Proceedings of Symposium on AI and Programming Languages, ACM Sigplan Notices 12,8 (Aug. 1977), 55-59.1The Incremental Garbage Collection of ProcessesHenry G. Baker, Jr. and Carl HewittMassachusetts Institute of TechnologyCambridge, MassachusettsThis paper investigates some problems associated with anargument evaluation order that we call "future’ order, which isdifferent from both call-by-name and call-by-value. In call-by-future, each formal parameter of a function is bound to a separateprocess (called a "future") dedicated to the evaluation of thecorresponding argument. This mechanism allows the fully parallelevaluation of arguments to a function, and has been shown toaugment the expressive power of a language.We discuss an approach to a problem that arises in this context:futures which were thought to be relevant when they werecreated become irrelevant through being ignored in the body ofthe expression where they were bound. The problem of irrelevantprocesses also appears in multiprocessing problem-solving systemswhich start several processors working on the same problem butwith different methods, and return with the solution which finishesfirst. This parallel method strategy has the drawback that theprocesses which are investigating the losing methods must beidentified, stopped, and reassigned to more useful tasks.The solution we propose is that of garbage collection. We proposethat the goal structure of the solution plan be explicitlyrepresented in memory as part of the graph memory (like Lisp’sheap) so that a garbage collection algorithm can discover whichprocesses are performing useful work, and which can be recycledfor a new task.An incremental algorithm for the unified garbage collection ofstorage and processes is described.Key Words and Phrases: garbage collection, multiprocessingsystems, processor scheduling, "lazy" evaluation, "eager"evaluation.CR Categories: 3.60, 3.80, 4.13, 4.22, 4.32.Copyright ' 1977 by the Association for ComputingMachinery, Inc. Permission to make digital or hard copiesof part or all of this work for personal or classroom use isgranted without fee provided that copies are not made ordistributed for profit or direct commercial advantage and thatcopies show this notice on the first page or initial screen ofa display along with the full citation. Copyrights forcomponents of this work owned by others than ACM mustbe honored. Abstracting with credit is permitted. To copyotherwise, to republish, to post on servers, to redistribute tolists, or to use any component of this work in other workswhether directly or by incorporation via a link, requiresprior specific permission and/or a fee. Permissions may berequested from Publications Dept, ACM Inc., 1515Broadway, New York, NY 10036 USA, fax +1 (212) 869-0481, or permissions@acm.org.This report describes research done at the ArtificialIntelligence Laboratory of the Massachusetts Institute ofTechnology. Support for the laboratory’s artificialintelligence research is provided in part by the AdvancedResearch Projects Agency of the Department of Defenseunder Office of Naval Research contract N00014-75-C-0522.1. IntroductionProcessors are becoming very cheap and there is goodevidence that this trend will continue in the next few years.As a result, there has been considerable interest in how toapply large numbers of processors to the solution of asingle task [7]. Since efficient utilization of these hordes ofprocessors requires a lot of communication, sortingnetworks have been devised [2,16] which allow everyprocessor in an N-processor system to both send and receivea message on every clock pulse, with only the highestpriority messages getting through, while providingacknowledgement of success or failure to the sender.Furthermore, the transit time through the network is onlyO(log2N) and the size of the network only O(Nlog2N).However, it is still not clear what all these processorsshould be communicating about.Friedman and Wise [10] quite rightly note that applicativelanguages (languages without side-effects, e.g. "pure" LISP)are excellently suited for the purpose of representing manyalgorithms intended for execution on a host of processorssince their lack of side-effects eliminates a great source ofcomplexity in parallel execution. Thus, "Church-Rosser"theorems can be proved which ensure the invariance of thevalue of an applicative expression regardless of the order orrelative speed of evaluation. However, we must keep inmind that this kind of parallelism does not implement themost general form of communication between processes.For example, it is not possible to implement an airlinereservation system in such a language, due to its non-determinate behavior.In this paper we consider an "eager beaver" evaluator for anapplicative programming language which starts evaluatingevery subexpression as soon as possible, and in parallel.This is done through the mechanism of futures, which areroughly Algol-60 "thunks" which have their own evaluatorprocess ("thinks"?). (Friedman and Wise [10] call futures"promises", while Hibbard [13] calls them "eventuals".)When an expression is given to the evaluator by the user, afuture for that expression is returned which is a promise todeliver the value of that expression at some later time, if theexpression has a value. A process is created for each newfuture which immediately starts to work evaluating the givenexpression. When the value of a future is needed explicitly,e.g. by the primitive function "+", the evaluation processmay or may not have finished. If it has finished, the value Isimmediately made available; if not, the requesting process isforced to wait until it finishes.Futures are created recursively in the evaluation of anexpression whenever our eager evaluator encountersfunctional application. A new future is created for eachargument, resulting in the parallel (collateral) evaluation ofthose arguments, while the main evaluator process tacklesthe function position. We call the main evaluator processthe parent, while any futures it directly creates become itsoffspring.

Proceedings of Symposium on AI and Programming Languages, ACM Sigplan Notices 12,8 (Aug. 1977), 55-59.2More precisely, a future is a 3-tuple (process, cell, queue),where process is the virtual processor initialized to evaluatethis argument expression in its proper environment, cell isa writable location in memory which will save the value ofthe argument after it has been computed to avoidrecomputing it, and queue is a list of the processes which arewaiting for the value of this future. A future’s process startsevaluating its expression in the given environment. If anyother process needs the value of this future, and the value isnot yet ready, the requesting process enters the queue of thefuture and goes to sleep. When the value promised by thefuture is ready, its process stores the value into its cell,wakes up all processes waiting in its queue, and dies.Henceforth, any process needing this future’s value can findit in the future’s cell without waiting or further computation.The main problem with our eager interpreter is that since itanticipates which values are going to be required to computethe final result, it can be wasteful. A process may beassigned to the computation of a future whose value willnever be needed; in this case, we say that the process isirrelevant. If there were no way of determining irrelevancy,irrelevant processes could tie up a significant amount of thesystem computing power. Furthermore, if a future werecaught in a non-terminating evaluation, its computationalpower would be lost to the system forever! In the followingsections, we argue that the "garbage collection" of passivestorage can be extended to the reclamation of irrelevantactive processes. Furthermore, this collection can be donein an incremental manner, eliminating the long delaysrequired for classical garbage collection.2. Garbage Collecting Irrelevant FuturesA classical garbage collector for passive storage proceedsby marking the root of the heap, and then propagatingmarks from marked nodes to their offspring until there is nounmarked node with a marked parent. Upon the terminationof this procedure, any unmarked nodes are not accessiblefrom the root and are therefore returned to the free list.The key to garbage collecting active processes is that theirprocess-states are addressable as vectors of words in thecommon address space of all the processors,1 but markedwith a special type-code. This vector stores the contents ofthe registers of the process. The top-level process (thatassigned to the top-level future) is kept always directlyaccessible from the root of the heap. Suppose now that westop all the processes at the beginning of garbagecollection. As our classical collector traces the heap, it canrecognize when it encounters a process. By marking aprocess, the collector proves that it is still relevant, henceit can be restarted when the garbage collection is finished.If a process is not marked, it is garbage collected, and aprocessor will not be reassigned to it.What makes irrelevant processes go away during garbagecollection is the fact that they are not accessible from staticdata structure; i.e. from the root of the heap. Since allrelevant futures are bound in the environment structure tosome program variable or temporary variable, they will bemarked and retained.(If "busy waiting" is used in an extended system having side-effects, then a process which is synchronized through busy

1We assume throughout this paper that all processors are embeddedin a single, global, shared address space.waiting will be accessible as long as its parent is accessible,regardless of whether any other process needs its result.Hence it may not be collected even if it becomes irrelevant.This is one reason why busy waiting is not a goodsynchronization method.)Garbage collection is made incremental by using some ofthe ideas from an earlier paper [1], which in turn is based onthe work of Dijkstra [5,6] and Lamport [14,15]. The markphase of our incremental garbage collector process employsthree colors for every object�white, grey, and black.Intuitively, white nodes are not yet known to be accessible,grey nodes are known to be accessible, but whose offspringhave not yet been checked, and black nodes are accessible,and have accessible offspring. Initially, all nodes(including processes) are white. A white node is made greyby shading it; i.e. making it "at least grey" [5], while a greynode is marked by shading its offspring and making thenode black�both indivisible processes. Marking isinitiated by stopping all processes and shading the root.Marking proceeds by finding a grey node, shading itsoffspring, then making that node black. When there are nomore grey nodes, garbage collection is done; all still-whitenodes are then emancipated and the colors white and blackswitch interpretations.After garbage collection has begun, a user process can berestarted as soon as it has been blackened by the collector.Since the top-level process is pointed at directly by the rootof the heap, it is restarted almost immediately. It should beobvious that when a process first becomes black, it cannotpoint directly at a white node. We wish to preserve thisassertion. Therefore, whenever a running black process isabout to violate it�by inserting into one of its registers thewhite component of a node it is already pointing at�itimmediately shades the white node before proceeding.Furthermore, every new node the process needs is createdblack. The intuitive rationale behind these policies is thatso far as any black process is concerned, the garbagecollection has already finished. Furthermore, the nodeswhich are found accessible by the garbage collector areexactly those which were accessible at the time the garbagecollection was started.We prove the correctness of this garbage collectorinformally. The garbage collector is given a head start onall of the processes because they are stopped when it isstarted. When a process is restarted, it is black, andeverything it sees is at least grey, hence it is in thecollector’s wake. Whenever a process attempts to catch upto the collector by tracing an edge from a node it can accessdirectly, that node is immediately shaded. Therefore, it cannever pass or even catch the collector. Since the collectorhas already traced any node a process can get its registerson, the process cannot affect the connectivity of the nodesthat the collector sees. Because white or grey processes arenot allowed to run, any created nodes are black, and sincenodes darken monotonically, the number of white nodesmust monotonically decrease, proving termination.Our garbage collector has only one phase�the markphase�because it uses a compacting, copying algorithm[8,4] which marks and copies in one operation. Thisalgorithm copies accessible list structures from an "oldsemispace" into a "new semispace". As each node is copied.a "forwarding address" is left at its old address in the oldsemispace. If the Minsky copying algorithm is used [8], thecollector has its own stack to keep track of grey nodes; the

Proceedings of Symposium on AI and Programming Languages, ACM Sigplan Notices 12,8 (Aug. 1977), 55-59.3Cheney algorithm [4] uses a "scan pointer" to linearly scanthe new semispace, while updating the pointers of newlymoved nodes by moving the nodes they point to. Thecorrespondence between our coloring scheme and thesealgorithms is this: white nodes are those which reside in theold semispace; grey nodes are those which have been copiedto the new semispace, but whose outgoing pointers have notbeen updated to point into the new semispace (i.e. have notyet been encountered by the scan pointer in the Cheneyalgorithm); and black nodes are those which have been bothmoved and updated (i.e. are behind the scan pointer). Whenscanning is done (i.e. there are no more grey nodes and allaccessible nodes have been copied), the old and newsemispaces then interchange roles. Reallocating processorsis simple; all processors are withdrawn at the start ofgarbage collection, and are allocated to each process as it isblackened. Thus, when the garbage collection has finished,all and only relevant processes have been restarted.The restriction that white processes cannot run can berelaxed under the condition that a white process may notcause a black node to point to a white one. This can onlyhappen if the white process is trying to perform a side-effecton a black node. If operations of this type are suspendeduntil either the process either becomes black or is garbage-collected, then proper garbage collector operation can beensured, and convergence guaranteed. Under theseconditions, white processes create only white cells. When awhite process is encountered by the garbage collector, itmust stop and allow itself to be colored black beforecontinuing.The notion that processes must be marked as well as storagemay explain some of the trouble that Dijkstra and Lamporthad when trying to prove their parallel garbage collectionalgorithm correct [5,6,14,15]. Since their algorithm doesnot mark a user process by coloring it black (therebyprohibiting it from directly touching white nodes), andallows these white processes to run, the proof that thealgorithm collects only and all garbage is long and verysubtle (see [15]).3. Coroutines and GeneratorsOne problem with our "eager beaver" evaluator is that someexpressions which have no finite values will continue to beevaluated without mercy. Consider, for example, theinfinite sequence of squares of integers 0,1,4,9,... We givebelow a set of LISP-like functions for computing such a list.losq ” (lx. (cons (* x x) (losq (+ x 1)))); Compute an element.cons ” (lx y. (lz. (if (= z ’car) x y))); Define CONS function.car ” (lx. (x ’car)); Ask for 1st component.cdr ” (lx. (x ’cdr)); Ask for 2nd component.list-of-squares ” (losq 0); Start the recursion.The evaluation of "(losq˚0)" wIll start off a future evaluating"(cons˚�)", which will start up another future evaluating"(losq˚1)", and so forth. Since this computation will notterminate, we might worry whether anything useful will everget done. One way to ensure that this computation will notclog the system is to convert it into a "lazy" computation[9] by only allowing it to proceed past a point in theinfinite list when someone forces it to go that far. This canbe easily done by performing a lambda abstraction on theexpression whose evaluation is to be delayed. Since ourevaluator will not try to further evaluate a l-expression, thiswill protect its body from evaluation by our eager beavers.losq’ ” (lx. (cons(* x x)(lz. ((losq’ (+ x 1)) z)))) ; Protect from early evaluation.However, this "hack" is not really necessary if we use anexponential scheduler for the proportion of effort assignedto each process. This scheduler operates recursively byassigning 100% of the system effort to the top-level future,and whenever this future spawns new futures, it allocatesonly 50% of its allowed effort to its offspring. While aprocess is in the waiting queue of a future, it lends itsprocessing effort to the computation of that future.However, a future which finishes returns its effort to helpingthe system�not its siblings. Now the set of futures can beordered according to who created whom and this orderingforms a tree. As a result of our exponential scheduling, thefurther down in this tree a future is from the top-level future,the lower its priority in scheduling. Therefore, as our eagerbeavers produce more squares, they become exponentiallymore discouraged. But if other processes enter the queue forthe square of a large number, they lend their encouragementto its computation.In an evaluator which uses call-by-future for CONS, theobvious program for MAPCAR (the LISP analog of APL’sparallel application of a function to a vector of arguments)will automatically do all of the function applications inparallel in a "pipe-lined" fashion. However, due to thescheduler the values earlier In the list will be accorded moreeffort than the later ones.Because this scheduler is not omniscient, system effort willstill have to be reallocated by the garbage collector as itdiscovers irrelevant processes and returns their computingpower to help with still relevant tasks.4. Time and Space"Lazy" evaluation [9] (call-by-name) using "evaluate-once"thunks is an optimal strategy for evaluating applicativeexpressions on a single processor, in the sense that theminumum number of reductions (procedure calls) are made[17,3]. However, when more than one processor isavailable to evaluate the expression, it is not clear whatstrategy would be optimal. If nothing is known about theparticular expression being evaluated, we conjecture thatany reasonable strategy must allocate one processor to lazyevaluation, with the other processors performing eagerevaluation. We believe that our "eager beaver" evaluatorimplements this policy, and unless the processors interferewith one another excessively, a computation must alwaysrun faster with an eager evaluator running on multipleprocessors than a lazy evaluator running on a singleprocessor. If there are not enough processors to allocateone for every future, then we believe that our "exponentialscheduling" policy will dynamically allocate processoreffort where it is most needed.Although the universal creation of futures should reduce thetime necessary to evaluate an expression when an unboundednumber of processors are available, we must consider howthe space requirements of this method compare with othermethods. The space requirements of futures are hard tocalculate because under certain schedules, future orderevaluation approximates call-by-value, while with otherschedules, it is equivalent to call-by-name (but evaluatedonly once). In the worst case, the space requirements of

Proceedings of Symposium on AI and Programming Languages, ACM Sigplan Notices 12,8 (Aug. 1977), 55-59.4futures can be arbitrarily bad, depending upon the relativespeed of the processors assigned to non-terminating futures.5. The Power of FuturesThe intuitive semantics associated with a future is that itruns asynchronously with its parent’s evaluation. Thiseffect can be achieved by either assigning a differentprocessor to each future, or by multiplexing all of the futureson a few processors. Given one such implementation, thelanguage can easily be extended with a construct having thefollowing form: "(EITHER˚<e1>˚<e2>˚�˚<en>)" meansevaluate the expressions <ei> in parallel and return the valueof "the first one that finishes". Ward [18] shows how togive a Scott-type lattice semantics for this construct. Hestarts with a power-set of the base domain and gives it theusual subset lattice structure, then extends each primitivefunction to operate on sets of elements from the basedomain in the obvious way, and finally defines the result ofthe EITHER construct to be the least upper bound (LUB) ofall the <ei> in the subset lattice. The EITHER construct isapproximated2 by spawning futures for all the <ei>, andpolling them with the parent process until the first onefinishes. At that point, its answer is returned as the value ofthe "EITHER" expression, and the other futures becomeinaccessible from the root of the heap.We give several examples of the power of the "EITHER"construct:(multiply x y) ” (EITHER(if x=0 then 0 else ^)(if y=0 then 0 else ^)(* x y))(integrate exp bvar) ” (EITHER (fast-heuristic-integrate exp bvar)(Risch-integrate exp bvar))The first example is that of a numeric product routine whosevalue is zero if either of its arguments are zero, even if thenon-zero argument is undefined. The second example is anintegration routine for use in a symbolic manipulationlanguage like Macsyma, where there is a relatively fastheuristic integration routine which looks for commonspecial cases, and a general but slow decision procedurecalled the Risch algorithm. Since the values of bothmethods are guaranteed to be the same (assuming that theyperform integration properly), we need not worry about thepossibility of non-determinacy of the value of thisexpression (i.e. non-singleton subsets of the base domainin Ward’s lattice model).One may ask what the power of such an "EITHER" constructis; i.e. does it increase the expressive power of the languagein which it is embedded? A partial answer to this questionhas been given with respect to "uninterpreted" schemata.Uninterpreted schemata answer questions about theexpressive power of programming language constructswhich are implicit in the language, rather than beingsimulated. For example, one can compare the power ofrecursion versus iteration in a context where stacks cannotbe simulated. Hewitt and Patterson [11] have shown thatuninterpreted "parallel" schemata are strictly more powerfulthan recursive schemata. The essense of this difference isthat parallel schemata can simulate non-deterministic

2This implementation is only an approximation because only singletonsets of elements of the base domain can ever be returned.computation without bogging down in some infinite branchby following all branches in parallel.Also, Ward [18] has shown that the "EITHER" constructstrictly increases the power of the l-calculus in the sensethat there exist functions over the base domain which areinexpressible without "EITHER", but are triviallyexpressible with it.6. Shared DatabasesThe advantage that garbage collection has over the explicitkiIling of processes becomes apparent when parallelprocesses have access to a shared database. These databasesare usually protected from inconsistency due to simultaneousupdate by a mutual exclusion method. However, if someprocess were to be killed while it was inside such a database,the database would remain locked, and hence unresponsiveto the other processes requesting access.The solution we propose is for the database to always keep alist of pointers to the processes which it has currentlyinside. In this way, an otherwise irrelevant process will beaccessible so long as it is inside an accessible database.However, the moment it emerges, it will be forgotten by thedatabase, and subject to reclamation by garbage collection.The crowds component of a serializer, a synchronizationconstruct designed to manage parallel access to a shareddatabase [12], automatically performs such bookkeeping.7. ConclusionsWe have presented a method for managing the allocation ofprocessors as well as storage to the subcomputations of acomputation in a way that tries to minimize the elapsed timerequired. This is done by anticipating whichsubcomputations will be needed and starting them runningin parallel, before the results they compute are needed.Because of this anticipation, subcomputations may bestarted whose results are not needed. and thus our methodidentifies and revokes these allocations of storage andprocessing power through an incremental garbagecollection method.The scheme presented here assumes that all of the processorsreside in a common, global address space, like that ofC.mmp [19]. Since networks of local address spaces lookpromising for the future, methods for garbage collectingthose systems need to be developed.There are currently no plans to implement this method due tothe lack of access to suitable hardware. However, it could beimplemented on systems like C.mmp [19] in astraightforward manner.8. AcknowledgementsSome of the early thinking about call-by-future was doneseveral years ago by J. Rumbaugh.9. References1. Baker, H.G., Jr. "List Processing in Real Time on a SerialComputer". AI Working Paper 139, MIT AI Lab., Feb.1977, also CACM 21,4 (April 1978), 280-294.2. Batcher, K.E. "Sorting Networks and their Applications".1968 SJCC, April 1968, 307-314.3. Berry, Gerard and Levy, Jean-Jacques. "Minimal andOptimal Computations of Recursive Programs". ACMPOPL4, Jan. 1977, 215-226.4. Cheney, C.J. "A Nonrecursive List CompactingAlgorithm". CACM 13,11 (Nov. 1970), 677-678.

Proceedings of Symposium on AI and Programming Languages, ACM Sigplan Notices 12,8 (Aug. 1977), 55-59.55. Dijkstra, E.W., Lamport, L., Martin, A.J., Scholten, C.S.,Steffens, E.F.M. "On-the-fly Garbage Collection: AnExercise in Cooperation". Dijkstra note EWD496, June1975.6. Dijkstra, E. W. "After Many a Sobering Experience".Dijkstra note EWD500.7. Erman, L.D. and Lesser, V.R. "A Multi-level Organizationfor Problem Solving using Many, Diverse, CooperatingSources of Knowledge". Proc. IJCAI-75, Sept. 1975,483-490.8. Fenichel, R.R., and Yochelson, J.C. "A LISP Garbage-Collector for Virtual-Memory Computer Systems".CACM 12,11 (Nov. 1969), 611-612.9. Friedman, D. P. and Wise, D. S. "Why CONS should notevaluate its arguments". In S. Michaelson and R. Milner(eds.), Automata, Languages and Programming,Edinburgh University Press, Edinburgh (1976), 257-284.10. Friedman, D. P. and Wise, D. S. "The Impact ofApplicative Programming on Multiprocessing". 1976International Conference on Parallel Processing, 263-272.11. Hewitt, C. and Patterson, M. "ComparativeSchematology". Record of Project MAC Conference onConcurrent Systems and Parallel Computation, June1970.12. Hewitt, C. and Atkinson, R. "Parallelism andSynchronization in Actor Systems". ACM POPL4, Jan.17-19, 1977, L.A., Cal., 267-280.13. Hibbard, P. "Parallel Processing Facilities". In NewDirections in Algorithmic Languages, (ed.) Stephen A.Schuman, IRIA, 1976, 1-7.14. Lamport, L. "Garbage Collection with MultipleProcesses: An Exercise in Parallelism". Mass. Comp.Associates, CA-7602-2511, Feb. 1976.15. Lamport, L. "On-the-fly Garbage Collection: Once Morewith Rigor". Mass. Comp. Associates, CA-7508-1611,Aug. 1975.16. Moravec, H. P. "The Role of Raw Power in Intelligence".Unpublished ms., Stanford, Cal., May 1976.17. Vuillemin, Jean. "Correct and Optimal Implementationsof Recursion in a Simple Programming Language". JCSS9 (1974), 332-354.18. Ward, S. A. "Functional Domains of ApplicativeLanguages". MAC TR-136, Project MAC, MIT, Sept.1974.19. Wulf, W., et al. "HYDRA: The Kernel of a MultiprocessorOperating System". CACM 17,6 (June 1974), 337-345.