Distributed ob ject memory sc hemes and applications: A literature surv ey Je� McA�er Octob er 7, 1994 1 In tro duction Previously , computational and communicativ e irregularity hav e b een identi�ed as sources of di�culty in building concurrent systems. W e no w add another dimension of ob ject fragmentation. W e prop ose that the degree of fragmentation will b e a di�erentiating factor for applications implemented in m ulti-space sys- tems. This has b een indirectly suggested in Shapiro’s work on F ragmen ted Ob jects [Shapiro et al., 1989] but do es not app ear to hav e b een directly treated in the current literature. With the adven t and spread of distributed systems has come a num ber of schemes for handling ob ject distribution. Unfortunately , we are not convinced by the applications used to test and \prov e" these schemes. While we do agree that they represent reasonable uses of distributed ob jects, they are, by in large, algorithms rather than applications. That is, they are distributed systems applied to some problem rather than a solution to some distributed problem. W e are interested in situations where distribution is forced rather than just desirable. Having said that, we actually think in terms of multi-sp ac e systems rather than distributed systems. Physically distributed systems are of course or great interest but there are cases where programs running on the same physical mac hine cannot directly communicate and share data. F or example, co op erating C++, Smalltalk and CLOS ob jects. F or all inten ts and purp oses, these ob jects are distributed across a netw ork of machines with very low latency . With that brief introduction, we will pro ceed to describ e the �ndings of our literature survey . Please note that w e ha v e pruned only the most ob viously unrelated pap ers from the rep ort b elow. Papers thought to b e marginally relev an t now may b ecome directly relev an t as our work progresses. 2 Searc h W e lo oked primarily for work in tw o di�eren t areas; implementation techniques and mechanisms, and example applications of ob ject-oriented m ulti-space systems. W e cast a wide net and cov ered areas including; distributed shared memory (DSM), memory cac hing/paging, database caching, p ersistent ob- ject swapping and p ointer swizzling, ob ject/data replication and migration, automatic garbage collection, distributed op erating systems, distributed ob ject-oriented systems, language supp ort for distributed com- puting and applications of distributed symbolic computing. W e do not claim to hav e encoun tered every pap er of imp ort in all of these areas but prop ose that the work inv estigated is representativ e of these areas as they apply to the goals of our pro ject. The pap ers survey ed are detailed in a companion do cument, \The Red list". Overall there was not muc h in the current literature whic h directly compares with our w ork. There are many schemes for implementing v arious forms of multi-space systems. Some are quite close to the our testb ed system and w e will b e able a v aluable source of techniques. Mechanisms are only half the story how ev er. The database and scienti�c or algorithmic areas contained many example applications. Unfortunately , most had one or more of the following drawbac ks (with resp ect to our domain): 1. Limited num ber of ob ject spaces. Man y systems use broadcast techniques in v arious wa ys (e.g., maintaining replica consistency). While the cost of this is often more a function of ob ject particulars (e.g., the num ber of replicas), for systems with widespread ob ject interdependency , inter-space dep endency is unpredictable. 1

Other systems fo cused mainly on database applications which can roughly b e classed as tw o-space systems | in the p ersistent store or in transient storage. 2. Regularity . Many applications are drawn from the scienti�c parallel computing w orld (e.g., succes- sive ov er relaxation, N-b o dy). While some hav e inherent some degree of computational or comm u- nicative irregularity , few ha v e large amounts of ob ject fragmen tation or interrelation irregularity . 3. Limited ob ject fragmentation. Related to the ab ov e, few applications had more than say , �ve, di�erent kinds (classes) of ob jects or interconnection b ehaviours. While this is not an absolute prerequisite of fragmentation irregularity , it seems to b e a go o d indicator. This is not to say that there is nothing of use but rather that there is nothing which directly compares to our work. The �ndings of our survey are detailed in the sections b elow. 3 Mec hanisms and mo dels The ov erall concept of an ob ject do es not change in a distributed system | They are still encapsulations of data and op erations on that data. There are how ev er, a num ber of implementation v ariations which can in uence the capabilities and p erformance of an ob ject system. The most straigh tforw ard ob ject mo del uses some notion of proxy [Shapiro et al., 1989] or remote reference ob ject as a lo cal representativ e of a remote ob ject. Messages to pro xy (really to the remote ob ject) are pack aged up and forwarded to the remote site for pro cessing. While functional, this is roughly equiv alen t to standard RPC techniques and can prov e costly in particular situations. T o address these issues, v arious schemes for representation, replication and migration hav e b een prop osed. Perhaps the prop osal whic h departs the most from typical ob ject mo dels is F ragmen ted Ob jects which app ear in SOS [Shapiro et al., 1989] and [Dickman and Makpangou, 1992]. The key p oints of the F ragmen ted Ob ject mo del are given b elow in the discussion of SOS. It could b e said that this technique reduces to so-called smart proxies but in fact the proxies ar e the ob ject. In related areas, we found a great deal of prior art in hardware and softw are supp orted page-based schemes for DSM. In general this work, though well-dev eloped, is not applicable to dynamic ob ject- oriented systems. Several researchers [Hosking and Moss, 1993, Bal and Kaasho ek, 1993, T anen baum et al., 1993] noted that ob ject-based softw are schemes hav e more natural control semantics and can outp erform the page-based hardware sc hemes. There is considerable ov erlap b etw een our work and the outlined ob ject-based multi-space schemes. Several pap ers discussed the merits of separating application co de from ob ject/memory distribution mechanisms. Some detailed meta-architectures of v arying levels of sophistication and exibility (see the section b elow on meta-lev el supp ort). These systems form the p o ol of techniques from which we will draw test en vironmen ts for our exp eriments. W e are con�den t that the current Co dA meta-architecture is su�ciently p ow erful to implement any of the mechanisms in a wa y which do es not impact the test application (base-level) co de. W ork in the database area fo cused on tw o ma jor areas; data loading and replication. Data loading is closely related to DSM as it inv olv es issues of p ointer swizzling, paging, sharing, latency , caching, etc. Replication has b een shown to b e of considerable b ene�t where data use and access costs are non-uniform [Bal and Kaasho ek, 1993, Bennett et al., 1990]. As such, we �nd it of some interest. Below we hav e group ed v arious distributed ob ject mo dels and mechanisms very roughly by the key feature or asp ect they treat. 3.1 General systems/languages Here we give broad outlines of some of the systems and languages we review ed. Details of sp eci�c p oints/areas of interest are given in subsequent sections. Amadeus [Cahill et al., 1993a] is an implemen tation of the Commandos [Cahill et al., 1993b] architec- ture and is a general purp ose ob ject-oriented programming environmen t. It contains a generic runtime (GR T) on which ob ject-oriented language programmers can design and implement their ob ject mo dels. In essence it is a language builder’s to olkit. The language need not b e entirely new. F or example, an extended version of C++ has b een built on top of the Amadeus GR T. 2

The system op erates at a relatively low-lev el (e.g., ob ject headers etc.) and provides several useful capabilities. The runtime essentially forms (part of ) the meta-level of the implemen ted language. One interesting feature is clustering . A cluster is a managed group of ob jects. Newly created ob jects are allo cated in the newest cluster unless some other cluster is explicitly sp eci�ed. Though it is not discussed in great detail, the authors hint that the GR T incorp orates a heuristic for determining when new clusters should b e created. W e are quite interested in the e�ectiveness of this mechanism. Amber [Chase et al., 1989] is a parallel programming system designed to run single applications e�- ciently on netw orks of multiprocessors. It follows in the fo otsteps of other sytsems taking its thread mo del from Presto [Bershad et al., 1988] and its migration and lo cation op erations from Emerald [Jul et al., 1988]. Amber provides a at name space for �ne-grained ob jects which can migrate b etw een netw ork no des. It is assumed that each no de is a shared memory multiprocessor (e.g., Fire y). Ob ject level coherence is maintained b y migrating threads rather than ob jects. That is, in normal execution, threads partially migrate to the no de containing the ob ject through whic h they wish to run. Programmers are given, and exp ected to use, complete control of the details of ob ject and thread lo cation. Since ob ject lo cation dictates where threads will execute, ob jects can b e explicitly and dynamically placed (migrated). Any executing threads will mo v e with the ob ject. Ob ject replication is supp orted but only for immutable ob jects. Amo eba [T anen baum et al., 1990] has an OS-like arc hitecture and is mainly designed as infrastruc- ture for interconnecting multiple computers. It’s kernel and asso ciated servers provide all the features that one w ould exp ect (e.g., RPC, threads, naming). Amo eba is the base for Orca [Bal et al., 1992, T anen baum et al., 1993] which de�nes and provides the higher level functions that one migh t exp ect/require in a distributed environmen t. On interesting feature of Amo eba is its c a- p abilities . Every ob ject has an asso ciated capability which is lik e a key which succinctly describ es the ob ject, what it can do, where it is from and what privileges it has. Capabilities are encrypted and v eri�ed during RPCs and so are used to maintain security . This is an interesting system and is representativ e of the state of distributed system infrastructure but is not particularly applicable here as we are more interested in the higher level issues raise in say , Orca. Argus [Lisko v, 1988] is a language and system for running long-liv ed information systems (e.g., inv en tory control systems or mail systems). As such it m ust maintain integrit y in the face of failures. It sup- p orts ob ject migration and replication. Argus, the language, also contains constructs for guar dians and actions . Guardians are essen tially protected groups of ob jects accessible only through particu- lar handlers. These are essentially multi-threaded actors where the handlers are the public interface. Actions are serializable, atomic sequences of op erations; that is, transactions. The work on Argus do es not seem to consider ob ject migration and replication p olicies rather than mechanisms. Re- gardless, this work is interesting b ecause they hav e applied it to some real-world problems (e.g., banking system) alb eit from a transactional and consistency p oint of view. COOL [Chandra et al., 1994b] is an ob ject-based parallel programming language. Much of the work on COOL has gone to w ards synchronization issues but it do es also address ob ject distribution as it relates to e�eciency . The main notion in this regard is a�nities . Programmers can sp ecify v arious a�nity hints in parallel functions. F or example, they can state that the function is b est run lo cal to some ob ject or some pro cessor. T ask a�nity describ es parallel tasks which should run back-to-bac k. Presumably to exploit cache lo calit y . COOL also allows for ob ject migration through the use of explict migration functions. It do es not app ear to supp ort replication. These hints would app ear to b e p ow erful to ols but they do require the programmer to know quite a bit ab out the underlying machine architecture. F ortunately , they do not a�ect the semantics and so can b e changed with little di�culty . CORBA wher e did I put that do cument? xxx NeXTStep xxx Emerald [Jul et al., 1988] is an ob ject-oriented language and system designed for the construction of distributed programs. It supp orts �ne-grained ob jects and migration. Emerald ob jects exist in a 3 global uniform ob ject space and cannot b e replicated. A num ber of parameter passing schemes such as call-by-visit, call-by-mo v e, call-by-v alue and call-b y-reference are also supp orted. The designers of Emerald opted to build a new language rather than adapt of mo dify an existing language. This is justi�ed by the language and compiler they desired. Based on these attributes, the compiler can determine the appropriate (with resp ect to distribution) representation and b ehaviour for ob jects. It w ould p erhaps b e b etter to ha v e de�ned a meta-architecture which could dynamically incorp orate compiler information and determine the most e�ective representation and b ehaviour. More recent w ork [Jul, 1993] has headed in this direction but only to the extend that the concerns of ob jects and distribution are separate. All in all, Emerald has a num ber of interesting features which are of interest to us in the design and implemen tation of our testb ed environmen t. Midwa y [Bershad et al., 1993] is a distributed shared memory programming system. It supp orts mul- tiple consistency mo dels concurrently and in tro duces a new mo del; entry c onsistency . Entry con- sistency recognizes that many programs place explicit synchronization lo cks around co de regions which access shared data. F ollo wing this, whenever a lo ck is requested on an ob ject, the ob ject is mov ed to, and b ecomes o wned by , the requesting pro cessor. Up dates to the ob ject are then carried on an lo cal basis and need not b e broadcast. A particular pro cessors view of the shared memory it will access is made consistent when it en ters this lo ck region. Midwa y also supp orts release and pro cessor memory consistency . Munin [Bennett et al., 1990] supp orts distributed shared memory using a type-based approach to co- herency . The goal is to supp ort the execution of shared memory parallel programs on distributed memory machines. They identify , based on usage, nine di�erent kinds of ob jects in typical shared memory programs. They are: write-once, priv ate, write-many , result, synchronization, migratory , pro ducer-consumer, read-mostly and general read-write. Using information gathered by the com- piler and supplied b y the user they identify particular ob jects in a program as b eing one of the ab ov e types. This in turn is used to determine the memory coherency scheme used to supp ort that ob ject. F or example, read-mostly ob jects would p erform well under a replication sc heme. This is quite an interesting system. The most recent pap er we reviewed was 1990 and they did not seem to indicate any particular test or results whic h illustrated the b ene�t of these techniques. W e do not doubt that they would b e of use but are curious to kno w how, when and where. Orca [Bal et al., 1992, T anen baum et al., 1993] is an ob ject-based language for parallel programming on distributed systems. It is based on the Amo eba op erating system [T anen baum et al., 1990]. Orca ob jects are passive and relatively coarse-grained. Inter-ob ject communication and co op eration is based on the idea of shar e d obje cts whic h are sequentially consistent with resp ect to replica up dates but do not enforce any up date ordering. Ob ject replication is system-wide or not at all and is supp orted using Amo eba’s totally-ordered broadcast mechanism. The Orca compiler gathers ob ject read/write statistics and creates hints which are then used b y the runtime system when determining ob ject replication b ehaviour [Bal and Kaasho ek, 1993]. F or example, ob jects which are read often but written infrequently can b ene�t from replication. A recent pap er [T anen baum et al., 1994] demonstrated Orca’s use in several applications (e.g., com- puter c hess and neural net training). These examples, while comp elling are not representativ e of systems ubiquitously constructed of ob jects. Nonetheless, Orca is in teresting in its use of compile- time information at runtime and as a concrete example of e�cient system-wide replication in certain situations. SOS [Shapiro et al., 1989] is an ob ject-oriented OS with typed ob jects which supp ort distributed mi- gration. Ob jects, Elementary Ob jects, are based on the C++ mo del and, due to Id managemen t ov erhead, are medium grained. Elementary ob jects are group ed together as fr agments of F r ag- mente d Obje cts (F Os). The fragments of a FO can live in di�erent ob ject spaces. Each fragment represents and is equiv alen t to the whole. The actual internal fragmentation structure of a FO is transparent to the user who can see only the public interface. SOS also supp orts a wide-range of now common distributed ob ject mechanisms (e.g., proxies, references). Migration plays a key role in the system. It is the base of FO gro wth and the building of cross context links. FO fragmentation structure and group membership is preserved b y migration. 4

F ragmen ted Ob jects app ear to b e a p ow erful abstraction for structuring and managing distributed ob jects. As is p ointed out in the work on VDOM [F eeley and Levy , 1992], FOs can b e used to handle the implemen tation of algorithms whic h naturally partition computations. F or example, many scienti�c applications contain grid-based or stencilling algorithms (e.g., Successive Over Relaxation). In such systems there is a logical ob ject (e.g, rectangular grid to b e relaxed) and computations on particular grid cells hav e well-de�ned interdependencies. F Os can b e used to build a \grid" ob ject out of \cell" fragments, each of which understands and cop es with its dep endencies. While F ragmen ted Ob jects and other concepts in SOS are interesting and useful, the system is somewhat confused by the lack of a distinct meta-level. The details and mechanisms of handling inter-fragmen t comm unication and co op eration are grafted on to \normal" ob ject b ehaviour in a sp ecial case wa y . Certain ob jects in the system hav e sp ecial privileges which allow them to directly access or inv ok e other ob jects. The base and meta-levels app ear to b e mixed and not enough of the underlying mec hanism is hidden from the user/programmer. 3.2 Replication and caching and coherence Schemes for replication v ary widely . Nitzb erg, [Nitzb erg and Lo, 1991], gives a go o d review of v arious Distributed Shared Memory (DSM) techniques with references and de�nitions. Bal and T anen baum ha v e recently fo cused developmen t of Orca on techniques for determining whether a particular ob ject should b e replicated [Bal and Kaasho ek, 1993, T anen baum et al., 1993]. In Orca, replication is done on an everywhere or nowhere basis and is done using Amo eba’s reliable ordered broadcast. The replication p olicy is determined by lo oking at compiler-generated information relating to shared-ob ject read/write information. Each Orca \pro cess" (roughly a concurrent pro cedure) is annotated with its v ariable read/write pattern. When a pro cess is ab out to run, a chec k is done to see if the data it manipulates should b e replicated. This is done b y lo oking at who else will access it and the ratio of reads to writes. They present some go o d results in applications such as trav elling salesman and shortest path. Munin [Bennett et al., 1990] is similar to Orca in that they utilize compile-time ob ject access infor- mation in the decision on how to manage ob ject replication and coherence. Where as Orca includes one replication p olicy and one mechanism, Munin has some nine di�erent p olicies which are based on v arious mechanism. F or details see the section ab ov e on Munin. VDOM (V ersioned Distributed Ob ject Mo del) [F eeley and Levy , 1992] has a great deal in common with F ragmen ted Ob jects [Shapiro et al., 1989] but di�ers in its mo del of replica consistency or coherence. VDOM in tro duces the notion of replica versioning. All ob jects are immutable. As a result, mo difying an ob ject creates a new version. When an op eration is to b e done on an ob ject a sp eci�c v ersion is selected and used throughout. This forms the basis of a weak consistency mo del. Caching is a form of replication which is often used in systems having a large disparity in access latency or bandwidth (e.g., p ersistent stores). Burdorf [Burdorf, 1993] has done a study of v arious p olicies for caching p ersistent ob jects in transient memory . Several caching schemes (trace-based, LRU, FIFO etc) are ev aluated in several di�erent applications (e.g., TSP , shortest path). There are no hard conclusions but they do note that in some situations, given a limited cac he size, it is b est to disp ose of the most frequently read element. This somewhat counter-in tuitiv e result is based on the idea that some computations are bursty | They use a set of ob jects and then mov e on. The more frequen tly accessed ob jects are less likely to b e used in the future b ecause they will hav e already b een pro cessed. Of course, some sort of dela y must b e imp osed to av oid tossing pages still in use. Still, this result is interesting b ecause it shows that the nature of an application’s computation can and should play a large role in determining the strategies/p olicies used. W ork in Distributed Caching [Pu et al., 1992] is aimed at systems which naturally contain data servers though we feel it may hav e a wider app eal. . The basic idea is similar to compute load balancing but considers data access as the scarce resource. Access costly ob jects are cac hed in the transien t memory of mutual-servers rather than the host which actually holds the ob ject. By using broadcast messages for ob ject access, the fastest (least loaded) no de in the system which has a replica will answer. This of course has some drawbac ks. Assume that the fastest server takes T time units to satisfy a particular request and that N servers will try to resp ond. Even if the �rst resp onse can b e used by servers to cut o� their servicing of the request, a total of T � N time units may b e sp ent system wide in the computation of a result whic h actually required only T time units. The actual time \wasted" is a function of the n um ber of cache lo cations and the time required to service the request (i.e., T ). 5

The replication lo cations of a particular ob ject are control by one of several activ e and passive schemes. All are based on a notion of value or w orth. Each ob ject replica has a lo cal and global v alue which roughly relates to how many times it is accessed lo cally and remotely (resp ectively). Ob jects with high lo cal v alues should b e kept lo cally . Ones with high global v alue should b e replicated on other servers to spread the access load. Still, suc h schemes are limited by the high cost in some systems of broadcast communication. RO- MANCE [Ro drigues and V erissimo, 1993] introduces the notion of groups for managing replica consis- tency and communications. A group b oils do wn to a multicast sets (i.e., limited broadcasts). 3.3 Migration and argument passing Schemes for lo cating an ob ject were found to b e surprisingly similar. Almost all are based on some notion of indirection with dynamic chain shortening. F o wler [F o wler, 1985] suggests a mec hanism whereby ob ject spaces contain hints as to the lo cation of some remote ob ject. These hints are follo w ed until the ob ject is found or an exhaustive (i.e., broadcast) search is required. When the ob ject �nally is lo cated, all spaces trav ersed are up dated to contain the newly discov ered lo cation as the hint for the target ob ject. This technique has prov en to b e quite e�ective and v ariations are used in [Jul et al., 1988, Rinard et al., 1993, Chandra et al., 1994a, Maisonneuve et al., 1992] to name but four. W e found argument passing techniques to v ary widely throughout existing systems but generally fall into one of four categories: 1) call-by-v alue, 2) call-by-reference, 3) call-by-visit or 4) call-by-mo v e. 1 and 2 are encountered frequently in conv en tional programming languages and are a v ailable in most distributed systems. 3 and 4 are somewhat unique and are supp orted by systems lik e Emerald [Jul et al., 1988]. Both inv olv e migrating the ob ject to the remote site. Call-by-visit mov es the ob ject only un til the message pro cessing is complete at which time it returns to its original lo cation. Call-by-mo v e how ev er leav es the ob ject in its new lo cation. Of course, none of these mechanisms if optimal in all cases. Much of the work in distributed systems has b een related to the use (how and when) of these mechanisms. All systems contain similar schemes for marshaling and unmarshaling messages and ob jects which are passed b etw een ob ject spaces. Ob jects are translated into some canonical form, transp orted and then reconstructed using lo cal structures. Netw ork ob jects and Pickles [Birrell et al., 1993] is fairly typical of these systems. Proxies are used heavily throughout ob ject-oriented distributed op erating systems. They v ary from simple message forwarding p oints [Shapiro et al., 1989] to so-called smart pr oxies [Ma�eis, 1993] which incorp orate some amount of lo cal caching, control or emulation of the remote ob ject. The main role of a proxy is to make transparent the fact that the ob ject it represents is remote relative to the lo cation of the proxy . In this wa y programmers need not worry ab out ob ject lo cation and need only one language mechanism for comm unicating with other ob jects. They also allow the system designer to transparently implement replication and migration schemes. Most systems which supp ort migration migrate only ob jects. Hsieh prop oses the notion of c om- putational migr ation [Hsieh et al., 1993]. That is, rather than p erforming remote accesses by RPC or migrating the remote ob ject to b e lo cal, p ortions of the accessing thread are mov ed (i.e., migrated) to the remote site. As suc h, these so-called remote accesses are actually p erformed lo cally with resp ect to the executing thread. The b ene�ts of such a mec hanism are diminished somewhat in an ob ject-oriented environmen t as a suitable level of remote ob ject interface abstraction can signi�cantly reduce the num ber of actual remote accesses via combination. Nonetheless, a similar idea can b e applied to ob ject groups which do not share a common interface. By detecting sequences of remote accesses to a group of ob jects which happ en to b e co-lo cated we can migrate the executing thread to the remote lo cation and thus eliminate many of the remote accesses. 3.4 Meta-lev el supp ort A recent trend in distributed systems has b een the separation of ob ject de�nition and distribution mech- anism and their recognition as orthogonal concepts. Previously programmers were forced to cop e with distribution issues in sp ecial case wa ys which a�ected the wa y they designed their application comp o- nents. F or example, Eden [Almes et al., 1985] had tw o distinct mo dels and mec hanisms for lo cal and distributed ob jects. While we agree that these di�erent mo dels may b e required, we also agree with the designers of Emerald that they should b e hidden from the programmer. 6

The design of meta-level supp ort for ob ject distribution has b een approached in a num ber of wa ys. One of the more general is that found in Ok am ura’s work with AL-1/D [Ok am ura and Ishik a w a, 1994]. They use the AL-1/D meta-level to describ e and dynamically control ob ject lo cation, ob ject attachmen t and argument passing. Through the use of some simple applications they show that such meta-level manipulations need not b e ine�cient. In a similar vein, Aksit prop oses the notion of Abstract Communication Types (ACTs) to mo del frequent interaction types [Aksit et al., 1993]. Using Sina’s comp osition �lters, incoming and outgoing messages are captured and made in to �rst-class ob jects (i.e., rei�ed). The messages are then passed to op eration-sp eci�c handlers. F or example, Active Send Types for sending and Active Receive Types for receiving. The rei�cation of these op erations gives distributed systems programmers a place to stand and im- plement remote ob ject references, ob ject migration and replication, and v arious schemes for argument passing. Since these are all meta-level issues and are implemented in concrete meta-level, they do not impact on the application programmer or her co de. This is a common theme in meta-architectures for distributed systems. GARF [Garbinato et al., 1993] contains a limited, tw o-lev el meta-arc hitecture based on enc apsula- tor ob jects which intercept messages to their referent and p erform transformations etc. XENOOPS [Bijnens et al., 1993] uses reference ob jects to implement a similar technique and give control ov er four asp ects of the meta-level: lo cation, migration, granularit y and replication. They identify a hierarch y of reference types including; remote, lo cal and a tw o references to replicated ob jects. Krueger [Krueger et al., 1993] details a meta-level architecture for building user-de�ned virtual mem- ory manager p olicies. An underlying kernel provides basic paging primitiv e and the meta-level de�nes their use p olicies. This is a low-lev el page-based approach whic h ma y not b e suitable for �ner-grained distributed ob ject systems. 4 Applications W e were most interested in work related to the interaction b etw een applications and distribution mec h- anisms. There were few pap ers which were explicitly ab out multi-space (distributed) applications. Most of the example applications came in the form of test cases for the v arious distribution techniques. In general, these were not really \applications" but rather, \algorithms" (e.g., T ra v elling Salesman, test case generation, etc.) The algorithms are often describ ed as irregular symbolic computations. And indeed, they did inv olv e v arying degrees of computational or comm unicativ e irregularity . F ew how ev er exhibited very m uc h ob ject fragmentation. Unfortunately , this is the fo cus of our work. T ak e for example, the N-b o dy problem [Barnes and Hut, 1986]. The problem itself has an inherent degree of interactiv e irregularity in that ob ject (i.e., particle) interaction partners and physical lo cation v ary with time. Left unchec k ed, this irregularity w ould surface in the computational and comm unicativ e prop erties of an algorithm and adversely a�ect its p erformance. In an e�ort to av oid this, algorithm designers typically exploit some asp ect of the implementation (co de or machine) to instill and spread regularity . In the 2D N-b o dy problem they might use a distributed quad-tree data structure to hold the particles. The key ob jects in the algorithm are no longer the irregular unstructured ob jects (particles) but the w ell- structured tree no des. The solution to the N-b o dy problem, an irregular symbolic problem, comes in the form of a quad-tree decomp osition algorithm whic h is somewhat more regular. Esp ecially with resp ect to ob ject (i.e., no de) fragmentation. Of course, this technique is very imp ortant and widely applicable. It do es not how ev er, result in the sort of ob ject graph for which we are lo oking. 4.1 Review ed applications Below we enumerate some of the applications we found interesting and summarize their prop erties in our domain. T ra v eling Salesman (TSP) [Bal and Kaasho ek, 1993, T anen baum et al., 1993, Burdorf, 1993] The com- mon approach to TSP uses a branch and b ound implementation. Prosp ective paths are distributed among av ailable pro cessors and a global shared upp er b ound on the path length is maintained. This application is nice in that it is simple to implement and understand the shared b ehaviour. By the 7 same token, it is quite simple and not particularly representativ e of the type ob ject in teraction for which we are lo oking. Gr� obner basis [Chakrabarti and Y elic k, 1993, Siegl, 1993] The Gr� obner basis is commonly used in the solution of problems in p olynomial idea theory and represents a very imp ortant symbolic application of parallel/concurren t computing. The Buc h berger [Buch berger, 1985] algorithm is p erhaps the most commonly used. It reduces roughly to Gaussian elimination were the basis is analogous to a triangular set of linear equations. Details of the algorithms are b eyond the scop e of this do cument how ev er, w e do summarize typical implementations. Lo osely sp eaking the computation is pip elined with input p olynomials entering and owing through a set of �lters which test, mo dify and p erhaps cancel the p olynomials. Results from one stage (�lter) passed to the next until the end of the pip eline is encountered. Dep ending on the state of the p olynomials, they maybe sen t back to the b eginning for further pro cessing. Generally there are only a few data structures (ob jects) required; a priority queue for storing p oten- tial basis elemen ts and the basis itself. The basis can either b e partitioned or replicated. Replication requires more memory ov erall but results in more parallelism and reduced communication ov erhead. While this problem is computationally irregular in that the amount of computation done v aries, it is not particularly irregular with resp ect to ob ject in teraction. There are tw o ma jor data structures and they are pretty muc h global. Like the N-b o dy problem how ev er, it is a simple test case whic h should b e easy to implement and test. Successive o v er relaxation (SOR) Man y problems can b e solved using grid-based or stencil algo- rithms. Successive ov er relaxation (SOR) [F eeley and Levy , 1992, Krueger et al., 1993, Chase et al., 1989] is one example. The goal of SOR is to somehow interrelate (e.g., av erage, apply Laplace equations) neighboring cells in a data structure until a steady state is reached. The main data structure is of course the arra y or collection of cells. In parallel systems the arra y is partitioned ov er the av ailable pro cessors and the computation in eac h partition pro ceeds more or less autonomously . The main issue is how to deal with the cell ov erlap. F or any giv en cell there will generally b e four others whic h require its v alue in order compute their new v alue. In this wa y , the problem really b oils down to replication techniques on static (in form) data structures. This limits our interest in the application. W aT oR [F o x et al., 1988] W aT oR, ak a \the sharks and �shes" problem, is similar to SOR problem but can b e made more interesting. The base problem is to mo del predators and prey in an o cean environmen t. If all the �sh and all of the sharks follow the same b ehaviour then it is very muc h the SOR problem b ecause the data elements (i.e., creatures) are interc hangeable. This makes the system quite regular. If how ev er, each creature had unique b ehaviour and carried with it some amoun t of history etc., they would no longer b e interc hangeable and the problem b ecomes m uc h more interesting. The creatures are transformed from data to ob jects. The app eal of this application is b oth its simplicit y and its p oten tial for complexity | W e can make it as simple or as complex as we like. Real ro ot isolation [Siegl, 1993] A divide and conquer technique can b e used to solve the real ro ot problem. The divide and conquer technique leads to a tree of search pro cesses where only the results of some paths will actually b e required. T o eliminate this waste, the search results are returned as something akin to a future or a susp ended pro cess. The decomp osition can then ensure that only those results actually required computed. This problem displays a signi�can t amoun t of regularity and as such is not relev an t to our w ork. Shortest path [Bal and Kaasho ek, 1993, Burdorf, 1993] This is a fairly standard problem having a num- b er of di�erent algorithms. All see to display a signi�cant amount of regularity and homogeneity of ob ject interconnection and as such are not particularly relev an t here. Neural net training [T anen baum et al., 1994] Neural net training is a very time consuming task. Es- p ecially when the num ber of patterns to b e recognized is large. Typical training algorithms apply a pattern to the input neurons, and then prop ogating bac k from the outputs some measure of the er- ror. The in ternal weigh ts are then adjusted and the pro cess rep eated for a di�erent pattern. When 8 all patterns hav e b een input once (or some small n um ber of times), the whole cycle is rep eated. T anen baum prop oses a parallel trainer which concurren tly applies all patterns to replicas of the netw ork and then up dates the weigh ts of the replicas. Since weigh t up date is simply addition, the up date ordering is irreleven t. This is a useful application but rather limited in our context b ecause of its high regularity and limited n um ber of ob jects. Computer chess [T anen baum et al., 1994] T anen baum has describ ed a computer chess algorithm which essentially reduces to an alpha-b eta search. As with most of the Orca test applications, it is interesting but displays considerable amount of regularity in terms of the ob ject interaction graph. T est pattern generation [T anen baum et al., 1994] The problem of generating a set of test patterns (inputs) which will test all circuits in a given gate array is very imp ortant in electrical engineering. Unfortunately is it NP complete. T anen baum prop oses a parallel implemen tation of a pre-existing generator. The shared or distributed ob jects mainly consist of data structures to maintain lists of found patterns. Pro cessors share these lists to ensure that they do not duplicate work. Splash [Singh et al., 1992] A collection of parallel b enchmarks from Stanford. Many hav e already b een outlined here. They are predominately scienti�c and engineering algorithms of one sort or another. See reference for more details. OO1 b enchmark [Cattell and Skeen, 1992] The OO1 b enchmark is designed to help p eople assess the p erformance of v arious distributed database systems for engineering applications (e.g., CAD). They provide a simple set of measures for op erations which they feel are typical within their domain. In particular, lo okup, trav ersal and insertion. The b enchmark is very simple and as such it can b e easily implemen ted in a wide range of database environmen ts and computer languages. Our interest in this b enc hmark suite is that it is a mo del of engineering applications. They ha v e determined the kind of data manipulations which frequently o ccur. Unfortunately , though they provide some insight, w e don’t know how the data is typically related. This may not b e very di�cult to surmise how ev er. Hyp erMo del [Anderson et al., 1990] The role of database systems in engineering applications is grown- ing. Corresp ondingly , system designers require wa ys of measuring database p erformance. The OO1 (see ab ov e) and Hyp erMo del b enchmarks are attempts at addressing this need. The Hyp erMo del b enchmark suite sp eci�es a num b er of op erations (e.g., lo okup, insertion, trav ersal) which should b e p erformed on a reasonably regular hypertext structure. The fo cus is on assessing the p erformance of the database system in facilitating these op erations. The b enchmark as it stands inv olv es only one data server and one accessor. As such, no elements of distribution (e.g., replication, migration) are discussed. This w ould b e an interesting direction in whic h to go b ecause it has a concrete real-world base and is seemingly easy to describ e. The b enchmark co de is apparently publicly av ailable. Persisten t store mo del [Ghandeharizadeh and DeWitt, 1994] Ghanderharizadeh prop oses a multi-k ey database partitioning scheme (MAGIC) for using more than one key to split data ov er a set of pro cessors. While this is not directly relev an t, the general area contains some interesting ideas. One p ossibilit y is to use an MPP arc hitecture as a testb ed for p ersistent ob ject stores. Some of the pro cessors to mo del the stores and some to mo del the accessors. This is somewhat low-lev el how ev er b ecause we ha v e not said an ything ab out the access patterns or what is done with the data once accessed. B-tree [Hsieh et al., 1993] Hsieh uses a B-tree application to test their computation migration scheme against RPC. The B-tree itself is quite usual though it do es not supp ort deletion. In some of the tests ro ot no de replication was allo w ed. Though computational migration is itself interesting, this application is relatively uninteresting in the absence of interesting accessing patterns. Aksit [Aksit et al., 1993, Aksit and Bergmans, 1992] brie y discusses a num b er of applications done with their Sina/A CT system. Many lo ok quite in teresting and applicable. Unfortunately , the material on these applications is not readily a v ailable. W e are in v estigating which applications are directly relev an t here and will attempt to obtain details. 9

Hyp ertext systems [Saltzer, 1993] The most attractiv e feature of hypertext as a distributed application is that the data is so readily distributed. Hyp erlinks already form the basis for the de�nition and maintenance of the distributed data structure. In many w a ys the mail system/diary manager [Jul, 1993, Garbinato et al., 1993] applications are are constrained hypertext systems. Both su�er from the same problem: there is generally no inherent computation or e�ciency issue. They do how ev er provide go o d tests for ob ject migration mec hanisms but not particularly for p olicies. See the discussion b elo w of our prop osed hypertext-like application. Manager/W ork er UI [Siegl, 1993] Siegl prop oses using a fairly standard w ork er/serv er architecture to handle a concurrent user interface. This application would b e relev an t to our domain if we had a set of interactions generated b y the user whic h resulted in interesting interactions b etw een the work ers and servers. 5 The w a y ahead Having reviewed the current literature in this area, we now pro ceed to plot the wa y ahead. The design distributed ob ject systems app ears to ha v e b een extensively researched but to date these techniques hav e b een applied to applications small-scale (in terms of disjoint ob ject spaces) with relatively regular fragmentation b ehaviour. In view of this, we prop ose to dra w on the sets of av ailable techniques and apply them to applications in v olving hundreds to thousands of ob ject spaces and div erse fragmentation b ehaviours. 5.1 Mec hanisms Meta-architecture based mechanisms are the only reasonable en vironmen t in which to approach the problems of distributed computing. Sev eral of the systems we reviewed were supp orted by underlying meta-architectures of v arying degrees of sophistication. W e will use a fully general meta-architecture which will allow the monitoring and mo di�cation of all asp ects of ob ject b ehaviour. Though we are primarily concerned with those asp ects which p ertain to distribution, the implementation of many of the schemes outlined ab ov e may inv olv e many seemingly unrelated asp ects. F or example, we ma y wish to base replication p olicies on information ab out ob ject p erformance gathered dynamical. Our exp eriments will concentrate mainly on observing the relationships b etw een application ob ject b ehaviour (i.e., interaction) and the mechanisms used for message argument passing, migration and replication. F or message argumen t passing we will consider all of the techniques av ailable in Emerald. That is, pass-by-v alue, pass-by-reference, pass-by-visit and pass-b y-mo v e. These will b e com bined with v arious replication schemes chie y ones in v olving eager and lazy up dates and group-based replication. Migration techniques for b oth data and computation will also b e incorp orated. W e must take great care in conducting the exp eriments so as to isolate the e�ects of the di�eren t schemes and thus allow us to draw useful conclusions. As the exp eriments progress w e exp ect to gain insight into the likely e�ects of particular changes and will b e able to direct our e�ort in the most promising directions. 5.2 Applications W e would like for the usefulness and relev ance of our applications to b e self-evident. Ho w ev er, it must b e noted that our goal is to mo del the ob ject fragmentation b ehaviour of these applications, not the actual computation. So for example, if we w ere to mo del a banking system, the relev an t information is that some transaction o ccurs o v er some set of data. The conten t or accuracy of that data is irrelev an t. This frees us somewhat in that we do not hav e to create a real up and running banking system. Of course, we must also take great care in ensuring that the absence of real conten t do es not somehow a�ect the wa y ob jects interact in the real system. This might happ en if particular bank accounts are often o v erdra wn and so are in v olv ed in more transactions. W e ha v e reviewed the applications used in the literature and consulted with a num ber of researchers in the area of ob ject-oriented distributed and parallel computing in our searc h for suitable, illuminating applications. The applications with which we intend to exp eriment are enumerated b elo w. F urther work is needed to b etter de�ne the nature of these applications but for now they provide rough guidance. 10

N-b o dy The N-b o dy problem [Barnes and Hut, 1986], while relatively simple and p erhaps not entirely illuminating should prov e to b e a go o d baseline for comparison of our w ork to that of others. That is, we can use it in an attempt to duplicate other’s results and thereb y gain con�dence in our exp erimental pro cedures and testb ed. Additionally , it is quite simple and so will require little e�ort. Tj A There is a broad range of problems which migh t b est b e describ ed as integrated in telligen t manufac- turing or business en terprises. W e use an airline as an example but do not fo cus on the reserv ation system but rather the op erational side. Belo w we give a brief description of the real-world situation follow ed by summary of the relev an t p oints for our mo delling. An airline, Tj Airlines ( Tj A), which has several hundred aircraft ying routes throughout the world. As p er normal airline op erations, Tj A has several regional hubs and service centers. Planes are crewed b y quali�ed trained and av ailable p eople on routes for which they hav e b een approv ed and serviced b y technicians who are quali�ed for particular tasks. Lo cal arrangements must b e made at ev ery stop for fuel, gate clearance, cleaning, b oarding, ight plans, etc. T o make the system more realistic we must also consider that ights are dela y ed, planes break, crews and sta� b ecome unav ailable due to illness or delays in previous igh ts and airp orts close due to weather. These changes in the \normal" or scheduled op eration ripple through the system and are a source of non-determinism. In general, the computational mo del for solving or implementing this application is a constraint solver. That is, if all you are concerned with is the scheduling. How ev er, the real system is more complicated b ecause even ts and data m ust b e track ed and used in computations b eyond sc heduling; inv en tory , payroll, planning, billing and maintenance to name but a few. While planes and crew (i.e., resources) trav el from region to region, they are alw a ys mem b er or part of their home region. Within the system, resources can b e in several systemic regions at once. A plane is going from A to B and is currently at C but is scheduled for maintenance at D etc. Resources can b e acquired, consumed, len t or transferred. As they mov e through and exist in the system the accumulate connections or relationships to other resources as do other resources with them. These relationships can b e transient or p ermanent as required. Regional centers ha v e v arious computational requiremen ts and resources. Regional computing may inv olv e ob jects residing in other regions, foreign ob jects which are temp orarily lo cal (via replication or visitation) and of course, lo cal ob jects. The computations themselves range from simple data accesses to complex planning/forecasting to lengthy transactional pro cessing. At the ultimate level, we consider each aircraft’s avionics and computer systems as part of the airline’s distributed computer. It can interact with ground-based systems either via direct cable links while on the ground or via radio telemetry while in ight. With enterprises suc h as this we could go on and on, diving deep er into detail but there really is no need. Ev en with this relatively sup er�cial mo del we hav e a rich set of interactions and interdependencies whic h should make for quite dynamic ob ject fragmentation b ehaviours. Hyp ertext In considering the fundamental requirements of our applications, diverse data interconnec- tion was one of the key p oints. This phrase is a very apt description of typical hypertext systems. Unfortunately , hypertext systems are typically fetch-orien ted. That is, they are essentially dis- tributed databases with no particular computational asp ect. Other than caching, there is no need for ob jects to b e replicated or migrate. There are several approac hes to this problem. One is to hav e some static set of predicted op erations which are generally representativ e of some domain’s use of hypertext. F or example, the Hyp erMo del b enchmark [Anderson et al., 1990] (see description ab ov e). This general idea is acceptable but as we are interested in ob ject interaction rather than simple fetching, we must increase the n um ber and sophistication of the b enchmark’s closure trav ersal op erations to utilize insert, delete and edit op erations thus mo difying the ob ject interconnection graph. Similarly we could in tro duce agents into the system. An agent is simply computation or access and change. W e can en visage a num ber of di�erent kinds of agents with tasks like searc hing, destroying, organizing, syn thesizing, etc. 11

While this mo del is attractive and relev an t, it is not clear if we can �nd a sound basis on which to mo del our agent’s b ehaviour. W e b elieve that there are few such existing systems. One option may b e to mo del the agents and data after some real-world situation. W e would how ev er ha v e to ensure that something similar to the real-world system is natural and desirable in the computer domain. One p ossibility is to gather data from the ANU Pastime system. Pastime is a pro ject to build a hypertext/multimedia system for the Australian Parliamen t. It is quite a large system incorp orating the Parliamen tary Library , video and audio libraries as w ell as all of the Parliamen t’s legislative material. Access terminals will b e av ailable to the public and members of P arliamen t and other gov ernmen t o�cers. If we could monitor and p erhaps characterize the usage patterns - how and what p eople lo ok at/for - we could then mo del the p eople as activ e agents in the hypertext system. Unfortunately it is unlikely that any one p erson will do muc h that is interesting simply b ecause of the time and patience required. This is the v ary reason for ha ving active agents in the �rst place. The ideas in the Hyp erMo del b enchmark may b e of signi�cance here. At an y rate, more inv estigation will b e needed b efore w e can determine the feasibility of this application. Co op erativ e work en vironmen t Somewhat related to the idea of active agen ts in a hypertext system, we can consider a system for Computer Supp ort of Co op erative W ork (CSCW). More w ork will hav e to b e done to inv estigate the nature of the ob ject interactions. 6 Conclusions This should b e real fun! References [Aksit and Bergmans, 1992] Aksit, M. and Bergmans, L. (1992). Obstacles in ob ject-oriented softw are developmen t. In Pr o c e e dings of the Confer enc e on Obje ct-Oriente d Pr o gr amming, Systems, L anguages and Applic ations (OOPSLA) , volume 27, pages 341{358. [Aksit et al., 1993] Aksit, M., W akita, K., Bosch, J., Bergmans, L., and Y oneza w a, A. (1993). Abstracting ob ject interactions using comp osition �lters. In Pr o c e e dings of the ECOOP Workshop on Obje ct-Base d Distribute d Pr o gr amming , LNCS 791, pages 152{184. Springer V erlag. [Almes et al., 1985] Almes, G. T., Black, A. P ., Lazowsk a, E. D., and No e, J. D. (1985). The eden system: A tec hnical review. IEEE T r ansactions on Softwar e Engine ering , 11(1):43{58. [Anderson et al., 1990] Anderson, T. L., Berre, A. J., Mallison, M., Porter, H. H., and Sc hneider, B. (1990). The Hyp erMo del b enchmark. In Pr o c e e dings of the Confer enc e on Extending Datab ase T e ch- nolo gy , LNCS 416, pages 317{331. Springer V erlag. [Bal and Kaasho ek, 1993] Bal, H. E. and Kaasho ek, M. F. (1993). Ob ject distribution in orca using compile-time and run-time techniques. In Pr o c e e dings of the Confer enc e on Obje ct-Oriente d Pr o gr am- ming, Systems, L anguages and Applic ations (OOPSLA) , volume 28, pages 162{177. [Bal et al., 1992] Bal, H. E., Kaasho ek, M. F., and T anen baum, A. S. (1992). Orca: A language for parallel programming of distributed systems. IEEE T r ansactions on Softwar e Engine ering , 18(3):190{ 205. [Barnes and Hut, 1986] Barnes, J. and Hut, P . (1986). A hierarchical O ( N log N ) force-calculation algo- rithm. Natur e , 324:446{449. [Bennett et al., 1990] Bennett, J. K., Carter, J. B., and Zwaenepo el, W. (1990). Munin: Distributed shared memory based on t yp e-sp eci�c memory coherence. In Pr o c e e dings of the ACM SIGPLAN Symp osium on Principles and Pr actic e of Par al lel Pr o gr amming PPOPP , volume 25, pages 168{176. [Bershad et al., 1988] Bershad, B. N., Lazowsk a, E. D., Levy , H. M., and W agner, D. (1988). Preseto: A system for ob ject-oriented parallel programming. Softwar e: Pr actic e and Exp erienc e , 18(8). 12

[Bershad et al., 1993] Bershad, B. N., Zek ausk as, M. J., and Sawdon, W. A. (1993). The Midw a y dis- tributed shared memory system. In Pr o c e e dings of CompCon ’93 (IEEE) , pages 528{537. [Bijnens et al., 1993] Bijnens, S., Jo osen, W., and V erbaeten, P . (1993). A re ective inv ocation scheme to realise adv anced ob ject management. In Pr o c e e dings of the ECOOP Workshop on Obje ct-Base d Distribute d Pr o gr amming , LNCS 791, pages 139{151. Springer V erlag. [Birrell et al., 1993] Birrell, A., Nelson, G., Owicki, S., and W obb er, E. (1993). Netw ork ob jects. In Pr o c e e dings of the Symp osium on Op er ating System Principles , v olume 27, pages 217{230. [Buch berger, 1985] Buch berger, B. (1985). Gr� obner basis: An algorithmic metho d in p olynomial ideal theory . In Bose, N. K., editor, Multidimensional Systems The ory , chapter 6, pages 184{232. D. Reidel Publishing Compan y . [Burdorf, 1993] Burdorf, C. (1993). A p erformance ev aluation on caching mechanisms for a p ersistent ob ject system. ACM SIGPLAN OOPS Messenger , 4(3):41{49. [Cahill et al., 1993a] Cahill, V., Bak er, S., Horn, C., and Starovic, G. (1993a). The Amadeus GR T { Generic runtime supp ort for distributed p ersisten t programming. In Pr o c e e dings of the Confer enc e on Obje ct-Oriente d Pr o gr amming, Systems, L anguages and Applic ations (OOPSLA) , v olume 28, pages 141{161. [Cahill et al., 1993b] Cahill, V. et al., editors (1993b). The COMMANDOS Distribute d Applic ation Plat- form . Springer-V erlag. [Cattell and Skeen, 1992] Cattell, R. G. G. and Skeen, J. (1992). Ob ject op erations b enchmark. ACM T r ansactions on DataBase Systems , 17(1):1{31. [Chakrabarti and Y elic k, 1993] Chakrabarti, S. and Y elic k, K. (1993). Implemen ting an irregular appli- cation on a distributed memory multiprocessor. In Pr o c e e dings of the ACM SIGPLAN Symp osium on Principles and Pr actic e of Par al lel Pr o gr amming PPOPP , volume 28, pages 169{178. [Chandra et al., 1994a] Chandra, R., Gharachorloo, K., Soundarara jan, V., and Gupta, A. (1994a). Per- formance ev aluation of hybrid hardware and softw are distributed shared memory proto cols. In Pr o- c e e dings of the International Confer enc e on Sup er c omputing (ICS) , pages 274{288. [Chandra et al., 1994b] Chandra, R., Gupta, A., and Hennessy , J. L. (1994b). COOL: An ob ject-based language for parallel programming. IEEE Computer , 27(8):13{26. [Chase et al., 1989] Chase, J. S., Amador, F. G., Lazowsk a, E. D., Levy , H. M., and Little�eld, R. J. (1989). The am b er system: Parallel programming on a net w ork of multiprocessors. In Pr o c e e dings of the Symp osium on Op er ating System Principles , pages 147{158. [Dickman and Makpangou, 1992] Dickman, P . and Makpangou, M. (1992). A re�nement of the F rag- mented Ob ject mo del. In Pr o c e e dings of the International Workshop on Obje ct Orientation in Op er at- ing Systems (IWOOOS) , pages 230{234. [F eeley and Levy , 1992] F eeley , M. J. and Levy , H. M. (1992). Distributed shared memory with ver- sioned ob jects. In Pr o c e e dings OOPSLA ’92, ACM SIGPLAN Notic es , pages 247{262. Published as Pro ceedings OOPSLA ’92, ACM SIGPLAN Notices, volume 27, num ber 10. [F o wler, 1985] F o wler, R. J. (1985). De c entr alize d obje ct �nding using forwar ding addr esses . PhD thesis, Universit y of W ashington. Also av ailable as Dept. of Computer Science T ec h Rep ort 85-12-1. [F o x et al., 1988] F o x, G. C., Johnson, M. A., Lyzenga, G. A., Otto, S. W., Salmon, J. K., and W alk er, D. W. (1988). Solving pr oblems on c oncurr ent pr o c essors , volume 1, c hapter 17, pages 307{325. Prentice Hall. [Garbinato et al., 1993] Garbinato, B., Guerraoui, R., and Mazouni, K. R. (1993). Distributed program- ming in GARF. In Pr o c e e dings of the ECOOP Workshop on Obje ct-Base d Distribute d Pr o gr amming , LNCS 791, pages 225{239. Springer V erlag. 13

[Ghandeharizadeh and DeWitt, 1994] Ghandeharizadeh, S. and DeWitt, D. J. (1994). MAGIC: A multi- attribute declustering mechanism for multiprocessor databse mac hines. IEEE T r ansactions on Par al lel and Distribute d Systems , 5(5):509{524. [Hosking and Moss, 1993] Hosking, A. L. and Moss, J. E. B. (1993). Protection traps and alternatives for memory management of an ob ject-oriented language. In Pr o c e e dings of the Symp osium on Op er ating System Principles , v olume 27, pages 106{119. [Hsieh et al., 1993] Hsieh, W. C., W ang, P ., and Wiehl, W. E. (1993). Compuation migration: Enhancing lo cality for distributed-memory parallel systems. In Pr o c e e dings of the A CM SIGPLAN Symp osium on Principles and Pr actic e of Par al lel Pr o gr amming PPOPP , volume 28, pages 239{248. [Jul, 1993] Jul, E. (1993). Separation of distribution and ob jects. In Pr o c e e dings of the ECOOP Workshop on Obje ct-Base d Distribute d Pr o gr amming , LNCS 791, pages 47{54. Springer V erlag. [Jul et al., 1988] Jul, E., Levy , H., Hutchinson, N., and Black, A. (1988). Fine-grained mobility in the emerald system. ACM T r ansactions on Computer Systems , 6(1):109{133. [Krueger et al., 1993] Krueger, K., Loftesness, D., V ahdat, A., and Anderson, T. (1993). T ools for the developmen t of application-sp eci�c virtual memory management. In Pr o c e e dings of the Confer enc e on Obje ct-Oriente d Pr o gr amming, Systems, L anguages and Applic ations (OOPSLA) , v olume 28, pages 48{64. [Lisko v, 1988] Lisko v, B. (1988). Distributed programming in argus. Communic ations of the ACM , 31(3):300{312. [Ma�eis, 1993] Ma�eis, S. (1993). A exible system design to supp ort ob ject-groups and ob ject-oriented distributed programming. In Pr o c e e dings of the ECOOP Workshop on Obje ct-Base d Distribute d Pr o- gr amming , LNCS 791, pages 213{224. Springer V erlag. [Maisonneuve et al., 1992] Maisonneuve, J., Shapiro, M., and Collet, P . (1992). Implemen ting references as c hains of links. In Pr o c e e dings of the International Workshop on Obje ct Orientation in Op er ating Systems (IWOOOS) , pages 236{243. [Nitzb erg and Lo, 1991] Nitzb erg, B. and Lo, V. (1991). Distributed shared memory: A survey of issues and algorithms. IEEE Computer , 24(8):52{60. [Ok am ura and Ishik a w a, 1994] Ok am ura, H. and Ishik a w a, Y. (1994). Ob ject lo cation con trol using meta-level programming. In Pr o c e e dings of the Eur op e an Confer enc e on Obje ct-Oriente d Pr o gr amming (ECOOP) , LNCS 821, pages 299{319. Springer V erlag. [Pu et al., 1992] Pu, C., Florissi, D., Soares, P ., W u, K.-L., and Y u, P . S. (1992). Performance comparison of active-sender and active-receiv er p olicies for distributed caching. In Pr o c e e dings of the International Symp osium on High Performanc e Distribute d Computing , pages 218{227. [Rinard et al., 1993] Rinard, M. C., Scales, D. J., and Lam, M. S. (1993). Jade: A high-lev el, machine- indep endent language for parallel programming. IEEE Computer , 26(6):28{38. [Ro drigues and V erissimo, 1993] Ro drigues, L. and V erissimo, P . (1993). Replicated ob ject managemen t using group technology . In Pr o c e e dings of the Workshop on F utur e T r ends of Distribute d Computing Systems , pages 54{61. [Saltzer, 1993] Saltzer, J. H. (1993). Needed: A systematic structuring paradigm for distributed data. ACM SIGOPS OS R eview , 27(2):77{81. [Shapiro et al., 1989] Shapiro, M., Gourhan t, Y., Hab ert, S., Mosseri, L., Ru�n, M., and V alot, C. (1989). SOS: An ob ject-oriented op erating system { Assesment and p ersp ectives. Computer Systems , 2(4):287{337. [Siegl, 1993] Siegl, K. (1993). Parallelizing algorithms for symbolic computation using k Maple k . In Pr o c e e dings of the ACM SIGPLAN Symp osium on Principles and Pr actic e of Par al lel Pr o gr amming PPOPP , v olume 28, pages 179{186. 14

[Singh et al., 1992] Singh, J. P ., W eber, W. D., and Gupta, A. (1992). Splash: Stanford parallel appli- cations for shared memory . Computer Ar chite ctur e , 20(1):5{44. [T anen baum et al., 1994] T anen baum, A. S., Bal, H. E., Hassen, S. B., and Kaasho ek, M. F. (1994). Ob ject-based approach to programming distributed systems. Concurr ency: Pr actic e and Exp erienc e , 6(4):235{249. [T anen baum et al., 1993] T anen baum, A. S., Bal, H. E., and Kaasho ck, M. F. (1993). Programming a distributed system using shared ob jects. In Pr o c e e dings of the International Symp osium on High Performanc e Distribute d Computing , pages 5{12. [T anen baum et al., 1990] T anen baum, A. S., v an Renesse, R., v an Strav eren, H., Sharp, G. J., Sap e J. Mullender, J. J., and v an Rossum, G. (1990). The amo eba system. Communic ations of the ACM , 33(12):46{63. 15