applicativ languages. In Pr c. Confer enc on unctional Pr gr am- ming anguages and Computer chite ctur pages 192{214. CM, August 1991. 150 BIBLIOGRAPHY [SS78] Gerald Ja Sussman and Guy L. Steele Jr. The art of the in terpreter or, the mo dularit complex. Memo 453, MIT AI Lab, Ma 1978. [Sta86] James W. Stamos. Remote ev aluation. TR 354, MIT LCS, Jan uary 1986. [STB86] Ric hard E. Sc han tz, Rob ert H. Thomas, and Girom Bono. The arc hitecture of the Chron us distributed op erating system. In Sixth International Confer enc on Distribute Computing Systems pages 250{259. IEEE, Ma 1986. [Ste76] Guy L. Steele Jr. LAMBD A: The ultima te declarativ e. Memo 379, MIT AI Lab, No em er 1976. [Ste78] Guy L. Steele Jr. RABBIT: compiler for SCHEME (a study in compiler optimi zation). TR 474, MIT AI Lab, Ma 1978. [Ste90] Guy L. Steele Jr. Common LISP: The anguage Digital Press, second edition, 1990. [Sun90] Sun Microsystems, Inc. Net ork extensible �le system proto col sp ec- i�cation, ebruary 1990. Con tact nfs3@sun.com. [T ur79] D. A. urner. new implem en ta tion tec hnique for applicativ lan- guages. Softwar e|Pr actic and Exp erienc 9(1):31{49, Jan uary 1979. [W at89] Ric hard C. aters. Optimization of series expressions: Part I: Ov erview of the theory and implem en tation. Memo 1083, MIT AI Lab, Decem er 1989. [YTR 87] Mic hael oung, Av adis ev ania n, Ric hard Rashid, Da vi Golub, Je�rey Eppinger, Jonathan Chew, Willia Bolosky Da vid Blac k, and Rob ert Baron. The dualit of mem ory and comm unication in the implem en tatio of ulti pro cessor op erating system. In Pr c. Eleventh Symp osium on Op er ati ng System Principles pages 63{76. CM, No em er 1987.