TECHNICAL REPOR T 95-11 Sc hematic: A Concurren t Ob ject-Orien ted Extension to Sc heme Kenjiro T aura and Akinori Y oneza w a Dec 1995 T Dep ar tment of Inf orma tion Science F a cul ty of Science, University of Tokyo 7{3{1 Hongo, Bunkyo-Ku Tokyo, 113 Jap an

TECHNICAL REPOR T 95-11 TITLE Sc hematic: A Concurren t Ob ject-Orien ted Extension to Sc heme A UTHORS Kenjiro T aura and Akinori Y oneza w a KEY W ORDS AND PHRASES concurren t ob ject-orien ted programming language, Sc heme, pro cess calculus, linearizable ob jects ABSTRA CT A concurren t ob ject-orien ted extension to the programming language Sc heme, called Sc hematic, is describ ed. Sc hematic supp orts familiar constructs often used in t ypical parallel programs ( future and higher-lev el macros suc h as plet and pbegin ), whic h are actually de�ned atop a v ery small n um b er of fundamen tal primitiv es. In this w a y , Sc hematic ac hiev es b oth the con v enience for t ypical concurren t programming and simplicit y and exibilit y of the language k ernel. Sc hematic also supp orts concurren t ob jects whic h exhibit more natural and in tuitiv e b eha vior than the \bare" (unprotected) shared memory , and p ermit more concurrency than the traditional Actor mo del. Sc hematic will b e useful for in tensiv e parallel applications on parallel mac hines or net w orks of w orkstations, concurren t GUI programming, distributed programming o v er net w ork, and ev en concurren t shell programming. ANY OTHER IDENTIFYING INF ORMA TION OF THIS REPOR T T o App ear in Pro ceedings of Ob ject Based P arallel and Distributed Computation, Lecture Notes in Compute Science DISTRIBUTION ST A TEMENT First issue 40 copies. SUPPLEMENT AR Y NOTES REPOR T D A TE Dec 1995 TOT AL NO. OF P A GES 17 WRITTEN LANGUA GE English NO. OF REFERENCES 36 DEP AR TMENT OF INF ORMA TION SCIENCE F acult y of Science, Univ ersit y of T oky o 7-3-1 Hongo, Bunky o-ku, T oky o 113, Japan

Sc hematic: A Concurren t Ob ject-Orien ted Extension to Sc heme Kenjiro T A URA andAkinori YONEZA W A Departmen t of Information Science Univ ersit y of T oky o f tau,y oneza w a g @is.s.u-toky o.ac.jp 1 In tro duction Programmers in the w orld, w e b eliev e, will b egin to use c oncurr ent languages to do their ev eryda y tasks, including demanding and in tensiv e computation, dis- tributed programming o v er net w ork, user in terface programming and ev en text �le pro cessing. As concurren t programming is in general harder than sequen tial programming, concurren t languages are often considered as ‘sp ecial-purp ose.’ There are, ho w ev er, man y evidences and trends that supp ort the ab o v e prosp ect. First, parallel mac hines will b ecome ubiquitous. There is a strong economical demand that parallel in tensiv e applications should run not only on dedicated parallel mac hines (suc h as CM5, AP1000, T3D, and P aragon), but also on net w orks of w orkstations [5, 33]. Recen t researc h [2] has demonstrated some tec hnical evidences whic h supp ort the idea. Second, there are classes of ap- plications whic h can b e more naturally expressed in concurren t (in particular, ob ject-orien ted) languages suc h as GUI or distributed programming. GUI pro- grammers sp ecify their programs b y a set of \resp onses" to ev en ts (input), whic h can b e mo deled as a set of ob jects eac h metho d of whic h describ es a resp onse to a sp eci�c ev en t. This mo del is indep enden t of whether ob jects are concur- ren t or not, but concurren t ob jects ha v e m uc h more pro visions for handling m ultiple ev en ts in parallel, b ecause accesses to concurren t ob jects are someho w arbitrated 1 b y the run time system. In distributed programs, concurren t ob jects giv e us a natural abstraction of remote data. In summary , concurren t languages serv e as a v ehicle b oth for driving parallel mac hines more easily and expressing certain problems more naturally . Based on the ab o v e observ ation, w e designed and implemen ted an extension to the programming language Sc heme, called Sc hematic. This pap er fo cuses on 1 This do es not necessarily mean al l accesses to them are serialized, as describ ed in Sect. 5. 0 its language design. The extension is c oncurr ency and obje ct-orientation |w e add a set of exible primitiv es for concurrency and a safe means for dealing with m utable data structure. W e b eliev e the design of Sc hematic in terests t w o t yp es of concurren t language designers. First, designers who wish to extend an already p opular sequen tial language in to parallel one will b e in terested in ho w Sc hematic naturally inte gr ates p o w erful concurren t primitiv es in to existing sequen tial features suc h as function calls. Second, those who design a new parallel language, p erhaps based on a concurren t calculus, will b e in terested in ho w concurren t primitiv es + a set of simple syn tactic tric ks can giv e us a concise and familiar syn tax for sequen tial or simple parallel program constructs. They are b ene�cial for lo w ering the learning barrier of the language without sacri�cing the simplicit y of the computation mo del and implemen tations of the language. The range of target applications includes in tensiv e applications (irregular sym b olic or algebraic computation, in particular 2 ), in teractiv e applications (GUI in particular), and distributed programming o v er net w orks. F or irregular in ten- siv e applications, Sc hematic supp orts v ery e�cien t �ne-grain thread creation and comm unication. In our previous w ork [30, 32], w e ha v e demonstrated run- time tec hniques for creating and sc heduling excess parallelism within a pro cessor with v ery lo w o v erhead (a lo cal thread creation + reply v alue comm unication appro ximately tak e ten RISC instructions + function call o v erhead). F or GUI applications, w e are curren tly w orking on a GUI library where eac h widget is no w a concurren t ob ject and m ultiple ev en ts can b e deliv ered sim ultaneously . Since metho d in v o cations on a widget is arbitrated b y the run time system, al- most no further complication is added from the programmer’s p oin t of view, while he/she p erforms concurren t pro cessing of m ultiple ev en ts. After giving a brief o v erview of Sc hematic in Sect. 2 and some bac kground in Sect. 3, w e in tro duce basic concurrency primitiv es and concurren t ob ject- orien ted extension in Sect. 4 and Sect. 5, resp ectiv ely . Sect. 6 demonstrates some examples whic h highligh t the main features of Sc hematic. Sect. 7 com- pares Sc hematic to a wide range of other languages. W e �nally conclude and summarize the curren t status in Sect. 8. 2 Sc hematic Ov erview The follo wing is the summary of k ey extensions k ey extensions made to Sc heme. Channels: As the fundamen tal primitiv e for sync hronization, w e pro vide �rst- class channels. A c hannel is a data structure on whic h sync hronizing 2 W e are not sa ying that n umeric programs are regular. In fact, it is widely kno wn that man y n umerics b ene�t from supp ort of irregular data structures [8, 12, 13] and this leads to man y prop osals of extensions to C++ [6, 7, 11, 19]. The reason wh y w e did not include n umerics from the main target applications is just that in our initial implemen tation, oating p oin t n um b ers ha v e b o xed (hence slo w) represen tation for the simplicit y . W e are also w orking on a similar, but statically t yp ed language called ABCL/ f [31], whic h fo cuses on the p erformance of irregular n umerics in �ne-grain concurren t ob ject-based languages. 1 read/write can b e p erformed. Channels can b e passed to other pro cesses or stored in an y data structure. F uture: As the fundamen tal construct for creating parallelism, w e in tro duce a v arian t of the futur e construct originally prop osed b y Halstead [14]. The result v alue of a future expression is a c hannel, whic h w e call r eply channel of the future expression, via whic h the result of the in v o cation can b e extracted. Explicit Reply: The reply c hannel of an in v o cation is visible from the in v ok ed pro cess and sub ject to an y �rst-class manipulation. This feature allo ws us to construct man y exible comm unication/sync hronization patterns in a natural w a y . F or example, b y an explicit reply c hannel, m ultiple in v o- cations can share a single reply c hannel, or an in v o cation can delegate the reply c hannel to another in v o cation. Concurren t Ob jects: Concurren t ob jects are supp orted as a con v enien t and recommended w a y for sharing mutable data structures among concurren t pro cesses. A concurren t ob ject is a data structure where a metho d in v o ca- tion can b e regarded as an instantane ous transaction on that ob ject, in the sense that metho ds nev er observ e in termediate state of other transactions and when m ultiple metho d in v o cations are p erformed almost sim ultane- ously , the e�ect of a metho d in v o cation is nev er lost. Concurren t Accesses: While ac hieving the instan taneousness of a metho d in v o cation, w e still allo w a certain amoun t of concurrency b et w een m ul- tiple metho d in v o cations on a single concurren t ob ject. In particular, w e guaran tee that read-only metho ds are nev er blo c k ed b y other metho ds. 3 Bac kground This section brie y surv eys related w ork whic h directly in uenced the design of Sc hematic. A thorough comparison to other concurren t languages is giv en in Sect. 7. 3.1 Concurren t Calculi Concurren t calculi, suc h as HA CL [20] and � -calculus [21], ha v e b een dra wing m uc h atten tion and some languages ha v e b een designed based on them [23, 24]. The goal is to iden tify the ‘core’ language whic h expresses v arious computation patterns b y a small n um b er of fundamen tal primitiv es. In their simplest term, b oth HA CL and � -calculus are based on c hannels comm unicating via pro cesses. Channels are �rst-class citizens whic h can b e passed to other pro cesses, sen t through another c hannel, and stored in to data structures. When a pro cess tries 2 to get a v alue from a c hannel and another pro cess tries to put a v alue in the same c hannel, a comm unication will tak e place via the c hannel. Although these concurren t calculi are simple and p o w erful, expressing ev- erything in the pure calculi is tedious. F or example, a sequen tial function call w ould b e expressed b y t w o pro cesses (the caller and the callee) comm unicating the result v alue via a c hannel. Th us the practical concern when designing a language based on them is ho w to incorp orate familiar constructs (e.g., sequen- tial/parallel function calls) in to the language, while k eeping the purit y of the core. The design of Sc hematic ac hiev es b oth the simplicit y of the core and famil- iar/con v enien t syn tax for frequen tly used idioms suc h as future calls. A future call, for example, is understo o d as a com bination of a c hannel creation and a pro cess in v o cation. Ev en higher-lev el constructs are realized using c hannels or futures (and can b e de�ned as macros, as in Sc heme). The seman tics of Sc hematic can b e understo o d b y enco ding it in to an un- t yp ed subset of HA CL. Our optimizing compiler whic h is curren tly under dev el- opmen t uses the un t yp ed subset of HA CL as the in termediate language and w e are no w in v estigating the analysis and optimization on the simple in termediate language. 3.2 Linearizable Ob jects Herlih y et.al [17] de�ned \linearizabilit y ," whic h captures and formalizes \in- tuitiv ely correct b eha vior of ob jects" in the presence of concurren t pro cesses. An execution of a program consists of a sequence (history) of ev en ts, eac h of whic h is either an in v o cation or a termination (ac kno wledgemen t) of a metho d in v o cation. A history is linearizable if ev en ts can b e reordered, preserving the order of metho d in v o cations in the original history , to a se quential history , a history in whic h metho d executions do not o v erlap. They also sho w ed that ac hieving linearizable sc hedules neither requires blo c k- ing other pro cesses (m utual exclusion) nor cen tralized sc heduler (as is required in serializabilit y). In particular, they ha v e sho wn that a history is linearizable if subhistory for eac h ob ject is linearizable. An implemen tation of an ob ject is called linearizable if it only p ermits linearizable history . In a di�eren t pap er, Herlih y [16] prop osed an implemen tation of lineariz- able ob jects whic h nev er result in deadlo c k. Our implemen tation of concurren t ob jects is an instance of an implemen tation of linearizable ob jects. Herlih y’s sc heme is more p ermissiv e than ours with resp ect to deadlo c k, but will b e less e�cien t than ours b ecause of extra memory store due to the pro vision for p os- sible retries. 3

4 Basic P arallelism and Sync hronization Prim- itiv es The driving principle of the design of Sc hematic is the view that a function/metho d invo c ation is, whether it is se quential or asynchr onous, just a sp e cial c ase of a pr o c ess cr e ation. More precisely , when w e ha v e some w a y for pro cess creation and comm unication b et w een pro cesses, and w e regard a Sc heme lam b da expres- sion as (the de�nition of ) a pro cess, a function call is ac hiev ed b y in v oking a pro cess whic h will put the result v alue to a comm unication medium. A sequen- tial call just tries to get the result v alue immediately , while an async hronous call at a later time. In Sc hematic, pro cesses as w ell as the medium of pro cess comm unication, whic h w e call channel , are �rst-class en tities, just as functions are �rst-class in Sc heme. This guaran tees the exibilit y of Sc hematic in the sense that what- ev er can b e expressed in HA CL or � -calculus has an ob vious coun terpart in Sc hematic 3 . This is of course true for other languages whic h supp ort �rst-class c hannels and pro cesses, but Sc hematic more carefully inte gr ates the extensions to Sc heme than some other extensions to sequen tial languages suc h as Con- curren t ML [25], and more concisely expresses simple and frequen t cases than languages based on concurren t calculi suc h as PICT [24]. 4.1 Channels Channels are the fundamen tal en tities whic h realize sync hronization and com- m unication b et w een pro cesses. Channels can b e explicitly created via the fol- lo wing form: (make-channel), though they are most often implicitly created as the result of a pro cess creation as will b e describ ed in Sect. 4.3. Let c b e a c hannel, w e can p erform follo wing op erations on c : � (touch c ) |extracts a v alue from c . The v alue is supplied to the enclosing expression. � (reply x c ) |puts x in c . The enclosing expression immediately gets an unsp eci�ed v alue. There ma y b e m ultiple pairs of touch/reply p erformed on a single c hannel, in that case the extracted v alue is an arbitrary one whic h has b een put un til that time. 3 This is not strictly true for � -calculus b ecause writing a v alue to a c hannel in Sc hematic is async hronous, while it is synchr onous in � -calculus, in the sense that writing a c hannel in a � -calculus sp eci�es a p ost action whic h is executed after the reply has b een completed. W e presume this rarely mak es di�erence in practice, and a synchronous call can b e em ulated b y comp osing async hronous ones, although it is tedious. 4

4.2 Pro cesses (or lambda ) A pro cess in Sc hematic is an analogue of a function in functional languages, and in fact Sc hematic uses a lambda expression to express a pro cess. A pro cess should not b e confused with a running computation whic h is created when a pro cess is in v ok ed b y future expression as will b e explained in the next Subsection. A pro cess expression in Sc hematic can ha v e the same form as a lam b da expression in Sc heme. That is, (lambda ( ar gs � � � ) exprs � � � ). This represen ts a pro cess whic h, when in v ok ed, ev aluates exprs and replies the v alue to a c hannel, whic h w e call the r eply channel of the in v o cation. Neither the reply c hannel nor the reply op eration do es app ear in this program text explicitly , but when desired they can b e explicited b y: (lambda ( ar gs � � � ) (:reply-to r ) exprs � � � ). Here, (:reply-to r ) declares the name of the reply c hannel as r . In this case, the v alue of exprs is not automatically replied to r . The programmer can reply a v alue whenev er appropriate in exprs or defer the reply un til a later time or ev en forev er. In essence, w e add an extra parameter to eac h lam b da expression, the pa- rameter whic h represen ts the lo cation where the result v alue should b e stored. The reply c hannel as w ell as the reply op eration to the reply c hannel is usually implicit and this case subsumes the lam b da expression in Sc heme. Explicit re- ply giv es the programmer the abilit y to de c ouple the termination of a pro cess and the deliv ering the result v alue; a pro cess ma y reply a v alue earlier than its termination and con tin ue some computation, reply v alues m ultiple times, or defer the reply un til some sync hronization/resource constrain ts are satis�ed. Notice that the implicit case is obtained b y the follo wing simple syn tactic equiv alence: (lambda ( ar gs � � � ) exprs � � � ) � (lambda ( ar gs � � � ) (:reply-to c ) (reply (begin exprs � � � ) c )). That is, if the reply c hannel is implicit, a lam b da expression replies the last ev aluated v alue to the reply c hannel implicitly . 4.3 Pro cess In v o cation (or future ) Supp ose f b e a pro cess ( lambda expression). W e can in v ok e f b y the follo wing form: (future ( f ar gs � � � )). 5

This actually p erforms the follo wing. � create a new c hannel as the reply c hannel of the in v o cation, � fork f , � pass argumen ts and the reply c hannel to f . � the en tire expression (future ( f ar gs � � � )) ev aluates to the reply c han- nel. A reply c hannel ma y or ma y not b e explicit in the b o dy of f , but it is, at least conceptually , created whenev er a pro cess is in v ok ed. A future form ma y sp ecify a reply c hannel explicitly , allo wing m ultiple in- v o cations to share the same reply c hannel or delegate the reply c hannel of an in v o cation to another in v o cation. This is expressed b y: (future ( f ar gs � � � ) :reply-to r ), whic h migh t b e read as \in v ok e a pro cess whic h will reply a v alue to r ." When the clause :reply-to r is omitted, a new c hannel is created. That is, (future ( f ar gs � � � )) � (future ( f ar gs � � � ) :reply-to (make-channel)). F or example, the follo wing fragmen t in v ok es (f x) and (g x) whic h share a single reply c hannel and then touc hes it. (let ((c (make-channel))) (future (f x) :reply-to c) (future (g x) :reply-to c) (touch c)) In e�ect, this fragmen t w aits for whatev er arriv es �rst to c and discards the other. An ordinary sequen tial function call is deriv ed b y: ( f ar gs � � � ) � (touch (future ( f ar gs � � � ))). That is, a familiar syn tax of function call in Sc heme is no w in terpreted as the particular form of a pro cess in v o cation and comm unication. 4.4 Higher-Lev el Constructs W e also pro vide ev en higher-lev el constructs than futures. They include: plet: a parallel v ersion of let , whic h ev aluates all b ound v alues in parallel. p call: a parallel v ersion of apply (ev aluates all argumen ts in parallel) 6 pb egin: a parallel v ersion of begin , whic h ev aluates all sub expressions in par- allel. pmap: a parallel v ersion of map , whic h applies the giv en function to all elemen ts of the list in parallel. pfor-eac h: a parallel v ersion of for-each . They can b e de�ned b y simple macros. 5 Concurren t Ob ject-Orien ted Extension Sc hematic extends Sc heme with concurren t ob jects whic h serv e as a st ylized means for using m utable (up datable) data structure safely in concurren t ap- plications. Sc heme do es ha v e up datable data structures (cons cells, strings, v ectors, sym b ols are all up datable), but they are not ready to b e shared b y concurren t pro cesses, in the sense that an in terlea ving execution of m ultiple transactions on a single data ma y result in a state whic h can nev er b e reac hed b y a non-in terlea ving execution. A concurren t ob ject exhibits simpler and more in tuitiv e b eha vior than the ‘bare’ shared memory . The most imp ortan t prop ert y is the instan taneousness of a metho d in v o cation. That is, from the programmer’s p oin t of view, all the ac- tions in v olv ed in a metho d execution app ear to tak e e�ect at some p oint b et w een its in v o cation and termination. Hence the programmer nev er has to reason ab out ho w p oten tial interle aving executions of concurren t metho d in v o cations 4 ma y a�ect the result, despite that the implemen tation ma y sc hedule m ultiple metho d in v o cations in parallel. Realizing an instan taneous metho d in v o cation itself is a v ery trivial matter| w e could serialize all the metho d in v o cations on an ob ject, as in the traditional Actor mo del [1]. But this loses a signi�can t amoun t of concurrency and nar- ro ws the range of pro v ably deadlo c k-free programs ( i.e., broadens the range of programs whic h p oten tially result in deadlo c k). Hence other goals w e m ust ac hiev e are a reasonable amoun t of guar ante e d concurrency (deadlo c k freedom) and a simple mo del in whic h the programmer can reason ab out p ossible ob ject states and p oten tial deadlo c ks. 5 The ob ject mo del of Sc hematic ac hiev es instan taneous metho ds, while guaran teeing a cer- tain amoun t of concurrency b et w een metho d in v o cations. In particular, read- 4 Here, w e sa y metho d in v o cations M and M 0 are concurren t if there are no data dep en- dencies that guaran tee they nev er ov erlap. Notice that this de�nition is indep enden t of an y implemen tation or sc heduling strategy that determines if they are really sc heduled in parallel. 5 The imp ortance of the simple mo del should not b e underestimated. As long as there remains some p ossibilit y of deadlo c k or starv ation in the language, a mo del or a system whic h judges p ossibilit y of deadlo c k must b e told to the pr o gr ammer. In particular, language designers m ust not pursue to guaran tee maximum concurrency at the cost of the simplicit y of the mo del. 7 only metho ds are nev er blo c k ed b y other metho ds. W e will explain details in Sect. 5.2. 5.1 Classes and Metho ds 5.1.1 De�ning Classes. A class is de�ned b y define-class and a metho d b y define-method or define-method! . F or example, (define-class point () x y) de�nes class called point , eac h instance of whic h has slots called x and y . What follo ws after the class name is the list of inherited classes. F or example, (define-class color-point (point) color) de�nes color-point class, eac h instance of whic h no w has slot color in addition to x and y . A define-class implicitly de�nes a function with the class name whic h creates an instance of the class. F or example, an instance of point class is created b y: (point 2.0 3.0). 5.1.2 De�ning Metho ds. The follo wing de�nes a metho d whic h returns the distance b et w een the p oin t and the origin. (define-method point (distance self) (sqrt (+ (* x x) (* y y)))) This can b e, as usual, called b y (distance p ), where p is an instance of point (or whatev er inherited from point ). Explicit reply c hannels can b e used in metho ds as w ell. F or example, distance metho d could also b e written b y: (define-method point (distance self) (:reply-to r) (reply (sqrt (+ (* x x) (* y y))) r)), though this is just a clumsy co ding st yle of the previous simpler de�nition. 8

5.1.3 Up dating States. Up dating the state of an ob ject is expressed b y become construct whic h sp eci�es new v alues for up dated slots as w ell as the result of the en tire expression. F or example, the follo wing metho d incremen ts x and y b y dx and dy resp ectiv ely , and returns #t . (define-method! point (move! self dx dy) (become (redraw! self) :x (+ x dx) :y (+ y dy))) The �rst argumen t of a become ( (redraw! self) in this case) is called r esult expr ession of the become and sp eci�es whic h v alue the become is ev aluated to, whereas the rest part the up dated v alues for slots. V alues for unc hanged slots can b e simply omitted. Notice that w e used define-method! ab o v e, rather than just define-method . The rule is that a become cannot app ear in the b o dy of define-method . W e put a further restriction on the p osition of become inside the b o dy of a define-method! . That is, become should b e p erformed as the last action of the metho d . F or ex- ample, w e p ermit (define-method! class (method self ...) (if ... (become ...) (become ...))) and, (define-method! class (method self ...) (let ((x ...)) ... (become ...))), while w e reject (define-method! class (method self ...) (+ (become ...) 10)). In other w ords, (become � � � ) can app ear only at suc h places that the v alue of the become b ecomes the v alue of the en tire metho d b o dy . The in ten tion is to prohibit up dating instance v ariables m ultiple times in a metho d, so that a metho d can naturally b e regarded as a single transaction. Ho w ev er, w e ha v e not y et iden ti�ed a set of simple syn tactic (or static) rules whic h reject the violated use of become s and accept most reasonable programs. In this pap er w e simply assume that become only app ears in the righ t places or that a metho d automatically terminates when the �rst become is p erformed. 9

Figure 1: Cell ob jects link ed b y left and right �elds. 5.2 Concurrency Seman tics Concurrency seman tics refers to the w a y in whic h the programmer reasons ab out deadlo c k and liv eness. Notice that it do es not tell the programmer whic h pair of metho ds are really sc heduled in parallel. T o illustrate the problem, consider a p ossible description of a relaxation step on a one dimensional mesh. (define-class cell () value new-value left ; c el l obje ct right) ; c el l obje ct (define-method cell (current-value self) value) (define-method! cell (relax! self) (let ((lv (current-value left)) (rv (current-value right))) (become #t :new-value (- (+ lv rv) (* 2 value))))) Man y cell ob jects are created and form a doubly link ed list via left and right , as in Fig. 1. A relaxation step up dates value of self using curren t value s of left and right . In the traditional Actor mo del, in v oking relax! s in parallel ma y result in deadlo c k. The situation is more formally illustrated as the follo ws [17]. An execution of a program is a history of ev en ts. An ev en t is either an in v o cation of a metho d on an ob ject or a termination of a metho d on an ob ject. W e write an in v o cation of metho d M on ob ject o b y h in v M o i and a termination of metho d M on ob ject o b y h ac k M o i . 6 An execution of the ab o v e program ma y pro ceed as follo ws ( a and b reference eac h other as illustrated in Fig.1). 6 W e sligh tly c hanged the notation in [17] for the purp ose here. 10 h in v relax! a i h in v relax! b i h in v current-value b i Here, it is imp ossible to complete an y of three p ending in v o cations b y ap- p ending a corresp onding ac k ev en t, under the sc heduling constrain t from data dep endence ( i.e., h ac k current-value x i m ust precede h ac k relax! x i ) and m utual exclusion ( i.e., t w o metho ds on a single ob ject cannot o v erlap). W e re�ne the traditional Actor mo del in t w o w a ys. First, w e classify metho ds in to t w o t yp es, i.e., those de�ned b y define-method (whic h w e call method b elo w) and those de�ned b y define-method! (whic h w e call method! b elo w). A method is guaran teed to alw a ys progress and can o v erlap with other method s or method! s. Second, w e breakdo wn an execution of a method! in to t w o stages. One is the ev aluation of the result expression of become and the other is whatev er remains in the metho d b o dy . Let us call the ev aluation of a result expression after-stage and the other b efor e-stage . In the move! metho d, for example, (define-method! point (move! self dx dy) (become (redraw! self) :x (+ x dx) :y (+ y dy))) the b efore-stage consists of ev aluating (+ x dx) and (+ y dy) and up dating the instance v ariables. After-stage in v ok es redraw! metho d for self. Our relaxed m utual exclusion rule is that a b efore-stage of an in v o cation cannot o v erlap with b efore-stages of other in v o cations, but an after-stage can. Hence, this example do es not deadlo c k. The �rst rule sa ys that, as far as deadlo c k is concerned, w e only ha v e to consider method! s. The ab o v e relaxation example is safe b ecause in v oking a relax! p er an ob ject ob viously nev er causes an y in terlea ving on a single ob ject. The second rule sa ys that, a method! can release the lo c k asso ciated to an ob ject earlier than its termination. In the result expression, w e can safely w ait for the ac kno wledgemen t from other computation, whic h ma y include a recursiv e call to self. When an execution still results in a situation where no further progress is p ossible, w e simply deadlo c k and nev er retry or ab ort unlik e sc hedulers in man y database systems. 5.3 Consistency Seman tics First, the state of an ob ject is atomic al ly up dated at the p oin t b et w een the b efore-stage and the after-stage of a method! . That is, a metho d nev er observ es part of slots up dated, while others y et unc hanged, no matter ho w man y slots are b eing up dated. Second, a v alue of a slot within a metho d nev er c hanges. A metho d con tin ues to observ e, or ‘freezes,’ the slot v alues at the b eginning of the metho d, no matter ho w the execution is long and lik ely to b e in terlea v ed with 11 other metho d executions. This is true ev en if a metho d calls another metho d to self inside the b o dy , hence is ne c essarily in terlea v ed with another metho d. Hence a state observ ed in a metho d is determined b y the sequence of become completed b efore the metho d in question is in v ok ed. F or example, consider a simple coun ter ob ject giv en b elo w. (define-class counter () value) (define-method counter (get-value self) value) (define-method! counter (add-value! self x) (become value :value (+ value x))) Letting c b e a coun ter with initial value 0, consider (let ((r0 (future (add-value! c x))) (r1 (future (add-value! c x)))) (touch r0) (touch r1) (get-value c )). The �rst touch op eration returns either 0 or x , since r1 ma y or ma y not ha v e b een completed at the invo c ation of the �rst add-value (W e do not guaran tee to preserv e the order of async hronous in v o cations). The same holds for the second touch , but one of r0 or r1 gets 0 and the other x . This is the case b ecause b efore-stages of t w o method! s on a single ob ject nev er o v erlap. Hence the �nal get-value alw a ys gets 2 � x . A care m ust b e tak en if w e call a method! to self from another method . Since the slot v alues are p ersisten t throughout the metho d b o dy , the e�ect of the method! cannot b e observ ed in the outer metho d. 6 Examples 6.1 Concurren t T ree Up dating This example demonstrates ho w the concurrency seman tics of our mo del, the notion of b efore/after-stage in particular, allo ws natural description of a concur- ren t data structure. Consider a binary tree searc h algorithm where eac h no de of the binary tree is a concurren t ob ject. Here is the de�nition of eac h no de ob ject. (define-class bintree-node () ;; this no de asso ciates mapping 12

;; b etwe en KEY $ V ALUE key value ;; childr en (#f when it do es not exist) left right) Eac h no de has its k ey and asso ciated v alue. It holds that the k ey of the left c hild is less than that of self and the k ey of the righ t c hild is greater than that of self. Hence binary searc h op eration is v ery straigh tforw ard. ;;; ;;; L o okup the value asso ciate d for K. ;;; (define-method bintree-node (lookup self k not-found) (cond ((= k key) value) ; found ((< k key) ;; lo ok for the left subtr e e if K < KEY (if left (lookup left k not-found) not-found)) (else ;; lo ok for the right subtr e e if K > KEY (if right (lookup right k not-found) not-found)))) Since this op eration do es not up date the tree, w e use define-method , hence m ultiple lookup in v o cations can sim ultaneously op erate on a single tree. The follo wing metho d asso ciates elemen t val with k ey k . ;;; ;;; Establish asso ciation K $ V AL, maintaining the ;;; fol lowing invariant: ;;; "KEY of LEFT < KEY of SELF < KEY of RIGHT" ;;; (define-method! bintree-node (insert! self k val) (cond ((< k key) (if left ;; if ther e is alr e ady left child, dele gate this value ;; to the child, unlo cking self (become (insert! left k val)) ;; if ther e is no left child, cr e ate it 13

(become #t :left (make-leaf-bintree-node k val))) ((= k key) (format #t "Warning conflicting key (~s ~s)~%" key value) (become #f)) (else ;; the same algorithm as the �rst c ase, but for the right child (if right (become (insert! right k val)) (become #t :right (make-leaf-bintree-node k val))))))) This metho d �rst �nds the appropriate place to whic h w e insert the item and then installs a new no de to the place. An in teresting case happ ens in in ternal no des; an in ternal no de recursiv ely calls insert! metho d for an appropriate c hild after it unlo c ks self for subsequen t requests. This is expressed b y (become (insert! left k val)) at line 6 and (become (insert! right k val)) at line 15. As has b een describ ed in Sect. 5.2, these recursiv e calls are in the after-stage of the metho d, i.e., executed after self has b een unlo c k ed. 6.2 Sync hronizing Ob jects T o demonstrate the expressiv e p o w er of explicit reply c hannels, consider an implemen tation of an ob ject whic h em b o dies an application-sp eci�c sync hro- nization constrain t. That is, up on a metho d in v o cation, the ob ject defers the reply of the in v o cation un til certain sync hronization constrain ts are satis�ed b y subsequen t metho ds. Simply blo c king computation inside the metho d do es not w ork, b ecause this excludes subsequen t metho d in v o cations, th us blo c ks the original computation forev er! F or a simple example, consider implemen ting a \barrier sync hronization" ob ject. A set of pro cesses shares a barrier ob ject and eac h pro cess in v ok es finished! metho d on the barrier ob ject when its lo cal computation has b een done. Finished! metho d do es not reply an y ac kno wledgemen t to the pro cess until the last invo c ation r e aches the obje ct. Here is the de�nition of barrier class. (define-class barrier () ;; numb er of finished! to wait n ;; numb er of finished! so far pr o c esse d count ;; list of r eply channels waiters) 14

An instance of a barrier class has three instance v ariables n, count, waiters where n is the n um b er of finished! calls to b e sync hronized, count the n um b er of finished! whic h ha v e b een made, and waiters the list of reply c hannels of previous calls. When sync hronization is realized, that is, n ’th call to this ob ject is made, it replies v alue #t to all the c hannels in waiters as w ell as the curren t reply c hannel. Metho d finished! facilitates explicit reply c hannel for deferring the replies. ;;; ;;; When this finished! is the last c al l, it unblo cks ;;; al l the waiters by explicitly c al ling reply , otherwise ;;; it do es not r eply anything so that the c al ler is blo cke d. ;;; (define-method! barrier (finished! self) (:reply-to r) (if (= (+ count 1) n) ;; r eply #t to every channels (become (for-each (lambda (x) (reply #t x)) (cons r waiters))) ;; r eply nothing (become #t :n n :count (+ count 1) :waiters (cons r waiters)))) In the ab o v e, the reply c hannel is named r . If (+ count 1) 6 = n ( i.e., this is not the last in v o cation), the metho d stores r in list waiters , replying nothing to r . In the last in v o cation, the metho d serv es a reply for ev ery reply c hannel so far receiv ed. 7 Comparison to Other Languages Sc hematic can b e related to sev eral groups of other concurren t languages. First, Sc hematic is a language whose computation mo del is based on a concurren t cal- culus whic h giv es us the foundations of aggressiv e compiler optimizations. Sec- ond, Sc hematic supp orts concurren t ob jects whic h allo w/guaran tee more con- currency than the traditional Actors. Third, Sc hematic is an extension of a p opular sequen tial language, whic h already has a philosoph y to b e preserv ed. They are summarized b elo w in order. 7.1 Languages Based on Concurren t Calculi 7.1.1 PICT. PICT [24] is a concurren t language based on � -calculus [21]. Its design goal is to ha v e a simple language directly based on � -calculus whic h also supp orts 15 frequen tly used higher-lev el idioms as syn tactic rules (just as Sc heme is based on � calculus and has higher-lev el idioms suc h as do lo op). Although its language design is still ev olving, there seems no constructs whic h directly supp ort future or ev en sequen tial function calls. Sc hematic has the same goal and demonstrates that, b y lo oking at function calls and lam b da expressions of Sc heme in a sligh tly di�eren t w a y , a language with a v ery small n um b er of fundamen tal primitiv es can at the same time pro vide con v enien t constructs (suc h as future or plet ) for t ypical cases. 7.2 Concurren t Extensions to Sequen tial Languages Extending a sequen tial language to yield a concurren t dialect has man y prac- tical adv an tages. Among others, w e compare Sc hematic with Multilisp and Concurren t ML. 7.2.1 Multilisp. Multilisp [14] is the language whic h originally em b o dies the future construct. The cen tral idea of future that a future expression returns something whic h later b ecomes the result v alue is adopted not only in parallel Lisps but also in some concurren t ob ject-orien ted languages [18, 31, 34, 36]. Sc hematic also supp orts a v arian t of future . An apparen t di�erence b et w een the future in Multilisp and the one in Sc hematic is that in Multilisp, pro ducer- consumer sync hronization of a future in v o cation is implicit in v alue reference, whereas Sc hematic requires explicit touch op erations. F or example, in v oking (f x) and (g y z) in parallel and then adds the t w o results is written b y (+ (future (f x)) (future (g y z))), in Multilisp, while it is written b y (let ((l (future (f x))) (r (future (g y z)))) (+ (touch l) (touch r))) in Sc hematic. 7 Informally , the Multilisp view of a future is that what is immediately re- turned b y a future expression is a placeholder ob ject, whic h later b e c omes the result v alue for itself, whereas the Sc hematic view is that a future expression returns a placeholder into which the r esult value is stor e d. There are tradeo�s b et w een the implicit and the explicit v ersion. The im- plicit v ersion, as the ab o v e example indicates, often results in a terse expression but loses some exibilit y . By making touch explicit, w e can distinguish a refer- ence to the placeholder itself from the reference to the v alue whic h is stored in 7 As far as this particular example is concerned, plet w ould express it more nicely . 16 the placeholder b y the program text. This not only guaran tees fast v alue refer- ence without additional compiler analysis [29], but also giv es us more expressiv e p o w er b y making the placeholder �rst-class citizens. Examples ha v e b een giv en in Sect. 6. Another di�erence is their p ositions on shared m utable data. Multilisp pro vides Sc heme builtin data as the basis for m utable data and some atomic memory op erations suc h as replace-if-eq (analogue of c omp ar e & swap ). No higher-lev el mec hanisms for de�ning safe m utable data are pro vided. Sc hematic supp orts and encourages the use of concurren t ob jects to represen t m utable data, concurren t accesses to whic h are arbitrated b y the run time system. 7.2.2 Concurren t ML. Concurren t ML (CML) [25] extends SML b y �rst-class c hannels and fork ( spawn ), whereas Sc hematic extends Sc heme b y �rst-class c hannels, fork ( future ), and concurren t ob jects. T o put concurren t ob jects aside, the main di�erence is that CML do es not supp ort an y higher-lev el concurren t primitiv es (parallel calls or ev en future s). Consider ho w to do t w o CML function calls f x and g x in parallel. Since the results m ust no w b e extracted from a c hannel, let us de�ne a ‘wrapp er’ function whic h tak es a c hannel and sends the result of f x to the c hannel. fun wrapper f x c = send (f x, c) What remains is to create t w o c hannels, spa wn t w o wrapper s, and w ait for the result. let c0 = channel () and c1 = channel () in (spawn (fn () => wrapper f x c0); spawn (fn () => wrapper g x c1); accept c0; accept c1) end Presumably , a fragmen t lik e this will app ear v ery often and should b e more st ylized, as in Sc hematic. In fact, a restricted v ersion of future can b e de�ned in CML b y fun future f x = let c = channel () in (spawn (fn () => send (c, f x)); c) end. 17

Except that it can only in v ok e a unary function, the ab o v e future tak es an y function and an y argumen t and returns the reply c hannel. This is more mono- lithic and less exible than future s in Sc hematic, in that a future no w alw a ys creates a reply c hannel and the caller loses the c hance to sp ecify a reply c hannel. Giv en that a function is the fundamen tal building blo c k of CML programs, CML should supp ort and encourage a con v enien t w a y for in v oking functions in parallel. Sc hematic is designed based on this principle, while lea ving c hances to construct customized comm unication structure whenev er desired. 7.3 Concurren t Ob ject-Orien ted Languages A c oncurr ent obje ct refers to data that em b o dies some access arbitration mec h- anisms so that an execution of a metho d nev er observ es inconsisten t state of an ob ject. Sev eral ob ject mo dels ha v e b een prop osed and they di�er in the degree of concurrency on a single ob ject, therefore the range of deadlo c k free programs. 7.3.1 Actors and Early Concurren t Ob ject-Orien ted Languages. The original Actor mo del [1] and some early concurren t ob ject-orien ted lan- guages suc h as ABCL/1 [35, 36] and Can tor [4] ac hiev es the instan taneousness of a metho d execution b y m utually excluding all the metho d in v o cations on an ob ject. This is often explained b y \an autonomous ob ject whic h has its o wn thread and message queue." Although the traditional Actor mo del giv es us the instan taneousness and a v ery simple mo del in whic h the programmer reasons ab out deadlo c k, it is often criticized to serialize to o m uc h. This not only loses p erformance gain whic h is otherwise p ossible b y exploiting parallelism, but also enforces unnatural description of algorithms to solely a v oid p oten tial deadlo c k. 7.3.2 Concurren t Aggregates. Concurren t Aggregates (CA) [9, 10] supp orts aggr e gates in addition to regular ob jects. A regular ob ject is a traditional Actor and an aggregate is in ternally comp osed of m ultiple ob jects, but externally view ed as if it w ere a single ob ject. By pro cessing m ultiple metho d in v o cations on an aggregate b y m ultiple in ternal ob jects, an aggregate can serv e as a non-serializing ob ject. Main taining the consistency among m ultiple in ternal ob jects, if required, is the resp onsibilit y of the programmer. 7.3.3 UF O and Sympal. An ob ject in more recen t languages suc h as UF O [26, 27] and Sympal [3] al- lo ws/guaran tees more parallelism than the traditional Actor. Sc hematic also b e- longs to this category and UF O, Sympal, and Sc hematic are common in man y w a ys. First they supp ort m ultiple paradigms, in the sense that they do not force programmers to use concurren t ob jects wherev er concurrency is required. 18

This a v oids serializing computation whic h do es not require shared m utable data. Second, a metho d in those languages allo ws subsequen t metho ds on an ob ject to o v erlap with the curren t metho d after the curren t metho d reac hes a certain p oin t. In UF O, the compiler statically iden ti�es a p oin t after whic h instance v ariables are nev er up dated and unlo c ks the ob ject when the execution reac hes that p oin t. Sympal expresses up dating instance v ariables b y the finally con- struct whic h p erforms all up dates in the metho d all at once. Finally also tak es another expression (called \con tin uation" in [3]) whic h b ecomes the result of the metho d and ev aluating the con tin uation expression can o v erlap with subsequen t metho ds. The ob ject mo del of Sc hematic is most close to that of Sympal and supp orts become expressions whic h ha v e almost the same seman tics as finally . 7.3.4 C++ Dialects. Here w e only discuss C++ dialects whic h supp ort obje ctwise concurrency con trol mec hanisms and do not discuss a notable data-parallel extension pC++ [6]. CC++ [7] do es not directly supp ort concurren t ob jects, but the similar ef- fect can b e ac hiev ed b y atomic mem b er functions. By declaring a mem b er function as atomic , the mem b er function lo c ks/unlo c ks the ob ject at in v o ca- tion/termination as in the traditional Actors. Th us the ob ject mo del of CC++ has the same problems with early concurren t ob ject-orien ted languages. Non- atomic functions can run concurren tly with others, but this merely lea v es con- sistency issues for the programmer. Ob jects in ICC++ [11] allo ws t w o metho ds M and M 0 to op erate on a single ob ject in parallel if there are no read/write nor write/write con icts b e- t w een them on any instanc e variable of the obje ct. The main di�erence b et w een ICC++ and the UF O/Sympal/Sc hematic group is that the ICC++ mo del p er- forms m utual exclusion on a p er instance v ariable basis, rather than p er ob ject basis. The range of programs whic h are guaran teed to b e sc heduled without dead- lo c k do not seem quite di�eren t b et w een ICC++ and Sc hematic. A foreseeable problem with the ICC++ ob ject mo del is that eac h ob ject no w p oten tially has to ha v e m ultiple lo c ks to serialize only con icting metho ds. The w orst case re- quires a lo c k p er instance v ariable and remo ving redundan t lo c ks requires global information on the source co de. 8 Summary and Curren t Status The design of Sc hematic, a concurren t ob ject-orien ted extension to Sc heme, has b een presen ted. Just as most part of Sc heme can b e understo o d in terms of a v ery simple calculus (the � -calculus), most part of Sc hematic can b e understo o d in terms of a simple c oncurr ent calculus (HA CL). T o mak e it really practical, Sc hematic also supp orts and encourages the use of familiar paradigms ( i.e., 19 future s and concurren t ob jects) as w ell, ac hieving b oth the simple core of the language and the conciseness/con v enience in t ypical programs. A protot yp e on top of a sequen tial Sc heme ( Scheme->C ) has b een imple- men ted and is running on AP1000 and AP1000+ massiv ely parallel pro cessors [15, 28]. W e had dev elop ed an RNA secondary structure prediction algorithm [22], 8 whic h is essen tially a parallel tree searc h with application-sp eci�c priorit y and a load-balancing con trol sc heme, and Barnes-Hut Nb o dy algorithm. Exp er- imen ts on an AP1000+ system (Sup erSparc 50 Mhz � 256) indicated an usable p erformance, though man y more impro v emen ts are necessary . F urther information is a v ailable via: http://web.yl.is.s.u-tokyo.ac.jp/pl/schematic.html . References [1] Gul A. Agha. A ctors: A Mo del of Concurr ent Computation in Distribute d Systems . The MIT Press, Cam bridge, Massac h usetts, 1986. [2] Thomas E. Anderson, Da vid E. Culler, Da vid A. P atterson, and the NO W T eam. A case for NO W (net w orks of w orkstations). IEEE Micr o , 15(1):54{64, F ebruary 1995. [3] Y ariv Aridor. A n E�cient Softwar e Envir onment for Implicit Par al lel Pr o- gr amming with a Multi-Par adigm L anguage . PhD thesis, the Senate of T el-Aviv Univ ersit y , 1995. [4] W. C. A thas and C. L. Seitz. Can tor user rep ort v ersion 2.0. T ec hnical rep ort, Computer Science Departmen t, California Institute of T ec hnology , 1987. [5] Nanette J. Bo den, Dann y Cohen, Rob ert E. F elderman, Alan E. Kula wik, Charles L. Seitz, Jak o v N. Seizo vic, and W en-King Su. Myrinet: A gigabit- p er-second lo cal area net w ork. IEEE Micr o , 15(1):29{36, F ebruary 1995. [6] F. Bo din, P . Bec kman, D. Gannon, S. Y ang, S. Kesa v an, A. Malon y , and B. Mohr. Implemen ting a parallel C++ run time system for scalable parallel systems. In Pr o c e e dings of Sup er c omputing , pages 588{597, 1993. [7] K. Mani Chandy and Carl Kesselman. CC++: A declarativ e concur- ren t ob ject-orien ted programming notation. In Gul Agha, P eter W egner, and Akinori Y oneza w a, editors, R ese ar ch Dir e ctions in Concurr ent Obje ct- Oriente d Pr o gr amming , c hapter 11, pages 281{313. The MIT Press, 1993. 8 This pap er describ es algorithms and results b y message passing C on CM5, and w e are no w preparing the result in Sc hematic. 20

[8] Andrew Chien, M. Strak a, Julian Dolb y , Vija y Karamc heti, John Plevy ak, and Xingbin Zhang. A case study in irregular parallel programming. In Pr o- c e e dings of the DIMA CS workshop on Sp e ci�c ation of Par al lel A lgorithms , 1994. [9] Andrew A. Chien. Concurr ent A ggr e gates (CA) . PhD thesis, MIT, 1991. [10] Andrew A. Chien and William J. Dally . Concurren t aggregates (CA). In Pr o c e e dings of the Se c ond A CM SIGPLAN Symp osium on Princ eples & Pr actic e of Par al lel Pr o gr amming , pages 187{196, Seattle, W ashington, Marc h 1990. [11] Andrew. A. Chien, U. S. Reddy , J. Plevy ak, and J. Dolb y . ICC++ { a C++ dialect for high p erformance parallel computing. In Pr o c e e dings of the Se c ond International Symp osium on Obje ct T e chnolo gies for A dvanc e d Softwar e (T o app e ar) , 1996. [12] High P erformance F ortran F orum. HPF-2 Sc op e of A ctivities and Motivat- ing Applic ations , 1994. [13] Anan th Y. Grama, Vipin Kumar, and Ahmed Sameh. Scalable parallel for- m ulation of the Barnes-Hut metho d for n -b o dy sim ulations. In Pr o c e e dings of Sup er c omputing ’94 , pages 439{448, 1994. [14] Rob ert H. Halstead, Jr. Multilisp: A language for concurren t sym b olic computation. A CM T r ansactions on Pr o gr amming L anguages and Systems , 7(4):501{538, April 1985. [15] Kenic hi Ha y ashi, T unehisa Doi, T ak eshi Horie, Y oic hi Ko y anagi, Osam u Shiraki, Nobutak a Imam ura, T oshiyuki Shimizu, Hiroaki Ishihata, and T at- suy a Shindo. AP1000+: Arc hitectural supp ort of put/get in terface for par- allelizing compiler. In Pr o c e e dings of A r chite ctur al Supp ort for Pr o gr am- ming L anguages and Op er ating Systems , pages 196{207, 1994. [16] Maurice P . Herlih y . A metho dology for implemen ting highly concurren t data ob jects. A CM T r ansactions on Pr o gr amming L anguages and Systems , 15(5):745{770, 1993. [17] Maurice P . Herlih y and Jeannette M. Wing. Linearizabilit y: A correct- ness condition for concurren t ob jects. A CM T r ansactions on Pr o gr amming L anguages and Systems , 12(3):463{492, 1990. [18] W aldemar Horw at, Andrew A. Chien, and William J. Dally . Exp erience with CST: Programming and implemen tation. In Pr o c e e dings of the SIG- PLAN ’89 Confer enc e on Pr o gr amming L anguage Design and Implementa- tion , pages 101{109, P ortland, Oregon, July 1989. 21

[19] Y utak a Ishik a w a. The MPC++ Programming Language V1.0 Sp eci- �cation with Commen tary Do cumen t V ersion 0.1. T ec hnical Rep ort TR{94014, R W C, June 1994. http://www.rwcp.or.jp/people/mpslab/ mpc++/mpc++.html . [20] Naoki Koba y ashi and Akinori Y oneza w a. Higher-order concurren t lin- ear logic programming. In Pr o c e e dings of Workshop on The ory and Pr actic e of Par al lel Pr o gr amming (TPPP) , v olume 907 of L e ctur e Notes in Computer Scienc e , pages 137{166. Springer V erlag, 1994. http:// web.yl.is.s.u-tokyo.ac.jp/pl/hacl.html . [21] Robin Milner. The p oly adic � -calculus: A tutorial. T ec hnical Rep ort ECS- LF CS-91-180, Univ ersit y of Edin burgh, 1991. [22] Akihiro Nak a y a, Kenji Y amamoto, and Akinori Y oneza w a. RNA secondary structure prediction using highly parallel computers. Comput. Applic. Biosci. (CABIOS) (to app e ar) , 11, 1995. [23] Benjamin C. Pierce and Da vid N. T urner. Concurren t ob jects in a pro cess calculus. In Pr o c e e dings of Workshop on The ory and Pr actic e of Par al lel Pr o gr amming (TPPP) , v olume 907 of L e ctur e Notes in Computer Scienc e , pages 187{215. Springer V erlag, 1994. [24] Benjamin C. Pierce and Da vid N. T urner. PICT: A programming lan- guage based on the Pi-Calculus. T ec hnical rep ort in preparation; a v ailable electronically , 1995. [25] John H. Repp y . CML: A higher-order concurren t language. In Pr o c e e dings of the A CM SIGPLAN’91 Confer enc e on Pr o gr amming L anguage Design and Implementation , pages 293{305, 1991. [26] John Sargean t. United functions and ob jects: An o v erview. T ec hnical rep ort, Departmen t of Computer Science, Univ ersit y of Manc hester, 1993. [27] John Sargean t. Uniting functional and ob ject-orien ted programming. In Sho jiro Nishio and Akinori Y oneza w a, editors, Pr o c e e dings of First JSSST International Symp osium on Obje ct T e chnolo gies for A dvanc e d Softwar e , v olume 742 of L e ctur e Notes in Computer Scienc e , pages 1{26. Springer- V erlag, 1993. [28] T oshiyuki Shimizu, T ak eshi Horie, and Hiroaki Ishihata. Lo w-latency mes- sage comm unication supp ort for the AP1000. In The 19th A nnual Inter- national Symp osium on Computer A r chite ctur e , pages 288{297, 1992. [29] Olin Shiv ers. Data- o w analysis and t yp e reco v ery in Sc heme. In P eter Lee, editor, T opics in A dvanc e d L anguage Implementation , c hapter 3, pages 47{ 87. The MIT Press, 1991. 22

[30] Kenjiro T aura, Satoshi Matsuok a, and Akinori Y oneza w a. An e�cien t im- plemen tation sc heme of concurren t ob ject-orien ted languages on sto c k m ul- ticomputers. In Pr o c e e dings of the A CM SIGPLAN Symp osium on Prin- ciples & Pr actic e of Par al lel Pr o gr amming PPOPP , pages 218{228, 1993. http://web.yl.is.s.u-tokyo.ac.jp/pl/schematic.html . [31] Kenjiro T aura, Satoshi Matsuok a, and Akinori Y oneza w a. ABCL/ f : A future-based p olymorphic t yp ed concurren t ob ject-orien ted language { its design and implemen tation {. In G. Blello c h, M. Chandy , and S. Ja- gannathan, editors, Pr o c e e dings of the DIMA CS workshop on Sp e ci�- c ation of Par al lel A lgorithms , n um b er 18 in Dimacs Series in Discrete Mathematics and Theoretical Computer Science, pages 275{292. American Mathematical So ciet y , 1994. http://web.yl.is.s.u-tokyo.ac.jp/pl/ schematic.html . [32] Kenjiro T aura, Satoshi Matsuok a, and Akinori Y oneza w a. Stac kThreads : An abstract mac hine for sc heduling �ne-grain threads on sto c k CPUs. In Pr o c e e dings of Workshop on The ory and Pr actic e of Par al lel Pr o gr amming (TPPP) , n um b er 907 in Lecture Notes in Computer Science, pages 121{ 136. Springer V erlag, 1994. http://web.yl.is.s.u-tokyo.ac.jp/pl/ schematic.html . [33] Thorsten v on Eic k en, Anindy a Basu, and Vineet Buc h. Lo w-latency comm unication o v er A TM net w orks using activ e messages. IEEE Micr o , 15(1):46{53, F ebruary 1995. [34] William W eihl, Eric Brew er, Adrian Colbro ok, Chrysan thos Dellaro- cas, Wilson Hsieh, An thon y Joseph, Carl W aldspurger, and P aul W ang. PRELUDE: A system for p ortable parallel soft w are. T ec hnical Rep ort MIT/LCS/TR-519, Lab oratory for Computer Science, Massac h usetts In- stitute of T ec hnology , 1991. [35] Akinori Y oneza w a. ABCL: A n Obje ct-Oriente d Concurr ent System| The ory, L anguage, Pr o gr amming, Implementation and Applic ation . The MIT Press, 1990. [36] Akinori Y oneza w a, Jean-Pierre Briot, and Etsuy a Shiba y ama. Ob ject- orien ted concurren t programming in ABCL/1. In OOPSLA ’86 Confer enc e Pr o c e e dings , pages 258{268, 1986. 23