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1 INTRODUCTIONAs communication in the LAN-based networks of workstations gets faster, such systems are be-coming viable environments for running parallel applications. Even though still there is an orderof magnitude di�erence in the speed of latency and transmission rate from tightly coupled paral-lel machines, the network of workstations has two noteworthy advantages. First, it provides anopportunity to have a parallel machine virtually with no extra costs. Workstations are ubiquitousand most of them have been underutilizing at most of times. Second, the virtual parallel machinecan be constructed so as to take advantage of some special resource locally available on some ofthe network hosts, for example graphic processors or vector processors.In either case, the task of creating software for such a system is far more demanding thanfor a single host. Two representative programming models for distributed memory machines areavailable for programmers, message passing (MP) and distributed share memory (DSM). Messagepassing primitives [12, 22, 24] are expressive enough to program for e�ciency; however, they aretoo low-level to write large distributed programs. Programmers are fully responsible for matchingsend/receive pairs, allocating bu�ers, and marshaling/unmarshaling data correctly. Programmingunder DSM systems [9] eases such di�culties, but the resulting programs su�er e�ciency due tofalse sharing and coherence maintaining overhead. (Some researchers claimed that DSM would bemore e�cient in some particular applications that have irregular communication patterns [23].)Our work presented in this paper is an e�ort to strike a compromise between these two models,using the RPC paradigm for writing distributed programs plus a source transformation frameworkfor improving performance. Procedure call abstraction has been favored since early programmingera because it contributes to construct a well structured modular program, which allows to reuseexisting modules and helps write and maintain a large program by giving a clear view of its struc-ture. The RPC paradigm adopts a widely used and understood procedure call abstraction as thesole mechanism of remote operations; thus it simpli�es distributed programming by abstractingfrom details of communication and synchronization.In fact, a distributed program is usually written by a number of di�erent abstraction layers. Itis natural to implement each layer of abstraction as a distinct module (or procedure). Followingsuch a natural 
ow of concept would help write large distributed programs. However, this factdoes not necessarily mean that the ideal 
ow of resulting program for high performance should2



be consistent with the conceptual 
ow of RPC paradigm. Two problems should be addressedto adopt RPC paradigm for high performance distributed programming. First, the parallelismis inhibited under the paradigm since the caller blocks until the requested service is �nishedwhile we want to make use of the time between sending requests and getting the responses back.Second, an unnecessary communication is likely to occur especially when a system is layeredand implemented on the basis of modularization. For example, the communication between fardistant layers might require a series of communications between a series of adjacent layers.The main problem of traditional stub generation based methods [6, 13] for implementing RPCparadigm is that it just adopts the natural 
ow of modularization as its actual 
ow of the program.We observe low performance of executing program in this way because the ideal program 
owdoes not conform to the 
ow of modularization, and the situation is aggravated especially if datatransmission and communication latency is getting signi�cant unlike conventional procedure callsin sequential programming.To cope with the discrepancy between the conceptual 
ow to write a program and the ideal 
owto run a program, we present a source transformation framework for RPC-based distributed pro-grams, which is intended for program optimization. It has several advantages over conventionalstub generation: (1) it can be safely parallel { correctness is kept because it is transformed underpreserving given dependence constraints, (2) using �ne grained message passing primitives toimplement an RPC statement gives an opportunity for further code optimization through staticprogram analysis techniques, and (3) modularization is not discouraged because the actual com-munication paths will be restructured optimally based on the given control and data dependencesrather than the modular structure as written. Communication optimization has been an impor-tant issue to compiling SPMD (Single Program Multiple Data) programs where communicationis necessary to access non-local data [2, 25]. Our work is focused on optimization of generalRPC-based distributed programs which is not of SPMD form.2 MOTIVATIONThis section illustrates situations to motivate source-level transformation of RPC-based dis-tributed programs for higher performance. The RPC paradigm adopts the model of client-servercomputing; caller and callee correspond to client and server, respectively. Traditional researches3
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due to synchronous nature of RPC. However, the parallel execution of the two servers should beallowed, unless there is a data dependence between S1 and S2. For the special case that thevalue of r1 is equal to the value of m2, we can establish a direct message passing path betweenS1 and S2, which is for the Goal 2. This can be a signi�cant improvement for certain cases likewhen C calls S1 and S2 in a same loop.The purpose of this paper is to present an analysis technique for determining whether a program-mer's optimization goals can be exploited, while at the same time allowing that programmer toexpress his application structure in terms of RPCs. Our technique transforms an RPC statementinto a set of low-level message passing primitives to enable an RPC-based distributed programto run in an optimized way. Though not discussed in this paper, an experimental environ-ment implementing these techniques has been successfully implemented in an environment calledCORD [17].3 CONSTRAINTS ON SOURCE TRANSFORMATION FOR RPCExploitation of parallelism is limited by data and control dependences in the program and resourceconstraints of the executing environment. Dependence constraints are directly related to thesemantics of a program. Executing dependent statements simultaneously or in di�erent ordermay change the original semantics of a program. Resource constraints limit the maximum degreeof parallelism that can be attained when the degree of potential parallelism is higher than thenumber of available resources. Program transformation to improving the performance must beguided by given program dependence and resource constraints.In Figure 2 (a), the execution order between S1 and S2 must be preserved because S2 uses thevalue of x which is de�ned by S1. This is a 
ow (true) data dependence denoted by S1 � S2. Theorder between S2 and S3 must be also preserved, otherwise the value of z at S2 may be changedby S3. This is an anti dependence denoted by S2 ��1 S3. The order between S1 and S4 mustbe preserved as well because they have same variable x to store the results. This is an outputdependence denoted by S1 �o S4. Anti and output dependences are \spurious" ones because theycan be disappeared if we rename the associated variables properly; for example, z in S3 to zzand x in S4 to xx like in Figure 2 (b). Such a renaming releases the imposed execution orderconstraints by spurious dependences, as a result, executing them in parallel is possible.5



S1: x = f(x);S2: y = g(x, z);S3: z = h(v);S4: x = h(w);(a) Original code S1: x = f(x);S2: y = g(x, z);S3: zz = h(v);S4: xx = h(w);(b) After renaming S01: Send(f(), x);S02: Send(h(), v);S03: Send(h(), w);S04: x = Receive(f());S05: Send(g(), x, z);S06: y = Receive(g());S07: z = Receive(h());S08: x = Receive(h());(c) After transformedFigure 2: Eliminating spurious data dependences for parallelizationSuppose there is a sequential (client) program, where two arbitrary statements S1 and S2 aretotally ordered with respect to �: i.e. S1 � S2 denotes S1 is executed before S2. The task ofparallelization can be rephrased by that of converting the total ordering � into a partial ordering�P under certain semantic-preserving constraints as follows. The relation �P is an irre
exivepartial ordering1 de�ned as follows.1. If S1 is executed before S2, then S1 �P S2.2. If S1 �P S2 and S2 �P S3, then S1 �P S3.If two statements, S1 and S2, are not related by the �P relation, then we say these two statementscan be executed in parallel. If, however, S1 �P S2, then it is possible for statement S1 to causallya�ect statement S2.When we transform RPC statements into statements of message passing primitives, we havefollowing ordering relation per RPC due to the law of causality by which a reply can be receivedonly after the proper request has been sent out. Suppose that a client program has a set of RPCstatements R: 8S 2 R : S transform=) Ssnd �P Srecv (1)The statement Ssnd only uses variables whereas the Srecv only de�nes variables. This behavioraldi�erence in accessing variables between Ssnd and Srecv helps to widen the gap by placing Ssnd1It resembles the happened{before relation on a set of distributed events [18]. While the associated events in thatrelation are distributed, the relation �P is an ordering between statements in a single program. Since a statementcannot be executed before itself, it is irre
exive. 6



as early as possible and placing Srecv as late as possible under following constraints (2), (3), and(4) if there are any data dependences on other RPCs. It practically implies that other usefulstatements can be executed during a wait for an RPC statement.We assume that the execution time of a statement in a single program is negligible compared tothe time for Srecv , which is for server processing time plus communication time to get back tothe client. We even ignore the time for a program to �nish Ssnd assuming that the underlyingmessage passing system immediately takes the control after executing Ssnd to complete the send.For example, a relation like Ssnd1 �P Ssnd2 is of no signi�cance, and is regarded as parallel.Consequently, the outstanding number of Ssnd implies the potential degree of parallelism in anRPC-based distributed program. This implies that we do not need any special constructs likeparbegin and parend to express parallelized form after source transformation. The statementSrecv is a blocking one with non-negligible executing time because the message becomes readyto receive only after passing considerable amount of time for remote computation and messagetransmission over the network. Therefore, Srecv is the only order preserving primitive to maintainprogram semantics imposed by data dependences like �, �o and ��1, as follows:8S1; S2 2 R : S1 � S2 ^ S1 � S2 ) Srecv1 �P Ssnd2 (2)8S1; S2 2 R : S1 �o S2 ^ S1 � S2 ) Srecv1 �P Srecv2 (3)8S1; S2 2 R : S1 ��1 S2 ^ S1 � S2 ) Ssnd1 �P Srecv2 (4)The ordering imposed by (2) serializes two RPCs because we get an execution sequence of Ssnd1 �PSrecv1 �P Ssnd2 �P Srecv2 by combining with (1). It is inevitable due to the true data dependencebetween the two RPCs. However, the restrictions of (3) and (4) apparently do not inhibitparallelism because Ssnd1 and Ssnd2 that trigger the server computations are still independent andcan run simultaneously.Suppose that all function calls in Figure 2 are remote ones. Each remote procedure is a unit of ourparallelization; in other words, a client module is called \parallelized" if it can call more than tworemote functions at the same time by sending proper requests to distinct sites. Figure 2 (c) showsthe transformed code by means of send and receive message passing primitives. In summary, theconstraint (1) produces relations of S01 �P S 04, S02 �P S 06, S03 �P S 07, and S05 �P S 08; (2) imposesS04 �P S05 because of S1 � S2; (3) imposes S 04 �P S 08 because of S1 �o S4; (4) imposes S05 �P S07because of S2 ��1 S3. As a result, three RPCs in statements S2, S3 and S4 run in parallel while all7



RPCs in statements S1{S4 are executed sequentially since they are totally ordered with respectto � in the original code.When a server is replicated to release resource constraints, the regarding concern is to balancethe load with respect to all available server processes so that there are no idle ones while othersare busy. If we do not consider server process migration among processors, this is for the case ofbalancing requests to a set of replicated server processes of identical functionality. For example,if a server function like h() in Figure 2 (c) is replicated, two requests to the same remotefunction h() at S 02 and S03 should be sent to distinct sites for the purpose of load balancing.Such an issue has been discussed from the perspective of con�guration level optimization in aseparate paper [17]. In the following section, we present a source transformation framework underconstraints (1){(4) for optimizing RPC-based distributed programs, with preserving the controldependences as well.4 TRANSFORMATION FRAMEWORKWhen an RPC is implemented through traditional stub generation based methods [6, 8, 13], astub performs following three functions.1. Communication: RPC arguments are transmitted to the \remote" callee via communi-cation network, and the result is back to the caller.2. Synchronization: The caller is suspended until the result is ready to receive.3. Data conversion: A data type in a caller machine needs not to be identical to the \remote"machine. For 
exibility as well as convenience2, a data type is converted into a standardizedtype like XDT [10] (encoding) before converted into a speci�c type (decoding).Since those three functions can be implemented by a combination of message passing primitivesthat are provided by underlying MP systems [12, 24] or (distributed) operating systems, we ap-proach the transformation problem from RPC statements to a series of such low-level primitives2Without having external data conversion, if L di�erent languages and M di�erent machines are intermixed ina distributed application, then potentially (L�M)2 cases of data conversion must be used [13].8



in a static manner. The transformation based RPC implementation approach opens an opportu-nity to apply various static analysis techniques for optimizing RPC-based distributed programs,which have been shown useful for automatic parallelization. As we assemble those MP primi-tives to implement an RPC statement, which is regarded as a \big" statement, we have freedomto place each low-level primitive appropriately interspersed in a module in order to achieve ouraforementioned goals of enhanced parallelism and minimized communication. The transforma-tion merely a�ects client parts. The transformation is performed at client side to implement itsremote procedure call. A server is synthesized to start with prologue part that receives variousrequests from all eligible clients, and to end with epilogue part that sends the result to the actualdestination(s) rather than its caller (Section 5).In this section we present the heart of our algorithm, which is our approach to hasten RPC argu-ment passing as early as possible (over the distinct modules), and to delay receiving the returnvalue as late as possible, according to the result of def and use analysis to the variables involved.We do this in a three-step process. First, all RPCs in an application are enumerated to be \posi-tionally di�erent"3, and represented by a call tree (Section 4.2). Next, use-def chains for RPCarguments and def-use chains for a return value are evaluated by data 
ow analysis (Section 4.3).Finally, global optimization is performed to meet our optimization goals. A special considerationon RPC in a loop body is discussed to show the e�ectiveness of source transformation frameworkfor implementing RPC. That is, to reveal more aggressive transformation techniques to optimizedistributed programs. We start our discussion by giving basic de�nitions for those presentations.4.1 De�nitionsSuppose there is a distributed program P that is composed of k di�erent software modules,M1;M2; : : : ;Mk running at distinct sites. RPC1; RPC2; : : : ; RPCk are sets of positionally di�er-ent occurrences of RPCs that are imported in M1;M2; : : : ;Mk, respectively. We use the termsmodule and function interchangeably.DUCm(l) (Def-Use-Chain) is a set of reachable uses of a de�nition to a variable l in a module m.UDCm(r) (Use-Def-Chain) is a set of reaching de�nitions of a variable associated with use of a3Even if there is only one imported RPC in a client module, the remote procedure can be called several timesat di�erent places in the client. All of these occurrences are for the the same RPC, but they are considereddi�erent because they may have di�erent data 
ow in terms of argument passing and result returning; i.e. theyare distinguished by position. 9



variable r in a module m.Receive Request(r) denotes a set that contains every sources of arguments, which form a requestfor a remote call r. Let jrj be the number of arguments for r. Then, Receive Request(r) can bewritten by fti j ti = (si; vi); 1 � i � jrjg, where si is the module that de�nes the value of thei-th actual argument of the call, and vi is the variable that contains the value in the module; i.e.vi 2 UDCsi(ai) where ai is the i-thththth actual argument. The default (i.e. unoptimized) stateof Receive Request(r) is a set of tuples of an original caller and argument variables because thearguments are expected to be sent from a caller module when r is called. For example, if \l= f(v1; : : : ; vn)" is an RPC statement in m, the default contents of Receive Request(r) will begiven by fm : v1; : : : ; m : vng. One of the e�ects of our optimization algorithm is to change thedefault states of the tuples; i.e. change of a variable vi to a reaching de�nition, or change of asource module m to the more original source that has provided the value to m.Send Result(r) denotes a set that contains every recipients of r. Conventionally, this is a singletonas the caller is the only recipient of the return value. It can be written by ft j t = (d; v)g, whered denotes a destination module in fM1; : : : ;Mkg that receives the return value, and v denotesa variable that will contain it. Multiplicity in the set has two implications. First, it providesan opportunity to take advantage of multicasting if available, which is faster than a series ofpoint-to-point communications. Second, the result is delivered directly to a module that uses it.No need to have Send Request(r) and Receive Result(r) additionally because of the dualitybetween send and receive primitives.4.2 Call Tree ConstructionEvery occurrences of RPC in an application should be distinguished so as to construct their ownoptimized paths of the data 
ows. For example, in \a = f(x); b = f(y)", the �rst call to f()has a data 
ow on the variable x that is di�erent from that on the variable y in the next call, andsame for a and b. We construct a Call T ree (CT ) as a way to represent all positionally di�erentcalls as well as control dependences on them. The call tree is de�ned as follows.De�nition 4.2 Let P denote an RPC-based distributed program. The call tree of P is anunordered tree CT = (V;E), where 10



� The vertices V represent a set of modules involved in every RPC statements in P . Inaddition, there is a distinguished vertex \root", which represents the root of the tasks; itdenotes a main program in P . The remaining vertices are partitioned into n � 0 disjointsets T1; : : : ; Tn where each of these sets is a tree.� The edges E represent caller{callee relationships. That is, an edge (v; w) 2 E means vdirectly calls w. An edge carrys a control dependence predicate de�ned in the following.An edge without having a control predicate means control independence (always true).The tree forms a calling hierarchy in a program; the parent node is a caller (client), and thechildren nodes are its callees (servers). An edge represents a positionally di�erent RPC, whichconveys 
ow sensitive information [4, 7, 15]. We also de�ne \v +) w" to mean that node v canreach node w via one or more control dependence edges. 2A control 
ow graph [11] is a directed graph CFG = (CV;CE) with unique node Entry; Exit 2CV such that there exists a path from Entry to every node in CV and a path from everynode to Exit; Entry has no incoming edges, and Exit has no outgoing edges. We will usea module name for the node Entry to avoid multiple Entry nodes appear in CT consisted ofmultiple modules. An edge in CE is annotated by a control predicate that determines the control
ow of the edge. We assume T on single outgoing edge (no branch), which denotes true, so itmeans the edge is always selected from the caller. The (v � w) denotes the control predicateon an edge (v; w) among all outgoing edges from v. If Pv1vn is a path from v1 to a node vn,which is <v1; : : : ; vn>, the control predicate that determines the execution of node w, denotedby Cpred(Pv1vn), is (v1 � v2) ^ : : : ^ (vn�1 � vn). If there are n di�erent paths P1; : : : ; Pn fromv1 to vn that are all reachable paths from v1 to vn, the control predicate for node vn from v1 isCpred(P1) _ � � � _ Cpred(Pn), where Cpred(Pi) represents a control predicate for path Pi.The call tree CT of a sample program along with its CFG and CDG is shown in Figure 3 4.The control predicates will be used to construct optimized server module with low-level messagepassing primitives in the following section. The control predicates can be evaluated througheither CFG or CDG. Following example illustrates how to evaluate the control predicates onedges in CT from CFG in Figure 3.Example:4In the SSA representation of the �gure, a join node for the loop construct is omitted for brevity.11



main()f1 ; /* defs on x1, y1, z1 */loop f2 : y2 = f1(x1);if ( 2 � 3 ) f3 ;if ( 3 � 4 )4 : z2 = f2(y2);else 5 ;6 : w2 = h(x1);gelse if ( 2 � 7 )7 ;8 : v2 = g(�z(z1, z2));gprintf(y, z, w, v);g(a) An example
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ow rela-tionships in a program. Informally, for node v and w in CFG, w is control dependent on v ifv can directly a�ect whether w is executed or not. Thus, if nodes v; w are control independentwith each other ((v; w) 62 E in CDG) or they are control dependent on same other node x withsame label on it (for example, 3 and 6 with label of (2{3)), they are free to be executed inparallel, unless there are data dependences between these nodes. The control predicate for a node12



v in CT is always from the entry point of the module, which calls the remote procedure in thenode v, to the node v: i.e., Cpred(Entry; v). It can be determined by taking control labels ofall of its ancestors in CDG. All reachable paths to the node (say, p1; : : : ; pn) are sought �rst inCDG. Then, similarly as in case of using CFG, Cpred(Entry; v) is Cpred(p1)_ � � �_Cpred(pn),where Cpred(pi) is (w1 � w2) ^ � � � ^ (wn�1 � wn) ^ (wn � v), if the path pi is <w1; : : : ; wn; v>.Obviously, if there is no reachable path in CDG, it gives T . Simpli�cation of the expression isnot necessary because the control dependence information is already summarized in CDG; forinstance, Cpred(Entry� 4) in CT is (2� 3)^ (3� 4) as there is only path <2; 3; 4> in the CDG.A simple algorithm to construct a call tree is given below.Algorithm 4.2 Call Tree ConstructionInput:1. All involved modules M1; : : : ;Mk2. All r 2 RPC1 [ � � � [ RPCk where server(r); client(r) 2 fM1; : : : ;MngOutput: CT = (CV;CE) as de�ned in De�nition 4.2.BeginE = �;V = fM1g;Let RPC1 be fv1; : : : ; vmg;V = V [RPC1;E = E [ f(M1; v1); : : : ; (M1; vm)g;Evaluate control predicates for the new edges;For all v 2 RPC1Compute(v);End
function Compute(r) fs = server(r); c = client(r);R = RPCs;Let R be fw1; : : : ; wng;V = V [R;E = E [ f(c;w1); : : : ; (c;wn)g;Evaluate control predicates for the new edges;For all w 2 RCompute(w);g4.3 InitializationSuppose R is an RPC statement that we want to translate into Rsnd and Rrecv . Before global opti-mization, we need to characterize the set of proper data dependences for variables involved in RsndandRrecv in a compact way through data 
ow analysis. In e�ect, it initializes Receive Request(R)and Send Result(R). Let trr = (srr; vrr) and tsr = (dsr; vsr) be elements of Receive Request(R)and Send Result(R), respectively. Since the initialization phase works within a module, the srrand dsr are not changed after initialization. But vrr is replaced with the latest de�nition that13



reaches to its use as an argument, and vsr is replaced with the earliest use that is reached by thereturn value of the RPC. This is to widen the gap between the Rsnd and Rrecv ; in e�ect, we caneliminate the spurious data dependences in this way as illustrated in Section 3. The more thegap is attained, the more statements can be executed during executing an RPC.Node v dominates node w, denoted by v�w, if v appears on every path from Entry to w [1].Node v immediately dominates node w i� v�w and there is no node x such that v�x and x�w.In a dominator tree (DT ) of a CFG, the children of a node v are all immediately dominated byv. When v is a closer descendent to x than y in the DT , the dominator x is called closer to vthan y. Node v post-dominates node w, denoted by v�pw, if v appears on every path from w toExit [11]. Node v immediately post-dominates node w i� v�pw and there is no node x such thatv�px and x�pw. In a post-dominator tree (PDT ), the children of a node v are all immediatelypost-dominated by v. When v is a closer descendent to x than y in the PDT , the post-dominatorx is called closer to v than y. Then, the e�ect of initial transformation is described concisely asfollows, where fd1; : : : ; dmg is a UDC set for an argument variable in R, and fu1; : : : ; ung is aDUC set for an l-value of R:Property 1 Rsnd is the closest common post-dominator to fd1; : : : ; dmg.Property 2 Rrecv is the closest common dominator to fu1; : : : ; umg.In case that UDC or DUC is empty, the location ofRsnd orRrecv has no restriction in terms of datadependences; the former could be an error, and the latter will be treated in global optimization.As the properties describe, the algorithm to �nd such Rsnd and Rrecv is straightforward; i.e.compute the proper UDC and DUC sets [1], and �nd the least common ancestors for thoseelements of the sets, in the PDT and DT , respectively, and repeat for the next RPC. Notice thatthe Rsnd and Rrecv locations of the current RPC must be determined before computing UDCand DUC sets for the next RPC, because they may a�ect those sets for the following RPCs. Nowwe want to assure that the algorithm satis�es the semantic-preserving constraints in (1){(4) asshown in Section 3.Theorem 4.1 Property 1 and 2 satisfy the Constraint (1) in Section 3.14



Proof: Obvious. 2Theorem 4.2 Property 1 and 2 satisfy the Constraint (2) in Section 3.Proof: Suppose S1 is data dependent on S2 w.r.t a variable x. By Property 1, Ssnd2 followsany reaching de�nitions on x, obviously including the de�nition by Srecv1 . If Ssnd2 has to precedeSrecv1 , S2 must not be a reachable use from S1, by Property 1, or equivalently, S1 must notbe a reaching de�nition to S2, by Property 2, both of which contradict the data dependencebetween S1 and S2. 2Theorem 4.3 Property 2 satis�es the Constraint (3) in Section 3.Proof: Suppose S1 is output dependent on S2 w.r.t a variable x. Let x1, x2 be the l-values of thede�nitions by S1, S2, respectively. Suppose there exists a u 2 DUC(x1) such that it is precededby one ofDUC(x2) in the CFG. Then it means that the use u is preceded the de�nition of x2, i.e.the de�nition of x1 is killed by x2 at this point. This is impossible because v must be in DUC(x2)then. Thus, all members of DUC(x1) precede those of DUC(x2). That is, the maximum depthof DUC(x1) is shallower than the minimum depth of DUC(x2) in the DT . Therefore, the leastcommon ancestor node of DUC(x1), which is Srecv1 , precedes the least common ancestor node ofDUC(x2), which is Srecv2 , in other words, Srecv1 �p Srecv2 . 2Theorem 4.4 Property 1 and 2 satisfy the Constraint (4) in Section 3.Proof: Suppose S1 is anti dependent on S2 w.r.t a variable x. Let xold be the used variablein Ssnd1 . Let xnew be the l-value of the new de�nition by Srecv2 . Suppose that Ssnd1 �p Srecv2cannot be satis�ed by the Property 1; i.e., Srecv2 �p Ssnd2 is possible after the transformation.To make it possible, some uses in DUC(xnew) must precede (for `�') or be equal to (for `=')some de�nitions in UDC(xold). This is impossible, by the de�nitions of UDC and DUC sets. 2Further optimization, which starts from the initialized sets, extends the idea of \widening gapbetween the statements of Rsnd and Rrecv" to a global (interprocedural) level. It may change theconventional call/return pattern because the third module may send a request or receive a resultto pursue an optimal data 
ow path. 15



4.4 Global OptimizationThis phase is to seek a direct message passing path that could be a series of message passingat the interprocedural level. Sending out a message m at a module y to a module z, if thatis sent by a module x, is an unnecessary communication because it can be replaced with adirect communication between y and z: i.e. replacing x ! y ! z with x ! z. To make thissimpli�cation possible, we have to know that the message m is not killed at y before sending outto z and not used for other purpose than relaying to z. Even if m is used at y, seeking a directmessage passing path between x and z is still worthwhile because z can receive it earlier thanbeing sent via y. From the viewpoint of each procedure, the interprocedural data 
ow equationsto this end can be expressed as following recursive forms where the Called(P ) is the set of remoteprocedures called directly from P [4]:Use(P ) = LocalUse(P ) [Q2Called(P )Use(Q) (5)Def(P ) = LocalDef(P ) [Q2Called(P )Def(Q) (6)Since there are no global or reference variables, we can rewrite those equations as followingconcrete forms:Use(P ) = LocalUse(P ) [ RetUse(P ) [Q2Called(P )Call(Q) (7)Def(P ) = LocalDef(P ) [ ArgDef(P ) [Q2Called(P )Return(Q) (8)A local use is a use that is not used as an argument in an RPC statement or as a return value.Non-local uses are two kinds; RetUse(P ) is a use for returning a value (single variable returnonly), and Call(Q) is a set of variables that are used in calling a remote procedure Q. A localde�nition is a de�nition that is not de�ned by an RPC or by argument passing. Non-localde�nitions are two kinds; ArgDef(P ) is a de�nition that is passed through an argument, andReturn(Q) is a de�nition by the return value of of a remote procedure Q.On the other hand, from the viewpoint of each RPC, where we are interested in seeking truede�nitions and true uses associated with the call, the Receive Request(r) and Send Result(r)16



sets can be de�ned as follows:Receive Request(r) = RRserver(r)(M1) [ � � � [RRserver(r)(Mk) (9)Send Result(r) = SRserver(r)(M1) [ � � � [ SRserver(r)(Mk) (10)RRserver(r)(Mi) is a set of variables that are de�ned at Mi in order to be used at server(r)module. SRserver(r)(Mi) is a set of uses of a return value of server(r) at Mi. Recalling themessage passing for argument(s) and return value passing is the only way to interact betweendistinct modules, these two sets can be de�ned as follows:RRs(c) = 8>>><>>>: Use(s) \Def(c) � Call(s) \Def(c) if c calls s directlyRRs(t1) \RRt1(t2) \ � � � \RRtn(c) if c +) s (<c; t1; : : : ; tn; s>)� otherwise (11)SRs(c) = 8>>><>>>: Def(s) \ Use(c) � Return(s) \ Use(c) if c calls s directlySRs(t1) \ SRt1(t2) \ � � � \ SRtn(c) if c +) s (<c; t1; : : : ; tn; s>)� otherwise (12)Use(s) in Eq. (11) can be replaced with Call(s) because the passed arguments are the onlyvariables that are used in the server module s, providing that there are no aliasing and referencevariables. Similarly, Def(s) in Eq. (12) can be replaced with Return(s), because the returnvalue is the only de�nition that can be de�ned by a remote procedure s. Notice that Eq. (11)and Eq. (12) are dual only if Def(c) in Eq. (11) is Return(s0) and Use(c) in Eq. (12) is Call(s0)(i.e. all other terms are null in Eqs. (7), (8)), which implies that a return value of an RPC s0 isused to call s when c calls s.Consequently, if we compute each de�nition and use sets as shown in Eqs. (7) and (8), wecan compute Receive Request(r) and Send Result(r) sets adequately. That is, no message istransmitted unnecessarily any more. As the intraprocedural def-use chains and use-def chainshave already been computed in an initialization phase, we are ready to solve Eqs. (9){(12).Interprocedural data path may be analyzed if there is a chain of procedure calls, i.e. c n) s whenn > 1. Solving these equations directly is not realistic, however, they give us an insight to solvethem. To see if a solution exists in Eq. (11), we need to check out if an argument is passed17



C1()f� � �x = C2(a);� � �g � � � Cn�1(arg type a)f� � �x = Cn(a);� � �g Cn(arg type a)f� � �x = S(a);� � �g S(arg type a)f/* do S() */return(� � �);g C1 Cn S

a(a) Call path optimizationC()f� � �x = S1(� � �);y = x + 2;� � �g S1()f/* do S1() */rv = S2(� � �);return(rv);g � � � Sn�1()f/* do Sn�1() */rv = Sn(� � �);return(rv);g Sn()f/* do Sn() */return(rv);g C S1 Sn

rv(b) Return path optimizationC()f x = S1(� � �);y = S2(x);� � �g C

S1

S2

x(c) Mixed path optimizationFigure 4: Example code shapes for global optimizationwithout having changed from c to s along the call path. For example, as shown in Figure 4 (a), ifthe client Cn sends a value a to the server S and the value a is an input argument provided by itscaller Cn�1, then the server S can receive the argument value directly from Cn�1, and ultimatelyup from C1. Similarly, to see the same thing in Eq. (12), we need to check out if a return valuefrom s is returned again in c. As shown in Figure 4 (b), if the client C receives a result from theserver S1 and the value is the return value from its server S2, then the client C can receive thevalue directly from S2, and ultimately from Sn. Finally, if the client C sends a request of a valuex for an RPC \y = S2(x)" and the value is actually de�ned by another RPC \x = S1(� � �)"then the value of x can be directly sent from the module S1() to the module S2() as shown inFigure 4 (c). As this is a mixed case, it is checked by solving SRs1(c) \ RRs2(c). Notice thatthe parallelism in breadth cannot be exploited as this is the case that m2 is data dependent onr1 in Figure 1. Interestingly, however, this optimization converts the original program to exploitparallelism in depth between S1() and S2() based on the special fact that r1 is equal to m2.18



Algorithm 4.4: OptimizationInput:1. All r 2 Enumerated where server(r) 2 fM1; : : : ;Mng2. Initialized Receive Request(r) and Send Result(r)Output: Optimized Receive Request(r) and Send Result(r).Beginfor each trr 2 Receive Request(r) dowhile (val(trr) 2 ArgDef(r; source(trr))) dor  previous(r);source(trr) client(r);val(trr) UDCclient(r)(ACTUAL(r; trr));endwhileendfor /* Call path optimization */for each tsr 2 Send Result(r) dowhile (val(tsr) 2 RetUse(r; dest(tsr))) dor  previous(r);dest(tsr) client(r);val(trr) DUCclient(r)(LV ALUE(r));endwhile /* Return path optimization */for each sibling edge rsib of a node dest(tsr) in CT doif (val(tsr) 2 Call(rsib; server(rsib)))new tsr  CreateTupleSR(r);dest(new tsr) server(rsib);val(new tsr) FORMAL(rsib; tsr);Send Result(r) Send Result(r) [ fnew tsrg;for each trr 2 Receive Request(rsib) doif (val(trr) 2 Return(r; client(r)))source(trr) server(r);val(trr) RETV AL(r);endforendfor /* Mixed path optimization */if (tsr 62 LocalUse(r; client(r)))Send Result(r) Send Result(r) � ftsrg;endforEnd Figure 5: Global optimization algorithmOther than seeking a direct path, a message passing path can be eliminated if a return value is notused in the caller module except being used as an argument for another RPC; the correspondingsend result and receive result pair collapses. Figure 5 summarizes the algorithm for the globaldata path optimization. In the �gure, previous(r) is a previous edge in CT , which is a previousremote procedure call before r is made.4.5 Loop TransformationMany research works have been focused on loop transformations in various parallel compilers,19



for (i = 0; i < N; i++) fa[i] = a[i] + c;x[i+1] = callrpc(a[i], x[i]); )g(a) Original loop +for (i = 0; i < N; i++) fa[i] = a[i] + c;send req(callrpc(), a[i], x[i]); )x[i+1] = recv res(callrpc());g(b) Transformed RPC into MP primitives
for (i = 0; i < N; i++)a[i] = a[i] + c;for (i = 0; i < N; i++)x[i+1] = callrpc(a[i], x[i]);(c) After loop distributionfor (i = 0; i < N; i++)a[i] = a[i] + c;for (i = 0; i < N; i++)send req(callrpc(), a[i], x[i]);for (i = 0; i < N; i++)x[i+1] = recv res(callrpc());(d) After loop distributionFigure 6: Loop distribution and call streamingfor loops are hot spots in the program [21]. We are interested in transforming a loop as well,especially when RPC statements are surrounded by a loop construct. Executing an RPC isinvolved in rather longer delay. Aggregating remote messages can drastically reduce the inter-networking overhead by sharing the overhead by multiple messages. If a loop contains RPCs, thechance to reduce the overhead through aggregation is higher [19], thus careful loop transformationprovides good opportunity for aggregation.Loop distribution (also called loop splitting or loop �ssion) breaks a single loop into multipleloops with the same iteration space but each enclosing a subset of the statements in the originalloop [20]. It is used to improve instruction and data locality by shortening loop bodies and toallow parallelism that is hindered by loop-carried dependences in the original loop. The lattere�ect is important in applying the technique to a loop that contains RPC statements. An originalloop shown in Figure 6 (a) can be distributed as in (c). It surely eliminates the 
ow dependencebetween two statements in the loop, however, the \callrpc()" over the iteration space cannotrun in parallel in (c) even if we assume there are replicated servers for the procedure, because RPCin each iteration is synchronous. If we transform RPC statements into statements of messagepassing primitives according to our transformation based approach, the original loop in Figure 6(a) would be transformed into (b), and then (d) after loop distribution.Recalling our assumption that Ssnd takes negligible amount of time, N di�erent calls are ableto be placed if there are N servers. Even if only a server is available, the calls can be streamed,20



Receive RequestINI Send ResultINI Receive RequestOPT Send ResultOPT2 (main, x1) (main, y2) (main, x1) (main,y2) & (f2,Arg1)4 (main, y2) (main, z2) (f1, RetVal) (main,z2) & (g, Arg1)6 (main, x1) (main, w2) (main, x1) (main,w2)8 (main,z1) j (main,z2) (main,v2) (main,z1) j (f2,RetVal) (main,v2)Table 1: Receive Request and Send Result sets after initialization and global optimizationso it reduces the cost of transmitting the call and reply messages because the streamed callsand replies can be bu�ered and sent to allow us to amortize the overhead of kernel calls and thetransmission delays over several calls. It is called call streaming, which was proposed to e�ectivelysupport asynchronous calls with an aid of a special data type called \promises" [19]. Our methodpresents a static solution for call streaming without employing special programming languageconstructs. Moreover, connecting the output of one remote procedure to the input of another isalso automatically achieved as presented in the previous section while results must be returnedto the original caller before sending them on the next stream in [19].Data aggregation to amortize kernel overhead and the transmission delays over several calls can beachieved transparently by an aid of underlying MP systems or statically by an aid of compiler thatproperly generates �ner grain MP primitives. For instance, send res() can be composed of �nerprimitives of msg decode(); msg send(). Employing an e�cient bu�er allocation mechanism isencouraged during compiling an RPC program under our transformation based approach.5 MODULE SYNTHESISThe synthesis phase involves implementing the transformations resulted from optimizing callbehaviors. This must account for correct program behaviors in spite of drastically changedcommunication paths between caller and callee. As we establish all possible RPC occurrences inCT , the computed control dependences must be properly re
ected in module synthesis so thatthe dependences are preserved at run-time.Table 1 shows the contents ofReceive Request and Send Result sets for each RPC in the exampleof Figure 3, after initialization in Section 4.3 and global optimization by Algorithm 4.4. All21



main() f1 ; /* defs on x1, y1, z1 */loop fsend req(f(), x1);2 ; /* null */if ( 2 � 3 ) fsend req(h(), x1);3 ;if ( 3 � 4 ) f4 ; /* null */y2 = recv res(f());send req(f(), y2);gelse5 ;6 ; /* null */gelse if ( 2 � 7 )7 ;8 ; /* null */if ( 2 � 3 ^ 3 � 4 )z2 = recv res(f());send req(g(), �(z1, z2));if ( 2 � 3 )w2 = recv res(h());v2 = recv res(g());gprintf(y, z, w, v);g(a) After initialization only

main() f1 ; /* defs on x1, y1, z1 */loop fsend req(f(), x1);2 ; /* null */if ( 2 � 3 ) fsend req(h(), x1);3 ;send ctrl(f(), 2 � 3^ 3 � 4 );if ( 3 � 4 )4 ; /* null */else fsend req(g(), z1);5 ; g6 ; /* null */gelse if ( 2 � 7 )7 ;8 ; /* null */y2 = recv res(f());if ( 2 � 3 ^ 3 � 4 )z2 = recv res(f());if ( 2 � 3 )w2 = recv res(h());v2 = recv res(g());gprintf(y, z, w, v);g(b) After global optimization

f(/* int a */) ff1p: a = recv req(main(), x1); endpf2p: a = RetVal of f(); endp/* do f(): original source */f1e:send res(main(), y2);c1 = recv ctrl(main());if (c1) f /* 2 � 3 ^ 3 � 4 */goto f2 p;gendef2e:send res(main(), z2);send res(g(), Arg1);endegg(/* int a */) fa=recv req(f()) k recv req(main());/* do g(): original source */send res(main(), v2);gh(/* int a */) fa = recv req(main());/* do h(): original source */send res(main(), w2);g(c) Servers after global optimizationFigure 7: Transformed client and server modules for the previous example in Figure 3are unary functions (single argument) in the example; i.e. Receive Request(r) has a singleelement. In Receive RequestINI( 8 ), `j' denotes an `or', i.e. it implies that there are two reachingde�nitions. In Send ResultOPT ( 2 ) and Send ResultOPT ( 4 ), `&' denotes an `and', so the resultis sent to the both destinations.We will use three pairs of message passing primitives: send req, recv req, send res, recv res,send ctrl, recv ctrl. The su�xes \ req", \ res", and \ ctrl" (abbreviations for \request",\result", and \control", respectively) are merely used to represent a usage of a primitive; basically,send and receive primitives su�ce to implement. Thus, a pair of send req and recv req formsa \call" part in an RPC. A pair of send res and recv res forms a \return" part. A control22



message is necessary because a point of a request receiving or a result sending at server needs notto follow the actual control 
ow in the client module. So, before �nalizing some task | which hasproceeded in advance as much as possible, the server �nally needs that actual control information.The control information during module synthesis is prepared in CT by Algorithm 4.2.Client part of the call is the module that RPC statements are replaced with proper message pass-ing primitives that are interspersed over the source program as determined through optimizationprocess. In Figure 7 (a) and (b), the original positions of RPC statements are commented by\null".Server part of the call is the module of which original code is surrounded by prologue and epilogueparts. A pair of prologue and epilogue is prepared for each positionally di�erent RPC. Forexample, there are two calls for f() at 2 and 4 , thus two pairs of prologue and epilogue aresynthesized in Figure 7 (c). As explained before, this is because two di�erent calls to the sameremote function have di�erent control and data 
ow behaviors.Data availability is the only �ring condition to perform that particular call; in other words, se-lecting a request to perform is done non-deterministically. Since no ordering relation is givenbetween those multiple pairs, it looks like we have to use parallel language constructs to expressthe situation, but not necessarily. This kind of construct can be implemented by special messagepassing primitives that allows a non-blocking receive operation | for example, in Polylith sys-tem [22], mh readselect() allows us to read the next message to arrive on any interface (itwill be blocked if no message arrives), then mh readback() completes the receipt. Non-blockingreceive primitives are commonly supported by other MP systems like PVM [24] and MPI [12].Finally, let's consider what has been improved in Figure 7 (b) from (a). There is no di�erenceregarding the degree of parallelism, that is constrained by inherent data dependences. However, if` 2 ! 4 ! 6 ! 8 ' is a call sequence to be taken, the message passing path of `main! f1 !main ! f2' is simpli�ed by `main! f1' and `main! f2', and `f2 ! main ! g' is simpli�ed by`f2 ! g'. Moreover, the execution of g() is hastened by hoisting the corresponding `send req'primitive up to the point before 5 (if 3 � 4 
ow is taken), or by receiving the necessaryargument earlier directly from f() (if 3 � 5 
ow is taken).23



6 CONCLUSIONSome problems are inherently parallel so that it would be rather di�cult to write them underprocedure call abstraction; for example, problems that need group communication primitivessuch as broadcast or multicast. But many practical applications can be naturally expressed ina modular way using procedure call abstraction [3]. The previous unavailability of proper opti-mization methods discouraged programmers from using the otherwise simpler paradigm for highperformance programming, in spite of its convenience. We have presented a source-level transfor-mation framework for RPC-based distributed programs, whose goal is to parallelize independentRPC tasks and to optimize the communication paths according to the constraints of data andcontrol dependences. Programming directly in terms of message passing primitives may still giveprogrammers the maximum ability to write high-performance programs in distributed systems,but this freedom comes at a high price in programmer time and e�ort, and reduces the program-mer's freedom to port, upgrade or reuse the component program units, especially if the hardwarecon�gurations in the networks of workstations are highly changeable.References[1] A. V. Aho, R. Sethi, and J. D. Ullman. Compilers: Principles, Techniques, and Tools.Addison Wesley, 1986.[2] S. P. Amarasinghe and M. S. Lam. Communication optimization and code generation fordistributed memory machines. In Proceedings of the ACM SIGPLAN '93 Conference onProgramming Language Design and Implementation, pages 126{138, June 1993.[3] Gregory R. Andrews. Paradigms for process interaction in distributed programs. ACMComputing Surveys, Vol. 23(1), March 1991.[4] J. M. Barth. A practical interprocedural data 
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