An E�cien t Compilation F ramew ork for Languages Based on a Concurren t Pro cess Calculus Y oshihiro Oy ama, Kenjiro T aura, and Akinori Y oneza w a Departmen t of Information Science Univ ersit y of T oky o 7-3-1 Hongo, Bunky o-ku, T oky o, 113 Japan TEL: +81-3-5800-6913 F AX: +81-3-5689-4365 f o y ama,tau,y oneza w a g @is.s.u-toky o.ac.jp July 1997 Abstract W e prop ose a framew ork for compiling programming languages based on concurren t pro cess calculi, in whic h computation is expressed b y a com bination of pr o c esses and c ommunic ation channels . Our framew ork realizes a c ompile-time pr o c ess sche duling and unb oxe d channels . The compile-time sc heduling enables us to execute m ultiple indep enden t pro cesses without a sc heduling p o ol op eration. Un b o xed c hannels allo w us to create a c hannel without mem- ory allo cations and to comm unicate v alues on registers. The framew ork is giv en as a set of translation rules from a concurren t calculus to an ML-lik e sequen tial program. Exp erimen tal results sho w that our compiler can execute sequen tial programs written in the pro cess calculus only a few times slo w er than equiv alen t C programs. This indicates that pure pro cess calculi lik e ours and programming languages based on them can b e implemen ted e�cien tly , without losing their simplicit y , purit y , and elegance. 1 In tro duction In implemen ting programming languages, w e often translate a high lev el language whic h has man y primitiv es in to an in termediate language whic h has a smaller set of primitiv es. Reducing the n um- b er of primitiv es mak es it easier to generate co de, optimize it, and pro v e its correctness. Among suc h in termediate languages are the quadruple in imp erativ e languages, and � -calculus and Con- tin uation P assing St yle (CPS)[1] in functional languages. F or concurren t languages, pro cess calculi suc h as � -calculus[14] and Higher-Order Concurren t Calculus based on Linear Logic (HA CL)[13] are go o d in termediate languages: their syn tax and seman tics are clear and they ha v e a n um b er of useful theoretical results for optimization[9, 10, 12, 17]. Sev eral concurren t languages are designed and implemen ted based on pro cess calculi[15, 22, 24]. In this pap er, w e prop ose an e�cien t framew ork for compiling programming languages whic h is based on a pro cess calculus. Our target language is a subset of HA CL, whic h is simpli�ed in order to b e used as an in termediate language of higher-lev el languages. In the in termediate language, most constructs 1 are represen ted b y com bining pro cesses and c hannels. F or example, in a pro cedure call, w e create a c hannel, create a pro cess, and p erform an in ter-pro cess comm unication via the c hannel, whether the call is sync hronous or async hronous. Since a large n um b er of pro cesses and c hannels are created during the execution of a pro cess calculus, the e�ciency of the implemen tation of pro cesses and c hannels is critical for the o v erall p erformance. 1 More concretely , all constructs except if and simple primitiv es suc h as arithmetics. 1

The basic execution mo del for a pro cess calculus w ould b e as follo ws. A sc heduling p o ol, whic h stores all sc hedulable pro cesses, is main tained during execution. When a pro cess is created dynam- ically , b oth the created pro cess and the running pro cess b ecome sc hedulable. One of the pro cesses is stored in the sc heduling p o ol and the other is executed. When a running pro cess has no natural con tin uation (e.g., a pro cess failed to receiv e a v alue from a c hannel), one pro cess is extracted from the sc heduling p o ol and executed. Channels are created in heap and all comm unications b et w een pro cesses are p erformed through the allo cated heap space. Ho w ev er, this execution mo del is ine�cien t in sev eral w a ys. It frequen tly manipulates the sc heduling p o ol and a comm unication alw a ys go es through memory . Our execution mo del describ ed in this pap er o v ercomes the ine�ciencies. T o reduce the sc heduling o v erhead, w e in tro duce c ompile- time sche duling , whic h enables us to execute m ultiple indep enden t pro cesses without a sc heduling p o ol op eration. This is ac hiev ed b y statically k eeping trac k of a set of sc hedulable pro cesses at eac h program p oin t. F or the comm unication o v erhead, w e prop ose unb oxe d channel . In the framew ork of un b o xed c hannel, a c hannel is not allo cated in the heap, but just put on a register at its creation time. The c hannel is later elev ated to a fully heap-allo cated c hannel as necessary . Under the condition describ ed in this pap er, pro cesses can comm unicate via c hannels without memory tra�c. This un b o xed c hannel framew ork correctly implemen ts the seman tics of �rst-class c hannels, while optimizing the p erformance in common programming idioms. The structure of this pap er is as follo ws. W e explain our language HA CL in Section 2, and presen t a basic execution sc heme in Section 3. Section 4 describ es the enhanced execution mo del and Section 5 prop oses our compilation algorithm. After sho wing exp erimen tal results in Section 6, w e explain related w ork in Section 7 and �nally conclude in Section 8. 2 The Source Language W e de�ne a subset of HA CL b elo w. 2 e ( expr ) ::= x j c j op ( e 1 , : : : , e n ) P ( pr o c ) ::= P 1 | P 2 p ar al lel exe cution j $ x . P channel cr e ation j x ( y )=> P r e c eive j x <= y send j if x then P 1 else P 2 c onditional j fix � in P lo c al pr o c ess de�nition j x 0 ( x 1 , : : : , x n ) pr o c ess instantiation j let x = e in P let binding � ( defs ) ::= f f 1 ( x 1 , : : : , x n ) = P 1 ; : : : ; f n ( x 1 , : : : , x n ) = P n g e is an expr ession whic h is ev aluated to a v alue. An expression is either a v ariable( x ), a constan t( c ), or a built-in primitiv e( op ( e 1 , : : : , e n ) ). In the follo wing, expressions suc h as +( e 1 , e 2 ) are abbreviated to e 1 + e 2 . P de�nes pr o c ess expr essions . P 1 | P 2 executes P 1 and P 2 in parallel. $ x . P creates a new c hannel, binds it to x in P , and executes P . x ( y )=> P receiv es a v alue from c hannel x , binds the v alue to y in P , and executes P . x <= y sends a v alue y to c hannel x (and disapp ears). if x then P 1 else P 2 executes P 1 if x is true and executes P 2 if x is false. fix � in P de�nes new pro cesses according to � and executes P under the new en vironmen t. When x 0 is a pro cess de�ned somewhere, x 0 ( x 1 , : : : , x n ) executes the b o dy of the pro cess de�nition, with x 1 ; : : : ; x n b ound to the corresp onding parameters. let x = e in P binds the ev aluation result of e to x and executes P . Finally , � is a set of pr o c ess de�nitions , eac h of whic h is of the form f ( x 1 , : : : , x n ) = P , where P is a pro cess expression. This pap er do es not deal with the ev aluation of expressions, but that of pro cess expressions. 2 The subset do es not ha v e some features found in the original HA CL, suc h as static t yp e, functional primitiv e, and c hoice primitiv e. 2

2.1 A Sample Program Belo w is a HA CL program to calculate �b onacci n um b er. fib(r0, x) = if (x < 2) then r0<=1 else $r1.$r2.(fib(r1, x-1) | (fib(r2, x-2) | r1(v1)=>r2(v2)=>(r0<=v1+v2))) r0 is a c hannel to whic h fib will return a calculated v alue. In the else clause, t w o c hannels are cre- ated b y $r1.$r2. and t w o c hild pro cesses are created async hronously . In r1(v1)=>r2(v2)=>(r0<=v1+v2) , t w o receiv e op erations from c hannel r1 and r2 are done in turn, and the receiv ed v alues are b ound to v1 and v2 resp ectiv ely . Finally , the sum of the v alues are sen t to c hannel r0 . 3 A Basic Execution Mo del A basic mo del for executing pro cess expression P w ould b e as follo ws. � Initially , P is the only sche dulable pro cess. � W e main tain a data structure, called sche duling p o ol , in whic h all sc hedulable pro cesses are stored. � T o sc hedule pro cess expression P , one of the follo wing op erations is done according to the t yp e of P . parallel execution ( P 1 | P 2 ) Both P 1 and P 2 b ecome sc hedulable, th us either P 1 or P 2 is stored in the sc heduling p o ol and the other is executed. c hannel creation ( $ x . P ) A new c hannel is allo cated in heap, a p oin ter to the c hannel is b ound to x , and P is executed. receiv e ( x ( y )=> P ) x is a p oin ter to a c hannel allo cated in heap. First, w e test whether c hannel x has a v alue. If x has one, w e extract it, bind it to y , and execute P . Otherwise, P is stored in x , and one sc hedulable pro cess is selected from the sc heduling p o ol and executed. send ( x <= y ) If c hannel x has a w aiting pro cess, w e extract the pro cess and execute it, giving the sen t v alue y . Otherwise, w e store y in x , select one sc hedulable pro cess from the sc heduling p o ol, and execute it. pro cess instan tiation ( x 0 ( x 1 , : : : , x n ) ) W e store x 1 ; : : : ; x n in lo cations assigned at com- pile time and execute the b o dy of x 0 . T o sum up, a running pro cess con tin ues its execution as long as it has a natural con tin uation of the pro cess, putting dynamically-created pro cesses in to the sc heduling p o ol. When it has no natural con tin uations, another sc hedulable pro cess is pic k ed up from the sc heduling p o ol and executed. Execution mo del of m ultithreading languages are basically the same. Concurren t logic programming languages suc h as KL1[6] and functional languages suc h as T AM[7] can b e describ ed in a similar w a y , with di�eren t details and terminologies. 4 The Enhanced Execution Mo del The basic execution mo del describ ed in the previous section is ine�cien t in sev eral w a ys. Run time Sc heduling Ov erhead Ev ery time P 1 | P 2 is executed, all of the con text in either pro cess (i.e., co de address and free v ariables) are sa v ed in a sc heduling p o ol at runtime , though P 1 and P 2 ma y b e sc heduled statically and executed in line. W e will su�er from the o v erhead of frequen t sc heduling p o ol manipulations. 3

Comm unication Ov erhead All in ter-pro cess comm unications are p erformed through c han- nel, whic h is represen ted as a p oin ter to a memory lo cation. All the op erations to a c hannel suc h as putting a v alue require memory accesses. W e prop ose the enhanced execution mo del whic h o v ercomes man y of the ine�ciencies in the basic mo del. F or the sc heduling o v erhead, w e prop ose c ompile-time sche duling . F or the comm uni- cation o v erhead, w e prop ose unb oxe d channels and further extension to it called unb oxe d channel pr op agation . The static sc heduling enables us to execute m ultiple indep enden t pro cesses without sc heduling p o ol manipulation. Un b o xed c hannels allo ws us to create a c hannel without memory al- lo cation and comm unicate v alues on registers. Finally , un b o xed c hannel propagation complemen ts the un b o xed c hannel sc heme b y further extending the register usage con v en tions so that un b o xed c hannels can b e shared across pro cess instan tiation b oundaries. As w e will sho w in the follo wing, our enhanced execution mo del executes pro cedural abstractions built b y a com bination of pro cess instan tiation and comm unication via �rst-class c hannels as fast as pro cedure calls in sequen tial languages. 5 Compilation 5.1 Preliminaries W e express the heart of our compilation metho d b y giving the translation rules from pro cess expressions to an ML-lik e sequen tial program whic h sc hedules these expressions. After the trans- formation to a sequen tial co de, register allo cation and mac hine co de generation are p erformed. Sp eci�cally , the output ML-lik e sequen tial program consists of let val , let fun , if - then - else , sequen tial comp osition ( ; ), and tail function call. Ev ery function call in the output program is a tail call, and therefore, it is essen tially a goto. 5.1.1 Sc hedulable Closures and the Sc heduling Stac k In the output sequen tial program, all con trol o ws as w ell as run time data structures suc h as the sc heduling p o ol are explicit. The sc heduling p o ol is a list of closures, called sche dulable closur es . It is main tained in LIF O order and is th us hereafter called the sche duling stack . In an actual implemen tation, the sc heduling stac k ma y not b e a list of closures. It ma y instead b e a con tiguous stac k as in our implemen tation. A sc hedulable closure is executed when it is at the top of the sc heduling stac k and tak es the rest of the sc heduling stac k as the parameter. The closure ev en tually p ops the next closure from the stac k and executes it. 5.1.2 Blo c k ed Closures When a pro cess tries to receiv e a v alue from an empt y c hannel, the con tin uation whic h will b e executed after the v alue arriv es m ust b e stored in the c hannel. W e actually put a closure to execute the con tin uation in the c hannel. W e call suc h a closure blo cke d closur e since it represen ts a computation blo c k ed on a c hannel. A blo c k ed closure tak es t w o parameters. The �rst parameter is the sc heduling stac k and the other is the v alue �nally supplied b y a sender. Similar to sc hedulable closures, they ev en tually p op the next closure from the stac k and execute it. 5.2 The Basic T ranslation Algorithm W e �rst presen t the translation algorithm whic h realizes the static sc heduling and the next section then re�nes the sc heme with un b o xed c hannels. The basic idea of static sc heduling is to reduce the frequency of sc heduling stac k manipulation at run time. W e static al ly iden tify a set of sc hedulable pro cesses at eac h program p oin t, assuming it is a singleton set just after a pro cess is instan tiated. The translation algorithm, denoted b y F , tak es t w o parameters and is called in the follo wing form: F U k , 4 where U is a set of sc hedulable pro cesses iden ti�ed at compile time, and k the name of a v ariable whic h, at run time, refers to the sc heduling stac k. The in v arian t is that U and k together constitute all the executable w orks at that p oin t. F outputs a sequen tial program whic h ev en tually p ops the next sc hedulable closure from k and executes it, passing the rest of the closures to it. When U is empt y , it simply p ops the next sc hedulable closure and executes it. That is, F [] k = (hd k ) (tl k ) 3 When U is not empt y , on the other hand, F pic ks up a pro cess expression from U and sc hedules it in place. That is, F U k = F 1 u U � f u g k , where u is the selected pro cess expression. Notice that the sc heduling stac k is not manipulated unless U b ecomes empt y . F 1 is the main algorithm whic h translates a pro cess expression according to the t yp e of the expression. Figure 1 illustrates the translation algorithm. In a parallel expression P 1 | P 2 , w e simply extend U with P 1 and P 2 . In a pro cess instan tiation f ( x 1 , : : : , x n ) , the generated co de (1) creates a sc hedulable closure s whic h sc hedules U , (2) pushes the closure in to the sc heduling stac k, and (3) calls f (( s :: k ), x 1 , : : : , x n ) , where ( s :: k ) is the extended sc heduling stac k. (1) and (2) are omitted if U is empt y . The parameter list of a pro cess de�nition is accordingly extended b y the p oin ter to the sc heduling stac k. The head of the sc heduling stac k is the ‘caller’ of the pro cess instan tiation. In a receiv e expression r ( x )=> P , the generated co de �rst tests if there is a v alue in r . If there is one, w e extend U b y P and a compilation con tin ues with the extended U . Otherwise, the generated co de inserts a blo c k ed closure to r and a compilation con tin ues with the original U . In particular, if U is empt y (there b ecomes no statically iden ti�ed w ork), it switc hes to the next closure in the sc heduling stac k. This is a similar pro cess to pro cedure return in sequen tial languages, but do es not necessarily imply the computation has �nished. It just happ ens when there b ecomes no static al ly iden ti�ed w ork. In a send expression r <= v , the generated co de c hec ks if there is a blo c k ed closure in r and basically sc hedules it if there is one. An in teresting situation o ccurs if U is not empt y and a blo c k ed closure is found. W e ha v e c hoices as to whic h should b e sc heduled next. Figure 1 illustrates b oth cases ( Send2a sc hedules U �rst and Send2b sc hedules the blo c k ed closure �rst) and w e curren tly use Send2a to fa v or the lo w sc heduling o v erhead. 4 Heuristics for the Next Pro cess A heuristics m ust b e devised as to whic h pro cess should b e sc heduled when F pic ks up a sc hedulable pro cess in U at compile time. Our compiler curren tly giv es a priorit y to eac h t yp e of expression and selects one with the highest priorit y . The priorities, en umerating from higher ones to lo w er ones, are: 1. parallel expressions 2. send expressions, c hannel creations, conditionals, or lo cal pro cess de�nitions 3. receiv e expressions whose c hannel is not referenced b y an y other expressions in U 4. pro cess instan tiations 5. receiv e expressions, the c hannel of whic h is referenced b y another expression in U 3 Notational con v en tion here is that t yp ewriter c haracters express c haracters whic h are literally em b edded in the resulting ML-lik e program, whereas lo w er-case italic c haracters represen t meta v ariables whic h are replaced with actual names in the translation. F ree meta v ariables refer to unique names. 4 The size of the schedulable closure (= the n um b er of free v ariables) in Send2a is alw a ys t w o w ords ( p and v ), whereas the that in Send2b dep ends on the size of U and t ypically larger than t w o. 5

Pro cess de�nition Send1 G ( f ( x 1 , : : : , x n ) = P ) F 1 ( r <= v ) [] k = = f ( k , x 1 , : : : , x n ) = F [ P ] k if ( r has pr ocess ) then Dispatc her let val p = get_process( r ) F U k = F 1 u U � f u g k in p ( k , v ) end where u 2 U else F [] k = (hd k ) (tl k ) put_value( r , v ); P arallel F [] k F 1 ( P 1 | P 2 ) U k Send2a = F ( P 1 :: ( P 2 :: U )) k F 1 ( r <= v ) U k = Channel creation if ( r has pr ocess ) then F 1 ( $ r . P ) U k = let val p = get_process( r ) let val r = new_channel() fun s ( k ) = p ( k , v ) in F ( P :: U ) k end in F U ( s :: k ) end Pro cess instan tiation1 else F 1 ( f ( x 1 , : : : , x n ) ) [] k put_value( r , v ); = f ( k , x 1 , : : : , x n ) F U k Pro cess instan tiation2 Send2b F 1 ( f ( x 1 , : : : , x n ) ) U k = F 1 ( r <= v ) U k = let fun s ( k ) = F U k if ( r has pr ocess ) then in f (( s :: k ), x 1 , x 2 , : : : , x n ) end let val p = get_process( r ) Receiv e fun s ( k ) = F U k F 1 ( r ( v )=> P ) U k = in p (( s :: k ), v ) end if ( r has v al ue ) then else let val v = get_value( r ) put_value( r , v ); in F ( P :: U ) k end F U k else Conditional let fun s ( l , v ) = F [ P ] l F 1 ( if x then P 1 else P 2 ) U k = in if x then F ( P 1 :: U ) k put_process( r , s ); else F ( P 2 :: U ) k F U k Fix end F 1 ( fix � in P ) U k = let fun G map � in F ( P :: U ) k end Figure 1: A basic translation algorithm By giving the highest priorit y to parallel expressions, w e e�ectiv ely expand a nested tree of parallel expressions in to a at list of expressions, enhancing the opp ortunities for the heuristics. Expressions in class 2., except for send expression, nev er ha v e to create a closure for sc heduling purp ose, th us receiving the second highest priorit y . The priorities for 3., 4., and 5. are more subtle and rely on an assumption on t ypical program- ming st yles. W e assume that c hannels are lik ely to b e empt y when there are unsc heduled pro cesses whic h refer to it. W e wish to a v oid con text switc h when w e try to receiv e a v alue from an empt y c hannel so this suggests giving the lo w est priorit y to suc h receiv e expressions. On the other hand, a c hannel whic h is not referenced to b y unsc heduled pro cesses tends to already ha v e a v alue in it. Therefore w e giv e the relativ ely higher priorit y to a receiv e expression from suc h a c hannel. W e also w an t to a v oid con trol transfer across pro cess instan tiations, th us giving the next lo w est priorit y to pro cess instan tiations. 5.2.1 Example Let us see ho w the basic translation algorithm sc hedules the follo wing simple examples: 6

1. $r.(r <= x+10 | r(y)=> ...) 2. giv en f(r, x) = r <= x+10 , $r.(f(r, x) | r(y)=> ...) Examples are actually equiv alen t, if the instan tiation of f in the second example is substituted b y its b o dy (inline expansion). The �rst one is, omitting un tak en branc hes, con v erted in to: let val r = new_channel() in if (r has process) then (* wake up the process and ... *) else put_value(r, x+10); if (r has value) then let val y = get_value(r) in ... end else (* allocate a blocked closure and ... *) end Mo derately clev er compilers whic h k eep trac k of c hannels just created easily reduce this co de to: let val r = new_channel() in put_value(r, x+10); let val y = get_value(r) in ... end end This w a y , w e can further tak e adv an tage of the static sc heduling. The second example is translated in to the follo wing sequen tial co de. let val r = new_channel() in let fun s(k) = if (r has value) then let val y = get_value(r) in ... end else (* allocate a blocked closure and ... *) in f((s::k), r, x) end end k is the name of a closure at the head of the sc heduling stac k at this program p oin t. The de�nition of f is con v erted to: fun f(k, r, x) = if (r has process) then let val p = get_process(r) in p(x+10, k) end else put_value(r, x+10); (hd k) (tl k) That is, sc hedulable closure s is created and pushed on to the sc heduling stac k and passed to f . f sends x+10 to r and return to s . s will �nd the v alue in r and con tin ue. 5.2.2 Co de Explosion In the �rst example in Section 5.2.1, our algorithm generates a co de translated from r(y)=>... in b oth then and else clauses of the conditional expression if (r has process) . In the then clause, our compiler generates a co de whic h (1) w ak es up the pro cess, (2) pushes a sc hedulable 7

Receiv e Send2a F safe 1 ( r ( v )=> P ) U k = F safe 1 ( r <= v ) U k = let fun s ( k ) = F safe U k let fun s ( l ) = F safe U l fun t ( l , v ) = F safe [ P ] l in if ( r has pr ocess ) then in let val p = get_process( r ) if ( r has pr o c ess ) then fun t ( k ) = p ( k , v ) let val v = get_value( r ) in F [] ( s ::( t :: k )) end in t (( s :: k ), v ) end else else put_value( r , v ); put_process( r , t ); F [] ( s :: k ) F [] ( s :: k ) end end Send2b F safe 1 ( r <= v ) U k = let fun s ( k ) = F safe U k in Conditional if ( r has pr o c ess ) then F safe 1 ( if x then P 1 else P 2 ) U k = let val p = get_process( r ) let fun s ( k ) = F safe U k in p (( s :: k ), v ) end in if x then F safe [ P 1 ] ( s :: k ) else else F safe [ P 2 ] ( s :: k ) put_value( r , v ); end F [] ( s :: k ) end Figure 2: A summary of the safe translation algorithm closure to execute the w ok en pro cess in sc heduling stac k, and (3) tries to receiv e a v alue from a c hannel r . In the else clause, it generates a co de whic h (1) sends a v alue x+10 to a c hannel r and (2) tries to receiv e a v alue from a c hannel r . One pro cess expression r(v)=>... is duplicated and translated in t w o places ((3) in then clause and (2) in else clause). As suggested in the ab o v e example, our translation sc heme incurs an explosiv e increase of co de size b ecause the receiv e rule duplicates co de for U and P , and the send and conditional rules duplicate co de for U . W e can rev ert to a more conserv ativ e approac h in whic h w e share the co de for U (or P ) b y creating a closure whic h executes U (or P ). The translation rules based on the approac h is illustrated in Figure 2. They are ‘safe’ in the sense that no rule duplicates pro cess expressions suc h as U and P and w e are safe from co de explosion. In a receiv e expression, (1) a sc hedulable closure for executing U is created and pushed to the sc heduling stac k, (2) a closure for executing P is created in heap, and (3) w e test if a c hannel r has a v alue and con tin ue the corresp onding execution according to the result. A closure for P m ust b e created in heap b ecause the closure will b e put in to a c hannel when a c hannel has no v alue. In a conditional and send expression, a closure for executing U is �rst created. Conditional and Send2b pushes the closure to the curren t sc heduling stac k and a compilation con tin ues with the extended stac k ( ( s :: k ) ). On the other hand, Send2a �rst pushes a closure for executing the blo c k ed closure and pushes a closure for U next, when a c hannel has a blo c k ed closure. While duplicating some co de is crucial for reducing sc heduling o v erhead, some heuristices should b e devised whic h mixes the t w o strategies. Here w e prop ose one p ossible mixed strategy whic h reduces co de size, k eeping the run time sc heduling o v erhead small in t ypical cases. In a t ypical execution with the sc heduling heuristics describ ed ab o v e, w e rarely try to receiv e a v alue from an empt y c hannel. Therefore, generating the co des whic h are executed only when a blo c k happ ens without co de duplication will not so m uc h sacri�ce the o v erall p erformance. Based on the ob- serv ation, our approac h duplicates the co des whic h are still executed without blo c ks, and it do es not duplicate the co des whic h are executed only when a blo c k happ ens. A summary of the new 8

Receiv e Send2a F 1 ( r ( v )=> P ) U k = F 1 ( r <= v ) U k = if ( r has v al ue ) then if ( r has pr ocess ) then let val v = get_value( r ) let val p = get_process( r ) in F ( P :: U ) k end fun s ( k ) = p ( k , v ) else in F safe U ( s :: k ) end let fun s ( l , v ) = F safe [ P ] l else in put_value( r , v ); put_process( r , s ); F U k F safe U k Send2b end F 1 ( r <= v ) U k = if ( r has pr ocess ) then Conditional let val p = get_process( r ) F 1 ( if x then P 1 else P 2 ) U k = fun s ( k ) = F safe U k if x then F ( P 1 :: U ) k in p (( s :: k ), v ) end else F ( P 2 :: U ) k else put_value( r , v ); F U k Figure 3: A summary of the mixed translation algorithm translation rules to mix the t w o strategies are sho wn in Figure 3. Except the underlined parts, the rules are exactly the same as the basic translation rules in Figure 1. The conditional rule is not at all revised but it ma y b e b etter to generate the co de for one of the true and false clauses without duplication, esp ecially when the p ossibilities of a tak en branc h are exp ected to b e quite un balanced. Indeed the mixed algorithm reduces m uc h co de size, our curren t compiler reduces co de size more aggressiv ely . It estimates the co de size generated b y F b efore eac h translation rule is applied, and it inhibits duplication and uses the safe rules as long as the sum of the estimated co de size and the already generated co de size exceed a limit giv en b y a programmer. Once the sum falls b elo w the giv en limit, it thereafter generates a co de with the mixed strategy . This approac h strongly assures that the compiler nev er generates to o large a co de, in exc hange for the o v erheads at some program p oin ts where co de cannot b e duplicated. In follo wing sample co des, w e use a basic translation algorithm b ecause a co de generated b y the algorithm is easier to read than a co de generated b y the others. 5.3 Un b o xed Channels 5.3.1 The Basic V ersion In the �rst example in Section 5.2.1, the static sc heduling generates a co de whic h puts x+10 to r and then receiv es x+10 from r . As far as this particular example is concerned, w e can easily see that there are no need for allo cating r on heap. W e can instead allo cate b oth a ag to tell the state of r (empt y , full, ...) and a sen t v alue in r on an one-w ord register and up date the represen tation of r in place. This scenario of course do es not alw a ys w ork. F or example, when a reference to a c hannel is put in a heap-allo cated data whic h ma y b e referenced b y unkno wn pro cesses, w e clearly need to allo cate heap for it to main tain the correct sharing (aliasing) relationship b et w een pro cesses. W e in tro duce un b o xed c hannel sc hemes in t w o steps. In the basic v ersion, the state of a c hannel is represen ted on a register at its creation time and the represen tation is k ept un b o xed as long as it is r efer enc e d only by at most one sche dulable closur e . It is dynamically elev ated to a b oxe d (i.e., heap-allo cated) c hannel when this condition no longer holds. 9

T o realize this un b o xed c hannel sc heme, t w o bit tags are added to all data and it distinguishes four t yp es of data as sho wn b elo w. The �rst three are used for un b o xed c hannels and the last one is used for data whic h are not un b o xed c hannels. empt y un b o xed c hannel, in whic h neither v alues nor w aiting pro cesses are put in the c hannel. one v alue un b o xed c hannel, in whic h one v alue is put in the c hannel, whereas no pro cesses are w aiting on it. one w aitor un b o xed c hannel, in whic h one pro cess is w aiting on the c hannel, whereas no v alues are put in it. not un b o xed c hannel, whic h is not an un b o xed c hannel, including an in teger, a p oin ter to a cons cell, and a p oin ter to a heap-allo cated b o xed c hannel. W e represen t data itself b y remaining bits. F or example, on 32 bit mac hines, w e will need to mak e in tegers of 30 bits long, so that an in teger can b e put in an un b o xed c hannel 5 . An un b o xed c hannel is elev ated to a b o xed one in the follo wing cases: 1. When the c hannel receiv es the second v alue (or w aiting pro cess) in the v alue (or pro cess) queue. 2. When the c hannel is put in to a data structure (suc h as a cons cell and a c hannel). 3. When the c hannel is passed to another pro cess instan tiation and the c hannel is also used in the ‘caller’ closure. 4. When a blo c k ed closure whic h references the c hannel is enqueued in a c hannel as a w aiting pro cess. In the �rst case, an un b o xed c hannel is made b o xed simply b ecause those v alues (or pro cesses) cannot b e represen ted in a single w ord. In the last three cases, the elev ation is p erformed to main tain the correct sharing relationship. Our curren t compiler simply inserts these run time c hec ks at all the places where the ab o v e op erations are p erformed on a datum whic h ma y b e an un b o xed c hannel. Actually , the cost of the run time c hec k is v ery lo w in a real program since there are only a few kinds of data whic h ma y b e an un b o xed c hannel: a c hannel whic h is newly created in the same sc hedulable closure as the op eration and a v alue extracted from the sc heduling stac k 6 . 5.3.2 Un b o xed Channel Propagation Unfortunately , the ab o v e basic sc heme fails to execute a v ery frequen t idiom e�cien tly . The frequen t idiom is a com bination of a c hannel creation and a parallel expression the left op erand of whic h is a pro cess whic h receiv es a v alue from it, whereas the righ t op erand is a pro cess instan tiation whic h sends a v alue to it. That is, the frequen t idiom lo oks lik e: $r.( : : : r(v)=> : : : | : : : f(r, : : : ) : : : ) , where f is de�ned in a pro cess de�nition. Although the w orld do es not ha v e m uc h exp eriences on the programming in pro cess calculi, the authors b eliev e that co de fragmen ts lik e the ab o v e will b ecome v ery common, since they corresp ond to pro cedure calls found in sequen tial languages. Notice that in the ab o v e idiom, the receiv er (left op erand) ma y or ma y not immediately receiv e a v alue from the c hannel. That is, it represen ts b oth sync hronous and async hronous calls. The basic un b o xed c hannel sc heme mak es r b o xed when it is passed to f . W e extend the basic sc heme so that f ma y receiv e an un b o xed c hannel in its �rst p ar ameter and later pr op agate the (p ossibly altered) represen tation of the �rst parameter to the caller closure. The extended proto col in principle allo ws a c hannel to b e referenced b y an arbitr ary numb er of sche dulable closur es (but 10

Pro cess de�nition Send1 G ( f ( x 1 , : : : , x n ) = P ) F 1 ( r <= v ) [] k x = = f ( k , x 1 , : : : , x n ) = F [ P ] k x 1 if ( r has pr ocess ) then Dispatc her let val p = get_process( r ) F U k x = F 1 u U � f u g k x in p ( k , x , v ) end where u 2 U else F [] k x = (hd k ) ((tl k ), x ) put_value( r , v ); Pro cess instan tiation F [] k x F 1 ( f ( x 1 , : : : , x n ) ) U k x = let fun s ( k , x 1 ) = F U k x in f (( s :: k ), x 1 , x 2 , : : : , x n ) end Receiv e F 1 ( r ( v )=> P ) U k x = Send2a if ( r has v al ue ) then F 1 ( r <= v ) U k x = let val v = get_value( r ) if ( r has pr ocess ) then in F ( P :: U ) k x end let val p = get_process( r ) else fun s ( k , x ) = p ( k , x , v ) let fun s ( l , y , v ) = F [ P ] l y in F U ( s :: k ) x end in else put_process( r , s ); put_value( r , v ); F U k x F U k x end Figure 4: A summary of the translation algorithm extended b y un b o xed c hannel propagation not b y other t yp es of data including blo c k ed closures). This relaxes the third case in the previous section. The un b o xed c hannel propagation can b e clearly expressed b y extending the basic translation rules sligh tly . A summary of the new translation algorithm is sho wn in Figure 4. Ma jor di�erences from the basic v ersion are as follo ws. � F no w tak es three parameters U , k , and x (see Dispatc her ). F U k x returns a sequen tial co de whic h ev en tually p op a closure from k and passes the rest of k and x to the closure. F 1 no w tak es four parameters, P , U , k , and x . First three parameters are the same as the basic v ersion. Similar to F , output sequen tial co de generated b y F 1 ev en tually p ops the closure from k and returns the rest of k and x to the closure. � A sc hedulable closure created at pro cess instan tiation f ( x 1 , : : : , x n ) tak es an additional parameter whic h receiv es the represen tation of x 1 returned b y f (see Pro cess instan tiation and Pro cess de�nition ). f will ev en tually p ops the closure and execute it, giving the represen tation of x 1 as an argumen t. The p opp ed closure also ev en tually p ops the next closure (a caller of a caller), passing the represen tation of x . Because x and x 1 are not alw a ys the same, a caller closure m ust b e created ev en if U is empt y . � A sc hedulable closure pushed to the sc heduling stac k at a send expression tak es an additional parameter and ev en tually returns it to the caller, as is (see Send2a and Receiv e ). This additional parameter is utilized as follo ws. Supp ose the next closure in the sc heduling stac k exp ects a v alue of x when it is executed. When w e gro w a stac k, w e m ust preserv e the v alue of x someho w. Instead of pushing a ‘glue’ closure whic h sa v es x and restores it, w e de�ne a proto col in whic h the new closure tak es x and returns it. 5 In dynamically t yp ed languages lik e ours, a few more tag bits are used for t yp e tags. F or example, our compiler uses more t w o bits for t yp e tags and in tegers in our compiler are 28 bits long. 6 When the basic un b o xed c hannel sc heme is extended in the follo wing section, the �rst parameter of a pro cess instan tiation ma y also b e an un b o xed c hannel 11

5.3.3 P ossible Extensions and Impro v emen ts Extension to Un b o xed Channel Propagation W e ha v e so far assumed that only the �rst parameter of a pro cess de�nition can receiv e un b o xed c hannels. This certainly restricts the pro- gramming st yle whic h can b e e�cien tly supp orted. But nothing in the framew ork prev en ts us from supp orting m ultiple parameters whic h can receiv e un b o xed c hannels. The o v erhead should b e paid, ho w ev er, to return the represen tation to the caller. Hence w e cannot easily determine ho w m uc h parameters can hold un b o xed c hannels. There are t w o p ossible impro v emen ts. One is ac hiev ed b y iden tifying known pr o c ess de�nitions , whic h are pro cess de�nitions whose all call sites are kno wn at compile time. F or eac h call site of suc h pro cess de�nitions, w e can determine whic h argumen ts are actually shared b et w een the newly instan tiated pro cess and the curren t pro cess instan tiation. Most aggressiv ely , w e can tak e the union of all suc h parameters and return those parameters to the caller. The other is to adopt static t yp e system and de�ne a con v en tion in whic h a parameter is returned to the caller if and only if its t yp e is a c hannel. Callee-Sa v e Registers W e can reduce more run time sc heduling o v erheads b y callee-sa v e regis- ters, whic h is a traditional tec hnique in sequen tial languages. Register usage con v en tion is extended so that callee-sa v e registers can b e used in the con text of asynchr onous in v o cations. Eac h pro cess de�nition tak es additional parameters and the caller of a pro cess instan tiation passes some of its free v ariables to the pro cess de�nition. A pro cess returns those parameters to the caller as is. The sc hedulable closure accordingly tak es them as additional parameters. This w a y w e can a v oid sa ving all the free v ariables at ev ery pro cess instan tiation. Expressing callee-sa v e registers this w a y is �rst done b y [1] and [2]. They describ e an e�ectiv e w a y of utilizing callee-sa v e registers in sequen tial programs. 5.3.4 Example Let us see ho w the second example in Section 5.2.1 has b een impro v ed. First, the de�nition of f is con v erted in the follo wing sequen tial co de. fun f(k, r, x) = if (r has process) then let val p = get_process(r) in p(k, x+10, r) end else put_value(r, x+10); (hd k) ((tl k), r) The output co de for the caller no w lo oks lik e: let val r = new_channel() in let fun s(k, r) = if (r has value) then let val y = get_value(r) in ... end else (* allocate a blocked closure and ... *) in f((s::k), r, x) end end First r is created as un b o xed. After pushing s in the sc heduling stac k k , it calls f , passing r and x as argumen ts. After the in v o cation, f sends a v alue to r . r will b e empt y , hence f puts x+10 b y up dating r in place at put_value(r, x+10) . 7 Finally , the up dated represen tation of r is passed to the caller (hd k) . s then obtains r and con tin ues to the con tin uation of the receiv e expression. W e successfully comm unicate a v alue without heap allo cation. Except the o v erhead c hec king whether a c hannel has a v alue or not, the sample co de is executed as fast as a pro cedure call in sequen tial languages. 7 Up dating v ariables depart from the seman tics of ML. Although this can b e made explicit b y rebinding c hannels in suc h places, w e prefer to this concise expression. Bo xed op erations are similarly implicit. 12

6 Exp erimen tal Results 6.1 Source Language HA CL is used as an in termediate language for the concurren t ob ject-orien ted language Sc hematic[22]. Sc hematic is an extension to Sc heme and has some w ell-kno wn concurren t primitiv es suc h as future and touch , whic h are originally prop osed in Multilisp[8]. Before giving a p erformance result, w e here explain an o v erview of the surface language Sc hematic and ho w some primitiv es in Sc hematic are translated to those in HA CL. In Sc hematic, the expression (future ( f x )) async hronously forks a pro cess f with argumen t x . The return v alue of this expression is a c hannel whic h is created implicitly to store the returned v alue from f . The expression (touch r ) tries to receiv e a v alue from c hannel r and returns it if there is one. If there is no v alue, this expression blo c ks un til a v alue arriv es. The expression ( f x ) forks a pro cess f sync hronously . The return v alue of this expression is a v alue returned b y f . Ac- tually , ( f x ) is a syn tactic sugar for (touch (future ( f x ))) . The expression (make-channel) returns a newly created c hannel. The expression (reply v r ) sends a v alue v to c hannel r . The v alue of this expression is unde�ned. More complicated data structures and primitiv es suc h as concurren t ob ject and pbegin are implemen ted b y a com bination of these primitiv es. The primitiv es in Sc hematic can b e enco ded b y those in HA CL b y a straigh tforw ard translation. Here w e informally describ e the enco ding. (future ( f x )) is translated to $ r .( f ( r , x ) | P ) , where P is a pro cess expression translated from a Sc hematic expression enclosing (future ( f x )) . Channel r is implicitly added to f ’s argumen t so that f can comm unicate a v alue with P . (touch r ) is directly translated to r ( v )=> P , where P is a pro cess expression translated from a Sc hematic expression enclosing (touch c ) . (reply v r ) is also directly translated to r <= v . A sync hronous fork expression ( f x ) , whic h is expanded to (touch (future ( f x ))) , is trans- lated to $ r .( f ( r , x ) | r ( v )=> P ) , where P is a pro cess expression translated from a Sc hematic expression enclosing ( f x ) . The follo wing co de fragmen t written in Sc hematic is frequen tly seen in a t ypical concurren t programs. (let ((r (future (f x)))) ... ... (touch r) ... ...) The ab o v e co de is translated to the follo wing HA CL co de, whic h is v ery similar to the sample co de sho wn in Section 5.2.1. $r.( f(r, x) | ... r(y)=> ...) The di�erence b et w een this HA CL co de and the one translated from ( f x ) is whether a receiv e op eration in a righ t clause is p erformed immediately or not. As w e ha v e explained in Section 5.3.2, our framew ork can execute this kind of co de fragmen t v ery e�cien tly , whether a receiv e is immediate or not. The design of Sc hematic and a translation from Sc hematic to HA CL are out of the main purp ose of this pap er. Refer to [22] for more details of Sc hematic. 6.2 P erformance Measuremen t A Sc hematic source program is �rst translated to a HA CL program. A HA CL program is then translated to an ML-lik e program based on the algorithm describ ed in this pap er. The generated ML-lik e program is further translated to assem bly-lik e C and compiled to a nativ e co de b y gcc . W e wrote Sc hematic programs and equiv alen t C programs for some applications and compared the p erformance of t w o programs on SP AR CStation20 (Hyp erSP AR C, 150 MHz). In this exp eri- men t, run time t yp e c hec ks in Sc hematic are omitted for a fair comparison with C. Benc hmark programs are: 13

Figure 5: The elapsed times normalized to Sc hematic with t w o optimizations (Higher bar indicates slo w er execution time.) Fib computes a 30th �b onacci n um b er, 1346269. This program is written in a sequen tial st yle, where an answ er from one c hild is immediately receiv ed b efore instan tiating another c hild. T ak computes a v alue of T ak euc hi function with argumen ts 24 16 8. This function requires hea vily recursiv e computations as �b onacci function. Qsort sorts a v ector of 10000 in tegers. The sum of the time to mak e a v ector and sort it ten times is measured. This program destructiv ely up dates a v ector giv en as a problem. The dominan t computations are a reference and an up date to an elemen t of a v ector. Prime computes primes less than 10000 and returns a list of the primes. The sum of the time to calculate the primes ten times is measured. The dominan t computations are a division b et w een in tegers and a cons cell op eration. QAP solv es Quadratic Assignmen t Program, whic h is a com binatorial optimization problem. It calculates a pseudo optim um solution b y tabu searc h metho d, whic h iterativ ely searc hes the solution space, utilizing tabu list so as not to turn around the same solutions[11, 16]. The dominan t computations of this program are a reference to an elemen t of a v ector and a creation of a new v ector. Gr� obner computes a Gr� obner basis of giv en p olynomials[18]. P olynomials are expressed b y com- binating cons cells, in tegers, and sym b ols. The dominan t computations are an in teger arith- metic and a cons cell managemen t. Fib and T ak do not allo cate an y data structures in heap during execution, except closures and c hannels. Qsort also do es not allo cate an y data structures, except closures, c hannels, and the v ector created at the b eginning as a problem. All the application programs are written in a sequen tial st yle. Heap size in this exp erimen t is one megab ytes. W e �rst sho w the elapsed times for executing C programs and Sc hematic programs in Figure 5. The elapsed times are normalized to Sc hematic with b oth optimizations and higher bar indicates slo w er execution time. The elapsed times include garbage collection times. The bar indexed b y ‘C’ sho ws the elapsed times of C programs. The bars indexed b y ‘Sc hematic’ sho w the elapsed times of Sc hematic programs. W e generated four v ersions of compiled co de for eac h Sc hematic program, v arying the presence of the t w o optimizations. T o generate a co de with static sc heduling, w e used the mixed translation rules in Figure 3. On the other hand, to generate a co de without static sc heduling, w e used the safe translation rules in Figure 2. In the C programs, allo cating 14

Figure 6: The elapsed times of t w o Sc hematic programs (Fib is written in a sequen tial st yle and P�b is written in a parallel st yle) data structures suc h as a cons cell and a v ector are p erformed b y GC_malloc , whic h is a function in Bo ehm’s conserv ativ e garbage collection library[4, 5]. GC_malloc mak es a dynamic memory allo cation cost small, and lib erates us from the burden of inserting a co de for freeing memory . In all the executions of Sc hematic programs, w e nev er tried to receiv e a v alue from an empt y c hannel with the help of the heuristics for pro cess sc heduling in the static sc heduling algorithm. In the executions with b oth t w o optimizations, no b o xed (heap-allo cated) c hannels w ere created in all the programs b ecause w e met none of the four cases in whic h w e m ust elev ate an un b o xed c hannel to a b o xed one. Moreo v er, no heap closure w as created in Fib , T ak , Qsort , and Prime , except the sev eral heap closures for the pro cesses de�ned in toplev el. No garbage collection o c- curred in the four applications. Notice that most of the Sc hematic programs compiled with b oth optimizations are executed only a few times slo w er than the C programs. When a program is compiled without static sc heduling (i.e, without co de duplication in our framew ork), w e are sub jected to more run time sc heduling o v erhead. In this compilation, when r ( v )=> P is executed, a closure for executing P is created in heap b efore testing whether the c hannel r has a v alue, as w e describ ed in Section 5.2.2. Therefore, m uc h more heap closures w ere created in the execution without static sc heduling. In addition, un b o xed c hannels whic h are put in to heap-allo cated closures are alw a ys elev ated to a b o xed c hannel so that man y b o xed c hannels, whic h are not seen in the compilation with t w o optimizations, w ere created. The elapsed times in Figure 5 clearly tells us that the absence of static sc heduling pro duces a crucial e�ect on the o v erall p erformance. In the execution without un b o xed c hannel optimization, all c hannels are created as a b o xed c hannel from the b eginning and a c hannel op eration alw a ys requires memory manipulations. The absence of un b o xed c hannels increases the cost of c hannel op erations, while the o v erhead of run time elev ation of a c hannel and accompan ying run time c hec k listed in Section 5.3.1 is eliminated. In Figure 5, w e can easily see that the executions without un b o xed c hannel are m uc h slo w er than those with un b o xed c hannel. It strongly con�rms the usefulness of our un b o xed c hannel sc heme. The sp eedups ac hiev ed b y un b o xed c hannel are m uc h more remark able with static sc heduling than without static sc heduling. Con v ersely , the sp eedups ac hiev ed b y static sc heduling are m uc h more remark able with un b o xed c hannel. The omission of ev en one of the t w o optimizations mak es a p erformance greatly w orse. This suggests that a c ombination of static sc heduling and un b o xed c hannel optimization brings us an e�cien t co de. Next, to pro v e that our sc heme is e�ectiv e in programs written in not only a sequen tial st yle but also a parallel st yle, w e wrote a program to calculate a �b onacci n um b er in a parallel st yle and compared the p erformance with a sequen tial one. The parallel program ( P�b ) has already b een presen ted in Section 2.1. In the execution of P�b , t w o c hild pro cesses are instan tiated b efore an answ er from one of the c hildren is receiv ed. In Fib , a second c hild is instan tiated after an answ er 15

Fib P�b T ak Qsort Prime QAP Gr� obner basic 11 11 33 91 69 | | mixed 11 11 22 58 57 200 1422 safe 8 8 11 32 36 90 382 T able 1: Ob ject co de sizes (kilob ytes) QAP Gr� obner basic 18 | from Sc hematic to C mixed 9 34 safe 7 16 basic | | from C to nativ e co de mixed 185 1055 safe 45 170 T able 2: Compilation times (sec) from a �rst c hild is receiv ed. Figure 6 sho ws the elapsed times of t w o programs. P�b is executed almost as fast as Fib , whic h means that our framew ork is also p o w erful for programs written in a parallel st yle. The abilit y to execute e�cien tly a co de fragmen t whic h enco des an async hronous call mak es our sc heme v ery attractiv e for implemen ting a concurren t language. The reason wh y P�b , compiled without static sc heduling and with un b o xed c hannel, is considerably slo w er than Fib is the high ratio of elev ated un b o xed c hannels in P�b . The p ercen tage of elev ated un b o xed c hannels in all un b o xed c hannels is 50% in Fib and 81% in P�b , resp ectiv ely . No w, w e mo v e a fo cus to a co de size and a compilation time. T able 1 sho ws the sizes of the generated ob ject co des and T able 2 sho ws b oth a compilation time from Sc hematic to C and a compilation time from C to nativ e co de. Compile times for Fib , P�b , T ak , QSort , and Prime are omitted b ecause they are v ery small. W e compare the three translation algorithms describ ed in this pap er. The �rst of the three (basic) alw a ys duplicates co des, as sho wn in Figure 1. The second (mixed) duplicates those co des whic h ma y b e visited ev en when no blo c k happ ens and do es not duplicate those co des whic h is visited only when a blo c k happ ens, as sho wn in Figure 3. The third (safe) do es not duplicate an y co des, as sho wn in Figure 2. Some blanks in the tables are not �lled b ecause Sc hematic compiler (or C compiler) could not succeed in the compilation b ecause the resulting program is to o large. This indicates that the w a y to a v oid co de explosion is essen tial for our sc heme to compile realistic programs. F rom the viewp oin ts of b oth co de size and compilation time, our mixed compilation algorithm seems to w ork w ell. All the compilations b y the algorithm are successfully completed and the co de sizes are only a few times larger than those of safe algorithm. 7 Related W ork T urner prop osed a compilation framew ork for a concurren t language Pict[15, 24], whic h is based on � -calculus[14]. In their sc heme, a receiv e (input) expression alw a ys allo cates a closure, whether the v alue is presen t or not, whereas in our sc heme, the receiv e expression immediately con tin ues its b o dy when the v alue is presen t. The adv an tage comes from co de duplication. They also prop ose m ultiple represen tation sc hemes for c hannels. Their sc heme a v oids FIF O queue creation in man y cases, but, unlik e ours, alw a ys creates c hannels in heap. T AM[7] is an abstract mac hine for soft w are m ultithreading. T AM has t w o-lev el cost hierarc hies for run time thread sc heduling. Lo w-cost switc hes can b e made b et w een threads whic h are iden ti�ed at compile time. This is v ery similar to our static sc heduling sc heme. Our curren t static sc heduling 16 realizes zero o v erhead switc hes b et w een threads iden ti�ed at compile time, but this is at the cost of the co de size. F urther studies are necessary to mak e a fair comparison. Reducing the frequency of run time sc heduling op erations has also b een studied in the con text of concurren t logic/functional languages[3, 19]. The basic tec hnique is to �nd t w o co de fragmen ts that can b e statically mer ge d (i.e., sc heduling one fragmen t can b e safely dela y ed un til the other also b ecomes sc hedulable), b y dep endence analysis. W e ac hiev e a similar e�ect not b y dep endence analysis but b y co de duplication. W e statically k eep trac k of sc hedulable co de fragmen ts and generate co de that sc hedules b oth in line, in case b oth are runnable at run time. Koba y ashi and Igarashi prop osed optimizations for line ar c hannels (c hannels that are used only once) [10, 12]. Their optimizations eliminate a c hannel creation and indirect comm unication through the c hannel en tirely , if the c hannel is used b y a receiv e op eration immediately after its creation. The un b o xed c hannel ac hiev es a similar e�ect b y holding the state of an un b o xed c hannel on a register. The authors’ previous w ork Stac kThreads [21, 23], has prop osed the framew ork of un b o xed c hannels. This w ork generalized the execution sc heme of Stac kThreads and formalized it as a compilation framew ork in more general settings. The description of the compilation framew ork is in uenced b y App el’s CPS framew ork for compiling functional languages. Man y optimizations they p erform can also b e incorp orated in to our compilation framew ork[1, 2, 20]. 8 Conclusion W e prop osed an e�cien t execution sc heme for a pro cess calculus and presen ted a translation algorithm whic h translates a pro cess calculus in to an ML-lik e sequen tial program. Our framew ork has a great generalit y in that it can compile the program whic h uses pro cesses and c hannels in an y com bination pattern. In our framew ork, the o v erhead of a pro cess sc heduling has b een reduced b y c ompile-time sche duling , and that of a comm unication b et w een pro cesses is reduced b y unb oxe d channels . Exp erimen tal results sho w ed programs of a pro cess calculus can b e executed only a few times slo w er than equiv alen t C programs. References [1] Andrew W. App el. Compiling with Continuations . Cam bridge Univ ersit y Press, 1992. [2] Andrew W. App el and Zhong Shao. Callee-sa v e Registers in Con tin uation-passing St yle. Lisp and Symb olic Computation 5(3) , pages 191{221, 1992. [3] T akuy a Araki and Hidehik o T anak a. Static Gran ularit y Optimization of a Committed-Choice Language Fleng. In Pr o c e e dings of Eur o-Par ’97 Symb olic Computation , P assau, German y , August 1997. [4] Hans-Juergen Bo ehm. Space E�cien t Conserv ativ e Garbage Collection. In Pr o c e e dings of the A CM SIGPLAN’93 Confer enc e on Pr o gr amming L anguage Design and Implementation , pages 197{206, 1993. [5] Hans-Juergen Bo ehm and Mark W eiser. Garbage Collection in an Unco op erativ e En vironmen t. Softwar e Pr actic e and Exp erienc e , 18(9):807{820, 1988. [6] T. Chik a y ama, T. F ujise, and D. Sekita. A P ortable and E�cien t Implemen tation of KL1. In Pr o c e e dings of Pr o gr amming L anguage Implementation and L o gic Pr o gr amming ’94 , v olume 844 of L e ctur e Notes in Computer Scienc e , pages 25{39. Springer-V erlag, Septem b er 1994. [7] D. E. Culler, S. C. GoldStein, K. E. Sc hauser, and T. v on Eic k en. T AM | A Compiler Con trolled Threaded Abstract Mac hine. Journal of Par al lel and Distribute d Computing , pages 347{370, July 1993. 17

[8] 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. [9] Haruo Hoso y a, Naoki Koba y ashi, and Akinori Y oneza w a. P artial Ev aluation Sc heme for Con- curren t Languages and Its Correctness. In Eur o-Par’96 Par al lel Pr o c essing , v olume 1123 of L e ctur e Notes in Computer Scienc e , pages 625{632, 1996. [10] A. Igarashi and N. Koba y ashi. T yp e-Based Analysis of Usage of Comm unication Channels for Concurren t Programming Languages. T ec hnical rep ort, Departmen t of Information Science, Univ ersit y of T oky o, 1997. [11] Hideki Iriy ama. In v estigation and Impro v emen ts of Searc hing Metho ds Using Meta Strategies for Quadratic Assignmen t Problem, 1997. Senior Thesis, Univ ersit y of T oky o. [12] Naoki Koba y ashi, Benjamin C. Pierce, and Da vid N. T urner. Linearit y and the Pi-Calculus. In Pr o c e e dings of A CM SIGA CT/SIGPLAN Symp osium on Principles of Pr o gr amming L an- guages , pages 358{371, Jan uary 1996. [13] Naoki Koba y ashi and Akinori Y oneza w a. Higher-Order Concurren t Linear Logic Program- ming. In The ory and Pr actic e of Par al lel Pr o gr amming , v olume 907 of L e ctur e Notes in Computer Scienc e , pages 137{166. Springer-V erlag, 1995. [14] Robin Milner. The p oly adic � -calculus: a tutorial. In F. L. Bauer, W. Brauer, and H. Sc h wic h t- en b erg, editors, L o gic and A lgebr a of Sp e ci�c ation . Springer-V erlag, 1993. [15] Benjamin C. Pierce and Da vid N. T urner. Pict: A Programming Language Based on the Pi-Calculus. T ec hnical rep ort, Computer Science Departmen t, Indiana Univ ersit y , 1997. T o app ear in Milner F estschrift , MIT Press, 1997. [16] S. Karisc h R. E. Burk ard and F. Rendl. Quadratic Assignmen t Problem Li- brary . Eur op e an Journal of Op er ations R ese ar ch , 1991. URL of QAPLIB home page http://www.diku.dk/~Ekarisch/qaplib/ [17] Da vide Sangiorgi. The name discipline of uniform receptiv eness. In Pr o c e e dings of 24th International Col lo quium on A utomata, L anguages, and Pr o gr amming , July 1997. [18] T ateaki Sasaki. Some Algebraic Algorithms Based on Head T erm Elimination o v er P olynomial Rings. In J. H. Da v enp ort, editor, Pr o c e e dings of Eur op e an Confer enc e on Computer A lgebr a , v olume 378 of L e ctur e Notes in Computer Scienc e , pages 348{354, LeipZig, GDR, June 1987. Springer-V erlag. [19] Klaus E. Sc hauser, Da vid E. Culler, and Seth C. Goldstein. Separation Constrain t P artitioning | A New Algorithm for P artitioning Non-Strict Programs in to Sequen tial Threads. In Pr o- c e e dings of A CM SIGA CT/SIGPLAN Symp osium on Principles of Pr o gr amming L anguages , pages 259{272, Jan uary 1995. [20] Zhong Shao and Andrew W. App el. Space-E�cien t Closure Represen tations. In Pr o c e e dings of 1994 A CM Confer enc e on Lisp and F unctional Pr o gr amming , pages 150{161, June 1994. [21] Kenjiro T aura, Satoshi Matsuok a, and Akinori Y oneza w a. Stac kThreads : An Abstract Ma- c hine for Sc heduling Fine-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 , v olume 907 of L e ctur e Notes in Computer Sci- enc e , pages 121{136. Springer-V erlag, 1994. [22] Kenjiro T aura and Akinori Y oneza w a. Sc hematic: A Concurren t Ob ject-Orien ted Extension to Sc heme. In Pr o c e e dings of Workshop on Obje ct-Base d Par al lel and Distribute d Computation , v olume 1107 of L e ctur e Notes in Computer Scienc e , pages 59{82. Springer-V erlag, 1996. 18

[23] Kenjiro T aura and Akinori Y oneza w a. Fine-grain Multithreading with Minimal Compiler Supp ort|A Cost E�ectiv e Approac h to Implemen ting E�cien t Multithreading Languages. In Pr o c e e dings of A CM SIGPLAN Confer enc e on Pr o gr amming L anguage Design and Imple- mentation , 1997. [24] Da vid N. T urner. The Polymorphic Pi-c alculus: The ory and Implementation . PhD thesis, Univ ersit y of Edin burgh, 1995. 19