A New T ransformation based on Pro cess-Message Dualit y for Concurren t Logic Languages Kouichi Kumon Institute for New Generation Computer T ec hnology Mita-Kokusai Bldg 21F, Mita 1-4-28, Minato-ku, T oky o 108, Japan kumon@icot.or.jp Keiji Hirata NTT Basic Researc h Lab oratories 3-1, Morinosato W ak amiy a, A tsugi-shi, Kanaga w a 243-01, Japan hirata@nefertiti.ntt.jp Abstract In a concurrent logic language, mapping from the ob jects in a programmer’s mind to actual pro cesses and messages often results in less-than-optim um p erformance. One reason for this is that an incorrect prediction of the dy- namic b ehavior and the resulting irrelev an t mapping make the execution threads short and thus result in frequen t susp ensions. Also, go o d p erfor- mance may b e less imp ortan t than the ease of writing and reading programs. Although in typical language pro cessing systems for a concurrent logic lan- guage, shorter execution threads are likely to cause ine�ciency , only few attempts extend the thread length by improving the sc heduling p olicy of pro cessing systems. W e are prop osing a new technique for extending thread length, by ex- changing the roles of the pro cesses and messages of a source program; w e call this tec hnique a duality tr ansformation . This technique improv es pro- gram p erformance without the need for mo difying the language pro cessing systems. Pro cesses and messages in a concurren t logic language can p erform the same roles, making it is p ossible to transform pro cesses to messages, and vice versa. F urthermore, the notion of pro cess-message duality not only improv es e�ciency , but also gives rise to new programming metho dologies, which allow meta-level programming without meta-language facilities. In this pap er, we discuss the concept of duality of pro cesses and messages, de- tails of the transformation to a dual program, and some actual applications of this transformation. 1 In tro duction When a programmer writes a program in a concurrent logic language, he/she is faced with making the imp ortant choice of which of the ob jects in his/her mind are to b e mapp ed to pro cesses and which should b e mapp ed to messages. Th us, user programs often emplo y an ob ject-oriented programming style, where a series of messages are sent to a p erp etual pro cess [8, 9]. W e call this the message-orien ted programming st yle. Ho w ev er, a programmer’s choice may result in p o or p erformance, the reasons p erhaps b eing that the mapping of ob jects to pro cesses and mes- sages is p o orly suited to the execution environmen t, that is, the program- mer’s prediction of the dynamic b ehavior of his/her program is wrong, or achieving ease of writing and reading programs degrades e�ciency . In gen- eral, since language pro cessing systems for concurrent logic languages (the Monaco system[10], the PIM system[7] and the KLIC system[1] and others [12, 2, 5]) assume that, during execution many shorter threads, resulting from susp ension, are the most lik ely cause of ine�ciency . Therefore, the ab ov e systems hav e attempted to reduce the switching ov erhead incurred by susp ension and resumption. On the other hand, only few attempts extend the thread length for message-orien ted programs by improving the sc hedul- ing p olicy of pro cessing systems[11]. W e are prop osing a new metho d where, in the rewriting of a source program, the roles of pro cesses and messages are exchanged to improv e the e�ciency . As a result, despite no mo di�cations b eing made at the language pro cessing system level, our metho d can yield the same e�ect as improving the scheduling p olicy . Since pro cesses and messages in a concurrent logic language work in the same wa y as a data container, it is p ossible to transform pro cesses to messages, and vice v ersa. Hence, we can say that pro cesses and messages are dual to each other. F urthermore, the notion of pro cess-message duality provides us not only with e�ciency improv emen t, but also enables new programming metho dologies, that allow meta-programming without the need for meta-language facilities. Section 2 of this pap er discusses the notion of dualit y of pro cesses and messages in the concurrent logic language, FGHC. Section 3 presents the pro cedure of transformation to a dual program. Section 4 shows some ac- tual applications of the transformation to e�ciency improv emen t and new programming metho dologies. Section 5 concludes this pap er. 2 Dualit y in a Concurren t Logic Language 2.1 Message-Oriented Programs and Pro cess-Oriented Pro- grams When a programmer writes a program in a concurrent logic language, he/she has to use the notion of messages and pro cesses. T o discuss the meanings and roles of messages and pro cesses, we �rst de�ne a message-oriented program and a pro cess-orien ted program. These tw o t yp es of programs are distin- guished by the wa y in which they initiate their execution: message sending or predicate inv ocation. Message-Oriented Program: A sequence of messages is sent to a p er- p etual pro cess. Up on receiving it, the pro cess is activ ated and up dates its internal state, and may send newly created messages to other p erp etual pro- cesses. After that, the pro cess returns to the susp ended state [8, 9]. Figure 1 is a schematic diagram illustrating the b eha vior of a simple message-oriented program. In this �gure, the shaded ov als represent susp ended pro cesses, Figure 1: Beha vior of Message-Orien ted Program while the white ov als represen t activ e pro cesses. Before message m arrives, all p erp etual pro cesses are susp ended. Then, m activ ates pro cess p1 , which sends the new message m’ to successive pro cess p2 . After that, p1 is sus- p ended again. As a result, many susp ensions and resumptions o ccur during the execution of this t yp e of program. Pro cess-Orien ted Program: A predicate is inv ok ed to pro cess the bulk of the data. As the predicate is b eing executed, it may in v ok e other predi- cates to pro cess data, and ma y create new data. If the previous example is rewritten in a pro cess-oriented manner (Figure 2), predicates ma y b e sus- p ended less frequently , b ecause enough data may already exist to execute pro cess m . In this �gure, the rounded rectangles represent the data lists to Figure 2: Behavior of Pro cess-Oriented Program b e input to pro cess m . In message-oriented programs, we can think of messages as b eing active entities, with the pro cesses waiting to b e fed the messages. On the other hand, in pro cess-oriented programs, the pro cesses are activ e entities, that take in and pro cess the data. 2.2 Duality of Messages and Pro cesses Before discussing the duality of pro cesses and messages, we will �rst describ e the execution of predicates by examining a sample program (Figure 3). W e use FGHC, a concurrent logic language, in the following discussion. A t �rst, w e lo ok in to ho w execution pro ceeds until predicate p commits. During the execution of the b o dy of top , the message [m|n] is generated by active uni�cation with v ariable Mi ( %a ), and predicate p is called ( %b ).

top:- true | Mi=[m|n], %a p(Mi,st,Mo). %b p(Mi,ST,Mo):- %1 Mi=[M|Mis], %2 ST=st, M=m | %3 Mn=m’, STn=st’, %4 Mo=[Mn|Mos], r(Mis,STn,Mos). %5 Figure 3: Sample Program for Illustrating Duality This predicate inv ocation passes the argument v alues to the v ariables o c- curring at the head of the de�nition ( %1 ). Then, the passive uni�cation at %2 decomp oses a message pac k et, for which the message container is a list cell ( [ | ] ). Finally , it is chec k ed whether the pro cess state ST and the received message M for committing ( %3 ). Here, we regard %1 and %2 as b e- ing the basic contribution to clause selection and %3 as b eing an additional selection. The information required for the b o dy execution of predicate p is: � The data ST , whic h is carried as a pro cess state of p (extracted at %1 in Figure 3). � The data M , which is carried b y a message container [ | ] (extracted at %2 in Figure 3). At this p oin t, we may exchange the carriers of the information ( ST and M ), thus obtaining the program shown in Figure 4. In this transformation, data structure [ | ] is read as cons( , ) . The commen ted n um bers in this top:- true | cons(Mi,m,n), %a’ Mi=p(st,Mo). %b’ cons(Mi,M,Mis):- %2’ Mi=p(ST,Mo), %1’ ST=st, M=m | %3 Mn=m’, STn=st’, %4 Mo=[Mn|Mos], r(Mis,STn,Mos). %5 Figure 4: T ransformed Program program indicate the corresp ondence with the lines in the original program shown in Figure 3. In Figure 4, cons initiates the calculation and carries m as its pro cess state ( %a’ ), while p acts as a message container and brings st as the message conten ts ( %b’ ). Corresp ondingly , the predicate callee and the message decomp oser should b e transformed ( %1’ , %2’ ). Note that it makes no di�erence whether the b o dy execution of predicate p is initiated by a message or b y a predicate call, but the b o dy execution could p ossibly b e transformed in a similar wa y ( %4 , %5 ). W e hav e already seen that the original program treats cons ( i.e. [ | ] ) as a message carrier and m as its conten ts. In the transformed program, they are treated as the pro cess and pro cess states, resp ectiv ely . The original program in this example and the transformed program b ehav e in muc h the same wa y , b ecause the transformation changes the execution b ehavior of the program without c hanging of the meaning of the program. W e de�ne this relation as dual , and summarize this observ ation in the following table: Pro cess Inv ocation Cal ler Cal le e Predicate Call in Bo dy Head in De�nition l dual l dual Message Sending Sender R e c eiver Active Uni�cation Passiv e Uni�cation The next section discusses the details of these transformation rules. 3 T ransformation to Dual Programs 3.1 Streams A stream is the basic and useful data structure used by a concurrent logic language. W e de�ne a stream in an FGHC program as follo ws: � A stream has a tree structure (no lo ops and no no de sharing). � Each no de may hav e a distinct lab el (functor sym b ol). � All no des are single-referenced by their paren t no des. This means that there are no external references to the intermediate no des of a tree. W e then hav e tw o kinds of streams; one where all no des consist of messages and another where all no des are pro cesses. In a message stream (a stream consisting of messages), a predecessor directly references its successors. In a pro cess stream, each reference is represented by a v ariable, shared b y a predecessor and its successor. The following t w o program examples sho w a message stream ( ms ) and a pro cess stream ( ps ), resp ectiv ely . Note that these tw o streams hav e an identical structure. ms(S) :- true | S=a(1,R1), R1=b(R2,N), N=nil, R2=b(2,3). ps(S) :- true | a(S,1,R1), b(R1,R2,N), nil(N), b(R2,2,3). In the de�nition of ms , v ariables R1 , R2 and N refer to the successor no des. On the other hand, in the de�nition of ps , eac h stream no de, which is realized b y a pro cess, shares v ariables R1 , R2 and N with the successor no des; there are alwa ys tw o references to the shared v ariables. 3.2 Restricted F GHC Program T o mechanically transform F GHC programs to dual ones, �rst, the programs must b e translated into a normal form . Here, normal form means that the following restrictions are applied:

(1) There are no nested structures; that is, the entire data structure is expressed in a at form by using ‘ = ’. Consequently , at the top lev el of arguments of literals and function symbols, only v ariables and atoms o ccur. (2) Passiv e uni�cation for one level of a structure is p erformed in a clause. (3) A predicate which is target of the transformation has, at most, one stream input. (4) V ariables, which are b ound to the stream structure, are treated in a one-writer, one-reader manner. (5) A reader pro cess m ust read ev ery created stream structure. Here, str e am refers not only the message stream but also the pro cess stream. Restrictions (1) � (2) can b e textually (statically) chec k ed but, in gen- eral, the precise chec king of restrictions (3) � (5) is di�cult to realize textu- ally . The aliasing, mo des, types, size and cost analyses enabled by abstract interpretation can b e used for the chec king [3]. W e intend to pursue this in the future. Restriction (5) is necessary to av oid deadlo ck of the trans- formed program. An example concerning the duality b etw een unread data and deadlo ck pro cesses will b e presen ted in Section 4.2. The follo wing is an example of a restricted F GHC program. p(S,T) :- S=cons(X,Ss), X > 1 | T=cons(X,Ts), p(Ss,Ts). p(S,T) :- S=nil | T=nil. Also, the program segments for the stream representation ( ms , ps ) in the previous section are written in restricted FGHC. Man y practical FGHC programs can b e translated into restricted ones. Even if a predicate has more than one input stream, it is not necessary to transform all of these. Instead, you can select only the most appropriate stream for transformation. W e shall use this metho d in Section 4.1.2. But, once an input stream has b een selected, all the p ossible generators and con- sumers of the stream must b e transformed. As a result, it may b ecome necessary to transform more than one input stream simultaneously . In other cases, an input stream v ariable ma y b e used for more than one level of passive uni�cation. In b oth cases, to realize (2) and (3) , fresh in termediate predicates can b e introduced, after which an original predicate takes the form of a one stream- input and a one-lev el decomp osition of the stream. Consider the following sample program: add(X,Y,Z):- X=i(A,Xs),Y=i(B,Ys) | S := A+B, Z=i(S,Zs), add(Xs,Ys,Zs). By in tro ducing a new predicate add2 , this de�nition is translated into a restricted FGHC program: add(X,Y,Z) :- X=i(A,Xs) | add2(Y,A,Xs,Z). add2(Y,A,Xs,Z) :- Y=i(B,Ys) | S := A+B, Z=i(S,Zs), add(Xs,Ys,Zs). T o achiev e (4) , we may duplicate an active uni�cation, pro vided the meaning do es not change. Supp ose that the follo wing program is giv en: h :- true | X=p, q(X), r(X).

V ariable X has multiple references: one writer and t w o readers. Then, we can rewrite this without c hanging its meaning: h :- true | X=p, Y=p, q(X), r(Y). Moreo v er, we ma y introduce some syn tactic supp ort to encourage a one- writer one-reader manner [4, 5]. How ev er, the duplication and syn tactic supp ort do not co v er all the cases needed to satisfy restriction (4) (Sec- tion 4.2). Y ou will notice that there are some kinds of programs which cannot b e translated into restricted FGHC. Such programs include non-deterministic predicates, such as merger. Therefore, dual merger do es not exist in our current framework. W e will discuss this facet in a forthcoming pap er. 3.3 The T ransformation Pro cedure This section presents the pro cedure for transforming a restricted F GHC pro- gram to a dual one, using the sample programs shown in Figure 5. In the top :-sg(17,S),sc(S,0). %a1 sg(N,So) :- N > 0 | So=c(N,Sos), %a2 N1 := N-1, sg(N1,Sos). sg(N,So) :- N =< 0 | So=nil. %a3 sc(Si,T) :- %a4 Si=c(X,Sis) | %a5 Tn:=T+X, sc(Sis,Tn). %a6 sc(Si,T) :- %a7 Si=nil | %a8 print(T). (a) Message Stream top :-sg(17,S),S=sc(0). %b1 sg(N,So) :- N > 0 | c(So,N,Sos), %b2 N1 := N-1, sg(N1,Sos). sg(N,So) :- N =< 0 | nil(So). %b3 c(Si,X,Sis) :- %b4 Si=sc(T) | %b5 Tn:=T+X, Sis=sc(Tn). %b6 nil(Si) :- %b7 Si=sc(T) | %b8 print(T). (b) Pro cess Stream Figure 5: T ransformation to Dual Program �gure, sg represents a stream generator, while sc represen ts a stream con- sumer. Program (a) in the left-hand column generates and consumes a mes- sage stream, while (b) do es the same for a pro cess stream. Both streams form a list of integer elements in descending order. In this example, the stream generators hav e their single internal states, N , and also the consumers hav e T as their in ternal states. The �rst step of transformation is to determine the stream v ariable at the top level that connects a stream generator and a stream consumer. In this case, the v ariable is S at %a1 or %b1 . The second step is to determine the v ariable used for stream genera- tion within a stream generator. Here, this is the second argument of the stream generator, So . Next, if So is b ound to a message stream ( %a2 , %a3 ), these active uni�cations are transformed to pro cess inv o cations ( %b2 , %b3 ). Otherwise, the inv erse transformation (from pro cess inv o cation to active uni- �cation) is p erformed. Here, it is su�cien t to tak e only the b o dy part in to account. The third step is to corresp ondingly transform the consumer program. In the guard part, the left- and right-hand sides of the neck op erator (‘ :- ’) are exc hanged with resp ect to the v ariable for stream input ( Si ). Th us, the corresp ondence of the lines in Figure 5 is: %a4 $ %b5 , %a5 $ %b4 , %a7 $ %b8 , %a8 $ %b7 . At the same time, the form of message decomp osition is rewrit- ten into the form of the pro cess callee (e.g. %a5 ! %b4 ) and vice versa. Fi- nally , in the b o dy part, the inv ocation of a stream consumer is transformed: %a1 $ %b1 , %a6 $ %b6 . Note that, since a restricted FGHC program after transformation still b e- longs to restricted F GHC, the transformed program can also b e transformed to a dual program. By applying the ab ov e transformation pro cedure, a dual dual program, which is identical to the original, is pro duced. 4 Applications 4.1 Performance Improv emen t Obtained By Applying Dual- it y This section highligh ts the e�ciency improv emen t gained b y the transfor- mation to a dual program, taking tw o programs as examples: a binary tree search program and (the kernel part of ) a life-game program. All timings are measured using one pro cessing element of the PIM/p system[7, 6] and the KLIC system[1] (V ersion 1.010, running on a SparcStation 10/30). The PIM/p system is a parallel inference mac hine developed by ICOT. It em- ploys tagged architecture and shared memories. User programs in KL1 are compiled into its RISC-like nativ e instruction set. The KLIC system is a KL1 implementation for UNIX systems, whic h has already b een p orted onto several commercial UNIX systems. First, the KLIC system compiles user programs written in KL1 into C programs. Next, the system compiles the C co de and links the ob ject co de with the KLIC run time libraries. W e recognized from our exp eriments that certain types of programs run faster if they are �rst transformed. Currently , the transformation is done by hand. W e think that it will b e practical to formalize and automate the transformation pro cedure that is informally presen ted in Section 3.3. How ev er, while we also consider it also feasible to determine all the stream v ariables (i.e. all the p oints that can b e rewritten), it ma y prov e di�cult to determine to which stream v ariables the duality transformation should b e applied to improv e the program p erformance. At present, we b eliev e that using a user’s preferences will provide a practical solution to this problem. 4.1.1 Binary T ree Searc h Program Description: A binary tree search program[11] represents tree no des by using the 5-ary predicate which receives the search and update messages for searching for a sp eci�ed key , and for up dating the v alue for a sp eci�ed k ey (Figure 6). W e sa y that the tree is represented b y pr o c ess tr e e , nt([], _, _, L,R) :- true | L=[], R=[]. %1 nt([search(K,V)|Cs], K, V1,L,R) :- true | %2 V=V1, nt(Cs, K, V1, L, R). nt([search(K,V)|Cs],K1,V1,L,R) :- K<K1 | %3 L=[search(K,V)|L1], nt(Cs,K1,V1,L1,R). nt([search(K,V)|Cs],K1,V1,L,R) :- K>K1 | %4 R=[search(K,V)|R1], nt(Cs,K1,V1,L,R1). nt([update(K,V)|Cs],K,_,L,R) :- true | nt(Cs,K,V,L,R). %5 nt([update(K,V)|Cs],K1,V1,L,R) :- K<K1 | %6 L=[update(K,V)|L1], nt(Cs,K1,V1,L1,R). nt([update(K,V)|Cs],K1,V1,L,R) :- K>K1 | %7 R=[update(K,V)|R1], nt(Cs,K1,V1,L,R1). t([] ) :- true | true. %8 t([search(_,V)|Cs]) :- true | V=undefined,t(Cs). %9 t([update(K,V)|Cs]) :- true | nt(Cs,K,V,L,R),t(L),t(R). %10 Figure 6: Ueda’s Binary T ree Searc h Program (Original) (pro cess tree, list stream notation) and that the search and update messages are carried b y a list str e am (the stream whose constructors are list cells, i.e. [search(K,V)|Cs] ). In general, the stream carrier, 2-ary cons, is used only for p ointing to the subsequent message carrier. If the message itself can p oint to the next message, such as search(K,V,Cs) , the stream carrier, 2-ary cons, can b e omitted. W e call this represen tation of a stream the functor str e am . The functor stream is more e�cient than the list stream, since the functor stream requires fewer uni�cation op erations. W e measured the p erformance of dual programs in terms of b oth streams. In this example, we prepare tw o types of message generators. When the �rst sends a message, it do es not chec k whether the previous message has already b een pro cessed. Therefore, we call this the no-wait generator. The second defers the sending of a new message until all previously sent search messages hav e b een pro cessed. The second message generator is called the acknow le dge-wait generator. Duality T ransformation: Prior to b eing transformed to its dual pro- gram, �rst, the source program is translated into restricted FGHC. Thus, all list cells are explicitly treated as the 2-ary cons functor, after which we obtain the 3-argumen t cons predicate. Figure 7 shows the transformed program. Each clause in Figure 6 is num b ered by comments %1 � %10 , the same-num bered comments in Figure 7 indicating the corresp onding clauses. The transformed program uses the 4-ary functor symbol, nt , to represent a tree no de ( functor tr e e ), the 2 arguments of nt b eing used to hold the key and the v alue. The remaining 2 argumen ts are used to p oint to the left and right branches of the tree no de. This dual represen tation of the binary tree is also straightforw ard and easy to understand.

nil(C) :- C=nt(_ ,_ ,L,R) | nil(L),nil(R). %1 nil(C) :- C=t | true. %8 cons(C,search(K,V),Cs) :- C=nt(K ,V1,L,R) | %2 V=V1, Cs=nt(K,V1,L,R). cons(C,search(K,V),Cs) :- C=nt(K1,V1,L,R), K<K1 | %3 cons(L,search(K,V),L1), Cs=nt(K1,V1,L1,R). cons(C,search(K,V),Cs) :- C=nt(K1,V1,L,R), K>K1 | %4 cons(R,search(K,V),R1), Cs=nt(K1,V1,L,R1). cons(C,update(K,V),Cs) :- C=nt(K ,_ ,L,R) | %5 Cs=nt(K,V,L,R). cons(C,update(K,V),Cs) :- C=nt(K1,V1,L,R), K<K1 | %6 cons(L,update(K,V),L1), Cs=nt(K1,V1,L1,R). cons(C,update(K,V),Cs) :- C=nt(K1,V1,L,R), K>K1 | %7 cons(R,update(K,V),R1), Cs=nt(K1,V1,L,R1). cons(C,search(_,V),Cs) :- C=t | %9 V=undefined,Cs=t. cons(C,update(K,V),Cs) :- C=t | %10 Cs=nt(K,V,L,R),L=t,R=t. Figure 7: Binary T ree Search Program (T ransformed) (functor tree, list stream notation) Measured Results: All update and search messages are generated by the message generator. It sends, to the binary tree, 5000 update messages with randomly generated keys. It then sends 5000 search messages, having the same key sequence as the up date messages. T able 1 shows the measured timings and susp ension counts. The paren- thesized num b er is the num ber of susp ensions and their ratios, as measured for the KLIC system. In this case, a programmer w ould probably assume Input Stream KLIC system (V er.1.010) PIM/p system Type Original Dual Prog. Sp eedup Original Dual Prog. Sp eedup No-wait generator List stream 299 ms 421 ms 0 : 71 1834 ms 1823 ms 1.01 (0) (0) { F unctor stream 267 ms 306 ms 0 : 87 1623 ms 1511 ms 1.07 (0) (0) { Ackno wledge-w ait generator List stream 957 ms 421 ms 2 : 25 2930 ms 1802 ms 1.63 (103986) (0) { F unctor stream 965 ms 309 ms 3 : 12 2826 ms 1489 ms 1.90 (103986) (0) { T able 1: Performance of Binary T ree Searc h Program that the generator and binary-tree pro cesses op erate like coroutines; each message is generated, then consumed, one after the other. But, since the no-wait generator generates all the messages b efore the binary-tree pro cesses accept the �rst message, no susp ension o ccurs. Therefore, the p erformance of b oth programs deviates only slightly (for the PIM/p system) or degraded ab out 30 % (for the KLIC system). The main reason of this p erformance degradation in the KLIC system is the execution ov erhead of functor pro- cessing in the KLIC system. Without suitable pro cess-priorit y control, many generators in actual programs may run as no-wait generators. If the list stream of the original program is conv erted to a functor stream, the p erfor- mance of the b oth systems improv es. F or the ac kno wledge-w ait generator, the p erformance of the original pro- gram is degraded signi�cantly , since every search message incurs a sus- p ension/resumption o v erhead. How ev er, the transformed program is never susp ended at all. As a result, the p erformance is up to 3.1 times faster on the KLIC system, and t wice as fast on the PIM/p system. 4.1.2 Life-Game Program Program Description: Figure 8 shows the kernel part of a life-game sim- ulation program. In this program, the pro cesses construct a mesh netw ork where eac h no de pro cess is connected to its upp er, low er, left- and right- hand neighbors. Eac h no de pro cess aw aits messages from its neigh b ors. Once a no de receives four messages, i.e. one from eac h neighbor, the no de sends a new message back to those neighbors, then enters a new generation. Therefore, no no de pro cess can contin uously run for tw o reductions without susp ension. In an actual life-game program, eac h no de is connected to eight neighbors and also computes the next state, but this example omits the state calculation for simpli�cation. Figure 8 shows the k ernel part of the life-game program. The transformed program is shown in Figure 9. node(Li,Lo,Ri,Ro,Ui,Uo,Di,Do) :- Li=cons(T,Lis), Ri=[T|Ris],Ui=[T|Uis],Di=[T|Dis],T>0,T1:=T-1 | Lo=[T1|Los], Ro=cons(T1,Ros), Uo=[T1|Uos], Do=[T1|Dos], node(Lis,Los,Ris,Ros,Uis,Uos,Dis,Dos). node(Li,Lo,Ri,Ro,Ui,Uo,Di,Do) :- Li=cons(T,Lis), Ri=[T|Ris],Ui=[T|Uis],Di=[T|Dis],T=:=0 | Lo=[], Ro=nil, Uo=[],Do=[], node(Lis,Ris,Uis,Dis). node(Li,Ri,Ui,Di) :- Li=nil, Ri=[],Ui=[],Di=[] | true. Figure 8: Kernel Part of the Life-Game Program (Original) cons(Li,T,Lis) :- Li=node(Lo,Ri,Ro,Ui,Uo,Di,Do), Ri=[T|Ris],Ui=[T|Uis],Di=[T|Dis],T>0,T1:=T-1 | Lo=[T1|Los], cons(Ro,T1,Ros), Uo=[T1|Uos],Do=[T1|Dos], Lis=node(Los,Ris,Ros,Uis,Uos,Dis,Dos). cons(Li,T,Lis) :- Li=node(Lo,Ri,Ro,Ui,Uo,Di,Do), Ri=[T|Ris],Ui=[T|Uis],Di=[T|Dis],T=:=0 | Lo=[], nil(Ro), Uo=[], Do=[], Lis=node(Ris,Uis,Dis). nil(Li) :- Li=node(Ri,Ui,Di), Ri=[],Ui=[],Di=[] | true. Figure 9: Kernel Part of the Life-Game Program (T ransformed) Duality T ransformation: Compared to the previous example, a dual program is hard to conceive and write from scratch. T o transform it into a dual program, although eac h no de actually has four input streams, here, we treat only Li (the input from the left neigh b or) as the input stream. Therefore, Ro (the output to the right neigh b or) should b e treated as the output stream and the rest of the arguments as a pro cess state as a whole. Since this transformation do es not c hange the substantial algorithm, the transformed program do es not deadlo ck, in the same w a y as the original. Measured Results: W e created a small mesh netw ork (10 � 10) and a large mesh netw ork (20 � 20), and executed 1000 generations. The measured results (T able 2) show that, in b oth systems, the transformed programs are alwa ys faster than the originals. As in the previous table, the �gures within parentheses are those for susp ension. As we mentioned b efore, eac h node predicate in the original program is susp ended at least every reduction and, worse still, t w o or more susp ensions may o ccur during one reduction. The b ehavior of a transformed program may b e di�cult to understand, but it can contin ue to run for a certain num ber of reductions without susp ension. Consequently , the thread is prolonged 2.9 to 5.2 times of the original one, and the p erformance is improv ed 1.3 � 1.9 times. Mesh Size KLIC system (V er.1.010) PIM/p system Original Dual Prog. Sp eedup Original Dual Prog. Sp eedup 10 � 10 1040 ms 600 ms 1.73 3009 ms 2334 ms 1 : 30 (220858) (76982) (2.87) 20 � 20 4580 ms 2390 ms 1.92 13843 ms 9415 ms 1 : 47 (845516) (162452) (5.20) T able 2: Performance of Life-Game Program (1000 Generations) 4.2 New Programming Metho dologies Based on Duality W e hav e seen ho w pro cesses in a source program corresp ond to messages in its dual program. And, pro cesses in a source program are treated as �rst- class ob jects in its dual program. Therefore, our transformation may provide a means for meta-con trol in concurrent logic languages. This section presents how to describ e contin uation based on dualit y in FGHC, as an example of meta-control. F urther, we hav e protot yp ed the migration of FGHC pro cesses based on the notion of the pro cess-message duality . Ho w ev er, b ecause of space limitations, we must skip the sub ject of migration. Contin uation: Consider the sample program shown in Figure 10. This program searches for a given v alue in a binary tree in a depth-�rst manner. The result from the left tree is pro vided to the right tree via the third argument of search and the �rst argumen t of search1 ( CPs ). search1 relays the message found or not found . The result determines whether the program has lo cated the right tree. Note that the data structure b ound to CPs is a pro cess stream whose length is equal to the depth of the tree. Since this program is a restricted FGHC program, we can transform the program with resp ect to the v ariables CP and CPs (Figure 11). Then, after the

?- search(Key,Tree,Res), cont(Res,Args). search(K,T,CP):- T=leaf(Ts), K = Ts | CP = found. search(K,T,CP):- T=leaf(Ts), K \= Ts | CP = not_found. search(K,T,CP):- T=node(T0,T1) | search(K,T0,CPs), search1(CPs,K,T1,CP). search1(CP,K,T1,CPs):- CP = found | CPs = found. search1(CP,K,T1,CPs):- CP = not_found | search(K,T1,CPs). cont(CP,Args):- CP=found | found_proc(Args). cont(CP,Args):- CP=not_found | not_found_proc(Args). Figure 10: T ree Searc h in F GHC ?-search(Key,T,Res), Res=cont(Args). search(K,T,CP):- T=leaf(Ts), Ts = K | found(CP). search(K,T,CP):- T=leaf(Ts), Ts \= K | not_found(CP). search(K,T,CP):- T=node(T0,T1) | search(K,T0,CPs), CPs=search1(K,T1,CP). found(CP):- CP=search1(K,T1,CPs) | found(CPs). found(CP):- CP=cont(Args) | found_proc(Args). not_found(CP):- CP=search1(K,T1,CPs) | search(K,T1,CPs). not_found(CP):- CP=cont(Args) | not_found_proc(Args). Figure 11: Dual T ree Search Program transformation, eac h clause has a maximum of one b o dy predicate. Hence, we may say that the transformed program presen ts its intrinsic sequen tialit y more explicitly , and runs e�cien tly from an implementation p oint of view. In Figure 11, the data structure o ccurring at the third argument of search has the following form (called search1 -c hain): CP=search1(K,T1,CP’),CP’=search1(K,T1’,CP’’),...,CP’ ::: ’=cont(Args) The function symbol search1 can b e regarded as b eing the future execu- tion after searc hing the left tree, and the chain of the terms, search1 -chain, in a heap explicitly designates the p ossible execution order. Here, we say that the transformed program is of the contin uation-passing style (CPS). When a leaf whose v alue is equal to a giv en key is found, the predi- cate found is inv ok ed, and trav erses the search1 -chain. Finally , the tra- verse reaches cont , after whic h control is passed to the next computation found proc . Ho w ev er, considering the b ehavior of this program, it is not e�cient to tra v erse ev ery search1 of the chain once the target leaf has b een found. Thus, more e�cien t execution can b e realized by inv oking the found proc predicate directly (Figure 12). In the program shown in Fig- ure 12, the num ber of arguments of search is increased from three to four; the extra argument holds the contin uation to b e executed immediately up on found is b eing inv ok ed. By p erforming a transformation with resp ect to the

?-search(Key,T,Res,Res), Res=cont(Args). search(K,T,CP,FC):- T=leaf(Ts), Ts = K | found(FC). search(K,T,CP,FC):- T=leaf(Ts), Ts \= K | not_found(CP,FC). search(K,T,CP,FC):- T=node(T0,T1) | search(K,T0,CPs,FC), CPs=search1(K,T1,CP). found(FC):- FC=cont(Args) | found_proc(Args). not_found(CP,FC):- CP=search1(K,T1,CPs) | search(K,T1,CPs,FC). not_found(CP,FC):- CP=cont(Args) | not_found_proc(Args). Figure 12: More E�cien t Dual T ree Search v ariables to derive a computation result, we obtain a program where the execution is represented by �rst-class ob jects. Consider the program obtained b y the duality-transformation of the pro- gram in Figure 12. Prior to the transformation, the goal in the �gure must b e normalized b y the duplication metho d, as follows: ?-search(Key,T,Res1,Res2),Res1=cont(Args),Res2=cont(Args). Subsequently the transformation with resp ect to Res1 and Res2 seems ap- plicable. How ev er, as you hav e probably noticed, the normalized program do es not satisfy restriction (5) in Section3.2, since the normalized program discards the search1 -chain without reading it. If w e ignore restriction (5) , unpro cessed data (garbage data) in the program will b e transformed to un- executed pro cesses (deadlo ck pro cesses) from the dualit y p oin t of view. 5 Conclusion W e hav e prop osed a new transformation metho d for concurrent logic lan- guages. The metho d enables transformation b etw een message-oriented pro- grams and pro cess-oriented programs. By examining predicate inv ocation and message sending/receiving pro cesses in a concurren t logic language, we hav e clari�ed the notion of the duality of pro cesses and messages. Our metho d do es not c hange the algorithm of a program, instead c hanging the data carriers (pro cess to message and vice v ersa). With our metho d, a pro- grammer can write programs as he or she desires, then transform them to more e�cient (dual) ones. That is, to some extent, our metho d can free programmers from considering their programs’ dynamic b ehavior and p er- formance. W e hav e ev aluated the p erformance improv emen t gained by the use of our metho d on tw o systems, the KLIC system and the PIM/p sys- tem, b oth of which were developed at ICOT. F or the b enchmark programs referenced in this pap er, the duality transformation achiev es a threefold max- imum sp eedup. F urthermore, our metho d not only increases the choices av ailable dur- ing programming and impro v es p erformance, but also enables us to express control as a �rst-class ob ject. Hence, meta-programming based on duality is b ecomes p ossible. As an example, contin uation can b e describ ed in FGHC without meta-language facilities. Consequen tly , the dualit y of messages and pro cesses in concurrent logic languages enriches our programming tec hniques and metho dologies, and also contributes to p erformance impro v emen t. Ac kno wledgmen ts The authors thank Kazunori Ueda for his v aluable advice. The authors are also grateful to the anon ymous referees of a previously submitted version of this pap er for their useful suggestions. Mention is also due to our ICOT researchers, and the stimulating research environmen t they generate. References [1] T. Chik a y ama et al. A Portable and Reasonably E�cient Implementation of KL1. In Pr o c. of the T enth International Confer enc e on L o gic Pr o gr amming , page 833. The MIT Press, 1993. [2] J. Crammond. The Abstract Machine and Implementation of Parallel P arlog. New Gener ation Computing , 10(4):385{422, 1992. [3] S. K. Debra y . Static Analysis of Logic Programs. In An A dvanc e d T utorial of the ILPS’93 , 1993. [4] I. F oster and S. T a ylor. Str and: New Conc epts in Par al lel Pr o gr amming . Prentice-Hall, Englewoo d Cli�s, 1989. [5] D. Gudeman, K. De Bosschere, and S. K. Debray . jc: An E�cien t and Portable Sequential Implementation of Janus. In Pr o c. of ICLP’92 , 1992. [6] K. Hirata et al. P arallel and Distributed Implementation of Concurrent Logic Programming Language KL1. In Pr o c. of International Confer enc e on Fifth Gener ation Computer Systems , pages 436{459. ICOT, 1992. [7] K. Kumon et al. Architecture and Implementation of PIM/p. In Pr o c. of International Confer enc e on Fifth Gener ation Computer Systems , pages 414{ 424. ICOT, 1992. [8] E. Shapiro and A. T ak euc hi. Ob ject-oriented programming in Concurrent Pro- log. New Gener ation Computing , 1(1):25{49, 1983. [9] A. T ak euc hi. Par al lel L o gic Pr o gr amming . John Wiley & Sons, Inc., 1992. [10] E. Tick and C. Banerjee. P erformance Ev aluation of Monaco Compiler and Runtime Kernel. In Pr o c. of ICLP’93 , 1993. [11] K. Ueda and M. Morita. Message-Oriented Parallel Implemen tation of Mo ded Flat GHC. In Pr o c. of International Confer enc e on Fifth Gener ation Computer Systems , pages 799{807. ICOT, 1992. [12] R. Y ang et al. Performance of the Compiler-based Andorra-I System. In Pr o c. of ICLP’93 , 1993.