An Asynchronous Distributed Systems Platform ForHeterogeneous EnvironmentsNigel Davies, Adrian Friday, Stephen P. Wade and Gordon S. BlairDistributed Multimedia Research Group,Computing Department,Lancaster University,Bailrigg,Lancaster, UKtelephone: +44 (0)1524 594337e-mail: nigel@comp.lancs.ac.ukABSTRACTSince its introduction over a decade ago the tuple space paradigm hasattracted interest from the distributed systems community. Despite beingdeveloped for shared memory parallel architectures, the simplicity andelegance of the model has led researchers to attempt to realise it in looselycoupled distributed environments. This paper argues that these attempts havelargely failed due to their selection of inappropriate target domains, lack ofmulticast support and failure to operate in heterogeneous environments. Wepresent the design and implementation of a new tuple space platformengineered using IP multicast. The platform is designed to support complexdistributed applications such as groupware and mobile applications, operatesover a range of end-systems and networks and offers performancecomparable to existing RPC based platforms even in tests designed to benefitthe RPC paradigm.1. IntroductionSince its introduction in 1985 the tuple space paradigm [Gelernter,85a] has attractedinterest from the distributed systems community. Despite being developed for sharedmemory parallel architectures the simplicity and elegance of the model has ledresearchers to attempt to realise it in loosely coupled distributed environments [Xu,89],[Pinakis,93], [Douglas,95].These attempts have, in the opinion of the authors, for the most part failed. We justifysuch an assessment by noting that none of the major distributed systems platforms(CORBA, DCE, DCOM etc.) are based on the tuple space paradigm and that there havebeen relatively few papers on the topic in recent ICDCS/ICODP conferences. We attributethe failure of these initiatives to the following factors:(i)Performance Oriented Target Application DomainsTuple spaces were designed as a paradigm for parallel programming. As a result,previous platforms have typically been used to implement parallel algorithmswhich are often assessed largely on performance. This in turn places greatsignificance on the performance of the tuple space platform, effectivelycondemning many implementations before they have had a chance to evolve in away which would be normal for new enabling technologies.(ii)Reliance on Unicast ProtocolsUntil the advent of multicast IP and the development of application level framingtechniques in SRM [Floyd,95] distributed tuple space platforms were forced torely on unicast protocols. This led to considerable overheads being incurred when attempting to coordinate the activities of multiple distributed users of theplatform. As a consequence, most distributed tuple space implementationseffectively became centralised implementations with portions of the overall statecached on different hosts (e.g. [Pinakis,93], [Douglas,95]).(iii)Homogeneous Network and Processing EnvironmentPlatforms developed in the early 1990s tended to be designed to operate inrelatively homogeneous environments. In particular, most were implemented inlocal area environments consisting of workstations and Ethernet networking. Suchenvironments were also used to develop RPC based platforms and proved ideal fortheir requirements. In particular, the low round trip times and the lack ofdisconnections now associated with modern mobile environments failed to fullyhighlight the RPC paradigm’s shortcomings.In our work to develop a tuple space based platform we have been motivated by adifferent set of goals and have operated in a different environment. This has, we believe,enabled us to avoid many of the pitfalls associated with previous distributedimplementations.(i)Distributed Applications FocusWe have designed our platform to support distributed applications with aparticular emphasis on those which feature complex patterns of interaction (e.g.groupware applications) or require additional support services from theirdistributed systems platform (e.g. mobile applications). The suitability of theparadigm for this type of application was recently noted by members of theoriginal Linda development team [Bjornson,97].(ii)Extensive Use of MulticastWe have constructed our platform making extensive use of IP multicast. Thisenables us to provide a fully distributed implementation of our platform which, inenvironments supporting hardware multicast, provides performance comparable toRPC based platforms.(iii)Heterogeneous Network and Processing EnvironmentsWe have assumed from the outset that the platform will be required to operateover a wide range of networks including high-speed fixed networks and low-bandwidth mobile networks. We have ported our platform to a wide range of end-systems including Linux, Solaris, SunOS, Windows 95 and Windows NT.Interworking between applications on these systems is supported.The reminder of the paper describes the design, implementation and evaluation of ourdistributed tuple space based platform called L2imbo. Section 2 provides the necessarybackground for the paper including a brief overview of the tuple space paradigm and acritique of other distributed implementations. Section 3 describes the design of theL2imbo computational model, API and engineering infrastructure. Section 4 discusses theimplementation of L2imbo and presents the results of our evaluation work. Section 5contains our concluding remarks and outlines plans for future work in this area.2. The Tuple Space Paradigm and Distributed Systems2.1. Paradigm OverviewTuples are typed data structures, each of which consists of a collection of typed datafields. Each field is either termed an actual, if it contains a value, or a formal, if it isundefined. Collections of (possibly identical) tuples are placed in objects called tuplespaces which can be shared between processes. Any process using a tuple space has accessto all the tuples it contains and can dynamically insert or remove tuples. Tuples arepersistent and can not be altered while they reside inside a tuple space: they must beexplicitly withdrawn then later re-inserted in order to effect changes [Gelernter,85b].In tuple space systems, inter-process communications are conducted exclusivelythrough the tuple space [Gelernter,85a]. By default, such communications are anonymousbut directed communications (producing tuples for an identified consumer process) can be achieved by encapsulating destination information in tuples. Since tuple spaces containpersistent tuple objects, rather than messages, communication is supported across bothspace and time [Bjornson,91]. This property of the paradigm is of particular interest inenvironments where communications QoS is highly variable and systems may have tosurvive frequent periods of disconnection (e.g. mobile environments).2.2. Existing Distributed ImplementationsA number of distributed tuple space implementations have been developed overrecent years. Of particular interest is the work of Pinakis [Pinakis,93] on developing adistributed operating system microkernel based on Linda. Pinakis’ system uses a client-server architecture for communication between Linda client processes and the systemserver processes which implement tuple spaces. In more detail, each node of a distributedsystem which is participating in a tuple space maintains two servers, the first for tupletypes and the second for tuples. Each tuple server manages a distinct portion of therecognised tuple types (hence all tuples of a given type are stored on a single node). Todeposit a tuple in, read or withdraw a tuple from the distributed tuple space clients mustdetermine which node manages tuples of the appropriate type and forward their requeststo the tuple server on that host. This architecture enables Linda semantics, such as theunique withdrawal of a tuple using in, to be easily enforced since the system maintainsonly a single copy of each tuple. However, the performance and scalability of such asystem is clearly limited. For instance, centralising each type at a single node can,depending on the type configuration, have the effect of serialising access to the tuplespace. Furthermore, the system is unable to survive network partitions and hence isunsuitable for mobile systems. Finally, since each client must contact the serverindividually there are no benefits to clients of carrying out rd operations as compared toin operations despite the difference in their semantics. As a consequence, the system islikely to perform poorly when supporting applications in which the same tuple is rd bymultiple hosts (e.g. groupware applications).A similar approach to tuple distribution is described by Douglas et al [Douglas,95]. Intheir model, tuple spaces are implemented by, and distributed across, a number of tuplespace managers. In common with the design proposed by Pinakis, each tuple is storedonly at a single manager location. However, rather than assigning each tuple spacemanager a number of tuple types, a pair of hashing algorithms are used to determine thedestined manager for each tuple individually. The hash algorithms ensure a reasonablybalanced distribution of tuples across tuple space managers, provided tuples of differingtypes and initial field values are present in the system. While network partitions and servercrashes are marginally less disastrous in this architecture it suffers from the same basicproblems as the solution proposed by Pinakis.Almost all other distributed Linda implementations have primarily concernedthemselves with providing fault tolerance in the face of host or processor failures innetworked or multi-processor environments respectively. For instance, a design formaking the Linda tuple spaces stable by replicating tuples across the member nodes wasproposed by researchers at MIT [Xu,89]. In this model, out, rd and in operations causemessages to be broadcast to all tuple space replicas; out distributes tuples which arecached by each replica, while rd and in transmit templates for which matches are sought.A rd operation blocks the client until a reply containing all matches found at a particularreplica is received and, thus, a suitable tuple is available. in operations are less trivial sincethe model requires locks on all matching tuples to be obtained from all replicas. If amatching tuple could not be found, or the acquisition of locks for all replicas of suitabletuples could not be secured, messages are transmitted to release all locks and the matchingprocess restarted. Where suitable matches are available, the client’s node selects one,informing all replicas of the choice; they in turn delete the tuple from their cache andrelease any locks on those not chosen. Considering tuple space matching is non-deterministic [Gelernter,85a] this causes undue serialisation of accesses to tuples ofidentical type signatures. A view change algorithm adjusts the model to tackle processorfailures and network partitions by restricting further tuple space accesses to clients in themajority partition. Once again, this enforces unnecessary restrictions on the use of tuplesby clients in the minority partition.In the following sections we present the design and implementation of our tuple-spacebased platform, L2imbo, which addresses the main shortcomings identified above. In particular, L2imbo offers comprehensive support for mobile and groupware applicationsand uses IP multicast to provide a good level of performance.3. The L2imbo Platform3.1. Computational Model and APIOur distributed systems platform provides the same basic API and features as theoriginal Linda model [Gelernter,85a] but includes a number of key extensions:(i)Extensions to the API to support asynchronous operationsWe have extended the L2imbo API using operations based on the Bonitaprimitives proposed in [Rowstron,97]. These enable clients on each host to access tuplespaces asynchronously by replacing the in and rd operations by two separate operations:one to initiate the operation and one to collect the results at a later point. A furtheroperator allows clients to poll their tuple space interface asking whether the results for aprevious request are available.(ii)Multiple local, distributed and centralised tuple spaces which may be specialisedfor application level requirements such as consistency or securityL2imbo allows the creation of multiple tuple spaces to address issues ofperformance, partitioning and scale. L2imbo supports three basic classes of tuple space fordifferent application requirements, local (private to that host), distributed (cached at oneor more hosts) and centralised (maintained on a single host but accessible fromelsewhere). Tuple spaces may be linked using bridging agents which copy tuples betweentuple spaces based on factors such as tuple types and QoS parameters.¥(iii)System agents which provide services such as tuple space creation, tuple typemanagement, propagating tuples between tuple spaces and QoS monitoring.All system operations are provided by system agents which the clients interact withusing standard tuple space operations.In addition, we have added support for deadline based operations and tuple typing tothe model. Details of this work can be found in [Blair,97], [Davies,97a] and [Davies,97b].3.2. Engineering Design and ImplementationThe current prototype L2imbo platform consists of a small stub library which is linkedwith each application process and a daemon process, an instance of which executes oneach host.3.2.1. The L2imbo Daemon ProcessThe L2imbo daemon process executes on each host and consists of four layers: theinterface to the API, the tuple space protocols, the network scheduler and a number ofnetwork interface modules (see figure 1). The uppermost layer provides the interface tothe API and is responsible for all communications between the L2imbo daemon and clientapplications on the same host. By centralising application accesses to all tuple spacesthrough a single process on each host local matching is simplified and the platform gainsan overall picture of the demands on the available network (or networks). This enables theplatform to manage congestion and load balancing more effectively, but incurs aperformance penalty since each message involves additional local communications and acontext switch. We return to this issue in section 4. Distributed tuple spaces are serviced bythe DTS protocol layer which is described in the next sub-section.The daemon has been specially designed so that the transport services remainindependent of both tuple spaces and network technology. The network scheduler acceptsprotocol messages from higher layers and, based on associated priority and deadline QoSparameters, determines the order in which they are transmitted. Within each priority,messages are scheduled in earliest deadline first order. Messages with the highest priority(smallest number) are considered most urgent and scheduled before those of successivepriorities (even if a lower priority has an earlier deadline). This concept is based onprevious work by Nieh on thread scheduling for continuous media [Nieh,95].

Interface to APIDistributed Tuple Space(DTS) ProtocolNetwork SchedulerEthernet/WaveLAN/GSMInterface ModulesAgentsType Management AgentTuple SpaceCreation AgentNetworkAbstractionLayer

Figure 1: Structure of the L2imbo daemon processEach supported network has an interface module which presents a generic interface tothe platform behind which details such as connection management and signalling arehidden. Packets ready for transmission are delivered to an appropriate network interfacemodule by the network scheduler.3.2.2. The DTS ProtocolThe development of the distributed tuple space protocol (DTS) component of ourplatform has been motivated by the need to maximise the scalability and availability ofour tuple spaces. There are two key factors which affect the performance of such aprotocol. Firstly, the protocol must not serialise operations through a single point or it willnot scale. Secondly, traditional consistency mechanisms based on acknowledgements ortoken passing must be avoided since these will degrade unacceptably through artefactssuch as acknowledgement implosion or the protracted latency of contacting all of thegroup members.To tackle these problems we have taken advantage of the recent deployment of IPmulticast together with application level framing concepts borrowed from work on wb[Floyd,95] and Jetfile [Gr�nvall,96].The DTS protocol consists of nine distinct protocol messages which are used inconjunction with a cache of tuples and anti-tuples held on each host. Collectively, thesecaches represent the state of the tuple space. The messages are used to ensure timelypropagation of tuples and anti-tuples between caches. An overview of the operation of theprotocol is given in table 1 and more details can be found in [Davies,97b].In order to ensure tuple uniqueness the protocol introduces the concept of tupleownership. Tuples can only be removed from the tuple space by their owner. The initialowner of a tuple is normally the host which creates it, although if a host generates a tuplefor which it knows a matching IN request has been received it can nominate the originatorof that request as the owner. By observing sequences of interactions, a tuple which islikely to be consumed by the originator of the last tuple can have that host nominated asits owner. This allows RPC-like semantics to be modelled efficiently. The protocol usesCHOWN_REQ and CHOWN_ACK messages to explicitly change tuple ownership wherehosts need to withdraw tuples they do not own.Since rd operations are used to copy tuples non-destructively, they need not beconcerned with tuple ownership and hence can be satisfied more quickly and efficientlyas they require less communication. In particular, groupware applications in which thesame tuple is obtained using rd by a number of hosts are highly efficient.Hosts detect that tuples are missing from their local cache by observing the tupleidentifiers in all messages received. REPAIR_REQ messages are automatically issued torequest the retransmission of missing tuples and thus move closer to eventual globalconsistency. Members who have the required tuples multicast REPAIR_ACK messagessubject to a backoff proportional to their distance from the REPAIR_REQ originator.This ensures the closest cache capable of satisfying the request responds first. If a hostsnoops an identical REPAIR_ACK message from another host, it avoids transmitting aresponse itself thus preventing acknowledgement implosion.ACCESS and DELETE messages are of comparatively low priority since they are usedonly by other hosts to detect missing tuples or prevent the use of stale tuples by rd

requests. The earlier these messages are transmitted, the faster the independent views of atuple space converge. However, as their delay does not alter the semantics of the tuplespace, we can batch ACCESS’s and DELETE’s with other protocol traffic to reduce overallcommunication overhead.MessageFormat and ActionsOUT[tuple_id, owner_id, type, tuple]If we already have information about this tuple ensure that the ownershipdetails are up-to-date. Otherwise add the tuple to our queue, satisfy anymatching RD requests made on the local host (transmitting an ACCESSmessage for each one), then look for a matching IN request. If we find one,check whether we are the current owner, transmitting a DELETE orCHOWN_REQ as appropriate.IN[client_id, request_id, type, spec]Should we have a matching tuple, multicast an appropriate OUT message,otherwise add the IN request to our queue.RD[type, spec]Check if we have a matching tuple and if so multicast an OUT message.CHOWN_REQ[tuple_id, client_id]First, check to see if we know about this tuple. If we don’t, transmit aREPAIR_REQ. Should we know the tuple has been deleted, multicast aDELETE. If we own the tuple, we can transmit a CHOWN_ACK nominating theoriginator of the CHOWN_REQ as the new owner, otherwise we send aCHOWN_ACK stating who we understand to be the current owner.CHOWN_ACK[tuple_id, owner_id]If we know about this tuple update its ownership. If we are the new ownerand have a pending local IN which matches, service the request andmulticast a DELETE message.DELETE[tuple_id, request_id]Mark the unique tuple id as having been deleted and ensure both the tupleand the IN request it satisfied are removed from our cache.ACCESS[tuple_id]If we don’t know about this tuple, transmit a REPAIR_REQ, otherwise if weknow it to have been deleted, multicast a DELETE message.REPAIR_REQ[tuple_id]If we have this tuple multicast a REPAIR_ACKREPAIR_ACK[tuple_id, owner_id, type, tuple]Queue any unknown tuples.Table 1: Distributed Tuple Space (DTS) protocol messagesHosts are free to connect and disconnect from the multicast group (and/or network) atwill. Mobile hosts connect through a proxy (such as that proposed for mobile IP andIPv6) which operates a cache on behalf of disconnected clients.4. EvaluationWe have built an initial version of the platform (approximately 3,000 lines of C forthe daemon process and 500 lines for the API) which runs on SunOS 4.1.4(MULTICAST 4.1.4), Solaris 2.5, Linux 2.0.30 and Windows NT 4.0. We have used theplatform to build a number of applications including a text based conferencing tool, acollaborative geographical information system (GIS) and a group coordination service fora low bit rate video conferencing tool. We believe that the inherent time and spacedecoupling offered by the model permits applications a far more flexible interactionmechanism than traditional RPC semantics. Applications can transparently adoptsynchronous or asynchronous styles of interaction as applications or network conditionsdictate, facilitating operation in mobile environments.

We have compared the performance of our platform against both the ANSAwaredistributed systems platform (version 4.1) and raw BSD sockets. Our test suite consisted ofthree separate pairs of client and server processes which carry out timed RPC interactionsconsisting of an n byte payload and null response. An RPC is modelled in the tuple spaceby the exchange of two tuples with types request and response respectively. The testsoftware was compiled on SparcStation 1 workstations networked with a moderatelyloaded 10Mbps Ethernet. To isolate the additional overhead we incur for splitting theL2imbo platform into separate processes (daemon and client libraries), we have run testsfor both an optimised form in which the two processes are linked into a single executableand unoptimised (separate processes) forms of the client and server. The results aresummarised in table 1.Payload(bytes)Sockets(UDP)ANSAware4.1 (REX)LimboDTS(linked)Limbo DTS(separateprocesses)2562.987.106.5312.585123.4510.487.2013.4710243.9311.178.6415.1020485.8513.1411.9720.2840969.4621.1418.0628.26819215.8334.8329.9344.82Table 1: Comparison of relative performance on SunOSThe figures show that in the optimised form Limbo outperforms ANSAware RPC inall cases. However, the overhead of the context switch and local communication requiredin the standard L2imbo prototype has a significant impact on the figures. Reducing to aminimum the overheads associated with exchanging messages between the applicationstubs and the daemon process is clearly an important factor in improving the performanceof L2imbo.In addition, published figures for the Chorus Syst�mes COOL ORB [Chorus,96] onthe Linux platform suggest that the performance of L2imbo is comparable to otherdistributed systems platforms. The COOL benchmark report quotes 3.8 ms for a basicrequest exchange of 1000 bytes in each direction. On a similar specification Linuxplatform the linked version of L2imbo takes 4.4 ms to perform this same test (averagedover 1000 interactions). Furthermore, for interactions of 100 bytes in each direction,COOL is quoted as taking 2.6 ms, whereas the optimised form of Limbo takes just 1.9 ms.In considering these figures it is important to note that the test case demonstratesdirected communication. In the conventional distributed systems platform the timinginformation is taken after an initial process of binding and thus represents the bestpossible case for these platforms. In the case of L2imbo however, the test case represents aworst case scenario; the tuples are being rapidly inserted and removed from the tuplespace and the overhead associated with matching is not strictly necessary since only twowell known processes are communicating.5. Concluding RemarksThe tuple-space paradigm has a number of clear advantages over the RPC paradigmfor writing complex distributed applications. In particular, the paradigm is ideally suitedto applications which make use of multicast (e.g. collaborative applications) andapplications which communicate over both time and space (e.g. mobile applicationssubject to periods of disconnection). We have described a new distributed systemsplatform called L2imbo which is based on the tuple-space paradigm.Existing distributed platforms based on the tuple-space paradigm have suffered froma number of drawbacks. Most critically, previous systems have been unable to provideperformance comparable to RPC based platforms in typical operational environments. Incontrast, L2imbo uses a combination of local tuple caches and a protocol based on IPmulticast to achieve performance for directed communication in line with a number ofRPC-based distributed systems platforms. For multicast and undirected communicationsL2imbo provides better performance than these platforms. The L2imbo platform willshortly be available to the research community from:www.comp.lancs.ac.uk/computing/research/mpg/most/limbo/

The platform currently executes on Linux, Solaris, SunOS, Windows 95 and WindowsNT platforms. Our future work in this area will focus on the provision of system agents tosupport the L2imbo platform and in particular on the development of proxies to supportmobile operation.6. References[Bjornson,91] R. Bjornson, N. Carriero, D. Gelernter, T. Mattson, D. Kaminsky and A. Sherman,"Experience with Linda", Technical Report YALEU/DCS/TR-866, Department of Computer Science,Yale University, New Haven, Connecticut, U.S., August 1991.[Bjornson,97] R. Bjornson, N. Carriero and D. Gelernter, "From Weaving Threads to Untanglingthe Web: A View of Coordination from Linda’s Perspective", Proceedings of the 2nd InternationalConference on Coordination Languages and Models (Coordination ’97), Berlin, Germany, 1-3September, 1997, pp1-17.[Blair,97] G. S. Blair, N. Davies, A. Friday and S. P. Wade, "Quality of Service Support in aMobile Environment: An Approach Based on Tuple Spaces", Proceedings of the 5th IFIP InternationalWorkshop on Quality of Service (IWQoS ’97) - Building QoS into Distributed Systems, ColumbiaUniversity, New York, U.S., 21-23 May 1997, pp37-48.[Chorus,96] Chorus Syst�mes, "CHORUS/COOL-ORB Programmer’s Guide", Technical ReportCS/TR-96-2.1, Chorus Syst�mes, 1996.[Davies,97a] N. Davies, S. P. Wade, A. Friday and G. S. Blair, "Limbo: A Tuple Space BasedPlatform for Adaptive Mobile Applications", Proceedings of the International Conference on OpenDistributed Processing/Distributed Platforms (ICODP/ICDP ’97), Toronto, Canada, 27-30 May 1997,pp291-302.[Davies,97b] N. Davies, A. Friday, S. P. Wade and G. S. Blair, "Using Tuple Spaces for AdaptiveMobile Computing", To appear in ACM Mobile Networks and Applications (MONET).[Douglas,95] A. Douglas, A. Wood and A. Rowstron, "Linda Implementation Revisited",Transputer and Occam Developments, IOS Press, 1995, pp125-138.[Floyd,95] S. Floyd, V. Jacobson, S. McCanne, C. Liu and L. Zhang, "A Reliable MulticastFramework for Light-Weight Sessions and Application Level Framing", Proceeedings of ACMSIGCOMM ’95, Cambridge, Massachusetts, U.S., August 1995, ACM Press, pp342-356.[Gelernter,85a] D. Gelernter, "Generative Communication in Linda", ACM Transactions onProgramming Languages and Systems, Volume 7, Number 1, January 1985, pp80-112.[Gr�nvall,96] B. Gr�nvall, I. Marsh and S. Pink, "A Multicast-Based Distributed File System forthe Internet", Proceedings of the 7th ACM SIGOPS European Workshop, Connemara, Ireland, 2-4September 1996, ACM Press.[Pinakis,93] J. Pinakis, "Using Linda as the Basis of an Operating System Microkernel", Ph.D.Thesis, Department of Computer Science, University of Western Australia, Nedlands, WA 6009,Australia, August 1993.[Rowstron,97] A. I. T. Rowstron and A. M. Wood, "Bonita: A Set of Tuple Space Primitives forDistributed Coordinartion", Proceedings of the 30th Annual Hawaii International Conference on SystemSciences, Volume 1, IEEE CS Press, 1997, pp379-388, 1997.[Xu,89] A. Xu and B. Liskov, "A Design for a Fault-Tolerant, Distributed Implementation of Linda",Proceedings of the 19th International Symposium on Fault-Tolerant Computing, June 1989, pp199-206.