P A CT ’94: In ternational Conference on P ARALLEL ARCHITECTURES AND COMPILA TION TECHNIQUES, August 23-26, 1994, Mon treal, Canada The Plan-Do St yle Compilation T ec hnique for Eager Data T ransfer in Thread-Based Execution M. Y asugi a , S. Matsuok a b and A. Y oneza w a a a Department of Information Science, F acult y of Science, the Universit y of T oky o, 7-3-1 Hongo, Bunkyo-ku, T oky o, Japan 113 b Department of Mathematical Engineering, F acult y of Engineering, the Universit y of T oky o, 7-3-1 Hongo, Bunkyo-ku, T oky o, Japan 113 Abstract: Plan-do compilation technique is a new, adv anced compilation framework for e ager data tr ansfer on distributed-memory parallel architectures. The tec hnique is esp ecially e�ectiv e for a recen t breed of low-latency architectures by realizing a high- throughput lo w-latency communication sc heme, pip eline d sends . The compilation of high- lev el, plan-do style co de in to lo w-lev el, eager data transfer co de is achiev ed via straight- forw ard application of a set of translation rules. Preliminary low-lev el b enchmark results on a real parallel arc hitecture, EM-4, exhibit go o d sp eedups. Keyw ord Co des: C.4.2; D.1.3; D.3.4 Keyw ords: Multipro cessors; Concurrent Programming; Language Pro cessors 1 In tro duction Distributed-Memory Massively Parallel Pro cessors (DM-MPPs) ha v e attractive features for scalabilit y . There are many types of DM-MPPs; but, irresp ective of their architectures, the basic abstract execution mo dels of such machines w ould b e those of asynchr onously c ommunic ating (multiple) thr e ads . Suc h an abstract machine could b e naiv ely realized b y adding message-passing routines to the thread-based abstract machines; the collection of those routines is usually called a message-passing library . How ev er, suc h a library-based approac h prev en ts us from exploiting adv anced im- plemen tation techniques for comm unication; suc h techniques can b e exploited only b y compilation-based approac hes. They include, for example, a technique of compiling mes- sage interpretations, kno wn as active messages [6], in whic h a message omits the runtime tags for the message format and carries the address of a compiled message handler. There are further adv anced implementation tec hniques enabled by compiling communications. In this pap er, we concentrate on an implementation technique, e ager data tr ansfer , and describ e its compilation framework. The idea of e ager data tr ansfer originates from the data ow execution mo del, but we emplo y it in the context of thread-based execution mo dels. Eager data transfer can b e (re)stated as \eagerly sending a datum to the lo cation where the datum will b e used," which impro v es b oth throughput and latency b y reducing lo cal bu�ering of messages on b oth sender and receiver no des. Of course, there is a 1 tradeo� for the excessive use of eager data transfer; it increases the num ber of messages and matchings of the messages, but we demonstrate the e�ectiv eness when emplo y ed with compiled pip eline d sends , via p erformance measurements on a �ne-grained h ybrid parallel arc hitecture EM-4[4, 3]. There are many di�erent lev els of abstraction, even for the same general notion of ‘di- rectly comm unicating threads.’ F or example, Concurrent Ob ject-Oriented Programming (COOP) languages, such as ABCL[10], provide high-level abstraction, while distributed memory machines themselves provide the low est-lev el of abstraction. In this pap er, we regard the compilation pro cess as shifting down the abstraction lev els within the directly comm unicating threads mo del, and discuss the necessary compiler supp orts. In order to realize eager data transfer, data ow information is indisp ensable. The compiler must pro vide additional data o w information at every lev el of the abstraction; i.e., every intermediate represen tation must embo dy data ow information to maintain mo dularity (clear separation of lay ers), ev en at the lev els where optimization tec hniques based on data o w information are not applied. This requiremen t causes a di�culty in com bining several compilation phases in to one pass. The plan-do style in termediate co de solv es this problem by representing the combination of con trol- o w information and data- o w information in a stream form. F urthermore, it has an additional b ene�t of serving as a conv enien t intermediate represen tation when pip elined parallelization of the compilation phases themselves is desired. 2 Eager Data T ransfer In order to clarify our motiv ation, this section presen ts sev eral examples of eager data transfer, which can b e used at v arious abstraction levels. 2.1 A Fine-Grained Example | Pip elined Sends A (remote) message passing implemen tation sc heme which ov erlaps computation and com- m unication, a pip eline d send , has b een prop osed for ABCL/EM-4[8, 9] (a COOP language system ABCL on EM-4). This sc heme o v erlaps the ev aluation of message arguments and their sending in a pip elined w a y; it impro v es b oth throughput and latency by eliminating lo cal bu�ering of messages on b oth sender and receiver no des. The scheme is realized b y (1) remote co de in v ocation, (2) remote write, and (3) FIFOness of netw ork, which are e�cien tly supp orted by EM-4. The pack et exc hange proto col for the pip elined message passing pro ceeds as follows (See Figure 1): (1) The sender reserves a message b o x on the receiv er no de, b y inv oking a prop er co de blo ck to return the allo cated message b ox address. (2) The sender ev aluates the arguments of the message. As each argument is ev aluated, its pack et is eagerly sen t to the prop er lo cation in the message b ox on the receiver no de. The ev aluation and sending are pip elined in a �ne-grained manner. (3) The message b ox address is sent to the receiver. It ma y enqueue the message until it can pro cess the message. Although pack et transmissions to reserv e a message b o x may result in a round-trip latency , multi-threading at the sender no de e�ectiv ely hides the latency . Moreov er, the reserv ation provides us the following signi�cant adv an tages: (1) It allows us to manage the message queue e�cien tly at the receiver no de, just b y p oin ter manipulation rather than copying all the conten ts of the message. (2) The knowledge of the target message b ox address mak es pip elined send p ossible, whic h reduces (a) the c ommunic ation latency b y eager data transfer b efore the complete ev aluation of the message and (b) the c ost of 2

Figure 1: P ac k et Exchange for a Pip elined Request Message Send lo c al memory ac c ess for lo cal bu�ering at the sender no de. Moreo v er, pip elined sends can b e interruptible, namely , m ultiple sends can b e in terlea v ed with one another. 2.2 Coarser-Grained Examples Eager data transfer can also b e exploited at coarser levels of gran ularit y: [Obj1 <= [:Msg1 [:cons 1 [:cons 2 [:nil]]]]] This program fragment in a COOP language, ABCL, denotes a request message send to Obj1 , whose message consists of a message tag :Msg1 and a list of integers 1 and 2 . Supp ose that this is a remote message send and c ons c el ls are used to implement the list. W e w ould like the compiler to generate the co de for r emote c ons at the no de where the Obj1 resides, rather than lo c al c ons plus r emote c opy . This kind of eager data transfer is not limited to COOP languages. The corresp onding example in a (thread-based) functional language would b e as follows: (Fun1 [:cons 1 [:cons 2 [:nil]]]) Here, w e would lik e the compiler to generate the co de for r emote c ons at the no de where the function inv ocation frame for Fun1 resides. 3 Compilation F ramew ork for Eager Data T ransfer The high-level co de should con tain certain amount of data ow information to realize eager data transfer at the low er-lev el. The data ow information is actually needed for co de conv ersion (generating low er-lev el co de from higher-lev el co de), rather than for mere co de optimization. The information includes (when �xing a v alue v ): (1) whether or not v is used even tually , (2) whic h thread (no de) will use v , (3) to which lo cation on memory v will b e �nally stored, etc. Both (2) and (3) are esp ecially indisp ensable for realizing the pip elined sends describ ed in Section 2.1. 3

3.1 Inlining Data ow Information in Plan-Do St yle The plan-do style intermediate co de satis�es the requirement describ ed ab ov e and also pro vides additional b ene�ts for the compilation pro cess itself. This subsection brie y describ es the plan-do style co de; the imp ortan t e�ect of using the plan-do style (i.e., realizing eager data transfer) is demonstrated when the plan-do style co de is in terpreted b y the low er-lev el part of the compiler, which is presented in Section 3.2. The basic idea b ehind plan-do style is that (1) the plan-p art (i.e., plan declaration part) pro vides data ow information, and (2) the do-p art (i.e., plan execution part) pro vides con trol- o w information. The b ene�ts of the plan-do style are: (1) it takes a stream form instead of an arbitrary graph structure, and (2) in terlea ving of plan declaration and plan execution is p ossible. Th us, it allows combining of several compilation phases into one pass, or alternatively , pip elined parallelization of the compilation phases. There are compilation targets for whic h the plan-do st yle co de is sp ecially suitable, whic h are the expr essions representing natural data o w information; using the plan-do st yle co de makes it p ossible to extract and represen t the information without costly ow analysis. The plan-do style co de embo dies the seman tics of the source program in terms of sequen tial execution of a single thread of control, and also provides data o w information without loss of mac hine indep endence of high-level co de. Let us take a simple message send example: [obj1 <= [(+ i 1) (+ j 2)]] This program fragment in ABCL denotes a request message passing to ob ject obj1 , whose message is a tuple of an integer i +1 and an in teger j +2. This source program is conv erted in to the following plan-do style co de via the high-level parse tree: (newplan (p1 d1 d2) (request-send)) (throw obj1 d1) (newplan (p2 d3 d4) (make-tuple d2)) (newplan (p3 d5 d6) (arith3-+ d3)) (throw i d5) (throw 1 d6) (do p3) (newplan (p4 d7 d8) (arith3-+ d4)) (throw j d7) (throw 2 d8) (do p4 p2 p1) (newplan (p1 d1 d2) (request-send)) declares plan p1 together with destinations d1 and d2 . By ‘destination,’ we mean an argument of the plan (which corresp onds to a data o w arc to the plan no de in terms of data ow mo del). The plan is to send a r e quest message to a target ob ject. The target ob ject’s name is giv en b y ‘throwing’ the name to d1 . By ‘thro wing,’ w e mean that a v alue is passed as an argument for a plan. (throw obj1 d1) throws the v alue of obj1 to d1 . (do p1) carries out the plan p1 . Similarly , the actual parameter of the request message is provided by throwing the obtained v alue (i.e., a tuple consisting of i +1 and j +2) to d2 in a subsequen t execution of another plan. Accordingly , (newplan (p2 d3 d4) (make-tuple d2)) declares plan p2 to (1) make a tuple of v alues thrown to d3 and d4 then (2) throw the tuple to d2 . (newplan (p3 d5 d6) (arith3-+ d3)) declares plan p3 to (1) add v alues thrown to d5 and d6 then (2) thro w their sum to d3 . The translation of the parse tree into the plan-do style co de is straigh tforw ard: When the (recursiv e) translation function reaches a certain tree no de, b efore the translation of 4 the subtrees, it declares the plan for the curren t tree no de, and after the translation of the subtrees, it ‘executes’ the plan. The standard (trivial) in terpretation of the plan-do style co de (which is not employ ed for eager data transfer) is as follows: (1) A plan declaration is interpreted just as declara- tion and no actions are p erformed. A destination is interpreted as a temp orary v ariable. (2) A ‘throw’ is interpreted as an assignment of the v alue to the corresp onding temp o- rary v ariable. (3) A plan execution is interpreted as an actual execution of the plan. In Section 3.2, an alternativ e interpretation developed for eager data transfer is presented. 3.2 In terpreting Plan-Do St yle Co de to Generate Eager Data T ransfer Co de This section describ es the compilation pro cess for realizing eager data transfer, by in ter- preting the high-level plan-do st yle co de. W e exemplify the pro cess for pip elined sends describ ed in Section 2.1 with the simple message send example in the previous section. Figure 2 shows the translation function T r from the high-level co de into the low er-lev el co de. Here, when hc o de is high-lev el plan-do st yle co de, T r [ [ hc o de ] ] ( p env ; denv ) returns the low er-lev el co de in the con text of the plan environmen t p env and the destination en vironmen t denv . p env is a function from a set of plan identi�ers (ranged ov er by p ) to plan de�nitions ( p corresp onds to a data o w no de in terms of the data ow mo del). denv is a function from a set of destination identi�ers (ranged o v er by d ) to pairs of p and integers (ranged ov er by i ). ( d stands for i -th data ow arc to p in terms of the data ow mo del.) T rnsfr [ [ v l ; ; d ] ] ( p env ; denv ) returns a fragmen t of low er-lev el co de which transfers a v alue v l to the -�eld of destination d . The results of T rnsfr are signi�cantly in uenced by the data o w context of ( p env , denv ) in order to select the eager data transfer instructions under certain conditions. F or a function f , \ f f x 7! y g " denotes the function f 0 such that Dom ( f 0 ) = Dom ( f ), f 0 ( x ) = y and f 0 ( x 0 ) = f ( x 0 ) for all x 0 2 Dom ( f ) � f x g . By \ h :: r ," \::" denotes consing of the head h and list r , and \[ a; b; c ]" denotes the list consisting of a , b , and c . By \ l 1 @ l 2 ," \@" denotes the concatenation of tw o lists l 1 and l 2 . The translation function basically translates the high-level co de in the following w a y: � F or a plan declaration, it memorizes the plan and the destinations in environmen ts p env and denv . F resh low er-lev el v ariable identi�ers will b e introduced if necessary . � F or a plan execution, it generates co de for �nishing the plan, then if the result v alue has not b een eagerly sen t, it generates data transfer instructions by calling the T rnsfr function. � F or thro wing a v alue to a destination, it decomp oses the (p ossibly) nested higher- lev el tuple v alue into a set of pairs of low er-lev el v alues and the �eld n um ber lists b y calling De c omp , and generates data transfer instructions b y calling T rnsfr . T r and T rnsfr embo dy the translation in to eager data transfer; i.e., they realize the pip elined sends. F or this purp ose, T r translates the high-level co de in the following wa y: � F or request message passings, it prepares p oin ters for a request message b ox to realize a pip elined send, and it only generates instructions for p ointer manipulation. � F or tuple construction, it eagerly transfers the tuple elemen ts without bu�ering. � F or simple arithmetic op erations, it simply prepares three temp orary v ariables for the op eration, and the result of the op eration is transferred by T rnsfr . 5

T r [ [ (newplan p 1 d 1 d 2 (req-send)) :: r ] ] ( p env ; denv ) = T r [ [ r ] ] ( p env f p 1 7! req-send ( t 1 ; t 2 ; t 3 ) g ; denv f d 1 7! ( p 1 ; 1) ; d 2 7! ( p 1 ; 2) g ) ( t 1 , t 2 , t 3 new) T r [ [ (newplan p 1 d 1 d 2 (make-tuple d 3 )) :: r ] ] ( p env ; denv ) = T r [ [ r ] ] ( p env f p 1 7! mak e-tuple ( d 3 ) g ; denv f d 1 7! ( p 1 ; 1) ; d 2 7! ( p 1 ; 2) g ) T r [ [ (newplan p 1 d 1 d 2 (arith3-+ d 3 )) :: r ] ] ( p env ; denv ) = T r [ [ r ] ] ( p env f p 1 7! arith3-+ ( d 3 ; ( t 1 ; t 2 ; t 3 )) g ; denv f d 1 7! ( p 1 ; 1) ; d 2 7! ( p 1 ; 2) g ) ( t 1 , t 2 , t 3 new) T r [ [ (do p 1 ) :: r ] ] ( p env ; denv ) = (get-read-pointer t 2 t 3 ) :: (req-send t 3 t 1 ) :: T r [ [ r ] ] ( p env ; denv ) if p env ( p 1 ) = req-send ( t 1 ; t 2 ; t 3 ) T r [ [ (do p 1 ) :: r ] ] ( p env ; denv ) = T r [ [ r ] ] ( p env ; denv ) if p env ( p 1 ) = mak e-tuple ( d 1 ) T r [ [ (do p 1 ) :: r ] ] ( p env ; denv ) = (arith3-+ t 1 t 2 t 3 ) :: ( T rnsfr [ [ t 3 ; nil ; d 1 ] ] ( p env ; denv )@ T r [ [ r ] ] ( p env ; denv )) if p env ( p 1 ) = arith3-+ ( d 1 ; ( t 1 ; t 2 ; t 3 )) T r [ [ (throw v h d 1 ) :: r ] ] ( p env ; denv ) = ( T rnsfr [ [ v l 1 ; 1 ; d 1 ] ] ( p env ; denv )@ � � � @ T rnsfr [ [ v ln ; n ; d 1 ] ] ( p env ; denv ))@ T r [ [ r ] ] ( p env ; denv ) where De c omp ( v h ) = f ( v l 1 ; 1 ) ; : : : ; ( v l n ; n ) g T rnsfr [ [ v l ; nil ; d 1 ] ] ( p env ; denv ) = [ (assign v l t 1 ) ; (get-rqst-mbox-on t 1 t 2 ) ] if denv ( d 1 ) = ( p 1 ; 1) and p env ( p 1 ) = req-send ( t 1 ; t 2 ; t 3 ) T rnsfr [ [ v l ; ; d 1 ] ] ( p env ; denv ) = [ (setarg-remote v l t 2 ) ] if denv ( d 1 ) = ( p 1 ; 2) and p env ( p 1 ) = req-send ( t 1 ; t 2 ; t 3 ) T rnsfr [ [ v l ; ; d 1 ] ] ( p env ; denv ) = T rnsfr [ [ v l ; ( i � 1) :: ; d 2 ] ] ( p env ; denv ) if denv ( d 1 ) = ( p 1 ; i ) and p env ( p 1 ) = mak e-tuple ( d 2 ) T rnsfr [ [ v l ; nil ; d 1 ] ] ( p env ; denv ) = [ (assign v l t i ) ] if denv ( d 1 ) = ( p 1 ; i ) and p env ( p 1 ) = arith3-+ ( d 3 ; ( t 1 ; t 2 ; t 3 )) (for 1 � i � 2) Figure 2: T ranslation F unction from Plan-Do Style Co de into Low er-Lev el Co de for Pip elined Sends. T rnsfr realizes data transfer to the destination d in the following wa y : � If d is for a target of request message send, the v alue is simply assigned to the tem- p orary v ariables for the target, but, immediately after that, it allo cates a message b ox for the pip elined send. � If d is for an argumen t of a message, it generates a \remote write" instruction for the pip elined send. � If d is for a tuple construction, it eagerly transfers the v alue to the more sp eci�c �eld of d b y recursively calling T rnsfr . � If d is just for an arithmetic op eration, the v alue is simply assigned to the corre- sp onding temp orary v ariable. Figure 3 sho ws the result of the conv ersion from the high-level co de in to low er-lev el co de for [obj1 <= [(+ i 1) (+ j 2)]] . The high-lev el co de is also shown on the left 6

Plan-Do Style Co de Low er-Lev el Co de (newplan (p1 d1 d2) (request-send)) (throw obj1 d1) (assign obj1-0 t1) (get-rqst-mbox-on t1 t2) [*1] (newplan (p2 d3 d4) (make-tuple d2)) (newplan (p3 d5 d6) (arith3-+ d3)) (throw i d5) (assign i-0 t4) (throw 1 d6) (assign 1 t5) (do p3) (arith3-+ t4 t5 t6) (setarg-remote t6 t2 (0)) [*2] (newplan (p4 d7 d8) (arith3-+ d4)) (throw j d7) (assign j-0 t7) (throw 2 d8) (assign 2 t8) (do p4) (arith3-+ t7 t8 t9) (setarg-remote t9 t2 (1)) [*3] (do p2) (do p1) (get-read-pointer t2 t3) [*4] (request-send t3 t1) [*5] [*1] allo cate a message b ox t2 on the no de of t1, [*2] pip elined remote write of i+1, [*3] pip elined remote write of j+2, [*4] complete the initialization of the message b ox, [*5] send the message b o x address. Figure 3: Generated Lo w er Level Co de for [obj1 <= [(+ i 1) (+ j 2)]] hand side. Eager data transfers b ecome manifest at (do p3) and (do p4) , where the elemen ts of the tuple are eagerly sen t to the pre-allo cated message b o x on a remote no de. Note that (do p2) do es nothing b ecause the tuple elements are already sen t eagerly . 4 P erformance Measuremen ts In this section, we demonstrate the e�ect of eager data transfer, esp ecially pip elined sends, via p erformance measuremen ts on a COOP language system ABCL/EM-4[8, 9]. The source language of ABCL/EM-4 is ABCL/ST, a statically-typed ABCL language. An ABCL/ST compiler for EM-4 has already b een developed [7]. The compiler adopts the follo wing language hierarch y for eac h level of the abstraction of ‘directly communicating thread’: (1) the source language, (2) high-level language (embo dying the seman tics of the source language in terms of sequential execution of a single thread of control), (3) middle-lev el language (introducing p ointers for the purp ose of implementation), (4) lo w- lev el language (introducing the notion of data size and memory addresses), (5) I-language (for optimization based on ow analysis), and (6) assem bly language. The plan-do style is mainly used for the high-level co de to provide data o w information without loss of mac hine indep endence of the high-lev el co de. The compiler generates assem bly co de for a �ne-grained hybrid parallel arc hitecture EM-4[4, 3], which w as developed and built at Electrotechnical Lab oratories. EM-4 consists of 80 pro cessing elements and runs at 12.5 MHz clo ck sp eed, and facilitates a �ne-grained comm unication mechanism; for example, it provides a tw o-w ords size pack et-output in- struction which directly sends data from registers in to its fast omega net w ork. EM-4 hardw are also pro vides basic scheduling mechanism for multiple threads, coupled with its data-driven (pack et-driv en) feature. The term \h ybrid" indicates the com bination of 7

Figure 4: Latency Comparison Betw een Pip elined/Non-Pip elined Sends con trol- o w architecture and the data-driv en arc hitecture. In this measurement, we compare the t w o implemen tation schemes of remote message passing: (1) the pip elined sends (see Section 2.1) and (2) the non-pip elined sends, in whic h the communication is not initiated un til all the message arguments are ev aluated. In order to measure the latency of remote message sends, our b enc hmark program creates ob jects along a closed Hamilton path among the 80 no des of EM-4, and sends messages through the path. When an ob ject O i is activ ated by a message M i from O i � 1 , O i sends M i +1 to O i +1 at the adjacent no de along the path. W e measured the a v erage activ ation interv al of adjacen t ob jects O i and O i +1 for v ar- ious sizes of messages. Figure 4 sho ws the results of the b enchmark. As w e can see, the pip elined sends are alwa ys sup erior to the non-pip elined sends. The main reason is b e- cause the non-pip elined sends require additional memory accesses to bu�er the message argumen ts at the sender no de; this bu�ering is not necessary for the pip elined sends, where the ev aluated v alue on a register is sent directly in to the net w ork. The latency giv en in Figure 4 includes not only the comm unication latency but also the execution time of computation p erformed b y ob jects. Nev ertheless, the minim um latency is approximately 6.7 � s (83 clo ck cycles) for 4-word message size in pip elined sends, while the di�erence b et w een the latency in non-pip elined sends and the latency in pip elined sends for 16-word message size is approximately 5.8 � s (73 clo c k cycles). These v alues sho w that the impact of pip elined sends b ecomes relatively signi�cant on arc hitectures where the remote comm unication is v ery fast. 5 Discussion 5.1 Mo derate Eagerness The idea of eager data transfer originates from the data ow execution mo del. In the data o w execution mo del (the e ager evaluation mo del), a large n um ber of �ne-grained concurrency can b e exploited, ideally resulting in p erfect sp eed up of the execution. In practice, how ev er, the explosion of concurrency frequently causes problems, suc h as the resource exhaustion and the net w ork conten tion. 8

In the thread-based execution mo del, concurrency can b e easily b ounded by the num- b er of threads. Moreo v er, each thread execution can b e e�ciently p erformed by the use of pip elines and registers. Recen t approac hes, such as T AM[2], attempt to tak e adv an tage of this fact by resorting to compiler-assisted, highly-e�cien t thread-based execution mo del, ev en for languages which hav e �ne-grained lenient seman tics. Our approac h introduces eagerness in the compilation of communication in the directly- comm unicating threads mo del to exploit the �ne-grained capabilities of recent architec- tures. W e note, how ev er, this do es not cause the same problem (explosion of concurrency) as e ager evaluation : in our approac h, the eagerness app ears only in the form of eager data transfer, which do es not include \�re" as in data ow execution (which consists of eager data transfer + matc hing + �re). The eagerness in our approach is still well mo derated b y the thread-based execution mo del. 5.2 Sc heduling Our abstract machine mo del employs a simple hierarch y of scheduling, namely (1) sc hedul- ing of threads and (2) sc heduling of instructions. In ABCL/EM-4, scheduling of threads is basically p erformed b y the hardware at runtime, b ecause EM-4 quite e�ciently sup- p orts the scheduling of threads, including creation and termination of threads, with its data-driv en features. Instruction sc heduling within a thread is the resp onsibilit y of the compiler, and the plan-do style is emplo y ed for this purp ose. But plan-do style actually pla ys a more imp ortant role in instruction con v ersion b etw een di�erent abstraction lev els. 5.3 Com bining with Other Optimization T ec hniques When an optimization based on data ow information is already required at the higher- lev el, generation of plan-do style co de describ ed in Section 3.1 is not necessary . In such cases, only the con v ersion into the low er-lev el co de describ ed in Section 3.2 needs to b e applied for realizing eager data transfer. F or example, in array computations, [1] generates optimized co de of ‘directly commu- nicating threads,’ where the optimization is based on data ow information (rather than data dep endency). In non-strict computations, [5] generates optimized co de of ‘directly comm unicating threads,’ by partitioning the data ow graph. In b oth cases, by k eeping the data ow information in the threads, our compilation scheme describ ed in Section 3.2 w ould b e extended to serve as a back end which supp orts their communication, when com- piling into further �ne-grained communication is desired for architectures such as EM-4. 6 Conclusion W e ha v e presented a nov el compilation-based approac h to realizing high-throughput lo w- latency comm unication for the execution mo dels based on dir e ctly c ommunic ating thr e ads . W e employ ed a compilation-based approach rather than a library-based one, exploiting adv anced implemen tation tec hniques for communication. In particular, we concentrated on e ager data tr ansfer and describ ed its compilation framew ork. W e demonstrated the e�ectiv eness of eager data transfer when emplo y ed with compiled pip eline d sends , via p erformance measurements on a �ne-grained hybrid parallel architecture EM-4. In order to realize eager data transfer, data ow information is indisp ensable to co de con v ersion. The compiler must provide additional data o w information even at the levels 9 where optimization tec hniques based on data ow information are not applied. This re- quiremen t causes a di�culty in com bining several compilation phases into one pass. Our plan-do style in termediate co de solv es this problem b y representing the combination of con trol- o w information and data- ow information in a stream form. Ac kno wledgemen ts W e are grateful to Drs. Y oshinori Y amaguc hi, Mitsuhisa Sato, Y uetsu Ko dama at ETL and Dr. Shuic hi Sak ai at R W CP for allo wing us to use EM-4 and sparing time for tec h- nical discussions. W e also thank Prof. Kei Hiraki at the Univ. of T oky o for his helpful commen ts. Hidehik o Masuhara’s commen ts on an early draft are appreciated. Masahiro Y asugi is supp orted in part by a JSPS p ostdo ctoral F ello wship. References [1] S. P . Amarasinghe and M. S. Lam, \Communication Optimization and Co de Gen- eration for Distributed Memory Machines," Pr o c. of PLDI’93 , pp. 126{138, 1993. [2] D. E. Culler, A. Sah, K. E. Schauser, T. von Eic k en, and J. W a wrzynek, \Fine-Grain Parallelism with Minimal Hardw are Supp ort: A Compiler-Con trolled Threaded Ab- stract Machine," Pr o c. of ASPLOS IV , pp. 166{175, April 1991. [3] Y. Ko dama, S. Sak ai, and Y. Y amaguc hi, \A Prototype of a Highly Parallel Data o w Machine EM-4 and its Preliminary Ev aluation," Pr o c. of InfoJap an ’90 , pp. 291{298, 1990. [4] S. Sak ai, Y. Y amaguc hi, K. Hiraki, Y. Ko dama, and T. Y uba, \An Architecture of a Data ow Single Chip Pro cessor," Pr o c. of ISCA’89 , pp. 46{53, June 1989. [5] K. R. T raub, D. E. Culler, and K. E. Schauser, \Global Analysis for Partitioning Non-Strict Programs in to Sequential Threads," Pr o c. of LFP’92 , June 1992. [6] T. v on Eic k en, D. E. Culler, S. C. Goldstein, and K. E. Schauser, \Activ e Messages: a Mechanism for Integrated Communication and Computation," Pr o c. of ISCA’92 , pp. 256{266, Ma y 1992. [7] M. Y asugi, \A Concurrent Ob ject-Oriented Programming Language System for Highly Parallel Data-Driv en Computers and its Applications," T ec hnical Rep ort 94-7e, Departmen t of Information Science, Universit y of T oky o, Apr. 1994. (Do c- toral Thesis). [8] M. Y asugi, S. Matsuok a, and A. Y oneza w a, \ABCL/onEM-4: A New Soft- ware/Hardw are Architecture for Ob ject-Orien ted Concurrent Computing on an Ex- tended Data ow Sup ercomputer," Pr o c. of ICS’92 , pp. 93{103, July 1992. [9] A. Y oneza w a, S. Matsuok a, M. Y asugi, and K. T aura, Implemen ting Concurrent Ob ject-Orien ted Languages on Multicomputers, IEEE Par al lel & Distribute d T e ch- nolo gy , V ol. 1(2), pp. 49{61, Ma y 1993. [10] A. Y oneza w a, editor, ABCL: An Obje ct-Oriente d Concurr ent System | The ory, L anguage, Pr o gr amming, Implementation and Applic ation, The MIT Press, 1990. 10