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1 IntroductionSystem level support of continuous media has been receiving wide attention. Continuous mediaimpose timing requirements on the retrieval and delivery of data unlike traditional data such astext and images. Timely retrieval and delivery of data requires that the system and network payattention to notions of time and deadlines. Data retrieval is handled by the I/O system (File system,disk drivers, disks etc.) and the delivery is handled by the network system (network software andthe network). In this paper, we will look at the data retrieval problem.Di�erent levels of service can be provided for continuous media. Deterministic service providesguarantees that the required data will be retrieved in time. Statistical service provides statisticalguarantees about data retrieval, e.g., 99% of the requested blocks will be retrieved in time. Datastreams can be classi�ed as Constant Bit Rate (CBR) or Variable Bit Rate (VBR) depending onwhether the stream requests the same amount of data in each interval.A storage system will have to support requests with di�erent performance requirements basedon the application needs. Continuous media applications may require deterministic performanceguarantees i.e., guarantee that a requested block will be available within a speci�ed amount of timecontinuously during the application's execution. A request from an interactive game or a requestto change the sequence of frames in a continuous media application may require that the requesthave low response time i.e., may require a latency guarantee. A regular �le request may onlyrequire best-e�ort service but may require that a certain number of requests be served in a giventime i.e., may require a throughput guarantee. It may be desirable to provide both deterministicservice and statistical service to VBR streams in the same system. Deterministic service may be tooexpensive on the system's resources. A user may request for statistical service when a request fordeterministic service may be denied due to lack of resources. There is a clear need for supportingmultiple levels of performance guarantees within the storage system. Several interesting questionsneed to be addressed when multiple levels of QOS need to be supported in the same system: (a)how to allocate and balance resources for the di�erent QOS levels, (b) how to control and limitthe usage of resources to allocated levels, (c) how to schedule di�erent requests to meet the desiredperformance goals, (d) how do system level parameters and design decisions a�ect the di�erent typesof requests and (e) how to tradeo� performance goals for higher throughput (for example, how muchthroughput gain can be had with statistical guarantees rather than deterministic guarantees)?Providing deterministic service at the disk is complicated by the random service time costsinvolved in disk transfers (because of the random seek and latency overheads). This problem hasbeen addressed e�ectively by suitable disk scheduling policies [1, 2, 3, 4, 5, 6]. These scheduling2



policies group a number of requests into rounds or batches and service the requests in a roundusing a disk seek optimizing policy such as SCAN. Then the service time for the entire round canbe bounded to provide guarantees. This strategy works well with CBR streams. An evaluationof tradeo�s in a media-on-demand server can be found in [7]. However, with VBR streams, theworkload changes from round to round and hence such an approach will have to consider thevariations in load for providing guarantees.This paper addresses the problem of providing di�erent levels of service for di�erent classes ofrequests in a single system. This paper makes the following two signi�cant contributions: (1) anintegrated scheme is presented for providing di�erent levels of performance guarantees to di�erentclasses of requests. (2) a method is presented for providing deterministic guarantees for VBRstreams that exploits statistical multiplexing of resources. The paper also presents an evaluationof tradeo�s in providing deterministic and statistical guarantees.Section 2 discusses our approach for providing di�erent levels of QOS in a single system.Section 2 also proposes a method for providing deterministic service for VBR streams that allowsexploitation of statistical multiplexing across many request streams. Section 3 discusses some ofthe other related issues such as data layout. Section 4 presents a performance evaluation of theseschemes based on trace-driven simulations. Section 5 summarizes our results and points out futuredirections.2 Performance GuaranteesIn this paper, we consider three di�erent categories of requests. Periodic requests require serviceat regular intervals of time. Periodic requests model the behavior of video playback where datais retrieved at regular intervals of time. Periodic requests can be either CBR or VBR. Interactiverequests require quick response from the I/O system. Interactive requests can be used to model thebehavior of change-of-sequence requests in an interactive video playback application or the requestsin an interactive video game. These requests arrive at irregular intervals of time. Aperiodic requestsare regular �le requests. In this paper, we consider (a) deterministic or statistical guarantees forperiodic requests, (b) best-e�ort low response times for interactive requests and (c) guaranteedminimum level of service or bandwidth guarantees for aperiodic requests.Our approach to providing QOS guarantees at the disk is shown in Fig. 1. Disk bandwidth isallocated appropriately among the di�erent types of requests. Each category of requests employs an3
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Figure 1: Supporting multiple QOS levels.admission controller to limit the disk utilization of these requests to their allocated level. To providethroughput guarantees for aperiodic requests, we limit the allocated bandwidth for periodic andinteractive requests (< 100%) through admission control. Aperiodic requests utilize the remainingdisk bandwidth. Similar approaches have been independently proposed recently in [8, 9]. Boththese schemes employ a two-level scheduling approach as proposed here. The work in [8] sharesmany of the motivations of our work. The scheduler in [9] doesn't support quick response tointeractive requests. Our work here also proposes a scheme for allowing statistical multiplexing ofVBR streams while providing deterministic guarantees for them.The admission controllers employed for periodic requests and interactive requests depend onthe service provided for these requests. In the next section, we discuss how to provide deterministicservice for periodic requests. The proposed approach can be modi�ed to implement statisticalguarantees for periodic requests as well. Interactive requests are treated as high-priority aperiodicrequests in our system. The scheduler and the admission controller are designed to provide lowresponse times for these requests. We use a leaky-bucket controller for interactive requests. Aleaky bucket controller controls the burstiness of interactive requests (by allowing only a speci�ednumber of requests in a given window of time) and thus limits the impact it may have on otherrequests. 4



The admission controller for each class of requests controls the number of requests entering thepool of requests and also the order in which the requests enter the pool. These controllers besidesenforcing the bandwidth allocations, control the policy for scheduling the requests in that class ofservice. This can be generalized to a larger number of request classes, each with its own admissioncontroller/scheduler. The disk level scheduler schedules requests from the request pool to meet theperformance criteria of individual requests.In our system, it is assumed that the requests are identi�ed by their service type at the scheduler.The scheduler is designed such that it is independent of the bandwidth allocations. This is donesuch that the bandwidth allocation parameters or the admission controllers can be changed withoutmodifying the scheduler.We �rst describe the overall functioning of the disk scheduler and then describe how admissioncontrol is implemented for each class of requests.2.1 Scheduling for multiple QOS levelsSince the di�erent classes of requests do not have strict priorities over each other, priority schedulingis not feasible. Periodic requests have to be given priority over others if they are close to missingdeadlines. But, if there is su�cient slack time, interactive requests can have higher priority such thatthey can receive lower latencies. Periodic requests are available at the beginning of the round andinteractive and aperiodic requests arrive asynchronously at the disk. If periodic requests are givenhigher priority and served �rst, aperiodic and interactive requests will experience long responsetimes at the beginning of a round until periodic requests are served. Moreover, it may be possibleto better optimize seeks if all the available requests are considered at once.The disk scheduler uses a round based scheme for scheduling the requests from the candidatepool. Each admission controller schedules the requests in its class and releases them as candidaterequests at the beginning of the round. Each admission controller ensures that its class doesn't takeany more time than allocated in a round. The disk scheduler combines the requests and serves themtogether to meet performance goals of individual requests. If all the requests arrive at the beginningof a round, the disk scheduler will not have to worry about deadlines since the admission controllersenforce the time constraints. However, aperiodic and interactive requests arrive asynchronously.To schedule these requests as they arrive (without waiting for the beginning of next round), thedisk scheduler uses the notion of a subperiod. The disk scheduler considers the available slack timeof periodic requests and adjusts the schedule to incorporate any arriving interactive and aperiodic5



requests each subperiod.The aperiodic requests are queued into two separate queues. The �rst queue holds requestsbased on the minimum throughput guarantee provided to these requests. Scheduling these requestswill not violate any time constraints since these requests are within the allocated bandwidth. Thesecond queue holds any other requests waiting to be served. The scheduler considers the requestsfrom the second queue after periodic requests and interactive requests are served such that theserequests can utilize the unused disk bandwidth.The scheduler merges the periodic requests and aperiodic requests (from queue 1) into a SCANorder at the beginning of a round. These requests are then grouped into a number of subgroupsbased on their location on the disk surface. The scheduler serves a subgroup of requests at a time.Later arriving aperiodic requests (of queue 1) are, if possible, merged into remaining subgroups.The scheduler considers serving interactive requests only at the beginning of a subgroup i.e., thedisk SCAN order is not disturbed within a subgroup. To provide quick response times for interactiverequests, the SCAN order may be disturbed at the end of subgroups. When possible, the schedulergroups a waiting interactive request into the closest subgroup and serves that group next to minimizethe seek overhead in serving these requests. Interactive requests are queued on a �rst-come �rst-serve basis to limit the maximum response time of a single request. If su�cient slack time exists,waiting interactive requests are �rst served before moving to the next subgroup of requests. Theresponse times for interactive requests are hence determined by the burstiness of the interactiverequests and the size of the subperiod. The size of the subperiod can be decreased if tighterlatency guarantees are required. Arranging requests into subgroups also allows the scheduler tocommunicate to the device driver in an e�cient manner while ensuring that the requests are notreordered by the scheduling algorithm within the disk drive. A more formal description of thescheduler is given in Fig. 2.Claim: If each group abides by the bandwidth allocation, i.e., service time for group i � Ti,then the combined schedule for all the requests �Pni=1 Ti, where Ti is the time allocation for groupi within a round.Proof: We only need to consider seek times since other components of the service time don'tchange due to merging of requests. (Actually, the rotational latencies could change, but since we areusing worst-case estimates, they don't impact the estimates). Without loss of generality, considertwo groups of requests. Group 1 has requests a, b and Group 2 has requests c, d. There are twopossible cases: the groups overlap on the disk surface or not.Case 1: Overlap The requests are as shown in Fig. 3 on the disk surface. The two groups6



While(true)f Combine periodic and aperiodic1 requests into SCAN order;Break the requests into subgroups;slack time = round time - service estimate for above requests;while(not end of round)f pick �rst interactive request if any;Combine with one of the remaining subgroups?If (no)fwhile (estimated service time < slack time)service waiting interactive requests;Serve the closest subgroup;gelse serve the merged subgroup;Adjust slack time;while (slack time > 0)fCombine aperiodic1 requests into existing subgroups;Adjust slack time;gif (all periodic requests served)fContinue serving interactive & aperiodic requests until end of round;ggg Figure 2: Semi-formal description of the scheduler.7
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Group 2: c,dFigure 4: Nonoverlapping Request Groupscalculate the seek times as S1 = s0a + sab and S2 = s0c + scd. When merged, the seek times areSmerged = s0a + sac + scb + sbd. We need to show that S1 + S2 � Smerged or s0a + sab + s0c + scd>= s0a + sac + scb + sbd. Since s0c � sac, sab � sac and scd � sbd, the above is true.Case 2: No Overlap The requests are as shown in Fig. 4 on the disk surface. The two groupscalculate the seek times as S1 = s0a + sab and S2 = s0c + scd. When merged, the seek times areSmerged = s0a + sab + sbc + scd. We need to show that S1 + S2 � Smerged or s0a + sab + s0c + scd� s0a + sab + sbc + scd, which is clearly true since s0c � sbc.If all the requests arrived at the beginning of the round, the above claim is su�cient toprove that guarantees will be met if the individual groups observe the bandwidth allocations.Interactive requests disturb the SCAN schedule and hence are assumed to require worst-case seektime such that servicing these requests won't violate the bandwidth allocations of other requests.However, aperiodic and interactive requests arrive asynchronously. Hence, the slack times need tobe considered so as to not violate the deterministic guarantees for VBR streams while schedulingthese late arriving requests. 8



2.2 Deterministic guarantees for VBR streamsProviding deterministic service for VBR streams is complicated by the following factors: (i) the loadof a stream on the system varies from one round to the next, (ii) scheduling the �rst block doesn'tguarantee that the following blocks of the stream can be scheduled. To ensure that all the blocksrequired by a stream can be retrieved, we can compute the peak rate of the stream and reserveenough disk bandwidth to satisfy the peak requirements of the stream. Resource allocation basedon the peak demands of the stream will underutilize the disk bandwidth since the peak demand isobserved only for short durations compared to the length of the duration of the stream. However,when many streams are served in the system, the peaks do not necessarily overlap with each otherand it may be possible to serve more steams than what is allowed by the peak-rate allocation. Canwe exploit this statistical multiplexing to increase the deterministic service provided by the system?We propose an approach that allows the system to exploit statistical multiplexing while providingdeterministic service.Disk service is broken into �xed size time units called rounds or batches. Each round may span0.25-1 seconds of time ([1]). In our approach, an application requiring service for a VBR streamsupplies the I/O system with a trace of its I/O demand. This data could be based on frame ratei.e., given on a frame to frame basis or could be more closely tied to the I/O system. Specifyingthe load on a frame basis is more 
exible and the application doesn't have to be aware of how theI/O system is organized (block size or round size). If the I/O system's block size is known and theduration of each round is known, then the trace can be compacted by specifying the I/O load ona round by round basis in terms of the blocks. For example, a frame by frame trace may look like83,888, 9,960, 10,008, 27,044, ....which indicates the number of bits of data needed to display eachframe. If the round size is say 2 frames i.e., 1/12th of a second, and the I/O system uses a block sizeof 4KB, then the compacted trace would have d(83888+9960)=(4 � 1024 � 8)e = 3 in the �rst entry.The second entry would have d(10008+ 27044)� (3 � 1024 � 8� 83888� 9960)=(4 � 1024 � 8)e = 1block. Hence, the equivalent compacted trace for the stream would be 3, 1, ... A 40,000 frame traceof the movie "Silence of the Lambs" (24 frames/second) requires 203,285 bytes on a frame by framebasis compared to a 3,333 byte description of the same movie when compacted with the knowledgeof the round size of 0.5 seconds and a block size of 8KB. It is assumed that this information isavailable to the I/O system in either description and we will call this the demand trace. Comparedto the size of the movie �le (about 1 GB for 90 minutes of MPEG-1 quality), the size of the demandtrace �le is not very signi�cant.The I/O system itself keeps track of the worst-case time committed for service in each roundat each of its disks in the form of a load trace. Before a stream is admitted, its demand trace is9



combined with the load trace of the appropriate disks to see if the load on any one of the disksexceeds the capacity (committed time greater than the length of the round). The load trace ofa system consists of load traces of all the disks over su�cient period of time. This requires theknowledge of the placement of blocks of the requesting stream. This information can be obtainedfrom the storage volume manager.A stream is admitted if its demand can be accommodated by the system. It is possible thatthe stream cannot be supported in the round the request arrives. The stream scheduling policy willlook for a round in which this stream can be scheduled. We will assume that a stream will wait fora maximum amount of time, given by latency target, for admittance. Let load[i][j] denote the loadon disk i in round j. Let the demand of a stream be given by demand[j] indicating the numberof blocks to be retrieved by that stream in round j. Then, a stream can be admitted if thereexists a k such that load[i][j + k] + serv time(demand[j]) � round time, for all j, where i = diskstoring data for round j, and k is the startup latency � latency target. If multiple disks may storethe data required by a stream in a round, the above check needs to be appropriately modi�ed toverify that these disks can support the retrieval of needed data. The function serv time() estimatesthe worst-case service time required for retrieving a given number of blocks from a disk given thecurrent load of the disk. This function utilizes the current load of the disk (number of requestsand blocks) and the load of the arriving request to estimate the worst-case time required to servethe new request along with the already scheduled requests. A similar check can be applied againstbu�er resources when needed. The demand trace of the application may include the extra blockaccesses needed for metadata.Given a latency target L and the length of the demand trace d, the admission controller requiresat most Ld additions to determine if a stream can be admitted. In the worst case, for each startinground, the admission controller �nds that the very last block of the stream cannot be scheduled.On an average, the admission controller requires less computation per stream. If necessary, latencytargets can be reduced to limit the time taken by the admission controller.The proposed approach allows the load across the disks to be "smoothed" across the di�erentstreams being served by the system. Individual stream smoothing is considered in a number ofstudies, for example in [10], to reduce the variations of demand of a single stream. These techniquestypically prefetch blocks ahead of time to optimize desired characteristics (reduce peak rate, reducedemand variations, etc.) of an individual stream. It is possible to apply individual stream smoothingtechniques in addition to the proposed technique of smoothing demands over di�erent streams. Arecent related study [11] showed that individual stream smoothing didn't o�er signi�cant additionalbene�t when applied along with the proposed approach.10



2.3 Latency and bandwidth guaranteesLatency guarantees are provided by the disk scheduler as explained earlier. When requests arriverandomly, a burst of requests can possibly disturb the guarantees provided to the periodic requests.To avoid this possibility, interactive requests are controlled by a leaky-bucket controller whichcontrols the burstiness by allowing only a certain maximum number of interactive requests servedin a given time window. For example, when interactive request service is limited to, say, 5 persecond, the leaky-bucket controller will ensure that no more than 5 requests are released within asecond to the scheduler irrespective of the request arrival behavior. Hence, an interactive requestcan experience delay in the controller as well as at the scheduler for service. If su�cient bandwidthis allocated for these requests, the waiting time at the controller will be limited to periods whenrequests arrive in a burst. Interactive requests are scheduled in a FIFO order to limit the queuingtimes of individual requests. We will use maximum response time as a performance measure forthese requests. Sophisticated admission controllers (that take request burstiness into account) [12]can be employed if it is necessary to limit the waiting times of interactive requests at the admissioncontrollers.Aperiodic requests are provided bandwidth guarantees by restricting the periodic and interactiverequests to certain fraction of the available bandwidth. The admission controller for periodic andinteractive requests enforce the bandwidth allocations. Aperiodic requests utilize the remainingI/O bandwidth. If periodic and interactive requests cannot utilize the allocated bandwidths,aperiodic requests are allowed to utilize the available bandwidth to improve the response timesfor aperiodic requests. Bandwidth guarantees are provided to aperiodic requests by ensuring thatcertain minimum number of requests are scheduled every round.3 Other issues3.1 Stream schedulingStream scheduling deals with the issue of scheduling an arriving VBR stream. By greedily schedul-ing a stream as early as possible, we may impact the possibility of scheduling other streams in thefuture. If scheduling a stream immediately after its arrival saturates the capacity of a disk, thatdisk would be unavailable in that round for any other service and hence can a�ect schedulabilityof other streams. This issue is explored by evaluating a number of scheduling strategies.11



All the scheduling algorithms discussed below use a latency target as a parameter. A streamis said to be unschedulable if it cannot be scheduled within a �xed time interval (speci�ed by thelatency target) after the arrival of the request. If a stream arrives at time t, all the slots within thetime (t, t+L) are considered for scheduling a stream, where L is the latency target. However, theorder in which these slots are considered and the criterion for selection among the choices (if any)is determined by the stream scheduling policy. In the policies described below, if the starting points for scheduling a stream is not t, after reaching t + L, the policy wraps around to t and exploresthe options between t and s.In greedy scheduling, a stream is scheduled as soon as it can be from the time the request arrivesat the system. In random start policy, a stream is scheduled greedily from a random starting pointwithin the latency target window. In last scheduled policy, a stream is scheduled greedily from thescheduled point of the last stream. In �xed distance policy, a stream is scheduled greedily from a�xed time away from the last scheduled stream's scheduled point. In minimal load policy, streamis scheduled at a point that minimizes the maximum load on any disk in the system. In primehopping policy, instead of serially looking at the time slots from a starting point, slots a primedistance away are considered. For example, if the request arrives at time 0, a random startingpoint s is chosen. Then rounds, s, s + p, s + 2p, s + 3p ... are considered until the stream can bescheduled. Since p is prime, all the rounds within the latency target window will be considered.All the policies except the minimal load policy, in the worst case, require O(Ld) time, where L isthe latency target and d is the length of the demand trace. The minimal load policy, in the worstcase, requires O(Ld+ LN) time, where the additional O(LN) time is needed for choosing the slotthat minimizes the maximal load on the N disks.Latency target impacts stream throughput in two ways. A larger target allows us to searchmore slots to �nd a suitable starting point for trace to be spread out more from each other andthus allowing a future stream to �nd enough I/O bandwidth to be scheduled.Stream scheduling problem can be considered in two ways. In the �rst, given an existing loadon the system, can an arriving stream be scheduled without disturbing the guarantees of alreadyscheduled streams? This is the problem we consider in this paper. The scheduling decisions aremade one at a time. Another interesting problem arises in capacity planning [13]: can the systemsupport the load of a given set of streams? This problem utilizes the information about all thestreams at once to answer the question whether the system can support such a load (with requiredguarantees)? It can be shown that the stream scheduling problem is closely related to the binpacking problem which is known to be NP-hard [14].12



3.2 Data layoutData layout plays a signi�cant role on the performance of disk access. It has been suggested bymany researchers that video data should be striped [15] across the disks for load balancing and toimprove throughput available for a single data stream [16]. Data for a VBR stream can be storedin (i) Constant Data Length (CDL) units (ii) Constant Time Length (CTL) units [17, 18]. In CDL,data is distributed in some �xed size units, say 64KB blocks. In CTL, data is distributed in someconstant time units, say 0.5 seconds of display time.With CDL layout, when data is striped across the disks in the system, data distribution isstraightforward since each disk stores a block in turn. With CDL, data will be retrieved at varyingrates based on the current rate of the stream. When data rate is high, data is requested more often.The variable rate of data retrieval makes it hard to combine such a policy with round-based seekoptimizing policies. To make it possible to combine CDL layout with such seek optimizing policies,we consider data retrieval separately from the layout policy. Instead of retrieving one block at atime, display content for a constant unit of time is requested from the I/O system at once. Forexample, if a stream requires 2, and 3 blocks in two consecutive rounds, CTL layout will have theseblocks on two disks, say A and B, A in round 1 and B in round 2. CDL layout will have datafor round 1 on disks A and B and data for round 2 on disks C, D and A if there are 4 disks (A,B, C and D) in the system. However, in both the data layouts, data required by the applicationin a round is retrieved at once at the beginning of the previous round. It is noted that the datarequired for display in a unit of time need not be a multiple of the I/O block size. Since the dataretrieval is constrained by the I/O block size of the system, the needed data is rounded up to thenext block. This is termed Block-constrained CTL data layout or BCTL in this paper. In BCTL,data distribution is harder since the amount of data stored on each disk depends on the data rate inthat round and hence varies from disk to disk. Di�erent data layouts are considered in this paperto show that the proposed mechanisms can function well in either data layout.4 Performance Evaluation4.1 SimulationsWe evaluated a number of the above issues through trace-driven simulations. A system with 8disks is simulated. Each disk is assumed to have the characteristics of a Seagate Barracuda drive13



Table 1. Disk characteristics.Parameter ValueZero Seek time 0.60 msAvg. Seek time 8.0 msMax. Seek time 17.0 msMin. Transfer rate 11.5 MB/sMax. Transfer rate 17.5 MB/sAve. latency 4.17 msSpindle speed 7200 RPMNum. cylinders 3711[19]. The disk drive characteristics are shown in Table 1. Each disk in the system maintains a loadtable that depicts the load of that disk into the future. Data block size on the disk is varied form32KB to 256KB. Data is striped across the eight disks in a round-robin order based on either CDLor BCTL data layout policy. In simulations, it is assumed that the �rst block of each movie streamis stored on a random disk.Interactive requests and aperiodic requests are modeled by Poisson arrival. Periodic requests arebased on real traces of VBR movies. Periodic request load is varied by requesting more streams tobe scheduled. Interactive requests always ask for 64KB of data and aperiodic requests are uniformlydistributed over (4kB, 128KB). The burstiness of interactive requests is controlled at each disk bya leaky bucket controller that allowed a maximum of 12 interactive requests per second.The admission controller for periodic streams employed the strategy discussed in section 2.2.CDL and BCTL data layout strategies are considered. In BCTL, it is assumed that each streampays a latency penalty at a disk. In CDL, a stream pays at most one latency penalty at each diskper round. For example, if the stream requires 1 block each from disks 1, 2 and 3, then that streampays a latency penalty at disks 1, 2 and 3 in that round. If the stream requires 10 blocks in around from the 8 disks in the system, it pays a latency penalty at each disk. This is based on theassumption that the blocks retrieved in a round for a stream are stored contiguously on the disk.If the stream requests are assumed to arrive randomly over time, more streams can be admitted.However, to study the worst-case scenario, we assumed that all the requests arrive at once. Thesimulator tries to schedule as many streams as possible until a stream cannot be scheduled. Thenumber of streams scheduled is the stream throughput. Four di�erent video streams are consideredin our study as explained below. 14



Table 2. Characteristics of traces.Stream Name Mean Sta. Dev.KB/secLambs 171.32 58.33Term 255.54 50.92News 484.31 108.86Asterix 523.79 124.50The simulations are carried out in two di�erent phases. In the �rst phase, we only consideredthe VBR streams to study the e�ectiveness of the proposed scheduler for VBR streams. In thesecond phase, we considered integrated service of three di�erent types of requests.4.1.1 TracesMPEG traces from University of Wuerzburg [20] were used in this study. From the frame by frametrace of the movie, we constructed several versions of the demand trace for each movie. For thisstudy, we used four separate MPEG traces. These traces are named Lambs (for a segment of themovie "Silence of the lambs"), Term (for a movie segment of the movie "Terminator"), News (fora news segment trace), Asterix (for a segment of Asterix cartoon). Each trace contained 40,000samples at a frame rate of 24 frames per second (about 27 minutes in duration). A mixed workloadbased on these traces is also constructed. During simulations, with equal probability, one out ofthe four traces is selected for scheduling i.e., the workload consisted of a random mix of these fourtraces with each tracing being selected with an equal probability. Each trace has a di�erent bitrate and di�erent mean and variance characteristics and these are shown in Table 2.A block size of 32 KB, 64KB, 128KB or 256 KB and 0.5 seconds of round time are used toconvert the frame trace into a compact demand trace for each movie segment. With the choice offour block sizes, we get four di�erent compact demand traces for each stream. These four di�erenttraces are used to study the impact of the block size on the results.15



4.2 ResultsFirst, we will show the results of serving VBR streams alone in the system. Then, we will presentresults of the integrated service.4.2.1 VBR streamsVBR admission control policy: Fig. 5 shows the impact of block size and data layout strategyon the stream throughput of the four di�erent data streams and the mixed workload. Similarperformance trends were observed across individual streams and mixed workloads. It is observedthat peak rate based allocation leads to signi�cantly less throughput than the proposed approach.The peak-rate based scheme utilizes peak demand of the stream over a round for determiningadmissibility of that stream. The proposed approach achieves 130% -195% more stream throughputthan the peak rate allocation. This improvement is primarily achieved by exploiting the statisticalmultiplexing of di�erent streams. When requests arrive at the same time, 
exible starting times(through latency targets) allow the peaks in demand to be spread over time to improve thethroughput. We consider the mixed workload for further experiments.As the block size is increased a stream fetches less number of blocks in a round and hence CDLtends to be more e�cient at larger block sizes (due to smaller seek and rotational latency costs).The stream throughput for CDL improves signi�cantly for all the data streams as the block size isincreased from 32 KB to 256 KB. The stream throughput drops slowly for BCTL as the block sizeis increased. This is due to e�ects of larger quantization of service allocation for a request. Theproposed approach improves the stream throughput compared to a peak-rate based scheme in boththe data layouts.Fig. 6 shows the disk utilization by the video streams as a function of time. The �gure showsthe load at one of the eight disks in the system with a mixed workload. Even though the averageutilization is 66%, the disk is nearly 100% busy for several seconds between rounds 1800 and 2600.If we allowed the video streams to occasionally utilize the full 100% I/O bandwidth of the systemwhile maintaining the average utilization below say 65%, the other requests could get starved forservice for long periods of time (in this case for 400 seconds). Hence, this is unacceptable in asystem that has to support multiple types of requests. This result shows the need for bandwidthallocation among di�erent classes of requests. 16
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Figure 5: Impact of data layout and block size on VBR streams.17



|
0

|
500

|
1000

|
1500

|
2000

|
2500

|
3000

|
3500

|0.0

|20.0

|40.0

|60.0

|80.0

|100.0

 Round number

 D
is

k 
U

til
iz

at
io

n 
by

 v
id

eo
 s

tr
ea

m
s

Figure 6: Disk utilization by VBR streams.Stream Scheduling: Fig. 7 shows the impact of stream scheduling policies on the streamthroughput at various block sizes. The results in Fig. 7 are for a mixed workload and a latencytarget of 300 rounds. Greedy policy achieves the least stream throughput in both data layoutschemes. It is observed that the minimal load policy achieves high stream throughput consistentlyin BCTL data layout. However, minimal load policy doesn't perform as well with CDL datalayout. Prime hopping, �xed distance and random start achieve nearly the same stream throughput.Minimal load policy achieves on an average 15% better stream throughput than these three policieswith BCTL layout. It is observed that stream scheduling policy has a signi�cant impact onperformance. For example, minimal load policy improves performance by about 80% comparedto greedy policy at a block size of 32KB in BCTL data layout. This shows the importance ofstudying the stream scheduling policies.Fig. 8 shows the startup latencies achieved by di�erent stream scheduling policies. Greedypolicy, by its nature, achieves the smallest startup latency. However, as observed earlier, it alsoresults in lower stream throughput. The policies based on randomness, random start, prime hoppingand �xed distance achieve average startup latencies close to 150, which is half of the latency targetof 300 rounds considered for these results. Minimal load and Last scheduled achieve better latenciesthan these policies for both the data layouts. More extensive results on stream scheduling can befound in [21]. 18
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Figure 7: Impact of stream scheduling.Statistical guarantees: Fig. 9 shows the impact of statistical guarantees on stream through-put. Instead of requiring that every block of data be retrieved in time, we allowed a fraction of theblocks for each stream to miss deadlines or not be provided service. This fraction is varied among0.1%, 0.2%, 0.5%, 1.0%, 2.0% and 5.0% at various latency targets. In our scheme, the admissioncontroller decides which blocks of a stream get dropped i.e., the blocks to be dropped are determinedat the time of admission. Otherwise, it would be di�cult to provide stream isolation i.e., a streamrequesting statistical guarantees can force another stream requesting deterministic service to dropblocks at the time of retrieval. It is observed that as more blocks are allowed to be dropped, itis possible to achieve more throughput compared to deterministic guarantees. Stream throughputcan be improved by up to 20% by allowing 5% of the blocks to be dropped. Dropping blocks ismore e�ective at lower latency targets than at higher latency targets. For example, dropping upto 2% of the blocks improves the stream throughput by 14.5% at a latency target of 100 roundscompared to an improvement of 6% at a latency target of 1000 rounds. Stream throughput canalso be improved by relaxing the latency targets.Fig. 9 also shows the tradeo�s possible between latency targets and the number of blocks allowedto be dropped. At a latency target of 100 rounds, 152 streams can be provided deterministic service.To achieve higher stream throughput, we can either increase the latency target or allow blocks to19



�  Greedy
�  Random start
�  Last Scheduled
�  Fixed distance

  Prime hopping

  Minimal Load

| | | | | | | | |
100

| | | ||0

|20

|40

|60

|80

|100

|120

|140

|160

 BCTL

 Block size (KB)

 S
ta

rtu
p 

la
te

nc
y 

(r
ou

nd
s)

32 64 128 256

� � �

�

� � � �

� � � �

�
� � �


 
 











 


�  Greedy
�  Random start
�  Last Scheduled
�  Fixed distance

  Prime hopping

  Minimal Load

| | | | | | | | |
100

| | | ||0

|20

|40

|60

|80

|100

|120
|140

|160

 CDL

 Block size (KB)

 S
ta

rtu
p 

la
te

nc
y 

(r
ou

nd
s)

32 64 128 256
� �

�

�

� �

�

�

�

�

�

�

�
� �

�



















 
Figure 8: Average startup latency.
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Figure 9: E�ect of statistical allowances.20



be dropped. For example, when we increase the latency target to 1000 rounds, 179 streams couldbe scheduled without dropping any blocks. However, to achieve the same throughput at a latencytarget of 100 rounds, more than 2% of the blocks have to be dropped. Hence, desired throughputcan be achieved either by allowing larger latency targets or by allowing a fraction of the blocks tobe denied service.Fig. 9 also shows the impact on the average disk utilization as a function of the statisticalallowances and latency targets. As higher statistical allowances are made, the disk utilizations areimproved as more streams are supported. As latency targets are increased from 100 rounds, averagedisk utilizations �rst increase and then decrease to lower levels. As latency targets are increased, anarriving stream �nds more choices to �nd a suitable starting spot to utilize the available bandwidth.However, as the latency targets are increased further, the streams are scheduled farther and fartherinto the future and hence result in decreasing disk utilizations. Since we are considering admission ofrequests only at time 0, the larger latency targets increase the time window over which utilizationsare being computed and as a result the average disk utilizations decrease. If we continue admittingnew requests (at times other than 0) as earlier requests leave the system, the disk utilizations willcontinue improving with increased latency targets.Usually considered statistical guarantees of 99% (i.e., dropping 1% of blocks) did not providesigni�cant improvements in stream throughput compared to deterministic guarantees. In ourmeasurements, the improvements were less than 6% for all the latency targets except 100 whichachieved an improvement of 11%. The primary reason for this is that the proposed techniqueachieved signi�cant statistical multiplexing of streams while providing deterministic guarantees.4.2.2 Integrated serviceFig. 10 shows the average disk utilization when periodic requests are allocated 50% bandwidth,aperiodic and interactive requests are each allocated 25% bandwidth. The number of periodicrequests streams was maintained at the maximum that the system can support. Aperiodic requestrate is varied while maintaining the interactive request rate at 50 requests/sec (request rates aremeasured over the entire system of 8 disks). It is observed that the average utilization of theperiodic streams stays below 50%. Because of variations in demand over time, more periodicstreams could not be admitted. The utilizations of periodic and interactive requests are una�ectedby the aperiodic request rate. It is also observed that as we increase the aperiodic request rate,aperiodic requests take up more and more bandwidth and eventually utilize more than the allocated25% bandwidth. When periodic and interactive requests don't make use of the allocated bandwidth,21
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Figure 10: Average disk utilizations across request categories.aperiodic requests make use of any available bandwidth (25% is the minimum available) and hencecan achieve more than the allocated 25% utilization of the disk. This shows that disks are not leftidle when aperiodic requests are waiting to be served.Fig. 11 shows the average and maximum response times of aperiodic and interactive requests asa function of the aperiodic request rate. The number of streams is kept at the maximum allowed bythe system and the interactive arrival rate is kept at 50 requests/sec. Interactive response times arenot considerably a�ected by the aperiodic arrival rate and the maximum interactive response timestays relatively independent of the aperiodic arrival rate. It is also observed that the interactiverequests achieve considerably better response times than aperiodic requests (260 ms maximuminteractive response time compared to 1600 ms for aperiodic requests both at 50 reqs/sec). Bothaverage and maximum response times are better for interactive requests than for aperiodic requestseven at lower aperiodic arrival rates. We observed that the maximum interactive response timesare only dependent on the burstiness of arrival of interactive requests and the bandwidth allocatedto them. Zero percentage of periodic requests missed deadlines as aperiodic request rate is varied.Fig. 12 shows the response times of aperiodic requests and interactive requests (both at 25requests/sec) as the number of requested streams in the system is varied from 5 to 100. With the22
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Figure 11: Impact of aperiodic arrival rate on response times.considered allocation of bandwidths, the system could support a maximum of 33 streams. Hence,even when more number of streams are requested, the system admits only 33 streams. This showsthat the periodic request rate is contained to allow aperiodic requests and interactive requeststo achieve their performance goals. We observe that the maximum response times of interactiverequests are not considerably impacted by the number of requested streams in the system.Fig. 13 shows a comparison of the proposed scheduling algorithm and a variant of SCANscheduling algorithm used in most of the current disks [22]. The �gure shows the average andmaximum response times of interactive requests as the aperiodic request rate is varied. Theproposed method achieves better average and maximum response times compared to SCAN. Asthe aperiodic arrival rate is increased, both the maximum and average response times of interactiverequests get impacted with SCAN scheduling policy. The proposed method isolates the requestcategories and maintains the performance of the interactive requests independent of the aperiodicarrival rate. 23
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Figure 12: Impact of requested stream rate on response times.
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Figure 13: Comparison with SCAN.24



5 Conclusions and Future workIn this paper, we addressed the problem of providing di�erent performance guarantees in a disksystem. The proposed approach uses admission controllers and an appropriate scheduler to achievethe desired performance goals. We showed that through proper bandwidth allocation and schedul-ing, it is possible to design a system such that one type of requests do not impact the performanceof another type of requests. We proposed a scheduling policy that allows seek optimization whileachieving the performance goals.We also proposed a method for providing deterministic guarantees for VBR streams thatexploited statistical multiplexing of di�erent streams. We showed that the proposed approachprovides 130%-195% more throughput than peak-rate allocation. We also evaluated the impact ofdata layout on the performance. We showed that startup latency is an e�ective tradeo� parameterfor improving stream throughput. For the workloads considered, statistical allowances on top ofthe proposed approach did not provide signi�cant improvement in stream throughput.In the work presented here, we used static bandwidth allocations to achieve performance goals.We are currently investigating issues in dynamic allocation and adaptive performance guarantees.We are also studying ways of describing an application load on the disks more concisely than a loadtrace.6 AcknowledgementsReviewers comments have greatly contributed to the improved presentation of the paper.
25
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