Adaptiv e Ob jects for Concurren t Accesses Masahiro Y asugi Departmen t of Comm unications and Computer Engineering Graduate Sc ho ol of Informatics, Ky oto Univ ersit y Saky o Ky oto, JAP AN 606-8501 e-mail: yasugi@kuis.kyoto-u.ac.jp Shigeyuki Eguc hi Graduate Sc ho ol of Science and T ec hnology , Kob e Univ ersit y Kazuo T aki Departmen t of Computer and Systems Engineering, Kob e Univ ersit y 1-1 Rokk o dai Nada Kob e, JAP AN 657-8501 ABSTRA CT. The e�ciency of parallel execution is often limited b y the presence of b ottlenec ks in a small region of the en tire system. A ma jor source of suc h b ottlenec ks is the m utual exclusion (serialization) of concurren t accesses to a single ob ject. Some b ottlenec ks can b e eliminated (1) b y relaxing the rule of m utual exclusion (e.g., b y pro viding relaxed m utual exclusion whic h p ermits sim ultaneous read-only accesses to an ob ject) or (2) b y in tro ducing imm utable ob jects and p ermitting lo cal access to their copies. In the con v en tional ob ject- orien ted parallel programming languages, these tec hniques are applied only at the compile time, whic h mak es lots of b ottlenec ks in the practical parallel applications still remain. In this pap er, w e prop ose dynamic (run time) metho d replacemen t whic h pro vides us adaptiv e ob jects for concurren t accesses, where w e can increase the n um b er of read-only metho ds and the imm utable part of the ob jects dynamically . The prop osed sc heme is realized b y encapsulated message renaming, where the mec hanism of class inheritance is naturally extended. This pap er also presen ts the results of the p erformance measuremen ts on a shared memory parallel arc hitecture and a distributed memory parallel arc hitecture, whic h indicate the e�ectiv eness of our approac h to the b ottlenec k elimination. 1 In tro duction The b ene�t of parallel pro cessing is the sp eed-up on the real parallel computers. Ho w ev er, the e�ciency of parallel execution is often limited b y the presence of b ottlenec ks in a small region of the en tire system. In the ob ject-orien ted parallel computing, a ma jor source of suc h b ottlenec ks is the m utual exclusion

(serialization) of concurren t accesses to a single ob ject (suc h as a ro ot ob ject of a tree structure). Some b ottlenec ks can b e eliminated (1) b y relaxing the rule of m utual exclu- sion (e.g., b y pro viding relaxed m utual exclusion whic h p ermits sim ultaneous read-only accesses to an ob ject) or (2) b y in tro ducing immutable ob jects and p ermitting lo cal access to their copies. The relaxation of m utual exclusion can b e seen in [TY 95]. The in tro duction of imm utable ob jects can b e seen in [SAR 93, TMY 94]. In the con v en tional ob ject-orien ted parallel programming languages, ho w- ev er, these tec hniques are applied only at the compile time, whic h mak es lots of b ottlenec ks in the practical parallel applications still remain. F or instance, when the application emplo ys a net w ork of ob jects (e.g., a binary searc h tree and a neural net w ork) whic h is constructed b y up dating the states of ob jects during the execution, the compile time approac h do es not w ork since the b ot- tlenec k can b e eliminated only after the construction. In this pap er, w e prop ose dynamic (runtime) metho d r eplac ement whic h pro vides us adaptiv e ob jects for concurren t accesses, where w e can increase the n um b er of read-only metho ds and the imm utable part of the ob jects dynami- cally . This feature is implemen ted and examined in our ob ject-orien ted parallel programming language OP A[YT 96]. OP A (Ob ject-orien ted language for P Arallel pro cessing) is a parallel exten- sion of Ja v a[A G 96]; w e remo v e sp eci�cation ab out threads and monitors from Ja v a then add new constructs for structured parallel pro cessing, sync hroniza- tion and relaxed m utual exclusion to it. Its design is in tended to realize b oth ease-of-use and high p erformance of parallel pro cessing. The prop osed dynamic metho d replacemen t is realized b y encapsulated message renaming, where the mec hanism of class inheritance and p olymorphism is naturally extended. W e are implemen ting OP A on a shared memory parallel computer. On shared memory arc hitectures, sp ecial atten tion m ust b e paid to the dev elop- men t of the implemen tation sc heme for dynamic metho d replacemen t, since the metho d replacemen t and the metho d lo okup themselv es require m utual exclu- sion. In particular, the lo okup of a replaceable metho d should b e p erformed without costly lo c k/unlo c k op erations if the extracted metho d is a read-only metho d. W e are also implemen ting OP A on a distributed memory parallel computer. On distributed memory arc hitectures, it is easy to replace metho ds without lo c k/unlo c k op erations. W e use a pr oxy of an actual ob ject if the actual ob ject exists on a remote no de. A message passing to the pro xy causes either of (1) a remote metho d in v o cation to the actual ob ject or (2) a lo cal metho d in v o cation on the pro xy . The latter is v alid for the metho d whic h only reads imm utable part of an ob ject. Our dynamic metho d replacemen t con tributes to increasing the latter case. The rest of the pap er is organized as follo ws. In Section 2, the brief o v erview of our ob ject-orien ted parallel language OP A is describ ed. W e illustrate the design of dynamic metho d replacemen t in Section 3.

Figure 1: F ork-join parallel Figure 2: Co op erativ e parallel Figure 3: Mutually exclu- siv e parallel A free metho d detection algorithm is presen ted in Section 4. The imple- men tation on a shared memory parallel computer is presen ted in Section 5, and that on a distributed memory parallel computer is presen ted in Section 6. The results of the p erformance measuremen ts on b oth parallel arc hitectures are presen ted in Section 7. In Section 8, w e discuss the related w ork and the e�ectiv eness of our approac h. 2 Ob ject-orien ted parallel language OP A This section presen ts the brief o v erview of our ob ject-orien ted parallel language OP A. OP A is a parallel extension of Ja v a language; w e remo v e sp eci�cation ab out threads and monitors from Ja v a then add new features for (1) structured parallel pro cessing, (2) sync hronization and (3) relaxed m utual exclusion. In the subsequen t subsections, w e will describ e eac h of these. Note that w e use Ja v a as base language b ecause of its simple and clear seman tics; our prop osed sc heme can also b e applicable to the other ob ject-based sequen tial languages. The design of OP A is in tended to realize b oth ease-of-use and high p erfor- mance of parallel pro cessing. OP A divides the patterns of parallel pro cessing in to three t yp es according to the relation among threads, namely fork-join par- allel (Figure 1), co op erativ e parallel (Figure 2), exclusiv e parallel (Figure 3). OP A supp orts irregular parallelism with dynamically fork ed threads; ho w ev er, the fork and join of threads are p erformed in a structured manner. Ob jects are mainly utilized to represen t complex data structure, where ob ject can hold a reference to another ob ject. Eac h ob ject do es not ha v e a thread of con- trol; as in sequen tial ob ject-orien ted languages, the metho d lo okup and the subsequen t metho d in v o cation on an ob ject are p erformed b y the thread that sends a message to the ob ject. The m utual exclusion is necessary for concur- ren t accesses (message passings) to an ob ject to read/write the ob ject’s state consisten tly . The ob jects are also used for sync hronization among threads p er- forming message passing to it; suc h sync hronization (e.g., co op erativ e parallel) is recommended only when it can not b e captured b y the structured fork-join parallelism.

Figure 4: fork-join parallel b y join statemen t and par statemen t 2.1 Structured fork-join parallel The structured fork-join parallel is another p o w erful feature of OP A. While this feature is not directly related to the topic of this pap er, it should b e noted that w e ha v e sev eral reasons to mak e threads indep enden t of ob jects. First, as describ ed later, the separation pro vides some quic k and consisten t metho d in- v o cation on an ob ject esp ecially b y p ermitting sim ultaneous read-only accesses to an ob ject, although w e can regard suc h metho d as b eing p erformed b y the ob ject’s thread whic h is created in resp onse to message acceptance. Second, the fork-join parallel can b e w ell structured, when w e assign a thread not for an ob ject but for a task . The task ma y b e executed b y a single thread, where the thread ma y execute metho ds of a n um b er of ob jects via message passing. The task can b e divided in to t w o or more subtasks; suc h decomp osition will rep eat recursiv ely un til w e get primitiv e op erations. If a divided subtask can b e executed in parallel, w e can fork and join a new thread to assign the parallel subtask to the thread. W e in tro duce join statemen ts, syn tactically denoted b y \ join statement ," to join a n um b er of threads; b y \ join statement ," the statement are executed with the curren t thread and the new threads created with the execution of the statement are joined with the completion of the join statemen t. P ar statemen ts, syn tactically denoted b y \ par statement ," are used to fork new threads; b y \ par statement ," a thread is fork ed to execute the statement . 1 F or instance, the statemen t: join { par o.m(); par o2.m2(); o3.m3(); }; forks t w o threads to execute o.m() and o2.m2() resp ectiv ely and executes o3.m3() with the curren t thread then joins the termination of the fork ed 1 In the curren t v ersion of OP A, the statement should b e a metho d call and the actual parameters are ev aluated with the curren t thread. F or general statemen ts, the original thread and the fork ed thread share the en vironmen t; in OP A, the v ariables that the fork ed thread ma y access to are copied in to the lo cal state and the up date of v ariables b y the fork ed thread is re ected at the join p oin t.

threads (see Figure 4). F urthermore, if a fork ed thread forks another new thread, the new thread will b e also joined. F or example, if the de�nition of m , whic h is executed b y the �rst fork ed thread, is as follo ws: m(){ par o4.m4(); o5.m5();} the thread to execute o4.m4() is also joined at the end of the join statemen t. When a thread is fork ed, its join-destination is automatically determined as the inner most join statemen t within whic h the thread is fork ed. This rule eliminates undesirable sources of bugs, namely explicit \join"s or \join to"s, just lik e explicit \lab el"s or \goto"s for the structured lo op/conditional statemen ts. 2.2 Sync hronization In this pap er, b y sync hronization, w e mean that a thread susp ends its execution un til a resumption condition is satis�ed. In OP A, most patterns of sync hro- nization can b e captured b y the structured fork-join statemen ts. Ho w ev er, the structured approac h do es not co v er co op erativ e parallel pro cessing in whic h the related threads sync hronize/comm unicate with eac h other in the course of their execution (i.e., without termination of their execution). F or instance, in pro ducer/consumer relationship, the pro ducer and the consumer comm unicate in a pip elined manner. In OP A, ob jects are emplo y ed for sync hronization among co op erativ ely par- allel threads whic h p erform message passing to the shared ob jects. OP A pro- vides useful classes for sync hronization, suc h as I-structure (I-store) class, FIF O queue class, and barrier sync hronizer class. F or example, an I-store ob ject sus- p ends all get accesses to it un til a put access instan tiates its v alue. T o program classes for sync hronization, Ja v a emplo ys Monitor[BF C 95] with wait() op eration (to enqueue the curren t thread in the ob ject’s w aiting queue and unlo c k the ob ject), notify() op eration (to dequeue a thread from the ob ject’s w aiting queue and mak e it runnable) and notifyall() op eration (to p erform notify() op eration for all threads in the ob ject’s w aiting queue). Ho w ev er, the Ja v a’s approac h has t w o problems. First, while a thread is susp ended b y a wait() op eration on an ob ject, another thread ma y in v ok e a metho d on the same ob ject. Since the wait() op eration app ears in the middle of the in v ok ed metho d, it is more di�cult to k eep the state of the ob ject consisten t. Let B b e the b eginning of a metho d, E b e the end of a metho d, S b e the susp ension at a wait() op eration and R b e the resumption from a wait() op eration. The programmer should k eep the state at E (or S ) consisten t with the state at B (or R ); th us, the programmer should k eep trac k of 4 p ossible com binations, namely E - B , E - R S - B and S - R , whereas only E - B needs atten tion if there is no wait op eration. Secondly , Ja v a do es not emplo y condition v ariables; only one w aiting queue is asso ciated with an ob ject. Therefore, to w ak en a sp eci�c thread prior to other threads w aiting their o wn conditions, w e ha v e to rep eat the wait() op eration un til its w aiting condition is satis�ed and use notifyall() at ev ery p oin t where an y of the w aiting conditions ma y b ecome true. When the n um b er of threads in the w aiting queue increases, this sc heme incurs signi�can t o v erhead. In OP A, to program classes for sync hronization, w e �rst com bine the pre- pared useful classes. F or further programming, w e can emplo y extended dy- namic metho d replacemen t: if a metho d has b een replaced with a sp ecial k ey- w ord, suspends , threads whic h try to in v ok e the metho d m ust susp end their execution un til the metho d is replaced with a normal metho d. Since the susp en- sion o ccurs only b efore a metho d is in v ok ed and a w aiting queue is asso ciated with eac h of replaceable metho ds on an ob ject, the ab o v e problems are not the cases with our approac h. The detail of dynamic metho d replacemen t is describ ed in Section 3. 2.3 Mutual exclusion In the ob ject-orien ted parallel computing, m utual exclusion (serialization) is necessary for concurren t accesses (message passings) to an ob ject to read/write the ob ject’s state consisten tly . As w as describ ed in Section 1, suc h m utual exclusion can b e relaxed b y p ermitting sim ultaneous read-only accesses to the ob ject or can b e eliminated b y in tro ducing imm utable ob jects. The use of imm utable ob jects can b e easily extended to that of partly im- m utable ob jects: if a metho d only reads imm utable part of an ob ject, the metho d ma y b e in v ok ed without m utual exclusion. Let us call suc h metho d fr e e . On distributed memory arc hitectures, exploiting free metho ds also al- lo ws the language system to mak e a closure for a free metho d and distribute copies of the closure to the other no des to p ermit lo cal in v o cation on the cop y . The e�ect of using free metho ds is signi�can t, since using lo cal copies almost p erfectly eliminates b ottlenec ks. When the dynamic metho d replacemen t is emplo y ed, ho w ev er, it is di�cult for the compiler to con�rm that a metho d is free, since ev ery p ossible com bina- tion of metho ds m ust b e examined. Th us, w e m ust assume that the compiler ma y fail to detect free metho ds within a limited time and space complexit y . W e should not c hange the seman tics of language due to the limitation of the compiler; w e can not emplo y free metho ds directly in the language. Instead of free metho ds, non-blo c king read-only metho ds, whic h are pro- p osed in [TY 95] for deadlo c k a v oidance, can b e emplo y ed in the language. A non-blo c king read-only metho d ma y read m utable part of the ob ject but it can b e executed without in�nite blo c king. This is realized b y up dating the ob ject state atomically . No w, w e can exploit free metho ds as optimized imple- men tation of non-blo c king read-only metho ds without c hange of the language seman tics. T o incorp orate non-blo c king read-only metho ds, OP A uses relaxed m utual exclusion for the metho ds de�ned with k eyw ord instant . The compiler au- tomatically divides instan t metho ds in to read-write (R W) t yp e and read-only (R O) t yp e according to their access to the ob ject. The only literal accesses class BinTree{ internal int key, value; internal BinTree left = null, right = null; public BinTree(int k, int val){ key = k; value = val; } public instant int search(int k, int v){ if(k == key)return value; else if(k < key){ if(left != null)return left.search(k, v); else return v; }else{ if(right != null)return right.search(k, v); else return v; } } public replaceable instant void insert(int k, int val){ if(k < key){ if(left != null)left.insert(k, val); else{ left = new BinTree(k, val); if(right != null)setmethod(insert, insertF); } }else{ if(right != null)right.insert(k, val); else{ right = new BinTree(k, val); if(left != null)setmethod(insert, insertF); } } } internal instant void insertF(int k, int val){ if(k < key)left.insert(k, val); else right.insert(k, val); } } Figure 5: Example of dynamic metho d replacemen t (binary tree dictionary) are c hec k ed (i.e., the access p erformed b y the another metho d in v ok ed within the curren t metho d is ignored). F or instance, the insertF metho d and the search metho d in Figure 5 are of R O t yp e and the insert metho d is of R W t yp e. The internal k eyw ord in Figure 5 is app ended to OP A language to indicate that the �eld or metho d is only accessed via explicit or implicit this reference. Both R O and R W metho ds read the necessary v ariables of the ob ject in to implicit lo cal v ariables atomically at the b eginning of the metho d, while an R W metho d writes the v alues of lo cal v ariables in to the ob ject atomically at the p oin t where the rest of the metho d execution no longer up dates the lo cal v ariables. The compiler automatically determines the up date p oin t with o w analysis. The R O metho d can read the state of an ob ject, ev en if an R W metho d is running on the ob ject. The R O metho d is only prohibited from reading the state whic h is partly up dated. F or an R O metho d and an R W metho d, resp ectiv ely , the message passing is p erformed with the follo wing steps: R O metho d: (R O1) lo okup the metho d. (R O2) in v ok e the metho d. (R O3) atomically read the ob ject’s state in to lo cal v ariables. (R O4) execute the rest of the metho d. (R O5) return. R W metho d: (R W1) lo okup the metho d. (R W2) in v ok e the metho d. (R W3) atomically read the ob ject’s state in to lo cal v ariables. (R W4) execute the metho d un til the atomic up date. (R W5) atomically write the up dated lo cal data in to the ob ject. (R W6) execute the rest of the metho d after the atomic up date. (R W7) return. Let R W se ction b e the section from R W1 to R W5, R O se ction b e the section from R O1 to R O3, W se ction b e the section of R W5. The m utual exclusion is necessary b et w een an execution of R W section and another execution of R W section (Let us call this m utual exclusion R W-R W mutex ). The m utual exclusion is also necessary b et w een an execution of R O section and another execution of W section (Let us call this m utual exclusion R O-W mutex ). R O1 and R W1 is included in R O section and R W section resp ectiv ely , since that is required for the dynamic metho d replacemen t. The m utual exclusion b et w een the execution of W section and another execution of W section is automatically realized as a part of R W-R W m utex. By \m utual exclusion," w e mean that the t w o or more threads ma y not b e executed in parallel; that is, executions of high-lev el op erations for di�eren t threads ma y not b e in terlea v ed. This means that the implemen tation-lev el op erations ma y b e executed in parallel unless it c hanges the seman tics of higher-lev el m utual exclusion. With the instan t metho ds, not only sim ultaneous read-only accesses to the ob ject are p ermitted, but also those read-only metho ds can b e executed in a non-blo c king manner.

3 Dynamic metho d replacemen t T o con�rm that a metho d is free, it is necessary to con�rm not only that the metho d do es read-only access to the ob ject but also that the read part will b e nev er written b y the other metho ds. The latter condition is usually satis�ed at least only after the initialization: most metho ds are not free when the con- structors are initializing the ob ject. The constructors will not b e in v ok ed once the ob ject creation is �nished; some metho ds b ecome free after the creation. In practical applications, the ob ject often has some R W metho ds whic h do write access to the ob ject; ho w ev er, after they are in v ok ed �nite times (usually for setting up the state of the ob ject), it is often the case that (a) they are no longer in v ok ed or (b) they no longer do write access to the ob ject. If this prop ert y is con�rmed b y the compiler, there are m uc h ro om for getting free metho ds. Emplo ying the dynamic metho d replacemen t mak es it p ossible for the compiler to detect this prop ert y , since w e can replace the R W metho d on the ob ject with an appropriate R O metho d if the metho d no longer do es write access. The dynamic metho d replacemen t also gains the opp ortunit y to con�rm the former condition for a metho d to b e free. Ho w ev er, the dynamic metho d replacemen t c hanges the set of metho ds whic h can b e in v ok ed (or metho d state for short) dynamically; that is, the ob ject with replaceable metho ds has more m utable part than others. Th us, to p erform b oth metho d lo okup and metho d in v o cation without m utual exclusion, it is necessary not only that the metho d is free but also that the metho d is no longer replaced. Moreo v er, for a metho d to b e free, it m ust b e con�rmed that the read part will b e nev er written b y an y metho d not only in the curren t metho d set but also in all the metho d sets that the ob ject ma y ha v e in the future. Therefore, w e m ust assume that the compiler ma y fail to detect free metho ds within a limited time and space complexit y . This is the reason wh y the non-blo c king read-only metho ds are incorp orated in the language rather than directly using free metho ds. Of course, b y the dynamic metho d replacemen t, w e can simply replace an R W metho d with an R O metho d. A simple R O metho d do es not eliminate b ottlenec ks as p erfectly as a free metho d do es; but it eliminates some b ottle- nec ks since the R O metho d can b e executed with less strict m utual exclusion than the R W metho d. F or this reason, the dynamic metho d replacemen t is still e�ectiv e ev en though the detection of free metho ds sometimes fails due to the limitation of the compiler. F or example, in a binary tree dictionary class (Figure 5), the insert metho d no longer up dates the v ariables of the ob ject once it creates b oth left and right c hild no des. The insert R W metho d is replaced with the insertF R O metho d b y the replacemen t statemen t: setmethod(insert, insertF); The replaced metho d, insert , is de�ned with a k eyw ord replaceable to in- dicate that metho d is replaceable. After the dynamic metho d replacemen t of this example, since b oth insert and search metho ds are free and the dynamic metho d replacemen t is no longer p erformed, w e should exploit the free meth- o ds. This prop ert y should b e detected b y the compiler, since there are only t w o p ossible metho d sets (i.e., the n um b er of com binations is not so large). The e�ect of the dynamic metho d replacemen t can b e explained more pre- cisely in terms of message r enaming . F or example, let us consider the follo wing replacemen t statemen t: setmethod(m1, m2); The e�ect is that m1 messages sen t to the ob ject will b e renamed to m2 . The renamed m2 message is resen t to the ob ject for further metho d lo okup. In other w ords, when the ob ject obj ’s metho d is replaced, the message passing \ obj.m1(...) " is executed as if it w ere \ obj.m2(...) ." If the metho d m2 is also replaceable, the further renaming ma y tak e place. When the class with replaceable metho ds is inherited, b oth the replaceable metho d and the substitutiv e metho d can b e o v erridden as usual. Actually , the substitutiv e metho d ma y b e simply a usual metho d. The late binding mec hanism still w orks but it is extended: the metho d lo okup is based on not only the actual class of the ob ject but also the curren t metho d set (or renaming rules) of the ob ject, and the result of metho d lo okup can b e not only a metho d but also a message whic h needs further metho d lo okup. The replaced metho d and the substitutiv e metho d m ust ha v e the same signature. When the metho ds are o v erloaded, the replacemen t is p erformed for eac h pair of metho ds whic h ha v e the same signature. There are t w o k eyw ords, whic h can b e sp eci�ed instead of substitutiv e meth- o ds. T o reset the replaceable metho d, k eyw ord initial can b e used as follo ws: setmethod(m1, initial); T o emplo y the dynamic metho d replacemen t for sync hronization, k eyw ord suspends can b e used as follo ws: setmethod(m1, suspends); This mak es the thread whic h lo okups for the message m1 susp end its execu- tion un til the metho d is replaced with a normal metho d as w as describ ed in Section 2.2. The up date for the dynamic metho d replacemen t is p erformed together with the atomic up date of the instance v ariables of the ob ject. The m utual exclusion for the metho d lo okup is required together with the m utual exclusion for the metho d in v o cation as w as describ ed in Section 2.3. It should b e noticed that the m utual exclusion for the R O metho d and that for the R W metho d di�er but whic h t yp e of metho d will b e obtained is unkno wn at the momen t of starting metho d lo okup.

4 F ree metho d detection algorithm This section outlines an algorithm for the detection and exploitation of free metho ds. In this section, suspends k eyw ord is ignored for simplicit y . The task of the metho d lo okup can b e regarded as a function whic h maps messages (ranged o v er b y a ) to metho ds (ranged o v er b y m ). As is describ ed in Section 5, basically , a metho d table ( T ) is prepared for eac h class. If free metho ds are exploited, ho w ev er, sev eral metho d tables will b e prepared for that class. Ev ery T maps messages to table en tries (ranged o v er b y e ): T = f a 1 7! e 1 ; : : : ; a n 7! e n g The storage for the curren t state of eac h replaceable metho d is prepared in ev ery ob ject with that replaceable metho d. The lo cation x of the storage is common to the sub classes. The table en try e is either of an actual metho d m with its t yp e (R O, R W, or F ree) or a lo cation x : e ::= R O m j R W m j F ree m j Replaceable x where ‘F ree m ’ is used only when a free metho d is exploited. A metho d state is represen ted b y M = ( T ; S; H ; R ), where R is the renam- ing rule whic h maps the lo cations to the corresp onding messages: R = f x 1 7! a 1 ; : : : ; x n 7! a n g and S ( m ) giv es a set of p ossible metho d replacemen ts (also denoted b y R ) b y the execution of metho d m : S = f m 1 7! f R 11 ; : : : ; R 1 l 1 g ; : : : ; m n 7! f R n 1 ; : : : ; R nl n gg and the set H = f a 1 ; : : : ; a n g consists of hidden messages whic h are in tro duced b ehind replaceable metho ds for the implemen tation. Metho d replacemen t R up dates the renaming rule R 1 to R 2 (denoted b y R 1 R ) b y o v erwriting the relev an t lo cations as follo ws: Dom( R 2 ) = Dom( R 1 ) [ Dom( R ) and R 2 ( x ) = � R 1 ( x ) if x 2 Dom( R 1 ) � Dom( R ) R ( x ) if x 2 Dom( R ) The metho d lo okup function lo okup can b e de�ned as follo ws: lo okup ( a; T ; R ) = r ename ( T ( a ) ; T ; R ) where, r ename (R O m; T ; R ) = m r ename (R W m; T ; R ) = m r ename (F ree m; T ; R ) = m r ename (Replaceable x; T ; R ) = lo okup ( R ( x ) ; T ; R )

Figure 6: Graphs for free metho d detection algorithm The in tuitiv e meaning of the ab o v e de�nitions is pictured in Figure 7 and Figure 8. No w, w e can �nd a p ossible transition of metho d states M 1 � ! M 2 b y the follo wing de�nition: M 1 � ! M 2 i� ( 9 m 2 MS ( T 1 ; H 1 ; R 1 ) : 9 R 2 S 1 ( m ) : R 2 = R 1 R ) ^ T 1 = T 2 ^ S 1 = S 2 ^ H 1 = H 2 where M 1 = ( T 1 ; S 1 ; H 1 ; R 1 ) and M 2 = ( T 2 ; S 2 ; H 2 ; R 2 ) where MS ( T ; H ; R ) giv es the in v ok able metho d set and is de�ned as follo ws: MS ( T ; H ; R ) = f m j 9 a 2 (Dom( T ) � H ) : m = lo okup ( a; T ; R ) g With the ab o v e de�nitions, w e can outline the free metho d detection algo- rithm as follo ws (see Figure 6): [ F ree metho d detection algorithm: ] input: an initial metho d state M 0 = ( T 0 ; S 0 ; H 0 ; R 0 ) output: a directed acyclic graph (D A G) with transition conditions N out = ( G out ; c out ) where G out : D A G of the adaptiv e metho d tables c out : function whic h maps edges of G out to transition conditions f R 1 ; : : : ; R n g f R 1 ; : : : ; R n g : transition condition that the renaming rule is either of R 1 ; : : : ; R n . The meaning of the output: when the transition condition is satis�ed, the metho d table can b e switc hed along with the edge of G out . 1. Let directed graph G 0 = ( V 0 ; E 0 ) = ( f M 0 g ; fg ). 2. T o generate G (the graph of all p ossible metho d states), let G n +1 = ( V n +1 ; E n +1 ) = ( V n [ f M 0 j 9 M 2 V n : M � ! M 0 g ; E n [ f ( M ; M 0 ) j 9 M 2 V n : M � ! M 0 g ) rep eatedly un til G = G n +1 = G n (Figure 6{(1)).

3. Find all strongly connected comp onen ts on G ; let G sc b e the D A G of those comp onen ts (Figure 6{(2)). 4. F or eac h strongly connected comp onen t, �nd free metho ds. T o sa v e the amoun t of computation, the detection is p erformed from the c hild v er- texes to paren t v ertexes. ( a; m ) is a free metho d if (1) m is of R O t yp e, (2) for all presen t and future comp onen ts, the result of l ook up b y a is alw a ys m and (3) for all presen t and future comp onen ts, there is no metho d (in metho d sets calculated b y MS ) whic h writes the instance v ariables read b y m . 5. T o prepare m ultiple metho d tables, for eac h strongly connected comp o- nen t, T is up dated to T 0 = T f a 1 7! F ree m 1 ; : : : g for all found free metho ds. 6. T o kno w the conditions of the table switc hes in adv ance, let G out b e the D A G (isomorphic to G sc ) of the up dated T 0 s and let c out ( E ) = f R j ( T ; S ; H ; R ) is either of terminal v ertexes of the G edges whic h corresp ond to E g for edge E of G out . (Figure 6{(3)) F or the binary tree dictionary class (Figure 5), G in the ab o v e algorithm is as follo ws (ignoring search metho d for simplicit y): G = ( f M 0 ; M 1 g ; f ( M 0 ; M 1 ) g ) where, M 0 = ( T 0 ; S 0 ; H 0 ; R 0 ) M 1 = ( T 1 ; S 1 ; H 1 ; R 1 ) T 0 = T 1 = f insert 7! Replaceable x insert ; insertF 7! R O m insertF ; a insert 7! R W m insert g S 0 = S 1 = f m insert 7! ff x insert 7! insertF gg ; m insertF 7! fgg H 0 = H 1 = f a insert g R 0 = f x insert 7! a insert g R 1 = f x insert 7! insertF g In this example, eac h of M 0 and M 1 is a strongly connected comp onen t and �nally w e will obtain: N out = ( G out ; c out ) ; G out = ( f T 0 ; T 0 1 g ; f ( T 0 ; T 0 1 ) g ) ; c out = f ( T 0 ; T 0 1 ) 7! f R 1 gg where, T 0 1 = f insert 7! F ree m insertF ; insertF 7! F ree m insertF ; a insert 7! R W m insert g Note that R W m insert is no longer in v ok ed since a insert 2 H 1 holds. Since the space complexit y of the giv en algorithm is exp onen tial to the n um b er of replaceable metho ds, the compiler ma y fail to detect free metho ds within limited computational resources. In suc h cases, the compiler will ab ort the detection and solely use the original metho d table.

Figure 7: The represen tation of ob ject 5 Implemen tation for a shared memory arc hitecture Our target mac hine is the SGI’s shared-memory computer, PO WER On yx (12 MIPS R10000 pro cessors, 195MHz, 2GB memory). The OP A compiler generates C co de, then the C compiler generates the binary co de. The OP A run time initially creates an OS thread (a pro cess sharing the memory with other pro cesses) on eac h pro cessor. The OP A run time non-preemptiv ely sc hedules a n um b er of OP A threads on the top of the �xed n um b er of OS threads whic h will run actually in parallel on the same n um b er of pro cessors. 5.1 Implemen tation of m utual exclusion The R W-R W m utex is implemen ted with (a) a ag whic h indicates whether or not R W section is b eing executed b y a thread and (b) a thread queue to whic h threads w aiting for their turn are enqueued. T o mo dify the ag and the queue atomically , lo c k/unlo c k op erations are emplo y ed. In the actual implemen tation, the lo c k op eration is deferred un til the �rst metho d lo okup is �nished, and not p erformed if the obtained metho d is of R O t yp e. The detail of the timing of the lazy lo c k is describ ed in Section 5.3. The R O-W m utex (to prohibit the R O metho d from reading the state whic h is partly up dated) is implemen ted with a v ersion n um b ering metho d: ev ery ob ject main tains a v ersion n um b er (initially 1), whic h is added b y 2 with ev ery up date of the ob ject and is set to 0 during the up date. The reader retries if the v ersion n um b er is 0 (i.e., it is during the up date) or it c hanges after reading. This metho d is a v arian t of Lamp ort’s v ersion n um b ering metho d[LAM 77] that requires t w o v ersion coun ters. The b ene�t of this metho d is that it p ermits concurren t reads and do es not require costly lo c k op erations.

Figure 8: The metho d lo okup for replaceable metho d 5.2 Represen tation of ob ject OP A ob jects are implemen ted with C structures comp osed of v ariables for m u- tual exclusion, a p oin ter to the metho d table for that class, and an instance v ariable table. Ob jects of its sub class are implemen ted with similar C struc- tures whic h ma y ha v e app ended metho ds and instance v ariables; but they k eep, as usual, the shap e of its sup erclass to realize subt yping with little o v erhead (see Figure 7). The status of metho d replacemen t is stored in the instance v ariable table. Eac h en try of the metho d table for a class usually holds the metho d infor- mation that consists of a metho d t yp e ( RO or RW ) and a function p oin ter for the metho d (see Figure 8). Ho w ev er, if the metho d is replaceable, the metho d information consists of the metho d t yp e Replaceable and an o�set for the re- placemen t status in the instance v ariable table. The replacemen t status consists of solely an o�set in the metho d table for the substitutiv e metho d. 5.3 The lo okup and in v o cation of replaceable metho ds Figure 9 illustrates the pseudo co de of the metho d lo okup and the metho d in v o cation for a message passing expression of o.message(args) . The thread �rst con�rms that the ob ject is not b eing up dated (i.e., the v ersion n um b er o.vn is not zero) and memories the curren t v ersion n um b er in vn . Then the thread fetc hes a metho d table and lo okups the metho d with an o�set ( o�set1 in Figure 8) giv en in the message. If the metho d is not replaceable, the thread will get the reference to the metho d co de. Ho w ev er, if the metho d is replaceable, the en try holds an o�set ( o�set2 ) for the replacemen t status in the instance v ariable table. This replacemen t status con tains a new o�set ( o�set3 ) for further metho d lo okup. This pro cess is rep eated un til a non-replaceable metho d is obtained. If the obtained metho d is of R O t yp e, the R O metho d can b e in v ok ed without acquiring the lo c k unless the up date of the ob ject is detected un til

START: do { vn=o.vn; } while(vn==0); RETRY: msg = message; LOOKUP: e = lookup(o, msg); method = e.method; switch(e.mtype) { case Replaceable: i = method; msg = o[i]; goto LOOKUP; case RO: if (vn && vn != o.vn) goto ROfail; status = invoke(method, vn, o, args); if (status == ROfail) { ROfail: lock(o); vn=0; goto RETRY; } break; case RW: if (vn) { lock(o); if (vn != o.vn){vn=0; goto RETRY;} } if (o.use) { suspends(o); goto START; }; status = invoke(method, o, args); break; case Free: if (vn == 0) unlock(o); /* 0 means that lock has been acquired */ status = invoke(method, 2, o, args); /* 2 means that the method is free */ break; } Figure 9: Pseudo co de of metho d lo okup and metho d in v o cation for o.message(args) on shared memory arc hitectures

Figure 10: The sp eedup with dynamic metho d replacemen t (Adaptiv e/P artly- Adaptiv e) on a shared memory arc hitecture (relativ e sp eedup to Non-Adaptiv e 1 PE case: the elapsed time is 0.464s for 30,000 no des insertion to a shared binary tree.) the R O metho d �nished the atomic read of instance v ariables. If an up date is detected, the thread retries the same sequence from the metho d lo okup but with the lo c k ( vn =0 indicates this) to a v oid further retries. On the other hand, if the obtained metho d is of R W t yp e, the thread lo c ks the ob ject and c hec ks the use ag. If the ob ject is in use b y some other execution of R W section, the thread enqueues itself in to the thread queue of the ob ject and susp ends its execution. If the ob ject is not in use, the thread in v ok es the metho d whic h will set the use ag and release the lo c k. 6 Implemen tation for a distributed memory arc hitecture F or a distributed memory arc hitecture, w e use a w orkstation cluster whic h con- sists of 4 Sun Microsystems SP AR Cstation5 (CPU: 110MHz microSP AR C-I I) w orkstations p erfectly connected with eac h other b y high sp eed serial comm u- nication in terfaces called ST AFF-link[NIK 97], whic h exhibits appro ximately 70 � 80 � s latency for a small size ( � 64b ytes) message. The OP A run time initially creates a pro cess on eac h w orkstation. The OP A run time non-preemptiv ely sc hedules a n um b er of OP A threads on those pro cesses whic h will run actually in parallel on the same n um b er of pro cessors. Since the ob jects on a remote no de is not directly accessible, either a remote metho d in v o cation to the ob ject or a remote fetc h of the ob ject is required for the message passing to the ob ject. W e curren tly emplo y the former metho d. The latency for the access to a remote ob ject m ust b e eliminated or hidden. The elimination of remote access can b e realized b y using free metho ds: the

Figure 11: The sp eedup with dynamic metho d replacemen t (Adaptiv e) on a distributed memory arc hitecture (relativ e sp eedup to Non-Adaptiv e 1 PE case: the elapsed time is 2.80s for 30,000 no des insertion to a shared binary tree.) in v o cation of the free metho d can b e p erformed on the lo cal cop y (pro xy) of the remote ob ject. The latency hiding is realized b y using m ultiple threads on eac h pro cessor. The OP A run time manages the OP A (language-lev el) threads non-preemptiv ely and v ery e�cien tly b y p erforming the con text switc h fully b y the compiled co de. The pro xy is created when the reference to the corresp onding remote ob ject is receiv ed from the net w ork for the �rst time. The pro xy is created with the same size as the corresp onding actual ob ject. After that, the reference to the remote ob ject, when it is receiv ed from the net w ork, is con v erted in to the reference to the pro xy . When the pro xy’s metho d is in v ok ed, the pro xy basically p erforms remote message passing to the remote actual ob ject via a serv er on the remote no de. When the serv er returns the return v alue to the pro xy , the serv er also c hec ks if the in v ok ed metho d has b een replaced with a free metho d: if it is a free metho d, the serv er attac hes the data (metho d table and �elds) of the actual ob ject to the return v alue message. Once the pro xy has the free metho d and the imm utable cop y of the �elds, the subsequen t metho d in v o cations will b e p erformed en tirely lo cally . 7 P erformance measuremen ts on parallel arc hitectures The p erformance measuremen ts are p erformed with programs exploiting the binary tree class in Figure 5. W e compared the follo wing three programs. (Eac h program inserts 30,000 no des with random k eys in to the shared tree structure):

Adaptiv e the program that exploits the dynamic metho d replacemen t and the resultan t free metho ds (i.e., after dynamic metho d replacemen t, the insert metho d b ecomes free.), P artly-Adaptiv e the program that exploits the dynamic metho d replacemen t but do es not in v olv e free metho ds (i.e., after dynamic metho d replace- men t, the insert metho d simply b ecomes of R O t yp e.), Non-Adaptiv e the program that has no replaceable metho ds. Figure 10 sho ws the relativ e sp eedups to Non-Adaptiv e 1 PE case (the elapsed time is 0.464s.) for three programs on the shared memory arc hitecture. The result sho ws the programs exploiting the dynamic metho d replacemen t is faster than the non-adaptiv e program for all 1 to 12 PEs. Since the sp eedup is ac hiev ed, w e can sa y the b ottlenec ks are eliminated to some degree with the dy- namic metho d replacemen t. The di�erence of P artly-Adaptiv e from Adaptiv e is not signi�can t except for 1 PE case, b ecause cop ying of the imm utable parts of ob jects (whic h is ac hiev ed b y soft w are in the distributed memory arc hitecture) is automatically p erformed b y hardw are cac he. F or the distributed memory parallel arc hitecture, eac h program creates 1 or 4 thread(s) on eac h pro cessor (for the latency hiding). Figure 11 sho ws the relativ e sp eedups to Non-Adaptiv e 1 PE case (the elapsed time is 2.80s.) for Adaptiv e and Non-Adaptiv e programs. The result sho ws the programs exploiting the dynamic metho d replacemen t is appro ximately 2 times faster than the non-adaptiv e program for 2 to 4 PEs. The result also indicates the latency hiding is e�ectiv e on distributed memory arc hitectures. 8 Related w ork Actors[A GH 87] has a language construct become , whic h dynamically c hange the b eha vior of ob jects. This mec hanism corresp onds to a mec hanism whic h switc hes the en tire classes dynamically . Although OP A compiler exploits the switc h of the en tire metho d table for free metho ds, it is to o lo w lev el to b e programmed directly . Concurren t Aggregates[CHI 93] in tro duces the notion of aggregate, a set of the same kind of ob jects, called represen tativ es. When a message is sen t to an aggregate, the message is sen t to an arbitrarily c hosen represen tativ e. Then, if necessary , the represen tativ e forw ards the message to an appropriate ob ject. This mec hanism also eliminates b ottlenec ks around frequen tly accessed ob jects. OP A pro vides the same kind of ob ject (suc h as ro ot no de of BinTree class) via more systematically con�rmed w a y . Again, W e think it is a little bit lo w lev el to program the aggregate directly . 9 Conclusion In this pap er, w e prop osed dynamic (runtime) metho d r eplac ement whic h pro- vides adaptiv e ob jects for concurren t accesses, where w e can increase the n umb er of read-only metho ds and the imm utable part of the ob jects dynamically to eliminate or relax the m utual exclusion and remote comm unication. This pap er also presen ted its implemen tation and the results of the p erformance measuremen ts on parallel arc hitectures, whic h indicate the e�ectiv eness of our approac h. The prop osed feature w as implemen ted and examined in our ob ject-orien ted parallel programming language OP A. F uture w ork includes p erformance mea- suremen ts using practical applications; w e ha v e already tested the N -b o dy problem application using tree structure and observ ed a considerable b ottle- nec k elimination. References [A GH 87] G. Agha. A ctors : A Mo del of Concurr ent Computation in Dis- tribute d Systems . The MIT Press, 1987. [A G 96] K. Arnold and J. Gosling. The Java Pr o gr amming L anguage . Addison-W esley Publishing Compan y , 1996. [BF C 95] P . A. Buhr, M. F ortier, and M. H. Co�n. Monitor Classi�cation. A CM Computing Surveys , V ol. 27, No. 1, pp.63{72, 1995. [CHI 93] A. A. Chien. Concurr ent A ggr e gates . The MIT Press, 1993. [LAM 77] L. Lamp ort. Concurren t Reading and W riting. Communic ation of the A CM , V ol. 20, No. 11, pp. 806{811, 1977. [NIK 97] H. Nak a jo, A. Ic hik a w a, and Y. Kaneda. An Implemen tation and Ev aluation of a Distributed Shared-Memory System on W orkstation Clus- ters Using F ast Serial Links. In Pr o c. of Int.Symp. on High Performanc e Computing(ISHPC) , V ol. 1336 of LNCS , pp. 143{158. 1997. [SAR 93] J. Sargean t. United F unctions and Ob jects: an Ov erview. T ec hnical Rep ort, Departmen t of Computer Science, Univ ersit y of Manc hester, 1993. [TMY 94] K. T aura, S. Matsuok a, and A. Y oneza w a. ABCL/ f : A F uture- based P olymorphic T yp ed Concurren t Ob ject-Orien ted Language |its De- sign and Implemen tation|. DIMA CS workshop on Sp e ci�c ation of Par al lel A lgorithms , No. 18, pp.275{292, 1994. [TY 95] K. T aura and A. Y oneza w a. Sc hematic: A Concurren t Ob ject- Orien ted Extension to Sc heme. T ec hnical Rep ort, Departmen t of Informa- tion Science, Univ ersit y of T oky o, 1995. [YT 96] M. Y asugi and K. T aki. OP A: An Ob ject-Orien ted Language for P ar- allel Pro cessing | its Design and Implemen tation |. IPSJ SIG Notes 96-PR O-8(SWoPP’96) , V ol. 96, No. 82, pp. 157{162, August 1996. (in Japanese).