Approximating the FDDI Synchronous ModeDavid C. Etherton, Michael M. Johnson, George C. PolyzosComputer Systems LaboratoryDepartment of Computer Science and EngineeringUniversity of California, San DiegoLa Jolla, CA 92093-0114AbstractWe present protocol extensions supporting real-timetraffic performance guarantees for Fiber Distributed DataInterface (FDDI) implementations lacking a synchronousmode of operation. We provide a brief description of theFDDI protocol, with an emphasis on the synchronousmode and network parameter tuning to meet real-timeapplication demands, and then discuss hardwarelimitations of some first-generation FDDI adapters whichmake the synchronous mode ineffective and unable tosupport the required performance guarantees. Bymodifying the operating system kernel we can regulate theflow of information to the FDDI adapters and implementguarantees in higher-level software. Specifically, weadded a two-tiered regulation facility which, at the lowestlevel, would place an upper bound on asynchronoustransmission rate from the device driver buffers to theadapter. The next level up added the notion of standardand guaranteed performance system queues which user-level traffic could be directed into. Finally, a distributeduser-level software mechanism was added to monitor andappropriately regulate the throughput from each adapteron the LAN in response to varying bandwidthrequirements.Keywords: real-time traffic, performance guarantees,network management, flow control, priorities, LANs.1.IntroductionThe Fiber Distributed Data Interface (FDDI) is anAmerican National Standard [1], for a 100 Mb/s ring-based Local Area Network (LAN) architecture utilizing a

This research has been supported by Digital EquipmentCorporation and the UC MICRO program.Address correspondence to George C. Polyzos,polyzos@cs.ucsd.edu, Tel.:˚+1-619-534-3508, FAX: +1-619-534-7029. David C. Etherton is now with MegatecCorporation, San Diego, CA. Michael Johnson is now withLivermore National Laboratories, Livermore, CA.token-passing protocol and optical transmission media.Copper-based versions of the system also exist, and areknown as CDDI. We do not differentiate between the twosince our discussion is limited to functionality above thephysical layer. FDDI was designed as a secondgeneration, high-speed LAN with parameters that are nowconsidered appropriate for Metropolitan Area Networks(MANs), e.g., covering distances of up to 100 Km. Agood overview of FDDI can be found in˚[2].The FDDI protocol combines the statisticalmultiplexing capabilities of packet-switching with theguaranteed performance features of circuit-switching. Inparticular, the FDDI timed token rotation protocolprovides support for two types of traffic: synchronous andasynchronous. The synchronous mode of FDDI providesguaranteed bandwidth and response time for applicationsthat demand them. This is achieved through a reservationscheme. However, unlike true circuit-switching, wherethe unused bandwidth of dedicated circuits is wasted,unused synchronous bandwidth may be used immediatelyby asynchronous traffic. There is also an isochronousmode in the newer FDDI-II standard which providescircuit-switching capabilities. However, that is a truecircuit-switching mode where reserved but unusedcapacity is wasted. Therefore, the isochronous mode isbest suited to constant bit-rate applications, e.g.,uncompressed voice communication, while thesynchronous mode is ideal for variable bit-rateapplications, such as compressed video.Since FDDI was designed as a generic high-speednetwork capable of providing support for both bursty andunpredictable traffic and real-time applications withknown characteristics and specific performancerequirements, facilities for tuning its performance weremade readily available. Both the response time of theprotocol, i.e., the time within which network access isprovided to a station requesting service, and the minimumguaranteed bandwidth available to each station can becontrolled through manipulation of two FDDI parameters:the synchronous bandwidth allocation (ST) and theoperational target token rotation time (T_Opr). Parametertuning and the resulting performance of FDDI is discussed extensively in [3]. Proofs for the performance guaranteesprovided and related timing properties of FDDI arepresented in [4] and [5].Unfortunately, the synchronous mode of FDDI isconsidered an optional feature by manufacturers and it isnot implemented in most FDDI equipment. The mostobvious manifestation of this lack of support is hardwarelimitations. In particular, adapters do not possess separatesynchronous and asynchronous transmit queues, butinstead only a single queue into which all traffic isclumped. Since there is only one queue, synchronouspackets must wait their turn behind previously queuedasynchronous packets. This means that when a packet isgiven to the MAC sublayer it can request to use thesynchronous mode of FDDI, but will only receive serviceafter all previously received asynchronous packets havebeen flushed from the single traffic queue. Thiscomplicates, or even eliminates, the possibility ofimplementing the synchronous mode of FDDI,particularly without a real-time operating system. Instead,FDDI is now mainly used as a LAN backbone, typicallyinterconnecting multiple Ethernets and other IEEE˚802LANs, without providing specific performanceguarantees.Our initial investigation quickly ascertained thatadding a true synchronous mode with the FDDI adaptersat our disposal was not a viable alternative because itwould require modifications to the adapter’s firmware.However, we soon found that by modifying the operatingsystem kernel we could regulate the flow of informationto the adapter and implement guarantees in higher-levelsoftware. Specifically, we added a two-tiered regulationfacility which, at the lowest level, would place an upperbound on the information transmission rate from thedevice driver buffers to the adapter. The next level upadded the notion of standard and guaranteed performancesystem queues which user-level traffic could be directedinto. When it was time to transmit, the device driverwould always look in the guaranteed queue for data andwould transmit from the standard queue if and only if theguaranteed queue was empty.In addition, a synchronous bandwidth allocation(SBA) mechanism and network-wide manager weredesigned and implemented, the definitions of which arehinted at in the FDDI Station Management (SMT)proposed protocol standard [6], yet left unspecified. Tothat end a distributed user-level software mechanism wasadded to monitor and appropriately regulate thethroughput from each adapter on the LAN in response tovarying bandwidth requirements. Finally, modificationsto the standard socket calls were required in order to allowtraffic to specify and use the two different modes ofcommunications.The remainder of the paper is organized as follows.In section 2 we present an overview of the FDDI timed-token protocol, together with the issues of parametertuning and their effect on real-time traffic guarantees. Insection 3, we present the essence of our schemeapproximating the synchronous mode in the absence ofappropriate system support. In section 4 we provideperformance results obtained through a symbol-levelsimulator of FDDI which we developed. In section 5 weoutline the implementation of the scheme, including therequired operating system and device drivermodifications, as well as user level software for managingthe reservation requests and the resulting bandwidthallocations.2.Overview of the Timing Aspects of theFDDI ProtocolIn considering network support for real-timeapplications, it is important to recognize the requirementsof these applications. Here we only consider a simplecase which is very well suited to the guarantees offered bythe FDDI synchronous mode. An application’srequirements consist of the following two parameters: theapplication’s maximum channel access time (CAT)requirement (specified as a rate, in units of 1/second), andthe minimum service requirement (ST) per channel access(expressed in bits). These two characteristics are relatedto, but not equivalent to, the bit-rate of Constant Bit-Rate(CBR) applications. For example, any combination ofCAT and ST can support a CBR application with a rate ofST/CAT, if appropriate buffering is available and a fixed(initial) delay of CAT is allowed. On the other hand, thespecification of the application requirements through theCAT and ST parameters is more general and flexible.The FDDI MAC protocol is based on the IEEE 802.5token ring protocol. A station must capture the tokenbefore it can transmit data. However, unlike many othertoken-ring protocols, the station can place the token backonto the ring as soon as it has completed its transmission.This enhances efficiency, particularly in large rings wherethe propagation delay is significant. The most importantFDDI parameter is the Operational Target Token RotationTime, T_Opr, which determines the average tokenrotation time. During initialization, each station bids aTarget Token Rotation Time (TTRT); the lowest valueprevails and becomes the T_Opr for the ring.Two system timers are maintained by each station,the Token Rotation Timer (TRT) and the Token HoldingTimer (THT). The TRT measures the amount of time thathas elapsed since the last token was seen by the station.Since tokens are consumed by stations transmitting data,and retransmitted later, a token will show up increasinglylater as the amount of data being transmitted grows larger.The THT limits the amount of time a station may hold thetoken while it is transmitting data onto the ring.Synchronous bandwidth is allocated and managed ona ring-wide basis by the Synchronous Bandwidth

Allocation mechanism (SBA). Synchronous frames aretransmitted by a node immediately after the token hasbeen captured. Then, if there is sufficient time remaining,asynchronous traffic can be sent up until it is time torelinquish the token. Each node has a predeterminedallocation of synchronous bandwidth which is controlledby the Station Management (SMT). The total availablebandwidth, both synchronous and asynchronous dependson the chosen network-wide T_Opr.Individual station biding for a T_Opr, which willguarantee CAT, and reservation and relinquishing ofsynchronous bandwidth, is the responsibility of the SMT.At network initialization, each station is given a zerosynchronous bandwidth allocation. When a stationrequires synchronous bandwidth, it sends a resourceallocation request frame to the synchronous bandwidthallocation (SBA) manager. The manager determineswhether or not to grant the request and returns a responseto the requesting station. While the behavior of eachstation using synchronous bandwidth is defined in thestandard, the actual allocation procedure used by the SBAmanager is left unspecified. In addition, the SMTstandard leaves the SBA manager selection scheme totallyunspecified. Note that SMT protocols, e.g., neighboridentification, synchronous bandwidth reservation, etc.,use asynchronous transmissions. Agrawal et al. [7]present and analyze several synchronous bandwidthallocation schemes.During the bidding for T_Opr individual stationswould bid a TTRT equal to half their desired CAT (so thatthe chosen T_Opr would satisfy their CAT requirement).FDDI parameter configuration is then straightforward andrequires the following three steps.Figure˚1: StandardFDDI Model Attachment Configuration1.Determination of the minimum TTRT, TTRTmin,requested by a station on the ring (typically,TTRTmin = 1/2 CATmin).2.Assignment of the operational token rotation value:T_Opr = TTRTmin .3.Determination of the total available synchronousbandwidth: TST = T_Opr - Overhead.Figure˚1 shows the standard FDDI attachmentconfiguration; we will refer to it as the StandardFDDImodel. User level applications generate and absorb trafficwhich, once passed down to the device driver level, isstored in a combined traffic queue. The adapter isresponsible for notifying the device driver when it isstarved for traffic. As traffic is passed to the hardwareadapter, it is separated into two adapter queues accordingto the service requested: synchronous or asynchronous.The reception process is assumed to not be a bottleneck.3.˚Approximating the FDDI SynchronousMode in the Absence of Hardware Support3.1. Overcoming Hardware LimitationsMany first generation FDDI adapters lack thenecessary hardware support for managing the separatetraffic queues. Without separate hardware queues,synchronous frames must be handled on an individualbasis. This means that when a frame is given to the MAClayer it can request to use the synchronous mode of FDDI.However, since there is only one outgoing traffic queueon the adapter, synchronous frames are required to waittheir turn in the queue behind asynchronous packets.Unfortunately, FDDI adapters are designed with largequeues in order to achieve high performance.Figure˚2 presents the model attachment configurationfor the SingleQueueAdapter. Under this scheme, thedevice driver merely forwards packets from the networklayer system software out to the on-board adapter queue.The firmware on the adapter implements most of theFDDI protocol, as only it, being independent of the mainsystem, is able to meet the real-time demands of the timedtoken protocol.The most obvious solution to this problem is theredesign of the FDDI adapter. However, for users thatmust maintain hardware limited implementations of theFDDI protocol, the next best solution relies on relocatingthe queue management, normally located on the adapter,up into the device driver. The following discussion,applying to what we call the SingleQueueAdapter model,assumes a general split in functionality between thedevice driver and adapter, but does not get into specificsof particular implementations.

Figure˚2:SingleQueueAdapter Model AttachmentConfigurationMatters can be improved dramatically byimplementing the device driver level software schemeindicated in Figure˚3. Termed the OracleScheme, thisconfiguration provides a means of segregating guaranteedand non-guaranteed traffic at the device driver level. Theadapter portion of the model is identical to that presentedin the SingleQueueAdapter model. Since traffic can nowbe prioritized above the adapter, the only functionalityremaining to be provided is the control of how traffic isactually dropped down into the adapter. This is theresponsibility of the bandwidth allocation mechanism,called the Oracle.Figure˚3:OracleScheme Attachment Configuration3.2. Guarantees through Parameter Tuning andAdapter StarvationIn order to meet synchronous mode guarantees underthe OracleScheme, the Oracle must limit the rate at whichtraffic is allowed to flow into the adapter. Unfortunately,the Oracle, whose implementation resides totally withinthe operating system, is too far removed from thefirmware of the adapter to adequately monitor the state ofthe ring and still provide a meaningful response time tonetwork changes. This necessitates the enforcement oftraffic regulation, which tends to penalize asynchronoustraffic in order to have a better chance at meeting theconstraints of synchronous traffic. However it allows thering to operate normally when there are no real-timesessions in progress.Once initial parameter arbitration has been completedby the Oracle, each station is guaranteed an amount oftransmission time during each token rotation. Assumingthere are no network failures and stations conform to theprotocol, the issue of meeting synchronous modeguarantees becomes a problem of local station trafficrestraint within the bounds of the arbitrated requirements.3.3. Oracle Design and Ring ManagementThe Oracle, designed from the beginning withsimplicity and ease of implementation as primary goals,manages routine synchronous bandwidth allocationrequests at the station level. This includes initialreservation and reclaim of relinquished bandwidth. Thisdesign assumes a cooperative, error-free networkenvironment. Each station is responsible for throttling therate at which both synchronous and asynchronous trafficis allowed to proceed down into the single traffic queue ofthe adapter, a process termed adapter starvation. Sincethe throughput management facilities are implemented atthe device-driver level, an Oracle process must beresident and executing on each machine in the ring toprovide the traffic throttling functionality. A softwareagent, the ManagingOracle, manages bandwidth on aring-wide scale. Together, individual station Oracles andthe single, network-wide ManagingOracle provide thefunctionality required by Station Management (SMT).Each station can intentionally starve its adapter fromthe device driver level to prevent more than a givennumber of bytes of data from being allowed to proceeddown into the adapter within a given time period, definingan effective regulation rate. The OracleScheme isinitiated by the first request for guaranteed bandwidth.The ring’s T_Opr value is reset, if necessary, to match theCATmin value. The total available bandwidth is thenpartitioned among all stations requesting guaranteedbandwidth. Each station has its bandwidth requestnormalized to the common T_Opr value. Any bandwidthleft over after all guaranteed bandwidth has beendistributed is evenly divided among all stations in the ring, including those which already share a portion of theguaranteed bandwidth. This extra bandwidth can be usedby the stations for asynchronous traffic requests.Figure˚4: Example Bandwidth Allocation with theOracleSchemeA SlaveOracle running on each machine isresponsible for relaying bandwidth allocation anddeallocation requests to the ManagingOracle at a knownsite, and also for transmitting the master’s response backto the local client. The SlaveOracle also checks eachlocal process owning guaranteed bandwidth to ensure thatthe process has not unexpectedly terminated withoutfreeing the bandwidth; it will transmit a deallocationrequest to the ManagingOracle if the process is dead.The ManagingOracle must then redistribute thebandwidth among all stations on the ring after anysuccessful allocation or deallocation operation, andinform each SlaveOracle about its current share of thebandwidth. The software should be designed to mimic thering’s original behavior when the guaranteed bandwidthfacilities are not being used. When the last guaranteedtraffic is deallocated, the ring is reset so that there are nolimits on local output, and T_Opr is allowed to return tothe adapter’s default value. Assuming stations meet theirtraffic limits, then the synchronous traffic present willreceive service within the specified guarantees of thesynchronous mode of FDDI.4.Simulation ResultsIn order to evaluate the performance limitations ofthe SingleQueueAdapter model, and demonstrate theoperational characteristics of the OracleScheme, asymbol-level FDDI simulator was developed [8]. Thefollowing simulation results demonstrate the real-timetraffic guarantees provided by the OracleScheme inrelation to the synchronous mode service provided byStandardFDDI. To provide a fair comparison of thecapabilities of each model, simulations were run using thesame supplied traffic.The network configuration employed is thatpresented in Table 1. Offered load ranges from the levelpresented by synchronous traffic alone, namely 50% ofchannel capacity, to far beyond maximum channelcapacity, approaching 120%. According to the discussionof parameter tuning presented above, the StandardFDDImodel was configured with a T_Opr of 1/2 CATmin, i.e..,600˚ms, whereas the S i n g l e Q u e u e A d a p t e r andOracleScheme models were configured with a T_Oprequal to the specified CATmin, namely 1,200 ms.Table 1: Simulation ParametersNumber of Stations15

Station Separation100 m

Mean interarrival time ofasynchronous frames(exponentially distributed)12000 - 850 ms

Interarrival time of synchronousframes (fixed)1200 ms

Asynchronous frame payload500 Bytes

Synchronous frame payload500 Bytes

Nominal latency per attachment1.644 ms

Nominal station setup timefollowing token capture3.5 ms

Figure˚5.Impact of FDDI Adapter Model on MaximumSynchronous Frame DelayFigure˚5 presents the maximum synchronous framedelay for each of the simulated models. The unboundeddelay of the SingleQueueAdapter scheme is easily seen atapproximately 80% of channel capacity. These resultsalso demonstrate that the maximum frame delay of boththe StandardFDDI and OracleScheme are bounded, evenunder extreme load conditions. Unfortunately, only theStandardFDDI model provides the necessary maximum channel access time guarantee of 1,200 ms. TheOracleScheme, while satisfying the maximum framedelay requirement up to a load of 82%, suddenly jumps toa maximum channel access time of 1,500 ms.This jump in maximum frame delay from 1,200 ms to1,500 ms at an offered load of approximately 82% can beattributed to a condition we call token bypass. At loadsbelow 82 Mb/s, the network has a sufficiently light loadsuch that the OracleScheme is capable of providingstation allocated bandwidth to the adapter in time for thenext token rotation. However, at an offered load ofaround 82 Mb/s, the channel load is such that asynchronous frame passed to the adapter is required towait behind previously queued asynchronous frames,which were unable to secure necessary bandwidth fortransmission. The transmission of these asynchronousframes which were bypassed on the previous tokenrotation results in an additional delay for the synchronousframe just passed to the adapter.An implementation of the OracleScheme couldovercome this obstacle in a couple of different ways. Thealgorithm could restrict total bandwidth allocation to 82%of the channel capacity. Another possibility would be togradually throttle off the asynchronous traffic to theadapter at offered loads approaching 80% of capacity.Both schemes would sacrifice obtainable channelutilization. However, this method provides a simplesolution to the problem, requiring a simple change inbandwidth calculation by the ManagingOracle.Figure˚6: Maximum Synchronous Frame Delay withAdjusted Bandwidth AllocationIn solving this problem through a readjustment ofbandwidth assignment, the ManagingOracle benefits fromhaving complete knowledge of the total possibleasynchronous bandwidth load. Since, at high loads,synchronous frames are waiting in the adapter queuebehind asynchronous frames which were bypassed on theprevious token rotation, the overhead of the extra waitincurred by synchronous frames should be equal to thetotal network-wide asynchronous bandwidth allotment.Therefore, in order to ensure that the synchronousbandwidth from all stations is capable of obtaining timelyservice, the total network-wide available asynchronousbandwidth must be reduced. The reduction in allowableasynchronous bandwidth should prevent the network loadfrom exceeding 80% of capacity. With this modificationavailable asynchronous bandwidth would be reduced fromapproximately 500 ms to around 300 ms in our example,due to the effects of token bypass.Figure˚6 presents the maximum synchronous framedelay for the default configuration after the bandwidthallocation adjustment. While once again theSingleQueueAdapter delay is unbounded, bothStandardFDDI and the OracleScheme models provideservice within the 1,200 ms channel access delay sought.The average asynchronous frame delay is presentedin Figure˚7. For the StandardFDDI andSingleQueueAdapter models the slope of the curve doesnot begin to increase rapidly until an offered load ofapproximately 85% of channel capacity. The loweredasynchronous frame delay effects demonstrated by theSingleQueueAdapter model are a result of the fairtreatment given to both asynchronous and synchronoustraffic. Figure˚7 shows the degree to which theOracleScheme over penalizes asynchronous traffic inorder to meet synchronous traffic guarantees.Figure˚7: Impact of FDDI Adapter Model on AverageAsynchronous Frame DelayThe SingleQueueAdapter, with its nonrestrictive useof available bandwidth, is best able to use the full networkcapacity. The OracleScheme, on the other hand, with itspenalizing enforcement of traffic guarantees, leavesunused a slightly larger portion of the network capacity.Despite comparable traffic guarantees, the conservativenature of the OracleScheme results in a lower channelutilization than the StandardFDDI model.

5. OracleScheme Implementation OverviewThe supervisor software implementing theOracleScheme is divided into a SlaveOracle and aMasterOracle. Every station on the ring runs a copy ofthe SlaveOracle; one station also runs the MasterOracle.The MasterOracle receives all bandwidth allocation anddeallocation requests and determines the total bandwidthdistribution. It then broadcasts the new global allocationto every SlaveOracle on the ring.Each SlaveOracle serves as a relay between a localclient and the MasterOracle. It also takes care of directlymanipulating the local FDDI hardware to conform to theMasterOracle’s specifications. Finally, each SlaveOracleperiodically checks every local process with guaranteedbandwidth to make sure it has not died, and deallocates itsresources if it no longer exists. This prevents deadprocesses from consuming precious bandwidth.The only other missing piece is a small amount oflibrary code which simplifies the interface for openingand closing real-time connections. Taking full advantageof the facilities offered by the Oracle requires replacingthe socket(2) and close(2) system calls withrtsocket and rtclose, respectively. The former isidentical to the original socket(2) call with theaddition of two new parameters specifying the maximumnumber of bytes sent per access, and the maximumacceptable CAT (in milliseconds). See [9] for furtherdetails and examples.Incorporating adapter starvation and theOracleScheme into an existing asynchronous-only FDDIimplementation required the following modifications.Extension of default TTRT bidIn order to ensure the CAT requirements for T_Oprare not underbid by a station default adapter configurationvalue, upon initialization each conforming FDDI station isrequired to bid a default TTRT value equal to T_Max. tomaximize available bandwidth. Since the lowest TTRTalways wins ring initialization, this allows the TTRTrequest of the ManagingOracle to always succeed.Network connection gatekeeperSince network device access is gained through thenetwork connection management interface, a mechanismmust be established for the reservation and traffic priorityassignment of individual network requests. This requiresthe implementation of a keyed access method forrestricting unregistered network connections from gainingaccess to the synchronous traffic queue maintained at thedriver level. For network connections requiring real-timetraffic guarantees, a special driver level call should beprovided in order to request, register, and gain access tothe service guarantees provided by the synchronous modedriver queue.Station Oracle inclusionWithin each network entity, an Oracle arbitrationentity must be established, capable of receiving,interpreting, and managing guaranteed bandwidthallocation requests. In addition, a network-wideregistration and arbitration entity must be implemented,the ManagingOracle, which is similar in function to theSMT SBA manager. This entity would be responsible forregistering and arbitrating guaranteed, synchronousbandwidth characteristics of individual networkconnection feeds on a network wide basis. In order toreceive the specialized and guaranteed service, a networkconnection feed must be individually registered with theauthority, to include both worst case acceptable channelaccess time and bandwidth requirements.Determination of operative token rotationT_Opr must be selected to provide the necessaryresponse time in support of the shortest requested CAT,CATmin.Network bandwidth allocationSynchronous bandwidth is then allocated amongindividual stations based on a first-come, first-servedrequest basis. Individual stations, which are allocatedzero bandwidth by default, are allowed to contend foravailable synchronous bandwidth. However, the totalsynchronous bandwidth allocation must not exceed themaximum available bandwidth transmission time.Following complete arbitration of synchronousbandwidth, remaining bandwidth can be divided equallyamong all stations to support asynchronous trafficrequests.Management of local station trafficDuring network operation, two frame queues aremaintained within system level software, at the devicedriver level, one containing guaranteed-performancesynchronous mode frames, and the other asynchronousframes. At predetermined rates, established througharbitration and maintained by the ManagingOracle, everyT_Opr, a given amount of synchronous and asynchronousbandwidth is allocated to a station. Once the amount ofappointed bandwidth for a given traffic class exceeds thedemand of the next waiting frame of that class, the frameis allowed to proceed down into the single transmit queueof the adapter. Checks could be put into place to ensurethe guaranteed service buffer pool does not grow beyondthe registered level.Device Driver Modification OverviewCode modification at the device driver level consistedof three major changes. First, several new calls wereadded to allow user-level software to get and set T_Opr

and other ring parameters, get and set the maximumoutbound flow rate (the regulation size, in bytes, and theregulation interval, in milliseconds), and set the internalsoftware debugging flag. Second, the initialization codewhich causes a ring reset was modified to optionallysubstitute the new ring parameters supplied by the user—typically the Oracle—in place of the default valuessupplied by the adapter. Third, the primary output routinewas modified to enforce the current regulation size andinterval specified by the user. The routine was alsoautomatically called by the kernel on a periodic basiswhile the regulation size was non-zero and there was stillunsent traffic. Finally, when looking for packets to giveto the adapter, the primary output routine always checkeda new auxiliary system network queue (the guaranteedqueue) before checking the standard one. This new queuewas set up and properly fed by routines higher in thekernel, described next.Socket Code Modification OverviewSockets are the basic interface to networkcommunication visible at the user level in a BSD UNIX-type environment. We added a new control flag tospecify that all output on any given socket should beplaced in the auxiliary guaranteed queue rather than thestandard non guaranteed one. This control flag defaults tozero when a socket is created, so that programs unawareof the extensions (including existing system utilities suchas ftp) will use the non-guaranteed service. A programmust make a system call to explicitly set the flag, at whichpoint all subsequent output will be routed through thefaster queue. See [9] for a more detailed treatment of themodifications.6.ConclusionsLack of support for real-time traffic guarantees isbecoming a major stumbling block in the evolution ofinteractive, time critical network applications. The FiberDistributed Data Interface (FDDI), with a 100 Mb/scapacity, is capable of providing traffic guaranteesthrough its synchronous mode. Unfortunately many firstgeneration FDDI adapters lack the necessary hardwaresupport for the synchronous mode. An evaluation of theeffect of hardware limitations on the protocol’sperformance was presented.The OracleScheme, a device driver level schemesupporting real-time application performance guaranteeswas developed. Encompassing the, as yet undefined,Synchronous Bandwidth Allocation (SBA) mechanismand management functionalities required by the proposedSMT standard, the OracleScheme represents a completemanagement solution in support of real-time traffic.Despite imposed throughput limitations to non-guaranteed, asynchronous traffic, the performanceguarantees presented to critical, real-time traffic areidentical to those of full FDDI protocol implementations.A symbol-level FDDI simulator was designed andimplemented and provided a tool for accurateperformance evaluation.Finally an overview of an implementation of theOracleScheme was also presented. Through the use ofseveral interlocking software mechanisms we havecreated a ring-wide traffic regulation system whichprovides the required performance guarantees for real-time traffic.References[1]American National Standard, "FDDI Token RingMedia Access Control (MAC)," ANSI X3.139-1987.[2]F.E. Ross, "An Overview of FDDI: The FiberDistributed Data Interface," IEEE JSAC, vol. 7, no. 7,pp. 1043-1051, September 1989.[3]D. Dykeman and W. Bux, "Analysis and Tuning ofthe FDDI Media Access Control Protocol," IEEEJSAC, vol. 6, no. 6, pp. 997-1010, July 1988.[4]K.C. Sevcik and M.J. Johnson, "Cycle TimeProperties of the FDDI Token Ring Protocol," IEEETransactions on Software Engineering, vol. 13, no. 3,pp. 376-385, March 1987.[5]M.J. Johnson, "Proof that Timing Requirements ofthe FDDI Token Ring Protocol are Satisfied," IEEETransactions on Communications, vol. 35, no. 6, pp.620-625, June 1987.[6]Draft Proposed American National Standard, "FDDIStation Management (SMT)," ANSI X3.T9.5,Rev.˚7.2, June 1992.[7]Agrawal et al., "Guaranteeing Synchronous MessageDeadlines with the Time Token Protocol," Proc. 12thInternational Conference on Distributed ComputingSystems, Yokohama, Japan, June 1992.[8]M.M. Johnson, "FDDI Performance Guarantees forReal-Time Traffic in the Absence of a SynchronousMode," M.Sc. Thesis, UCSD/CSE, La Jolla, CA,1992.[9]D.C. Etherton, "Approximating FDDI SynchronousMode Guarantees Through Kernel Modification,"M.Sc. Thesis, UCSD/CSE, La Jolla, CA, 1993.