
Integrated QOS management for disk I/O �Ravi Wijayaratne A. L. Narasimha ReddyDept. of Comp. Sci. Dept. of Elec. Engg.Texas A & M University214 ZachryCollege Station, TX 77843-3128fravi,reddyg@ee.tamu.eduAbstractIn this paper, we address the problem of providingdi�erent levels of performance guarantees or quality-of-service (QOS) for disk I/O. We classify disk requestsinto three categories based on the provided level ofservice. We propose an integrated scheme that providesdi�erent levels of performance guarantees in a singlesystem. The proposed method uses admission controland bandwidth allocation to isolate the di�erent cate-gories of requests and appropriate disk scheduling toachieve the desired performance goals. It is shown thatthe proposed method achieves the performance goals ofindividual requests while allowing seek optimizations atthe disk. In particular, it is shown that the proposedscheme for integrated QOS management at disk pro-vides signi�cantly better performance than SCAN.1 IntroductionSystem level support of continuous media has beenreceiving wide attention. Continuous media imposetiming requirements on the retrieval and delivery ofdata unlike traditional data such as text and images.Timely retrieval and delivery of data requires that thesystem and network pay attention to notions of timeand deadlines. Data retrieval is handled by the I/Osystem (File system, disk drivers, disks etc.) and thedelivery is handled by the network system (networksoftware and the network). In this paper, we will lookat the data retrieval problem.A storage system will have to support requestswith di�erent performance requirements based on theapplication needs. Continuous media applications�This work is supported in part by an NSF Career Award andby a grant from State of Texas Higher Education Board.To appear in IEEE Int. Conf. on Multimedia Computing andSystems, June 1999

may require deterministic performance guarantees i.e.,guarantee that a requested block will be availablewithin a speci�ed amount of time continuously duringthe application's execution. A request from an inter-active game or a request to change the sequence offrames in a continuous media application may requirethat the request have low response time i.e., mayrequire a latency guarantee. A regular �le request mayonly require best-e�ort service but may require that acertain number of requests be served in a given timei.e., may require a throughput guarantee.There is a clear need for supporting multiple levelsof performance guarantees within the storage system.Several interesting questions need to be addressedwhen multiple levels of QOS need to be supportedin the same system: (a) how to allocate and balanceresources for the di�erent QOS levels, (b) how tocontrol and limit the usage of resources to allocatedlevels, (c) how to schedule di�erent requests to meetthe desired performance goals, (d) how do system levelparameters and design decisions a�ect the di�erenttypes of requests and (e) how to tradeo� performancegoals for higher throughput (for example, how muchthroughput gain can be had with statistical guaranteesrather than deterministic guarantees)?This paper addresses the problem of providing dif-ferent levels of service for di�erent classes of requestsin a single I/O system. This paper makes the follow-ing signi�cant contribution: an integrated scheme ispresented for providing di�erent levels of performanceguarantees to di�erent classes of requests. The pro-posed solution meets the the QOS goals of di�erentclasses of requests while allowing seek optimizations.We will also show that one class of requests cannotdisturb the scheduler from meeting the performancegoals of another class of requests.Section 2 discusses our approach for providing di�er-ent levels of QOS in a single system. Section 3 presents1



a performance evaluation of the proposed scheme basedon trace-driven simulations. Section 4 summarizes ourresults and points out future directions.2 Performance GuaranteesIn this paper, we consider three di�erent categories ofrequests. Periodic requests require service at regularintervals of time. Periodic requests model the behaviorof video playback where data is retrieved at regularintervals of time. Periodic requests can be either CBRor VBR. Interactive requests require quick responsefrom the I/O system. Interactive requests can be usedto model the behavior of change-of-sequence requestsin an interactive video playback application or therequests in an interactive video game. These requestsarrive at irregular intervals of time. Aperiodic requestsare regular �le requests. Disk scheduling for CBRrequests is studied in [1, 2, 3, 4, 5, 6].Our approach to providing QOS guarantees at thedisk is shown in Fig. 1. We employ a two-level schemewhere bandwidth allocations and resource schedulingare separated. Disk bandwidth is allocated appro-priately among the di�erent types of requests. Eachclass of requests employs an admission controller tolimit the disk utilization of that class of requests totheir allocated level. The disk scheduler considers thepool of available requests and tries to optimize theirschedule while meeting the individual performancegoals. In our scheme, the disk scheduler is unaware ofthe bandwidth allocations and recognizes the QoS goalsof individual requests by the request type identi�ers.Similar approaches have been independently proposedrecently in [7, 8]. Both these schemes employ a two-level scheduling approach as proposed here. The workin [7] shares many of the motivations of our work, butassumes that the scheduler is aware of the admissioncontrol issues. Our approach of keeping the schedulerand the admission control policies separate enables thescheduler to be located anywhere, for example at thedisk on a remote machine in a distributed system.The scheduler in [8] doesn't support quick response tointeractive requests.The admission controllers employed for each classwill depend on the service provided for these requests.The admission controllers for each class of requestscontrols the number of requests entering the pool ofrequests and also the order in which the requestsenter the pool. These controllers besides enforcing thebandwidth allocations, control the policy for schedulingthe requests in that class of service. This can begeneralized to larger number of request classes, eachwith its own admission controller/scheduler. The disk
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Figure 1: Supporting multiple QOS levels.level scheduler schedules requests from the request poolto meet the performance criteria of individual requests.In our system, it is assumed that the requests areidenti�ed by their service type at the disk scheduler.The disk scheduler is unaware of the bandwidth al-locations and designed such that it is independent ofthe bandwidth allocations. This is done such thatthe bandwidth allocation parameters or the admissioncontrollers can be changed without modifying thescheduler.We �rst describe the overall functioning of the diskscheduler and then describe how admission control isimplemented for each class of requests.2.1 Scheduling for multiple QOS levelsSince the di�erent classes of requests do not have strictpriorities over each other, priority scheduling is notfeasible. Periodic requests have to be given priorityover others if they are close to missing deadlines. But,if there is su�cient slack time, interactive requestscan have higher priority such that they can receivelower latencies. Periodic requests are available aheadof time and interactive and aperiodic requests arriveasynchronously at the disk. If periodic requests aregiven higher priority and served �rst, aperiodic andinteractive requests will experience long response timesuntil periodic requests are served. Moreover, it maybe possible to better optimize seeks if all the availablerequests are considered at once.The disk scheduler uses a round based schemefor scheduling the requests from the candidate pool.Each admission controller schedules the requests in2



its class and releases them as candidate requests.Each admission controller ensures that its class doesn'ttake any more time than allocated in a round. Thedisk scheduler combines the requests and serves themtogether to meet performance goals of individual re-quests. If all the requests arrive at the beginning of around, the disk scheduler will not have to worry aboutdeadlines since the admission controllers enforce thetime constraints. However, aperiodic and interactiverequests arrive asynchronously. To schedule these re-quests as they arrive (without waiting for the beginningof next round), the disk scheduler uses the notionof a subperiod and slack times. The disk schedulerconsiders the available slack time of periodic requestsand adjusts the schedule to incorporate any arrivinginteractive and aperiodic requests each subperiod. Therequest schedule is not disturbed within a subperiod.The aperiodic requests are queued into two separatequeues. The �rst queue hold requests based onthe minimum throughput guarantee provided to theserequests. Scheduling these requests will not violateany time constraints since these requests are withinallocated bandwidth. The second queue holds anyother requests waiting to be served. The schedulerconsiders the requests from the second queue after thecandidate request pool is exhausted such that theserequests can utilize the unused disk bandwidth.The scheduler merges the periodic requests andaperiodic requests (from queue 1) into a SCAN orderat the beginning of a round. These requests are thengrouped into a number of subgroups based on theirlocation on the disk surface. The scheduler serves asubgroup of requests at a time. Later arriving aperiodicrequests (of queue 1) are, if possible, merged intoremaining subgroups. The scheduler considers servinginteractive requests only at the beginning of a subgroupi.e., the disk SCAN order is not disturbed within asubgroup. If an interactive request is to be served, thescheduler groups this request into the closest subgroupand serves that group next. When there is no subgroupinto which the interactive request can be merged, it isserved out of SCAN order and the scheduler then movesto serving the next subgroup. An interactive requesthence gets a quick response. Interactive requests areserved by a �rst-come �rst-serve policy to limit themaximum response time of a single request. A moreformal description of the scheduler is given in Fig. 2.If all the requests arrived at the beginning of theround, guarantees will be met if the individual groupsobserve the bandwidth allocations. However, aperiodicand interactive requests arrive asynchronously. Sincean arriving interactive request disturbs the SCANschedule, it is assumed to require worst-case seek time

While(true)f Combine periodic and aperiodic1 requestsinto SCAN order;Break the requests into subgroups;slack time = round time - service estimatefor above requests;while(not end of round)f pick �rst interactive request if any;Combine with one of the remainingsubgroups?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 intoexisting subgroups;Adjust slack time;gif (all periodic requests served)fContinue serving interactive &aperiodic requests untilend of round;gggFigure 2: Semi-formal description of the scheduler.such that servicing this request won't violate the band-width allocations of other requests. The slack timesof periodic requests are considered while schedulingthese late arriving requests so as to not violate thedeterministic guarantees for periodic requests. Thedisk scheduler keeps track of the least slack time fora periodic request to be served in this round. Ifthe estimated service time for an arriving request(interactive or aperiodic) is below this slack time, thenit is served within this round. If the estimate is abovethe slack time, the request is considered only after allthe periodic requests are served within this round.3



2.2 Admission ControllersWe used a novel admission controller for periodicrequests. In this scheme [9], the I/O system keepstrack of the worst-case time committed for service ineach round at each of its disks in the form of a loadtrace. Before a stream is admitted, its demand trace iscombined with the load trace of the appropriate disksto see if the load on any one of the disks exceeds thecapacity (committed time greater than the length ofthe round). The load trace of a system consists of loadtraces of all the disks over su�cient period of time. Astream is admitted if its demand can be accommodatedby the system. It is possible that the stream cannotbe supported in the round the request arrives. Thestream scheduling policy will look for a round in whichthis stream can be scheduled. The admission controllerassumes that a stream will wait for a maximumamountof time, given by latency target, for admittance.It has been shown that this approach allows s-tatistical multiplexing of resources while providingdeterministic guarantees. Our earlier evaluations haveshown that this approach can yield signi�cantly betterthroughput than peak-rate based allocations [9, 10].Latency guarantees are provided by the disk sched-uler as explained earlier. When requests arrive ran-domly, a burst of requests can possibly disturb theguarantees provided to the periodic requests. To avoidthis possibility, interactive requests are controlled by aleaky-bucket controller which controls the burstiness byallowing only a certain maximumnumber of interactiverequests served in a given time window.Aperiodic requests are provided bandwidth guaran-tees by restricting the periodic and interactive requeststo certain fraction of the available bandwidth. Theadmission controller for periodic and interactive re-quests enforce the bandwidth allocations. Aperiodicrequests utilize the remaining I/O bandwidth. Ifperiodic and interactive requests cannot utilize theallocated bandwidths, aperiodic requests are allowed toutilize the available bandwidth to improve the responsetimes for aperiodic requests. Bandwidth guaranteesare provided to aperiodic requests by ensuring thatcertain minimum number of requests are scheduledevery round.3 Performance Evaluation3.1 SimulationsWe evaluated a number of the above issues throughtrace-driven simulations. A system with 8 disks issimulated. Each disk is assumed to have the character-

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 3711istics of a Seagate Barracuda drive [11]. The disk drivecharacteristics are shown in Table 1. In simulations, itis assumed that the �rst block of each movie stream isstored on a random disk.Interactive requests and aperiodic requests are mod-eled by Poisson arrival. Periodic requests are based onreal traces of VBR movies obtained from Universityof Wuerzburg [12]. Periodic request load is varied byrequesting more streams to be scheduled. Interactiverequests always ask for 64KB of data and aperiodicrequests are uniformly distributed over (4kB, 128KB).The burstiness of interactive requests is controlled ateach disk by a leaky bucket controller that allowed amaximum number of interactive requests per secondbased on their bandwidth allocation.If the stream requests are assumed to arrive random-ly over time, more streams can be admitted. However,to study the worst-case scenario, we assumed that allthe requests arrive at once. The simulator tries toschedule as many streams as possible until a streamcannot be scheduled. The number of streams scheduledis the stream throughput. Four di�erent video streamsare considered in our study as explained below.3.2 ResultsFig. 3 shows the average disk utilization when periodicrequests are allocated 50% bandwidth, aperiodic andinteractive requests are each allocated 25% bandwidth.The number of periodic requests streams was main-tained at the maximum that the system can support.Aperiodic request rate is varied while maintaining theinteractive request rate at 50 requests/sec (requestrates are measured over the entire system of 8 disks). Itis observed that the average utilization of the periodicstreams stays below 50%. Because of variations indemand over time, more periodic streams could not beadmitted. The utilizations of periodic and interactiverequests are una�ected by the aperiodic request rate.It is also observed that as we increase the aperiodic4
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Figure 3: Average disk utilizations across requestcategories.request rate, aperiodic requests take up more and morebandwidth and eventually utilize more than the allo-cated 25% bandwidth. When periodic and interactiverequests don't make use of the allocated bandwidth,aperiodic requests make use of any available bandwidth(25% is the minimum available) and hence can achievemore than the allocated 25% utilization of the disk.This shows that disks are not left idle when aperiodicrequests are waiting to be served.Fig. 4 shows the average and maximum responsetimes of aperiodic and interactive requests as a functionof the aperiodic request rate. The number of streamsis kept at the maximum allowed by the system andthe interactive arrival rate is kept at 50 requests/sec.Interactive response times are not considerably a�ectedby the aperiodic arrival rate and the maximum inter-active response time stays relatively independent ofthe aperiodic arrival rate. It is also observed thatthe interactive requests achieve considerably betterresponse times than aperiodic requests (260ms maxi-mum interactive response time compared to 1600ms foraperiodic requests both at 50 reqs/sec). Both averageand maximum response times are better for interactiverequests than for aperiodic requests even at loweraperiodic arrival rates. We observed that the maximuminteractive response times are only dependent on theburstiness of arrival of interactive requests and thebandwidth allocated to them. Zero percentage ofperiodic requests missed deadlines as aperiodic requestrate is varied.Fig. 5 shows the response times of aperiodic requestsand interactive requests (both at 25 requests/sec) asthe number of requested streams in the system is varied
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Figure 4: Impact of aperiodic arrival rate on responsetimes.from 5 to 100. With the considered allocation ofbandwidths, the system could support a maximum of33 streams. Hence, even when more number of streamsare requested, the system admits only 33 streams. Thisshows that the periodic request rate is contained toallow aperiodic requests and interactive requests toachieve their performance goals. We observe that themaximum response times of interactive requests arenot considerably impacted by the number of requestedstreams in the system.Fig. 6 shows a comparison of the proposed schedul-ing algorithm and a variant of SCAN scheduling al-gorithm used in most of the current disks [13]. The�gure shows the average and maximum response timesof interactive requests as the aperiodic request rate isvaried. The proposed method achieves better averageand maximum response times compared to SCAN.As the aperiodic arrival rate is increased, both themaximumand average response times of interactive re-quests get impacted with SCAN scheduling policy. Theproposed method isolates the request categories andmaintains the performance of the interactive requestsindependent of the aperiodic arrival rate.4 Conclusions and Future workIn this paper, we addressed the problem of providingdi�erent performance guarantees in a disk system.The proposed approach uses admission controllersand an appropriate scheduler to achieve the desiredperformance goals. We showed that through properbandwidth allocation and scheduling, it is possibleto design a system such that one type of requests5
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Figure 5: Impact of requested stream rate on responsetimes.
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Figure 6: Comparison with SCAN.do not impact the performance of another type ofrequests. The proposed scheduling policy allows seekoptimizations while achieving the performance goals ofindividual requests. The proposed scheduling policy iswork conserving, i.e., did not let the disk be idle whenthere are requests to be served. The clear separation ofthe scheduler from the admission controller will allowthis scheme to be useful in a distributed system. Ourresults showed that the proposed approach performssigni�cantly better than SCAN in meeting the statedperformance goals of the di�erent classes of requests.In the work presented here, we used static band-width allocations to achieve performance goals. Weare currently investigating issues in dynamic allocationand adaptive performance guarantees.
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