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The most e�cient mechanism for an actor to com-municate with remote actors is non-blocking asyn-chronous communication 1; neither a sender nor a re-ceiver need block on communication. The lack of con-text switching means less overhead in communicationand scheduling, which is translated to better perfor-mance. On the other hand, programming with asyn-chronous communication often requires explicit manip-ulation of continuations and synchronization. The sep-aration of computation's logical 
ow into multiple con-tinuationsmay degrade readability and make actor pro-gramming tedious and error prone.In contrast, call/return communication (e.g. remoteprocedure call) which captures a communication pat-tern where a client invokes a procedure on a server anduses the returned result to continue its computation(i.e., the continuation to the result) makes unnecessarythe explicit continuation and synchronization manip-ulation by employing blocking semantics which com-ply stack discipline. Concurrent call/return commu-nication (CCRC), a concurrent version of call/returncommunication, has more concurrent semantics in thatnothing but data dependence constrains execution or-ders between multiple request message sendings in amethod and between computations resulted by them.CCRC greatly improves programmability and readabil-ity by freeing programmers from manipulating con-tinuations and synchronization. Unfortunately, con-venience never comes without cost. CCRC's implicitblocking semantics demand context switching { an ex-pensive operation without special hardware support {for better utilization of computation resources.In this paper we propose a compilation techniqueand runtime support to implement CCRC. The imple-mentation allows programmers to use CCRC with the1We assume that reliable communication is guaranteed by theruntime system or by some hardware support.



cost of non-blocking asynchronous communication plusminimum context switch cost. For a set of mutuallydata-independent request message sendings, it trans-forms each request into a non-blocking asynchronoussend and separates out their join continuation [3, 11]into a join continuation closure (JCC) [10]. Join con-tinuation is a continuation which is dependent simul-taneously on multiple replies; it is executed as all thereplies are available. JCC encapsulates a join contin-uation and caches the context for its execution. Thecompiler minimizes the context to be cached througha separate data 
ow analysis.2 BackgroundThis section presents a brief introduction to the Actormodel and an informal description of the semantics ofCCRC. It also describes an implementation techniqueof CCRC adopted in other systems and motivates thedevelopment of our compilation technique.2.1 The Actor modelActors [1, 2] are �ne-grained active objects which en-capsulate a thread as well as data and procedures.Computation is expressed in terms of actors communi-cating each other through asynchronous message pass-ing. Each actor is assigned a unique mail address whichis used for other actors to send it messages. Since com-munication is asynchronous, messages are bu�ered ontheir destinations. In response to a message, an ac-tor may: send messages to other actors, create newactors, and change its state to process the next mes-sage. Though simple and primitive, actor operatorsform a powerful set upon which to build a wide rangeof higher-level abstractions.2.2 The languageWe incorporated CCRC in a high-level actor-based lan-guage Thal [4, 11] which also provides other high-levelcommunication abstractions, such as local synchroniza-tion constraints, delegation, and multicast. Thal sup-ports CCRC using two primitives, request and reply.request invokes a method on a remote actor and replysends a result back to the requester. Figure 1 shows aThal version of an N-queen problem [13] which com-putes the number of the solutions. (\." representsrequestmessage send.) The Thal runtime system [10]is currently running on the TMC CM-5 [14].
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behv NQueenmethod comp(col,diag1,diag2,maxcol,depth)| i, c, c1, sols, replies, where |replies = zeros(N);c = ((col|diag1)|diag2);c1 = ((c+1) & ~c);sols = 0;for i = 1, N doif (c1 > maxcol) then break; endif ((col | c1) == maxcol) thensols = sols + 1;elseif (depth < N/2) thenwhere = random () % #no nodes;replies[i] = (NQueen.new() on where).comp((col|c1),(((diag1|c1)<<1)&maxcol),((diag2|c1)>>1),maxcol,depth+1);elsereplies[i] = (NQueen.new()).comp((col|c1),(((diag1|c1)<<1)&maxcol),((diag2|c1)>>1),maxcol,depth+1);endendc1 = (((c1<<1)+c)&~c);endreply(add all replies(replies)+sols);endendFigure 1: Thal version of an N-Queen problem.2.3 Semantics of CCRCAlthough CCRC captures the same communicationpattern, namely call/return communication, as remoteprocedure call (RPC), it has concurrent execution se-mantics distinct from the RPC semantics. Both CCRCand RPC have implicit blocking semantics where acaller blocks on a remote call (or, a remote send) un-til the result is available. However, execution orderbetween multiple CCRCs is constrained only by datadependence (i.e., concurrent) whereas control depen-dence as well as data dependence a�ects execution or-der between multiple RPCs (i.e., sequential). Considera method which has two remote calls, one next to theother. Assume that the two calls have no data depen-dence between them. Although they may be executedconcurrently, an RPC-based implementation guaran-tees that the computation caused by the �rst call iscompleted before the execution of the second call. Con-sequently, the �rst call's result is available by the timethe second call is made. By contrast, a CCRC-basedimplementation allows concurrent execution of the twocalls. The second call may be made before the �rstone is completed; the second call's result may even be



available earlier than the �rst one's. Moreover, it en-forces no execution order among computations inducedby the two calls. Thus, programmers are discouragedto assume any speci�c message delivery order when us-ing CCRC. If it is necessary to enforce a certain pro-cessing order on messages, the order must be speci�edexplicitly using separate programming constructs, suchas local synchronization constraints [11].2.4 FuturesA technique used in a number of systems to implementCCRC-like abstractions is futures [9]. Futures are apromise for a value { a place holder whose value isyet to be de�ned. A future-based CCRC implemen-tation creates a future for a request send and returnsit as the result. Instead of blocking on the requestsend, sender's computation continues to execute withthe future until its value is actually accessed (the fu-ture is said to be touched). If the value is already avail-able when a future is touched computation continueswith the value. Otherwise, the computation blocks onthe future until its value is available. Although simpleand easy to implement, futures have a potential sourceof performance bottleneck: concurrent execution usingfutures requires context switching, an expensive oper-ation without special hardware support (e.g., 52 �secin the TMC CM-5 [6]). Suppose an actor creates Nchildren in response to a comp message in Figure 1. Afuture-based implementation will create N futures andassign them to the identi�ers replies[i] for i rang-ing from 1 to N . The next expression to be evaluatedis a summation of the returned results; here the exe-cution blocks on a future whose value is not available.In the worst case, 2N context switches are required tocomplete the computation (i.e., 2 for each touch). Fur-thermore, out of order arrival of replies does not reducethe time to complete the sender's computation becausefutures are generally touched in sequence according tothe order they appear.3 Join continuationtransformationIn this section we present a source-to-source transfor-mation algorithm as an alternative to futures. Thealgorithm examines data dependence relation betweenrequest sends and other statements to extract join con-tinuations. Since join continuation concurrently waitsfor multiple replies, it may implement CCRC with farless cost than futures. We start with a base algorithmwhich exploits functional parallelism existing in mes-
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: : :t=continuation(8,2,func 64,0);self<-comp(n-1,#pn,addr(t),addr(t.slot1));Fib.new()<-comp(n-2,#pn,addr(t),addr(t.slot2));: : :Figure 2: The transformation result.sage/function argument evaluation. Then, we augmentit with a data dependence analysis.3.1 Base algorithmLet �m denote the data dependence relation of amethod m, �m denote the control dependence relationofm (method execution is sequential), and Rm be a setof all request expressions in m. We de�ne a requestsend partition RSPm;k � Rm such that for any ri, rj 2RSPm;k, (ri, rj) 62 �m, (rj, ri) 62 �m, (ri, rj) 62 �m,and (rj, ri) 62 �m. Note that RSP is de�ned such thatrequest sends in the same message send/function callbelong to the same RSP provided that they have nodata dependence between them.The �rst step of the algorithm is to partition Rminto RSP s. Then, all request sends are promoted asassignments to compiler-generated temporary variablesso that request sends belonging to the same RSP areplaced adjacently. The resulting method should pre-serve �m and �m. The second step is to split themethod. First, the control 
ow graph of m is traversedin a topological order. As soon as an RSP is encoun-tered, m is split and the portion of m dependent onthe RSP is separated into a join continuation. An al-location statement of an actor which encapsulates thejoin continuation is inserted before the RSP and eachmember request of the RSP is transformed into a non-blocking asynchronous send with a reply address to theactor. Finally, the split process is recursively appliedto the join continuation. RSPs enclosed in structuredstatements, such as if and for, need similar but much�ner split processes. Figure 2 has the transformationresult of:method comp (n)if (n<=1) then reply(1);else reply(self.comp(n-1)+(Fib.new()).comp(n-2));end.3.2 Join Continuation ClosureThe behavior of join continuation is deterministic: assoon as all the expected replies are received, it executes



the speci�ed computation and cannibalizes itself. Weexploit the deterministic behavior and implement joincontinuation using join continuation closure (JCC).JCC has four components, counter, function, creatorand argument slots. Counter contains the number ofempty slots. As soon as all slots are �lled (reply ad-dress is de�ned by a triple <node number, JCC address,slot address>), function is invoked with the JCC asits argument. Some slots are reserved for the continua-tion's execution context and �lled at the creation time.Using data 
ow analysis the compiler guarantees thatonly necessary context is cached in the JCC, therebyminimizing the context switch cost.3.3 Common continuation regionanalysisSince the base algorithm was designed to exploit onlythe functional parallelism existing in argument evalu-ation, it is not capable to identify that request sendsin Figure 1 are indeed mutually data-independent andcan be executed concurrently. We developed a moregeneral transformation framework which can identifymutually data-independent request sends across state-ment boundary.The analysis is based on a simple observation: anytwo request sends which are executed in a method ex-ecution may be concurrently executed as long as theyhave no data dependence between them. Given anabstract syntax tree AST = (AV ,AE) for a methodm 2, we de�ne the common continuation region at s2 AV (CCRs) to be a subtree rooted at s in whichall request sends are data independent each other andthus may share the same join continuation. A maximalCCR is de�ned to be a CCR which is not contained inany other CCRs in the AST.The transformation begins by partitioning a methodinto maximal CCRs. After coloring the AST usingthe algorithm in Figure 3, maximal CCRs are maxi-mal subtrees rooted at a gray colored node. Consecu-tive maximal CCRs whose roots are siblings each otherand which have no data dependence between them aremerged into a larger one. Figure 4 illustrates how max-imal CCRs are determined for a simpler version of themethod in Figure 1. After all maximal CCRs are de-termined, the conservative estimate number of slots tobe �lled by replies is computed and a join continuationis separated for each maximal CCR. If the estimatemay not be determined, the subtree is changed to non2We assume that all request expressions have been promotedto assignment statements as in the base algorithm. Since allrelevant information is at statement level, we assume that AV isa set of all statements in m.
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INPUT: The abstract syntax tree AST = (AV;AE)of a methodOUTPUT: A colored abstract syntax treeALGORITHM: For each s 2 AV , let Childs = fc j(s; c) 2 AEg and let colors denote a color assignedto s.1. Color each leaf node of the AST with gray if itis a request send or white if it is not.2. For each s 2 AV , color s with- black if 9c 2 Childs, colorc is black.- white if 8c 2 Childs, colorc is white.- gray if D = ; or black, otherwise. D is de�nedas fd j for c 2 Childs, colorc is gray ^ r 2Rc ^ d 2 AVs ^ r 7! dg where Rc is a set ofrequest send statements in a subtree rooted atc and AVs is a set of statements in a subtreerooted at s.Figure 3: Coloring algorithmCCR and join continuations are extracted from smallerCCRs in the subtree. As before, all request sends aretransformed into non-blocking sends with a reply ad-dress. Finally, some bookkeeping code are generated tokeep track of the number of requests that have actuallybeen sent.4 PerformanceWe present the performance results of three applica-tions which are written using CCRC. All the programswere written in Thal [10, 12] and executed on a 32-node partition of a TMC CM-5 [14]. Each node con-tains a 33 MHz Sparc processor. Table 1 has timingsof primitive operations or the runtime system.Operation Timesend-and- local 0.45/0.67dispatch remote 9.91reply local 2.76remote 9.26continuation creation 2.27deallocation 0.75Table 1: Performance of primitive operations of Thal onthe CM-5 (�sec). Time for sending messages and repliesare measured by repeatedly sending zero-size messages.The �rst example is a Fibonacci number generatorwhere each actor creates two children, waits for the
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Figure 4: Coloring of the abstract syntax tree of anN-Queen implementation. The implementation has arequest send inside if block contained in a for loop.There is a data dependence from the request send to astatement outside the for loop (shown as a broken arc).Only the dependence from the request send to otherstatements is shown. Small white leaf nodes representsimple statements.results, computes the sum, and replies the sum to itscreator. Although it is a very simple program, it is ex-tremely concurrent and �ne-grained and shows a greatdeal of load imbalance. The compiler optimizes awayall actor creations since Fibonacci actors are purelyfunctional. Figure 5 has two sets of performance num-bers, one without and the other with dynamic load bal-ancing [10]. As a point of comparison, executing theFibonacci of 33 using the Cilk system [6] takes 73.16seconds and an optimized C version completes in 8.49seconds on a single node of a TMC CM-5.The second example is an N-Queen problem. Thegoal of N-Queen problem is to �nd a solution whichplaces N queens on an N�N chess board such that notwo queens are placed on the same row, column, or di-agonal (i.e., no queens attack each other). In our eval-
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The last example is an adaptive quadrature prob-lem. It was implemented using master-worker con�gu-ration. First, the grand master creates a worker on eachprocessing node and assigns it an equal-sized subinter-val. Each worker computes the integral estimate onthe subinterval as well as the error estimate. If theerror estimate is su�ciently small, it returns its inte-gral estimate to its master as the result. If the errorestimate is too large, it re�nes the integral estimate bycreating child workers, dividing its subinterval, and as-signing one to each child. Then, it waits for the results,computes the sum, and returns it to its master. In theexperiment the following function was integrated overthe interval from 0 to 10� with ci = 1000, i = 1,2,3 tointentionally cause load imbalance between workers.f(x) = (c1 if 0 � x � 5�;j c2 sin(c3x) + c1 j if 5� < x � 10�:The initial grid size is 0.001 and the error bound is setto 10�5. In the implementation, a worker halves itsinterval as it re�nes its integral estimate. It createsone new worker and reuse itself as its own worker toreduce overhead. The newly created worker is placedusing a round-robin placement to dynamically balanceload among processors. However, we could not use ar-bitrarily small grid size because of rounding error. Asa result, computation granularity decreases as intervalsare getting smaller and the poor speedup was resultedin (Figure 7).5 ConclusionIn this paper we presented a compilation technique andruntime support to implement concurrent call/returncommunication (CCRC) in actor-based programminglanguages. A technique similar to our base algorithmhas been used in compilation of explicit message pass-ing programs [8]. Data structures similar to join con-tinuation closure (JCC) have been used in �ne-grainedfunctional languages [5, 7] and an explicit continuationpassing style language [6]. CCRC's blocking yet con-current semantics requires context switching for e�-cient utilization of computation resources. Our com-pilation technique minimizes the number of contextswitches necessary for implementing CCRC by trans-forming request sends into non-blocking asynchronoussends and separating join continuations into JCCs.References[1] G. Agha. Actors: A Model of Concurrent Computationin Distributed Systems. MIT Press, 1986.
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