
Failure Evaluation of Disk Array OrganizationsJohn Chandy A. L. Narasimha ReddyUniversity of Illinois IBM Almaden Research Center1101 W. Spring�eld Ave. 650 Harry Road, K56/803Urbana, IL 61801 San Jose, CA 95120.jchady@crhc.uiuc.edu reddy@almaden.ibm.comAbstractIn this paper, we present an evaluation of some of the diskarray organizations proposed in the literature. We evalu-ate three alternatives for sparing, hot sparing, distributedsparing and parity sparing, and two options for data lay-out, regular RAID5 and block designs, and systems basedon combinations of these data layout and sparing alterna-tives. We evaluate the performance of these organizationsin various modes of operation, with di�erent reconstructionstrategies. It is shown that parity sparing and distributedsparing have improved performance and shorter reconstruc-tion times over hot sparing. It is shown that both blockdesigns as a data layout policy and distributed sparing asa sparing policy reduce the reconstruction time after a fail-ure. We also study the impact of reconstruction strategiesand show that at higher workloads, choice of reconstructionstrategy has a signi�cant impact on the performance of thesystems. 1 IntroductionWith the increasing processor speeds and multiprocessororganizations, building a balanced computer requires thatsuitable improvements in the I/O system's performance bemade. Several studies for organizing multiple disks in anI/O system have been reported [1, 2, 3, 4]. In disk arrays[3], multiple smaller disks replace traditional large disks.To achieve the same reliability of a single large disk, thedata on the smaller disks is protected by parity on anotherdisk. Disk arrays have been receiving increased attentionfor providing a highly-available disk system. By appropri-ately striping data across the disks in a disk array, highperformance can be achieved.In a disk array, a group of disks, parity group, are pro-tected by parity. When a disk fails, the data on the func-tional disks is XOR'd to obtain the data on the failed disk.The number of disks in a parity group is called parity grouplength. When multiple parity groups are present in the diskarray, the number of disks in the array, array width, willbe di�erent from the parity group length. In disk arrays,spare space is provided for reconstructing the failed dataduring the reconstruction process. This spare space can beorganized in several ways. We consider three alternativesproposed in the literature: hot sparing [3], distributed spar-ing [5] and parity sparing [6].

In hot sparing, a hot spare disk is used to recover fromfailures. Hot sparing has some drawbacks: the failure of aspare disk may go unnoticed since it is not used during nor-mal operation and hence can cause an unrecoverable loss ifanother disk fails after an undetected failure of the sparedisk. In a system with n disks, only n� 1 disks in the sys-tem are utilized during normal operation. This organizationis shown in Fig. 1. In Fig. 1, each column corresponds to adisk and each row corresponds to the data layout for a trackon the disks, D corresponding to data, P for parity and Sfor spare. Let the matrix shown in Fig. 1 have t rows. Thenfor a track address i, row i mod t gives the data layout forthat track. The representation in Fig. 1 may be augmentedby subscripts when there are multiple parity groups withina single array.D0 D0 D0 D0 D0 P0 SD0 D0 D0 D0 P0 D0 SD0 D0 D0 P0 D0 D0 SD0 D0 P0 D0 D0 D0 SD0 P0 D0 D0 D0 D0 SP0 D0 D0 D0 D0 D0 S D0 D0 D0 D0 D0 P0D0 D0 D0 D0 P0 D0D0 D0 D0 P0 D0 D0D0 D0 P0 D0 D0 D0D0 P0 D0 D0 D0 D0P0 D0 D0 D0 D0 D0Fig. 1. Array organization before and after a failurein hot sparing.Parity sparing [6] proposes an approach where thedisk array has no spare disks. The spare disk is used toprovide a second parity disk and thus to reduce the par-ity group length. On a failure, the parities of the twogroups are merged to obtain a single larger array witha single parity group with a larger parity group length.This scheme can reduce the parity group lengths bymaking e�ective use of the spare disks during normaloperation. Parity sparing can be implemented in twoways. The �rst scheme physically partitions the disksinto two smaller arrays as shown in Fig. 2 where thedisks are partitioned into two smaller arrays of width3 and 4. Disks are physically partitioned into two ar-rays and these two arrays function independently dur-ing normal operation. On a failure, the two arrays aremerged into a single larger array.



D0 D0 P0 D1 D1 D1 P1D0 P0 D0 D1 D1 P1 D1P0 D0 D0 D1 P1 D1 D1D0 D0 P0 P1 D1 D1 D1D0 P0 D0 D1 D1 D1 P1P0 D0 D0 D1 D1 P1 D1D0 D0 P0 D1 P1 D1 D1D0 P0 D0 P1 D1 D1 D1P0 D0 D0 D1 D1 D1 P1D0 D0 P0 D1 D1 P1 D1D0 P0 D0 D1 P1 D1 D1P0 D0 D0 P1 D1 D1 D1
D0 D0 D1 D1 D1 P01D0 D0 D1 D1 P01 D1D0 D0 D1 P01 D1 D1D0 D0 P01 D1 D1 D1D0 D0 D1 D1 D1 P01D0 D0 D1 D1 P01 D1D0 D0 D1 P01 D1 D1D0 D0 P01 D1 D1 D1D0 P01 D1 D1 D1 D0D0 P01 D1 D1 D0 D1P01 D0 D1 D0 D1 D1P01 D0 D0 D1 D1 D1Fig. 2. Array organization before and after a failure inparity sparing approach.The second scheme partitions the disks into two logi-cal arrays. In this scheme, each disk belongs to two par-ity groups depending on the block address. For someblocks, a disk is in parity group 0 and for others it is inparity group 1. The membership in the parity groupsdepends on the block number. The parity groups canbe so designed that each disk interacts with any otherdisk in the same parity group in less than half the num-ber of blocks. This data organization is based on blockdesigns. These arrays limit the load increase due toa failure to less than 50% of the normal system loadbefore the failure. In a RAID5 disk array, if one ofthe disks fails, all the functional disks in the array par-ticipate to reconstruct the data on the failed disk andhence these functional disks observe a load increase of100% during a failure. The arrays designed based onblock designs, by employing two parity groups and byproper data organization limit these increases to lessthan 50% on all the remaining disks [6]. Limiting thisload increase is bene�cial for quickly reconstructing thedata on the failed disk. The parity sparing approachalone, when block designs are not employed, reducesthe parity group length but still experiences a load in-crease of 100% on all the functional disks in the smallerbroken array. A 7-disk system employing block designsand parity sparing is shown in Fig. 3. In Fig. 3, D0corresponds to data in parity group 0, P0 correspondsto parity of group 0, and P01 corresponds to the com-bined parity of groups 0 and 1 etc. For the exampleP1 D1 D0 D1 D0 P0 D0P0 P1 D1 D0 D1 D0 D0D0 P0 P1 D1 D0 D1 D0D0 D0 P0 P1 D1 D0 D1D1 D0 D0 D0 P1 D1 P0D0 D1 D0 P0 D0 P1 D1D1 D0 D1 D0 P0 D0 P1 D1 D0 D1 D0 P01 D0P01 D1 D0 D1 D0 D0D0 P01 D1 D0 D1 D0D0 D0 P01 D1 D0 D1D0 D0 D0 D1 D1 P01D1 D0 D0 D0 P01 D1D0 D1 D0 P01 D0 D1Fig. 3. Array organization before and after a failurein block designs approach.

shown in Fig. 3, each disk interacts with other disks ina parity group in only 3 out of every 7 tracks.Distributed sparing proposes an approach where thespare space on a disk is distributed on all the disks inthe array instead of locating it on a single disk. Thisapproach is shown in Fig. 4. On a failure, the data onthe failed disk is reconstructed on to the spare spacedistributed over all the disks.D1 D1 D1 D1 D1 P1 SD1 D1 D1 D1 P1 S D1D1 D1 D1 P1 S D1 D1D1 D1 P1 S D1 D1 D1D1 P1 S D1 D1 D1 D1P1 S D1 D1 D1 D1 D1S D1 D1 D1 D1 D1 P1 D1 D1 D1 D1 P1 D1D1 D1 D1 P1 D1 D1D1 D1 P1 D1 D1 D1D1 P1 D1 D1 D1 D1P1 D1 D1 D1 D1 D1P1 D1 D1 D1 D1 D1D1 D1 D1 D1 D1 P1Fig. 4. Array organization before and after a failurein distributed sparing.Compared to the hot sparing approach, parity spar-ing and distributed sparing have the following features:utilize all the disks in the system during normal oper-ation and hence can improve the response times; theproblem of un-noticed hot spare failure is avoided. Dis-tributed sparing increases the parity group length fromn � 1 to n and the parity sparing approach (whetherblock designs are employed or not) decreases the paritygroup lengths from n� 1 to n=2.Block designs are a data layout policy and henceis independent of the sparing policy. Block designs,in general can be employed with hot sparing and dis-tributed sparing as well. However, in a system employ-ing block designs with two parity groups, hot springand distributed sparing require one additional disk forproviding spare space and hence increase the numberof non-data disks in the system to three. We restrictourselves to systems that employ two non-data (par-ity/spare) disks in the system. This gives four orga-nizations, hot sparing, parity sparing (without blockdesigns), block designs (parity sparing with block de-signs) and distributed sparing. We evaluate the perfor-mance of these four organizations in various modes ofoperation, with di�erent reconstruction strategies.In a recent paper, Menon and Mattson compare hotsparing, parity sparing (without block designs) and dis-tributed sparing [5]. Based on queuing models, theyreport that among these alternatives, parity sparingand distributed sparing have several advantages overhot sparing. They also conclude that since distributedsparing o�ers shorter reconstruction times, it is supe-rior among the three alternatives even though the per-formance of parity sparing is superior in certain modesof operation. Our results in this paper, based on simu-lations, expand on their work. In this paper, we show



that parity sparing with block designs, which is not con-sidered in that paper, has better characteristics amongthe four alternatives when only two non-data disks areemployed. We also study the impact of the system sizeon the choice of system organizations.Muntz and Lui discuss several reconstruction tech-niques for disk arrays [7]. In their paper, they proposethree reconstruction strategies termed baseline, rebuildwith redirection of reads, and piggy-backing rebuild. Inthe baseline strategy, the reconstruction process re-builds the data sequentially. With redirection of reads,some of the read requests to already reconstructed dataare satis�ed by reading the data from the spare diskrather than reconstructing the data from the functionaldisks again. In [7], a policy for this redirection with aview to minimize the reconstruction time is proposed.In piggy-backing rebuild, reads to data on failed diskcause that data block to be written to the spare. In thispaper, we consider two strategies: baseline and a com-bination of piggy-backing rebuild with redirection ofreads. We call this hybrid strategy minimal-operationreconstruction. This hybrid strategy always redirectsreads of reconstructed data to the spare and alwayswrites data to the spare whenever data is read fromthe failed disk. This strategy aims at reducing thetotal number of operations during the reconstructionprocess and this may not necessarily result in minimalreconstruction time. We present a comparison of thebaseline reconstruction and the minimal-operation re-construction. Menon and Mattson [5] consider baselinestrategy for their evaluation. We consider the minimal-operation strategy in this paper since much better re-construction times are obtained with this strategy.2 Simulated SystemIn this section, the simulated system model is de-scribed.We consider two disk arrays, one with 7 disks andthe second one with 16 disks. These sizes are chosento represent small to medium size disk arrays and sinceblock designs exist for these sizes. The parity, data,and spare space organizations for the four schemes areshown in �gures 1, 2, 3, and 4 for System 2 with 7disks. The organizations for System 1 with 16 disksare very similar. The parity group organization for theblock designs in System 1 is shown in Fig. 5, where0 corresponds to parity group 0 and 1 corresponds toparity group 1.Two reconstruction strategies are considered for re-constructing the data on the failed disk, baseline strat-egy and the minimal-operation strategy.The disk parameters considered for this study are

0 1 1 1 1 1 0 0 0 0 1 0 0 0 0 01 0 1 0 0 1 1 1 0 0 0 0 0 1 0 01 1 0 0 0 1 0 0 1 1 0 0 0 0 1 01 0 0 0 1 0 1 0 1 0 1 1 0 0 0 01 0 0 1 0 0 0 1 0 1 1 0 1 0 0 01 1 1 0 0 0 0 0 0 0 0 1 1 0 0 10 1 0 1 0 0 0 1 1 0 0 1 0 1 0 00 1 0 0 1 0 1 0 0 1 0 0 1 1 0 00 0 1 1 0 0 1 0 0 1 0 1 0 0 1 00 0 1 0 1 0 0 1 1 0 0 0 1 0 1 01 0 0 1 1 0 0 0 0 0 0 0 0 1 1 10 0 0 1 0 1 1 0 1 0 0 0 1 0 0 10 0 0 0 1 1 0 1 0 1 0 1 0 0 0 10 1 0 0 0 0 1 1 0 0 1 0 0 0 1 10 0 1 0 0 0 0 0 1 1 1 0 0 1 0 10 0 0 0 0 1 0 0 0 0 1 1 1 1 1 0Fig. 5. Array organization in System 1 using blockdesigns approach.shown in Table 1. We used a nonlinear model reportedin [8] to model the seek time cost function. Latencyis assumed to be uniformly distributed between 0, 16.6ms. The disks are modeled to have two queues of re-quests. One of the queues is the normal request queuewhich is operational at all times. The second queue, thereconstruction queue, is operational only while the dataon the failed disk is being reconstructed and when afailed disk is being replaced. The normal request queuehas a higher priority over the reconstruction queue.The requests in the reconstruction queue are servedonly if the normal queue is empty. Once a reconstruc-tion request is started, it is not preempted till comple-tion. Each disk functions independently of the otherdisks. We used SCAN policy for serving the requestsat a disk queue.We also used a split access operation for accessing ablock of data. In split access operation, the disk startsservicing the request as soon as any of the requestedblocks comes under the read-write head. For example,if a request asks for reading blocks numbered 1,2,3,4from a track of eight blocks 1,2,...8, and the read-writehead happens to get to block number 3 �rst, then blocks3 and 4 are read, blocks 5,6,7,8 are skipped over andthen blocks 1 and 2 are read. In such operation, adisk read/write of a single track will not take morethan one single revolution. Split access operation isshown to improve the performance of the disk systemconsiderably in [9].When a data block from the failed disk is requested,that request may be queued at a number of queues(greater than 1) to reconstruct that block on the faileddisk. This request would be queued in the normal



Table 1. Disk parameters.Avg. latency 8.3 msAvg. seek 14.2 mssectors/track 52sector size 512 bytestracks/cylinder 14cylinders/disk 1258seek cost function nonlinearqueues since this is a normal request. Such a requestqueued at a number of queues is considered completeonly when all the disks �nish serving that particularblock. We call such a request multi-block request. Theresponse time of such a multi-block request is the timeelapsed from the time the request is issued to the timewhen the last block is read from the disks. The averageresponse time of the requests is the average of responsetimes of normal requests. Besides these requests, recon-struction requests may be queued at the disk in the re-construction queues. These requests are not consideredin calculating the response time. However, these recon-struction requests increase the load on disks and hencemay a�ect the response time of the normal requests.Only di�erence between a multi-block normal requestand a reconstruction request is based on whether a userrequest or the reconstruction process initiated this re-quest.In baseline strategy, the reconstruction process re-constructs the data on the failed disk sequentially, in-dependent of the normal requests being served. In thisstrategy, all the operations involved in reconstuctionare queued in the reconstruction queues. In minimal-operation strategy, the normal requests to the faileddisk also cause that data to be written to the sparespace and hence the reconstruction of that block ofdata. The actual operations to write the reconstructeddata on to spare space are queued in the reconstructionqueues in this scheme.Response times are measured during di�erent phasesof operation: normal mode, failure mode, recon-struction mode, recon�gured mode, restoration mode.These modes of operation are identi�ed in [5]. Normalmode is the period during which all the disks in the sys-tem are functional. Failure mode is the period duringwhich a disk has failed and no reconstruction processis initiated. Reconstruction mode is the period duringwhich reconstruction of a failed disk is in progress. Re-con�gured mode is the period after the reconstructionprocess �nished reconstructing the data on the faileddisk, but before a new spare is brought into the sys-tem to replace the failed disk. Restoration mode is theperiod during which a new spare is brought into the sys-

tem to replace a failed disk. In our simulations, duringnormal mode and recon�gured mode operations, onlynormal queues are active with single block requests.In failure mode operation, only normal queues are ac-tive, but both single block requests and multi-block re-quests (due to requests to the failed disk) are issued. Inreconstruction mode and restoration mode, both nor-mal queues and reconstruction queues are active withsingle and multi-block requests. During normal modeand failure mode operation, 10,000 normal requests areserved for each data point. During the reconstructionand restoration modes of operation, the length of thesimulation depended on the system being simulated.The response times during these modes of operationare the averages of response times of all normal re-quests served during that time. Reconstruction time,the time spent in the reconstruction mode is also mea-sured. It is important to keep this reconstruction timeto be as small as possible to avoid possible loss of datadue to a second failure during this time.Normal requests are the size of a track of data. Whenthe I/O system has a cache, performance of the I/O sys-tem may be optimized by transferring a block of datathat may be di�erent from the actual request size [9, 8].We chose this block to be a track in the simulations re-ported in this paper and hence consider all requests tothe disk system to be track requests. Reconstructionis also done on a track basis. Normal requests are as-sumed to be uniformly distributed over all the disksand over all the blocks in a disk. Normal requests areassumed to be read requests with 70% probability andwrite requests with 30% probability. Requests are as-sumed to arrive with an exponential distribution. Re-quest rate is varied from 25 I/Os/sec to 200 I/Os/secfor System 1 and from 16.7 I/Os/sec to 66.7 I/Os/secfor System 2.The simulations were carried out using CSIM [10],a C based simulation package. The results obtainedthrough simulations are presented in the next section.3 Simulation Results3.1 Reconstruction strategyWe evaluated the two reconstruction strategies, base-line and minimal-operation reconstruction. The re-sults of simulation are shown in Fig. 6. Theminimal-operation reconstruction strategy yields muchshorter reconstruction times than the baseline strat-egy at higher loads. For example, the reconstruc-tion time drops from 3800 seconds to 1400 secondsat 200 I/Os sec in the system employing hot sparing.
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�Fig. 6. Comparison of reconstruction strategies.In minimal-operation reconstruction, the reconstructeddata from the failed disk is written to the spare and nec-essary updates of parity for that parity group are done.At higher loads, the disks spend a larger fraction of thetime serving the normal requests than the reconstruc-tion requests. Hence at higher loads, it is more impor-tant to make use of the normal requests in assisting thereconstruction process. Minimal-operation reconstruc-tion strategy makes use of normal requests to achieve afaster reconstruction. Also, due to request redirection,the normal requests to already reconstructed data getserviced quicker and hence allowing reconstruction re-quests to get served quicker as well. At low workloads,when the number of normal requests served per unittime is not very large, this bene�t has less impact onthe overall reconstruction time.Minimal-operation strategy is more useful withlarger parity groups. When larger parity groups areused, reconstructing data from the failed disk takesmore number of operations. Hence, minimal-operationstrategy is more bene�cial for organizations that havelarger parity group lengths. This is clearly observed inFig. 6. We �nd that the minimal operation strategyhas more impact on System 1 with 16 disks than on Sys-tem 2 with 7 disks. For example, the 16-disk systemwith hot-sparing achieves a 65% reduction in recon-struction time (from that of the baseline strategy) com-pared to a 25% reduction in a 7-disk system. Amongthe di�erent organizations, hot sparing and distributed

sparing (which have larger parity group lengths) bene�tmore from minimal-operation reconstruction strategythan the parity sparing based approaches.When baseline strategy is considered, block designsapproach has better reconstruction times than theother organizations. This contrasts with the results of[5] where distributed sparing was shown to have bestreconstruction times since block designs were not con-sidered in that study. When minimal-operation recon-struction strategy is considered, block designs approachhas better reconstruction times in System 1 and thedistributed sparing approach has better reconstructiontimes in System 2. In parity sparing approaches, dn=2edisks have to be read and one of the disks (second paritydisk) has to be read and written yielding dn=2e+2 oper-ations per reconstructing a single block of data. Due toload imbalances in reconstruction process, the numberof operations may be slightly higher. In the distributedsparing case, n�2 disks are read and the reconstructeddata is written to the spare disk. These n�1 operationsare incurred only for n� 1 tracks out of every n trackssince there is no work to be done when spare spaceis present on the failed disk. When n is small, thesenumbers are almost equal and the distributed sparingapproach, because of better load balance during thereconstruction process, achieves shorter reconstructiontimes. But when n is large, as in the 16-disk system,the parity sparing approach has far fewer operationsto perform to reconstruct the data and hence achievesbetter reconstruction times.At lower loads, the system organizations have ahigher impact on reconstruction time than the recon-struction strategies. For example, in System 1, a reduc-tion of 36.5% is obtained by employing block designsdata layout in a parity sparing approach compared toa possible gain of only 1.5% with di�erent reconstruc-tion strategies. The reconstruction strategies have alarger impact on reconstruction time at higher loads.For example, in System 1 employing hot sparing, thereconstruction time is reduced by approximately 65%at 200 I/Os/sec when baseline strategy is replaced bya minimal-operation strategy. This is compared to areduction of 1.5% at 25 I/Os/sec.As observed from the �gure, minimal-operationstrategy has considerably better reconstruction timesthan the baseline strategy. Since the reliability ofthe disk array is quite dependent on the reconstruc-tion time, we think minimal-operation strategy, eventhough more complex, is preferable to baseline strat-egy.Since the reconstruction times are better withminimal-operation strategy, in the rest of the paper, wepresent results for this strategy alone. This favors thecomparisons in favor of the organizations that employ



larger parity group lengths: hot sparing and distributedsparing.3.2 Normal-mode performanceResponse times, during normal operation, of the twosystems considered in this paper are shown in Fig. 7.It is observed that the system with hot sparing per-forms worse than the other three systems. The systemwith hot sparing employs only n � 1 disks, n beingthe total number in the system, for serving normal re-quests. Other systems, by employing all the n disks,improve the response times. The throughput of the sys-tem should improve roughly by a factor of n=n�1, i.e.,by 16.6% for the 7-disk system and 6.6% for the 16-disksystem. Hence, these systems obtain same throughputat lower response times when compared to hot sparing.For example, at 200 I/Os/sec in System 1, the per-formance di�erence between hot sparing and the othersystems ranged from 5% to 6.4% and in System 2 at66.7 I/Os/sec, the performance improvements are inthe range of 11% to 13%.
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�Fig. 7. Performance during normal operation.3.3 Failure-mode performanceFig. 8. shows the response times of the two systemswhen disk 0 failed. The parity sparing and the blockdesigns approach have better average response timessince a failure a�ects only a fraction of the disks in thearray. In the other two approaches, the failure of a diska�ects all the other disks in the array and hence we seea larger impact on performance. This impact on per-formance is more pronounced at higher loads. At lowerrequest rates, the increased workload due to a failuredoes not a�ect the disk utilizations drastically enoughto a�ect the performance of the various organizations.
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�Fig. 8. Performance during failure-mode operation.3.4 Reconstruction-mode performanceFig. 9. shows the average response times of normalrequests during the reconstruction process. The recon-struction process is given a lower priority compared tonormal requests. Comparing �gures 8 and 9, we ob-serve that the average response times during the re-construction process are better than the average re-sponse times during the failure mode even though thereis more activity at the disks during the reconstructionprocess. As the reconstruction process progresses, anyrequests to already reconstructed data are served bypassing the reconstructed data from the appropriatedisk. As more and more data blocks get reconstructed,more and more requests to the failed disk get servedin this fashion rather than through reconstructing thedata on demand. Hence, as the reconstruction processprogresses, the average response times improve. Thisimprovement is visible by the improvement in averageresponse times during the reconstruction process com-pared to that during the failure mode operation.Parity sparing and block designs have better re-sponse times during the reconstruction phase becauseof their smaller parity group lengths. The load on thedisks during reconstruction is directly proportional tothe parity group lengths. Hence, smaller parity grouplengths result in smaller load on the system and hencebetter performance. We also observed better failure-mode response times for these organizations for thesame reason.Reconstruction period varies among the di�erent sys-tem organizations. Average response time in this modeis the average of the normal request response times overthe entire period of the reconstruction mode. The re-sponse times reported in Fig. 9 are averaged over dif-ferent lengths of time since the individual reconstruc-tion periods were di�erent among the di�erent organi-zations.
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�Fig. 9. Performance during reconstruction phase.3.5 Recon�gured-mode performanceThe performance of the various organizations after thedata on the failed disk has been reconstructed is shownin Fig. 10. It is observed that all the systems havenearly the same response times. This is due to thefact that all the systems after recon�guration are orga-nized like a RAID5 array. The performance of all theorganizations degrades to about the same as the hotsparing organization before a failure. The performanceof the hot sparing organization before and after failureis the same since the system with that organization isthe same before and after the failure.
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�Fig. 10. Performance after recon�guration.3.6 Restoration-mode performanceThe performance of the various organizations when afailed disk is replaced by a good disk is shown in Fig.11. The parity sparing approach and the block de-signs approach have slightly worse performance thandistributed sparing. In parity sparing and block designapproaches, restoring the system to original organiza-tion involves reading from roughly about half the num-ber of disks in the array and updating the two paritydisks appropriately. In distributed sparing, this pro-

cess involves copying the tracks from appropriate disksto the restored disk i.e., it involves a lot less activity.Hence, the observed di�erence in performance. In a hotsparing organization, this process of restoring the sys-tem does not involve any movement of data from onedisk to another and hence that system has same re-sponse times as observed during normal performance.
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�Fig. 11. Performance during restoration.3.7 Restoration timeFig. 12. shows the time it takes to bring back the sys-tem to original state once the failed disk is replaced.It is observed that parity sparing and the block de-signs approaches have considerably longer restorationperiods. Restoration time is not as critical as the re-construction time. During restoration, loss of anotherdisk does not result in the loss of availability of data.
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�Fig. 12. Restoration times for various organizations.4 General DiscussionWe observed that parity sparing, block designs anddistributed sparing approaches have signi�cant perfor-mance advantage over hot sparing in small arrays. Wealso observed shorter reconstruction times with blockdesigns and distributed sparing.



The relative advantages of distributed sparing andblock designs approach combined with parity sparingdepended on such factors as the number of data disksin the system, number of spare/parity disks etc. Whenthe number of disks in the array is large, we foundthat the block designs approach had better characteris-tics than the distributed sparing approach. Distributedsparing achieved shorter reconstruction times by bet-ter distribution of load during the reconstruction modeand block designs data layout achieved shorter recon-struction times by reducing the impact of a failure onthe load of the system.Even though block designs data layout can be appliedwith distributed sparing, more than two spare/paritydisks are needed in the system. Even with such highoverhead, these systems provide only a single failureprotection and hence it is unlikely that block designsand distributed sparing would be employed together.Parity sparing approach enabled employing block de-signs data layout with only two spare/parity disks.As shown in [6], block designs approach has diminsh-ing performance gains with increased number of paritygroups and it is unlikely that larger than two paritygroups would be employed in a single array.Block designs and distributed sparing were both ob-served to reduce the reconstruction time signi�cantlyover the hot sparing approach. These schemes achievethe reduction in reconstruction time in di�erent ways.Block designs approach reduces the overall load on thesystem and this results in the reconstruction requestsgetting served quickly. Distributed sparing achieves abalanced load during reconstruction and this resultsin shorter reconstruction times. We observed that theparity placement has signi�cant impact on the recon-struction times. Some block designs have good parityplacements and it is important to choose these parityplacements for improved performance. Of these twoschemes, distributed sparing is easier to implement.If the disk reliabilities keep improving, arrays withlarger parity group lengths may be built. This reducesthe overhead of parity. If this is the case, the blockdesigns approach has more promise since it is observedthat this approach o�ers shorter reconstruction timesand better performance as the size of the array grows.On the other hand, [11] reports that smaller disk arrayshave better performance in transaction processing ap-plications. The choice of array size is dictated by thesetwo con
icting goals of reducing the overhead of parityand sustaining good performance. Our results indicatethat the choice of array size may determine the choiceof array organization.

5 ConclusionsIn this paper, we presented results from simulations toshow how the various disk array organizations performin various modes of operation. Our results extend ordi�er from previous work in the following ways: (1) wepresented a more comprehensive evaluation of the vari-ous organizations through simulations; (2) we proposeda new reconstruction strategy called minimal-operationreconstruction strategy and showed that it has signif-icantly better performance than baseline strategy; (3)we showed that the reconstruction strategy, at higherloads, has more impact on reconstruction times thanthe various organizations considered ; (4) we showedthat among the various organizations, distributed spar-ing and block designs approach combined with paritysparing have performance comparable to or better thanthe other organizations in all modes of performance and(5) showed that the choice between these two organi-zations depended on the size of the disk array.References[1] M. Y. Kim. Synchronized disk interleaving. IEEETrans. Comput., C-35, no. 11:978{988, Nov. 1986.[2] K. Salem and H. Garcia-Molina. Disk striping. Int.Conf. on Data Engineering, pages 336{342, 1986.[3] D. A. Patterson, G. Gibson, and R. H. Katz.A case for redundant arrays of inexpensive disks(RAID). ACM SIGMOD Conference, June 1988.[4] M. Livny, S. Khosha�an, and H. Boral. Multi-diskmanagement algorithms. Proc. ACM SIGMET-RICS Conf., pages 69{77, May 1987.[5] J. Menon and R. Mattson. Comparison of sparingalternatives for disk arrays. Proc. of Int. Symp. onComp. Architecture, May 1992.[6] A. L. Narasimha Reddy and P. Banerjee. Grace-fully degradable disk arrays. Proc. of FTCS-21,June 1991.[7] R. R. Muntz and J. Lui. Performance analysisof disk arrays under failure. Proc. of 16th VLDBConf., 1990.[8] P. M. Chen and D. Patterson. Maximizing per-formance in a striped disk array. Proc. 17th Ann.Int. Symp. on Computer Architecture, June 1990.[9] A. L. Narasimha Reddy. A study of I/O system or-ganizations. Proc. of Int. Symp. on Comp. Arch.,May 1992.[10] H. D. Schwetman. CSIM: A C-based, process-oriented simulation language. Tech. Rep. PP-080-85, Microelectronics and Computer Technol-ogy Corp., Austin, Texas.[11] J. Menon and R. Mattson. Performance of disk ar-rays in transaction processing environments. Proc.of Int. Conf. on Dist. Comp. Systems, June 1992.


