1PARALLEL XTP-IMPLEMENTATION ON TRANSPUTERSTorsten BraunMartina ZitterbartInstitute of Telematics, University of KarlsruheIBM Research Division, Thomas J. Watson Research CenterP.O. Box 6980, W-7500 Karlsruhe, GermanyP.O. Box 704, Yorktown Heights, NY 10598, U.S.A.E-Mail: braun%i70vca@iravcl.ira.uka.deE-Mail: zit@watson.ibm.comAbstractHigh performance communication systems have to providevery high data rates of more than 100 Mbit/s to newapplications such as multimedia applications. The bottleneckin communication systems is the protocol processing of thelayers above media access control layer. Especially thetransport and the network layer are very time consumingcomponents of the protocol stack. To overcome this bottlenecklight weight protocols such as XTP (Xpress Transfer Protocol)can be implemented on multiprocessor systems. XTP is aprotocol with functionality of layers 3 and 4 and was designedfor protocol processing in reliable high speed networks such asFDDI. XTP is based on several finite state machines to supportan efficient implementation in VLSI. This paper presents asoftware implementation of XTP for a multiprocessor system.The implementation is based on these finite state machines,which are designed to run in parallel. The finite state machinesare mapped onto processes, which can run in parallel on theprocessors of a multiprocessor architecture. The processescommunicate with each other by message passing.1. IntroductionIn communication systems during the last few years,transmission rates of communication networks have evolvedfaster than the performance of protocol processing. Oftennowadays, the bottleneck in communication systems is theprotocol processing of the layers above the media access layer.Recently, applications such as multi-media-applications arecoming up, which require very high performancecommunication systems. High data rates of more than 100Mbit/s as well as low delay and delay restrictions according toisochronous data traffic are required. To provide the performancerequirements of those applications there are several approaches:¥Existing protocols, e.g. OSI protocols or TCP/IP, areimplemented efficiently by the use of specialimplementation techniques [1], hardware [2], ormultiprocessor architectures [3].¥So called light weight protocols such as the XpressTransfer Protocol (XTP) [4] and the Versatile MessageTransaction Protocol (VMTP) [5] or special purposeprotocols have been developed. Several mechanisms ofconventional protocols are often considered as unsuitablefor high speed networks. Moreover, conventionalprotocols often restrain efficient protocolimplementations in hardware or on multiprocessorarchitectures.This paper combines the two approaches of light weightprotocols and protocol implementation on a multiprocessorarchitecture: a software implementation of the XTP protocol ona parallel architecture is presented.Section 2 focuses on features of the XTP protocol and theseveral finite state machines, which are designed to run inparallel. In section 3 the implementation environment isdescribed, and the XTP implementation for the multiprocessorarchitecture is presented. First performance results are discussedalso in this section. Finally conclusions in section 4 willsummarize the paper.2. The XTP-Protocol and its Finite StateMachines2.1. XTP OverviewXTP is a transfer protocol designed for the use in high speednetworks from 100 Mbit/s to 1 Gbit/s. It comprises functionsof the transport and the network layer according to the OSIreference model. XTP offers a connection oriented service, butit is also appropriate for connectionless data transfer. Error,rate, and flow control are realized. Moreover it supports severaladdressing mechanisms, e.g. OSI, Internet, etc.The design of XTP was influenced by the following ideas:¥The receiver part often is the bottleneck on data transfer inconventional protocols. Several functions moved from thereceiver to the sender part to make the receiver simpler.¥XTP offers a connection oriented service. Datagrams mayalso be transferred efficiently and with low overheadsupported by short-lived connections. A virtual connectionconsists of two endpoints and is identified by an identifiercalled key. The set of state variables at one endpoint iscalled context.¥XTP was designed to execute protocol processing inparallel. Several finite state machines (FSMs) performdifferent tasks, e.g. input or output of data, rate control,context managing etc. The FSMs interoperate by eventsand by operating on some common data. A FSM of aspecial type is created for every context processed by theinstance.¥XTP uses two packet formats, an information packet and acontrol packet. The information packet contains user data.The control packet contains the receiver’s error, flow andrate control parameters. Both packet types consist of aheader, a data segment (user or control data), and a trailer.Header and trailer have fixed lengths of 24 and 16 bytes.¥XTP was not designed for special kinds of networks or forspecial application types. XTP is intended for an universalprotocol. To minimize unnecessary functions XTP offersdifferent modes, options, and formats for severalrequirements.Several mechanisms are realized to achieve the generalitymentioned above. Connections can be established and closed

2implicitely and explicitely, e.g. by service primitives. Theimplicit connection establishment and closing is supported byFIRST and END flags in the packet header or trailer. If a packetwith a FIRST flag arrives, a connection is created. Theconnection is closed, when a packet with an END flag has beenreceived.When a connection between end systems has to be establishedthrough one or more routers, these routers have to do therouting decision. Each connection through a router is identifiedby a value called route. A route is generated with a FIRSTpacket. Subsequent packets of this connection contain the sameroute values.XTP uses a byte oriented flow control mechanism such as inTCP. The receiver’s control parameters are requested by thesender. They contain information about its buffer state. Thereceiver delivers them within control packets to the sender.Besides the window based flow control mechanism there is alsoa rate control mechanism that restricts the size and the timespacing of bursts of data from the sender.Similar to TCP and OSI TP4 checksum calculation is used todetect bit errors and to initiate retransmission. Checksum isplaced in the trailer, so it can be calculated while a packet isbeing sent. Corrupted packets are discarded by the receiverwithout any other actions. Only when a packet with a sequencenumber out of order arrives, reactions are triggered at thereceiver side. For error recovery the protocol allows go-back-nor selective retransmission.XTP uses a few timers only. The most important ones are theconnection, the path, the wait, and the rate control timer. Thetwo former ones expire when connections or routes have beeninactive for a certain time. The wait timer is used to monitorthe receiver’s reaction after a request for a control packet by thesender. When the wait timer expires, the sender attempts re-synchronization. The rate control timer is explained below.As already mentioned above, XTP is designed to beimplemented in VLSI. The protocol consists of a couple offinite state machines (FSMs) to support efficient parallelexecution. The implementation presented in this paper is basedon these FSMs. The FSMs are described in the nextsubsection.2.2. Finite State MachinesThere are several types of FSMs that perform different tasks.Some FSMs are multiplied for every context and some forevery route. The FSMs cooperate on common data, e.g.context data, and by signalling events to other FSMs. FSMstate transitions are triggered by those events and are dependenton the contents of current context data.There are different types of events: network, timer, internal, andexternal events. Network events occur when packets arrive fromthe network. External events are triggered by the layer aboveXTP (XTP user). Internal events are created by the XTP FSMsand are signalled to other XTP FSMs. Timer events aretriggered by expired timers. Timers are used by several FSMs,examples are given below.The central FSM is the context manager state machine(CMSM) that wakes up other FSMs of a certain context.CMSM becomes active when a new connection has to becreated. Then, CMSM creates a new context, signals events tothe other FSMs to activate them, and monitors thecorresponding connection with the connection timer. After aconnection has been closed, the corresponding context isreleased. The CMSM and the other FSMs return to idle state.Ten further FSMs are specified in [6]: output, sync, ratecontrol, control send, input, reader, write close, read close,router state machine, and the route manager.The output state machine (OSM) has to decide whether,which, and how much data has to be sent to the network. TheOSM contains the sender’s flow control activities, checks theflow control parameters, and decides whether control packetsmust be requested from the receiver.The sync state machine (SSM) supports the synchronizinghandshake that is used to synchronize control communicationsbetween two hosts. A sender increments a packet counterwhenever a data packet has been transmitted. The currentcounter value is sent in the sync field of control packets. Thereceiver returns this value in the echo field of its control fields.The sender matches sync and echo fields and can decide toretransmit packets sent prior to the control packet with thissync value. Sync/echo packets are also used to estimate currentround trip time.Rate Control is supported by the rate control statemachine (RCSM). The RCSM is periodically interrupted bythe rate control timer to reset the credit value. Credit indicateshow many bytes the sender can transmit to the accordingreceiver in a certain time period. OPSM decrements the creditvalue whenever data has been sent. By this mechanism theamount of data sent during a certain time period is restricted.The control send state machine (CSSM) creates andformats control packets. It is triggered by various other FSMs,when those demand to send control packets. CSSM competeswith OSM for network access.The data and control packets on the receiving data path areprocessed by the input state machine (ISM) and the readerstate machine (RSM). ISM checks addresses, the sequenceof data packets, updates context data, causes sending of controlpackets to the associated sender, if necessary, and delivers datapackets to the user via RSM.The write (WCSM) and read close state machine(RCSM) perform closing of connections. It is checked whetherdata sent earlier arrived correctly at the associated receiver beforeclosing the writer (sender). A receiver has to acknowledgereceived data before closing.Two FSMs exist for routing activities. The host routemanager (HRM) monitors the routes being active supportedby a path timer. The router state machine (RSM) performsrouting and route exchange.3. The XTP-Implementation on Transputers3.1. The Implementation EnvironmentThe Transputer [7] is a family of high performancemicrocomputers with a processor, a timer, on-chip memory, anexternal memory interface, and four communication links on asingle chip.One of its most significant features is the ability to performmulti-tasking efficiently in hardware. The Transputer usesprocesses as fundamental standard software building blocks.Processes are able to communicate using the synchronized andunbuffered rendez-vous mechanism.Transputer networks are loosely coupled multiprocessorsystems with distributed memory. They are built by connectingthe links of several Transputers.The Transputer was developed concurrently with theprogramming language OCCAM, but it is also well suited toother languages, e.g. the C language. During the projectdescribed in this paper a parallel TCC (Transputer C Compiler)[8] is being used, which provides the most significant featuresof the OCCAM language including the datatype "channel", the"alt"-construct, and the "timer" variable. The "alt"-constructallows an alternative waiting for inputs on different channelsand for timer events.

3A so called configurator was developed for flexible mapping ofprocesses to Transputers. By this tool the various processes canbe distributed to the available processors and also the processes’communication channels are connected together.3.2. Design ConsiderationsFor the design of the XTP implementation different aspectshave been considered. First, it should be possible to insert theXTP implementation into an implementation of a protocolstack on a multiprocessor architecture according to the conceptsalso presented in [3]:Communication systems are typically structured in hierarchicalprotocol layers, as suggested by the OSI reference model. Theprotocol layers operate in a pipelined principle: each packetmoves through the protocol layers step by step. Therebyseveral packets may be concurrently in different protocol layers.Some of the layers can even be divided into sublayers. Such alayer pipeline performs overlapped computation of sublayers toexploit parallelism. Additional to hierarchical structuring ofsublayers the protocol entities of those layers can be dividedinternally into a send and a receive part resulting in a send and areceive pipeline for each network node (cf. figure 1).Usually, the send and the receive pipeline are not completelyindependent of each other. For example, the sender and thereceiver part have to exchange control information such asconnection state data in a connection oriented protocol or dataunits in a gateway system.To avoid movements of data packets between different layers ina protocol stack, a global data memory must be provided, towhich all layers must have access. Inside this data memory alldata packets remain at a fixed place while being processed bythe layers of the protocol stack. The data packets are not movedwhen passing from one layer to another. The different layersonly add (send side) or remove (receive side) the packet headeror trailer to or from the data unit.Because all the protocols of a stack are intended to beimplemented on a multiprocessor architecture, there is thequestion how to organize a global data area on multiprocessorsystems. There are two possibilities:¥The global data can be stored in a shared memory to whichall processors have access.¥The global data can be stored in a local memory of adedicated processor. The other processors, which want toread or write data, have to send requests to a memorymanager process on the dedicated processor. The memorymanager delivers the requested data or writes the receiveddata in his local memory.Because Transputers do not support shared memory very wellthe latter possibility is implemented. The global memory isdivided into two parts, one part for data of the sender functionsand one part for data of the receiving ones of the protocol stack.For each global memory part manager processes areimplemented to manage the access to the global memory.This concept reduces copying of data significantly. Onlyreferences to data packets stored in the global memory aredelivered between adjacent layers. One disadvantage of theconcept may be the overhead caused by the communicationbetween the protocol processes and the memory managementprocesses. In gateway systems data may have to be copied, ifthere is always a memory part for each network.

memorymanagersendmemorymanagerreceiveApplicationlayers sendfunctionsglobal layer memory

Control informationTransfer layer (XTP) sendfunctions Control informationTransfer layer (XTP) receive functionsApplicationlayers receivefunctions from hostto hostto networkfrom network

global layer memory

LLCLLC

PDU forwardingFigure 1: Parallel Protocol Stack ImplementationFor test purposes a special environment consisting of test userprocesses, a network simulation process, two memory managerprocesses and the XTP protocol implementation were used (cf.figure 2).Another design issue is how to implement the XTP FSMs. Itis impossible to create a process for every FSM because foreach connection or route and for each FSM type there existsalways one FSM. The number of FSMs could become veryhigh. In consequence, performance would decrease by processswitching. Also creation and release of processes are very timeconsuming.The presented implementation creates a separate process forevery FSM type. This process is responsible for every createdcontext or route. FSM state transitions are triggered by eventsand predicates. These predicates are mainly context data, whichare common for several FSMs. Event signalling between

4processes is done by passing messages across channels. Fortwo processes, i.e. for two FSM types, there exists exactly onechannel, if the two processes are signalling events betweeneach other. Various event types can be signalled across thischannel. A message identifier indicates the event type and thecorresponding context. The different protocol processes operateon common context data. To allow all processes to run ondifferent Transputers, the context data is distributed as well aspossible to those processes that mainly operate on it. Contextdata needed by several processes have to be exchanged wheneverany context values change.The primary goals of this XTP implementation are efficiencyand flexibility. For that reason, mainly small FSMs thatexchange a lot of events with other FSMs and that share aconsiderable amount of common data with other FSMs arecombined to a product FSM. Too fine process granularitycauses high communication overhead because of thecommunication concepts realized on Transputers. The resultingFSMs are implemented by a single process that can run on asingle processor or that can run concurrently with otherprocesses on a processor.3.3. RealizationThe process net of the implementation [9] is depicted in figure2. There are two FSMs not realized in the currentimplementation, which are only needed, if the communicationsystem must have gateway functionalities.

User_1User_nUser InterfaceUIContextManager(CM)Input(IP)Output(OP)RTHTControlPackets(CT)NetworkInterfaceSend (NIS)NetworkInterfaceReceive (NIR)NetworkSimulationMemoryManagerSend(MMS)MemoryManagerReceive(MMR) TT

T: TimerHT: Hash TableRT: Routing Table

�TT

XTPFigure 2: Process Net of the Parallel XTP ImplementationThe implemented XTP FSMs are mapped to seven processes:user interface (UI), input (IP), output (OP), control packet(CT), context manager process (CM), and two networkinterface processes for send (NIS), and receive (NIR) part.Additionally, there are timer processes and processes to managedata structures such as hash and routing tables. The routingtable process (RT) determines a route for a connection toanother instance. The hash table process (HT) maps incomingkeys to a local context. HT is used by NIR when packetsarrive.

5The Protocol Processes in DetailThe user interface process (UI) is the interface betweensend and receive part of XTP and the users. Only UI representsthe XTP instance to the users. Different users can use UI at thesame time by sending a source identifier with each message,i.e. service primitive. RSM, RCSM and WCSM areimplemented inside UI. UI has also the task to deliver data tothe user and to control closing of connections. A TSAP(transport service access point) is assigned to every connection.A TSAP consists of an entity address and the connectionendpoint identifier (here: context).The sender part of XTP consists of the processes OP, RT, CTand NIS. The Output process (OP) comprises functions ofOSM and RSM. OP has to send data packets to the networkand to perform functions such as flow control, rate control, andretransmission of lost or corrupted packets. OP uses therouting table process (RT) to determine the route values.The control packet process (CT) has to react on requestsof other processes that trigger sending of control packets (cf.CSSM). The control packets are necessary foracknowledgement or synchronization procedures, i.e. CTperforms SSM.The network interface send process (NIS) is the interfacebetween the XTP send part and the lower layers. NIS supportsOP to perform OSM. NIS controls access to the underlyingnetwork and delivers control or data packets to the network.Another task is to complete the packet trailer and to send it tothe memory manager. Headers are generated by CT or OPdependent on sending a control packet or a data packet. Keepingcontext data necessary for header or trailer generation isdistributed among the three processes CT, OP, and NIS.Similar to NIS, the network interface receive process(NIR) is the interface between the XTP receive part and thenetwork. NIR uses HT to get the local context of an incomingXTP header. Then, NIR delivers the packet to the inputprocess˚(IP). IP and NIR perform ISM. IP distributes newcontext values to those processes, where context data is stored.Morever, IP triggers reactions as control packet requests orconnection releases dependent on the header and the trailerinformation.The central process of the XTP protocol implementation is thecontext manager process (CM) that is executing CMSM.CM triggers initializing context data and computes keys for thecreated connections. After connection establishment CMmonitors the connections by means of the connection timer.After closing a connection CM triggers the release of thecontext data.There are other processes in the test environment besides theXTP protocol processes. These processes can be classified astest processes and memory manager processes. The networksimulation process substitutes the underlying network. Thisprocess transfers XTP packets between XTP instances. Testuser processes are implemented instead of higher layers.The tasks of memory manager processes for send part(MMS) and receive part (MMR) have been already describedabove. Cooperation between memory manager processes andprotocol processes is organized in a client/server principle.Protocol processes (clients) send requests to the memorymanager processes (servers) to read or write data packetinformation and to allocate or release buffer space. Memorymanager processes perform the desired actions and return theresults to the clients. For example, a protocol process mustsend a command to MMR, if the process wants to read thereceived XTP header fields. MMR returns the header data fields.The Multi-Transputer Implementation of XTPThe presented XTP implementation can easily be implementedon various Transputers by mapping processes to processors andinterprocess communication connections to software orhardware channels (links) dependent on two processes beingmapped to the same Transputer.If there are more than four interprocessor channels required forone processor, so called multiplex-processes are inserted. Themultiplex-processes multiplex several logical interprocesschannels to a reduced number of interprocessor channels. (cf.figure 3). These processes decrease the number of required linkssignificantly. Additional overhead caused by the multiplex-processes is mostly very low because interprocessorcommunications can run in parallel to other computations.

protocol processmultiplex processFigure 3: Multiplex-ProcessThe processes need not to be interconnected directly, if theyhave to communicate with each other. There is a mechanismimplemented in every process to route messages not belongingto the process to the right destination process. Routing is doneby the use of routing tables that are mapping incomingmessages to an output channel by means of interpreting thedestination process identifier. This mechanism is only used ifnecessary because it causes additional overhead.Every process also starts a subprocess, the so calledcommunication-process, that is doing interprocesscommunication across channels (cf. figure 4). Acommunication-process receives incoming messages fromanother main process and stores the messages in a queue. Thecommunication-process cooperates with the according mainprocess by this queue. The communication-process wakes upthe main process whenever a message arrives. Then, the mainprocess performs computations dependent on the incomingmessage.If interprocessor communication is necessary, the main processcan do the computations while the communication-processperforms interprocessor communications. Additonally, thesecommunication-processes provide asynchronous interprocesscommunications, deadlocks are avoided.

communication process Bprocess Aprocess Bcontrolaccesscommu-nicationqueue wakes upFigure 4: Communication-ProcessThe design of the multiprocessor implementation is supportedby the mentioned configurator program. The implementor has

6to describe the configuration in a description file only. The filemust contain the mapping of processes to processors and theconnections of the processes’ input and output channels.Generation of boot programs to initialize the Transputernetwork and generation of routing tables mentioned above isbased on the implementor’s description and is doneautomatically by the configurator.3.4. Performance ResultsFigure 5 presents first performance results of the currentimplementation [10]. The results show how much time theprocesses spend for sending and receiving a packet. Afterestablishing a connection nine packets are sent. Processingtimes for UI, CM, and RT are independent of the number ofpackets.The network interface processes, NIR and NIS, are thebottlenecks with about 750 ms (NIR) and 840 ms (NIS)processing time per packet including communications. Theseprocessing times reduce the maximum achievable performanceon a multiprocessor configuration with one processor for asingle process to 1330 and 1190 packets/second.communications receivecomputations receivecommunications sendcomputations sendProcess Time[ms]0100200300400500600CMCTHTIPNIRNISOPRTUIFigure 5: Performance ResultsSummation of process times without communications comesup to 1900 ms on receiving and to 1350 ms on sending. Parallelexecution will have the most advantages on receiving. Thecommunication overhead is still high: it comes up to 25 %.Efforts to reduce communication overhead will be necessary.Several Transputer network configurations will be examinedand evaluated.4. ConclusionsIn this paper an implementation of XTP for a communicationsystem based on a multiprocessor architecture is presented. TheXTP FSMs and the mapping to the processors are discussed.Resulting processes are atomic units for distributing toprocessors of a multiprocessor system.First performance results show that higher performance valuesare achievable by the use of a multiprocessor system. XTPseems to be appropriate for parallel processing. Improvements,completion and more detailed performance evaluations of theimplementation are performed currently.References[1]C. Woodside, K. Ravindram, R. FranksThe Protocol Bypass Concept for High Speed OSI DataTransfer2nd IFIP WG6.1/WG6.4 International Workshop onProtocols for High Speed Networks, November 1990,Palo Alto, USA.[2]M.A. SideniusHardware Support for Implementation of TransportLayer Protocols2nd IFIP WG6.1/WG6.4 International Workshop onProtocols for High Speed Networks, November 1990,Palo Alto, USA.[3]M. ZitterbartHigh Speed Transport ComponentsIEEE Network Magazine, January 1991.[4]R.M. Sanders, A.C. WeaverThe Xpress Transfer Protocol (XTP) - A TutorialComputer Communications Review, October 1990.[5]D. Cheriton, C. WilliamsonVMTP as the Transport Layer for High-PerformanceDistributed SystemsIEEE Communications Magazine, Vol. 27, No.6, June1989.[6]Protocol Engines Inc.XTP Protocol DefinitionRevision 3.4, 17 July 1989.[7]Inmos Ltd.Transputer Reference ManualPrentice Hall, 1988[8]Definicon Systems Inc.The Parallel Transputer System: Operation andInstallation ManualRelease 2.0, 1988[9]A. Sch�rkParallele Realisierung von XTP auf TransputernDiploma thesis, University of Karlsruhe, October 1990.[10]Th. WeberUntersuchung und Adaption des XTP-Protokolls aufTransputer-NetzwerkenDiploma thesis, University of Karlsruhe, July 1991.