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Reads and Writes: When I/Os Aren't Quite the SameA. L. Narasimha ReddyIBM Research DivisionAlmaden Research Center650 Harry RoadSan Jose, CA 95120-6099ABSTRACT: Disk arrays are gaining increased attention as a feasible I/O organization. Inthese I/O systems, reads and writes to the system have di�erent performance implications.A write operation actually results in more than one I/O operation. The I/O system's per-formance and its organization hence depends on the relative costs of read/write operationsand their relative frequency in I/O workloads. In this paper, we characterize the read/writebehavior of I/O workloads and how caches a�ect these characteristics. The characterization,based on real traces, is expected to give a clearer understanding of the performance impli-cations for the I/O system. It has been a widely held belief that disk caches increase thepercentage of write requests going to the disk. It is shown through analysis and simulationsthat this may not be the case and in some cases the disk cache can decrease the percentageof write requests going to the disk.



1. IntroductionProcessor speeds have been steadily increasing over the last few years and it is expectedthat this trend continues for some more time. However, there has not been a correspondinggrowth in the I/O system's performance. These disparities in the processing power and theI/O system's power would eventually make the probelm solving speed be limited by howfast the I/O can be done. Recently, there have been a number of proposals to improve theI/O performance [1, 2, 3, 4]. All the proposed systems employ some kind of parallelism foraccessing data in parallel from the I/O system. Disk sizes have been decreasing and theseparallel systems take advantage of the smaller disks by suitably distributing data acrossmultiple disks. When a large disk is replaced by a number of smaller disks, to achieve thesame reliability as a single disk, some kind of fault tolerance needs to be provided. RAID[1] is a proposal to provide this fault-tolerance by storing the parity of data across multipledisks on another disk. If any one of these disks fails, the data on the failed disk can beobtained through proper XOR operation of the data on the functional disks.The parity information stored on the disks has a number of e�ects. The most importantof these e�ects is that to write a single block of data to such a disk system requires four I/Ooperations. Whenever any data are written to the disk system, the corresponding parityinformation needs to be updated on the disks. To update the parity information, we need toread the old version of the data, XOR this with the old parity information on the disk and thenew data, and store the new parity onto the disk. So, one write request results in four I/Ooperations. Hence, the writes to the system cause signi�cant overload on the system. Theimpact of this write penalty on the system's performance depends on the relative frequencyof occurrence of writes in the disk system workload and this is the main motivation forunderstanding the read/write characteristics of the I/O workloads.I/O systems are equipped with a cache to improve the performance. In this paper, wemake a distinction between the I/O system and the disk system. The relation between thetwo is shown in Fig. 1. The cache stores the most recently referenced blocks. Smith presentsan evaluation of bene�ts of caching in [?]. Caches tend to satisfy some of the I/O requestsand the blocks that are not found in the cache are fetched from the disks. No previousstudy has looked at the e�ects the cache might have on the I/O workload seen by the disks.Speci�cally, the read, write characterization of the workload is important from the abovediscussed problem of write penalty in a disk-array environment.When a cache is used in an I/O system, the problem of reliability surfaces again. If a1
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Figure 1: I/O System Model.write to a disk system is said to be complete when it is written to the cache, the reliabilityof the I/O system depends on the reliability of the cache. There are two main alternativesfor providing this reliability. The �rst approach is to make the cache nonvolatile such thata power loss would not render the cache unusable. Data in the cache may be inaccessiblefor several other reasons such as the memory failures etc. To protect against these failures,dual copies of dirty blocks are used. Using a battery backed cache store and dual copies ofdirty blocks in the cache, very high reliability of updates to the disk can be guaranteed oncethe data are written to the cache.The second approach, adopted in UNIX �le systems, is to periodically write the dirtyblocks in the cache to the disk. The dirty blocks can be '
ushed' to the disk at someregular intervals, say 30 seconds, to ensure that only a limited amount of work is lost in theevent of a cache crash. The period between two 
ushes, which we will call '
ushing period',can be tuned to suit the reliability and performance needs. This approach requires verylittle hardware support and can be implemented easily in a �le system, though it does notguarantee a reliable update to the disk once a block is written to the cache.This second approach to ensuring reliability of writes compounds the above discussed2



problem of write penalty. The regular 
ushes of dirty blocks to the disk are expected toincrease the write tra�c to the disk. Larger caches are expected to make this problem worse.Increased write tra�c, along with the write penalty to the disks, prompted Ousterhout andDouglis to propose a log structured �le system [5] that optimizes write performance. Noempirical evidence for their assumptions is provided. A number of alternatives are alsodiscussed in [5] to reduce the performance penalty of writes in future I/O systems.In the presence of a cache in an I/O system as shown in Fig. 1, the perceived responsetime of the I/O system is actually directly related to the read performance of the disk system.The read and write hits in the cache involve no access to the disks and their response time isdetermined by the cache access time. The write misses can be written to the cache and wouldinvolve no immediate disk I/Os if enough space is left open in the cache for them. The readmisses cannot be satis�ed till the requested blocks are read from the disk system. Hence,the response time observed by the user is dictated by how fast the disk reads can be done.From this perspective, it is important that the disk performance be optimized for reads.This is in con
ict with the above observed need for write optimization of the disk system.If both reads and writes can be improved without sacri�cing the other's performance, therewould be no problem. But when this is not possible, the relative merits of improving theread/write performance have to be investigated.In the light of above arguments, to design an e�cient I/O system, we need to look atthe read/write characteristics of the I/O workloads. Also, it is necessary to understand thee�ects of cache on the I/O workload in the two scenarios discussed above. In this paper,we look at the read/write characterization of the I/O workloads in the presence of cachesand the impact the observed behavior might have on the performance of the I/O system.Speci�cally, we would like to know the read/write ratios of the I/O workload, how this isa�ected by the cache size and the 
ushing period (as explained above). What is the impactof making the cache non-volatile? How do improvements in processor speed a�ect the I/Osystem organization?We answer some of these questions through trace driven simulation and an analyticalmodel. We present an analytical model to understand the e�ects of cache on read/writecharacteristics of I/O workloads and the interaction of various elements in the system. Theresults obtained by the analytical model are compared to the results obtained through tracedriven simulations of I/O workloads. Section 3 presents the analytical model and Section 2discusses the simulation model. Results from the simulations are presented in Section 4 andcompared to what is expected from the analytical model. Section 5 concludes the paper.3



Trace Reads Writes Trace length # of disks# of req. kBytes # of req. kBytes seconds in system1 37037 114462 30079 67752.5 3751.45 42 46215 120931.5 23532 21474 6053.96 73 49545 140215.5 54735 38211 2003.89 164 54171 94569.5 48558 82833 5422.18 8Table 1: Characteristics of the traces.2. System Model and the TracesWe use a number of traces obtained on the IBM AS/400 systems. Four traces are used inour evaluation. The traces are collected on di�erent systems. The traces are obtained usinga hardware tracing facility that listens to the I/O activity on the bus and dumps them toa memory module. All the traces used in this study are from commercial environment withpredominantly transaction oriented workloads. The �rst trace, Trace 1, has both interactiveand batch requests. The second trace, Trace 2, contains mostly batch requests obtainedfrom a System 38 with the same architecture as a AS/400 system. The third trace, Trace3, contains only interactive requests. The fourth trace, Trace 4, is obtained from a serverapplication, where the machine is used as a server for a number of terminals. Table 2 liststhe characteristics of these traces. The number of disks used in the di�erent systems is notedin Table 2. Di�erent types of disks were used in these systems. However, the types of disksused in the system do not a�ect the results reported in our study here.The disk cache is modeled in the following way. The cache is assumed to be organizedon a track basis. The data are always read from the disk in units of one track. If dataare requested from the disk, the entire track to which this request belongs to is read intothe cache. The cache was organized on a track basis for two reasons: (1) the future disksystems are expected to use track as a basis of transfer for performance reasons [6, 2]. (2)Earlier reports on disk caches show that when the cache block is a track, good performanceis obtained for most cache sizes [?].When an I/O request is issued, a check is made to see if this block resides in the cache. Ifit does, the block is marked as the most recently used block in the cache. If a miss occurs, acache block is deallocated/evicted from the cache and the new block replaces it. The blocks4



in the cache are deallocated on the basis of LRU policy. When any data element is referencedin the block, the entire block is marked as the most recently referenced block. The tra�cpatterns can be quite di�erent based on what policy is used on a write miss. If an allocateon write miss policy is used, then by this policy alone we can guarantee that the read tra�cat the disks will be higher than write tra�c (since every miss, whether read or write wouldinvolve a disk read, but only dirty evictions would cause a disk write). To avoid this problemwith large cache blocks, we employed the following method: on a read miss, the entire cacheblock is assumed to be read into the cache; but on a write miss, a cache block is allocated.Subsequent writes to sectors in this block are considered a hit. But on a read attempt to thisblock a read miss is assumed and the entire block is brought in from the disk and written tocache without overwriting the already existing dirty sectors in this block. For each block, avector of dirty bits are used to indicate which of the sectors in the block are dirty. The blockis considered dirty if any of the sectors in the block is dirty. When a block is deallocated,all the dirty sectors in the block are written back to the disk.The cache is assumed to be organized in a fully associative fashion. We consideredtwo possible hardware con�gurations for the cache: (1) volatile and (2) non-volatile. In avolatile cache, the dirty blocks in the cache are written to the disk at regular intervals sothat the reliability of updates can be guaranteed to some degree. The time period betweentwo 
ushes, 
ushing period, is varied in our simulations among 30, 60, 300, 600 and 3600seconds. When a non-volatile cache is used, disk writes are initiated only when a cache missresults in evicting a dirty block from the cache. The cache size is varied from 1-32 Mbytes.The traces were not long enough to get accurate results for larger cache sizes.The cache misses/hits for read/write operations are recorded separately. When a volatilecache is used, the writes to the disk are marked separately depending on whether they are aresult of an eviction from the cache or due to a 
ush. The number of blocks written in each
ush are noted. Total number of reads and writes to the disk system are recorded. Variousother statistics such as average request size etc. are marked, but not reported here.3. A Model for Read/Write I/O Tra�cIn this section, we will show how the cache a�ects the read/write tra�c through ananalytical model. Assume the read, write request rate to the I/O system (including thecache) is r reads/sec and w writes/sec. In this section, distinction will be made between5



Cache Size Trace 1 Trace 2 Trace 3 Trace 4 Average1 40.52 29.40 35.98 90.49 49.102 41.18 29.25 35.18 88.88 48.634 41.42 30.40 34.69 85.38 47.928 40.92 32.02 34.54 83.62 47.7816 40.76 35.87 34.88 80.19 47.9332 40.50 36.15 35.63 65.69 44.49Average 40.88 32.18 35.15 82.38 47.65Table 2: Fraction of dirty evictions from the cache.the total I/O system (that includes the cache and the disks) and the disk system alone.The relationship between these two systems is shown in Fig. 1. Let mr and mw representthe read/write miss ratios in the cache. We would like to establish a relation between theread/write tra�c seen by the entire I/O system and the read/write tra�c seen by the disksystem.First, consider a nonvolatile cache. Then the number of read requests going to the disksystem is given by the number of read requests missing in the cache. Hence, the read requestrate seen by the disk system is mr � r/sec. Each miss in the cache, whether a read or write,results in a block being evicted from the cache. If the evicted block is dirty, then it wouldresult in a disk write operation. Hence, the rate of write requests seen by the disk system isgiven by q * (mr � r +mw � w ), where q is the probability that an evicted block is dirty.The observed values of q for various cache sizes and di�erent traces are shown in Table2. The average across di�erent traces for each cache size is also shown in the table. It isobserved that the average value of q is around 50% for most cache sizes and we will use thisvalue in our discussions further on. The value of q depends on the interaction between thereads and writes on individual blocks in the cache and is hard to determine analytically. Itis also to be noted that the value of q will be lower with a smaller cache block size than thatconsidered here (a track of approx. 30 kbytes).In a volatile cache, every f seconds, the 
ushing period, all the dirty blocks are writtento the disk. Besides these block 
ushes, there may be some cache misses that may result inwrites to the disk between two 
ushes. Hence, the write tra�c is given by q0�w+q00(mr �r+6



q Initial Read ratio R0.5 0.67 0.75 0.80.1 0.83 0.87 0.88 0.890.3 0.63 0.69 0.71 0.730.5 0.50 0.57 0.60 0.620.7 0.42 0.49 0.56 0.570.9 0.36 0.43 0.45 0.47(a) mr = mw (= 0.1, 0.2, 0.3,...)q Initial Read ratio R0.5 0.67 0.75 0.80.1 0.87 0.89 0.90 0.900.3 0.69 0.73 0.74 0.750.5 0.57 0.62 0.63 0.640.7 0.49 0.53 0.55 0.560.9 0.42 0.47 0.49 0.50(b) mr = 2*mw (= 0.1, 0.2, 0.3,...)Table 3: Read ratios at the disk system with nonvolatile cache.mw � w), where q0 gives the fraction of the writes that result in dirty blocks by the time forthe next 
ush and q00 represents the fraction of misses in the cache that result in disk writesbetween two 
ushes. For small cache sizes, the second term dominates the write workloadand for larger caches most of the writes are a result of 
ushing the cache.For the above two cases, the fraction of read operations in the disk tra�c are calculatedbelow. For nonvolatile caches, the fraction of read operations is given by mr � r=(mr � r +q � (mr � r +mw � w)). If the initial read ratio of I/O requests is R, then the resulting readratio to the disk is given by R' = mr �R=(mr � R + q � (mr � R +mw � (1 �R))). Table 3shows the expected read ratio of requests at the disk system as a function of the miss ratiosand the read ratio of requests seen at the I/O system. From the table, it can be seen that inquite a few cases, the read ratio at the disk system actually goes up as a result of the cache.This is contrary to the popular belief that caches would increase the write tra�c ratio atthe disk system. For the average value of q = 0.5, as obtained from Table 3. , the read ratio7



q0 Initial Read ratio R0.5 0.67 0.75 0.80.1 0.50 0.67 0.75 0.800.3 0.25 0.40 0.50 0.570.5 0.17 0.29 0.38 0.440.7 0.13 0.22 0.30 0.360.9 0.10 0.18 0.25 0.31(a) mr = 0.1q0 Initial Read ratio R0.5 0.67 0.75 0.80.1 0.67 0.80 0.86 0.890.3 0.40 0.57 0.67 0.730.5 0.29 0.44 0.55 0.620.7 0.22 0.36 0.46 0.530.9 0.18 0.31 0.40 0.47(b) mr = 0.2Table 4: Read ratios at the disk system with volatile cache.at the disk system is in the range of 0.5-0.65 for all the cases considered. Hence, the modelpredicts that when q = 0.5, the read tra�c at the disk system is larger than the write tra�cif the read tra�c was larger than the write tra�c at the cache.Carrying out a similar analysis for the volatile cache, we obtain the read ratio observedat the disks is given by R00 = mr � r=(mr � r + q0 �w + q00(mr � r +mw �w). Assuming thatthe value of q00 is zero, we tabulate the expected read ratio at the disk system as a functionof q0. Table 4 shows the expected read ratio of the I/O tra�c seen at the disk system whena volatile cache is used. When mr � r << q0 � w, for a given 
ushing period, R00 is thenproportional to mr � r. This implies that the read ratio of the disk tra�c can be arbitrarilyreduced by appropriately increasing the cache size. The table shows that a volatile cachesigni�cantly reduces the read ratio of the I/O tra�c seen by the disk system.8
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�� � � � � �Figure 2: E�ect of cache size on miss ratios4. ResultsIn this section, we report various results obtained through the simulation model discussedin Section 2 and compare them with the predicted results through the analytical model ofSection 3.Fig. 2 shows the miss ratios observed for all the four traces when the cache size is variedfrom 1 Mbytes to 32 Mbytes. Miss ratios decrease rapidly upto a point and from thenonwards decrease at a much slower pace. It was observed that each doubling of cache sizebrought approximately 15%-20% drop in miss ratios. This e�ect is visible in Fig. 2 by thenearly linear miss ratio curves on a log scale of cache sizes. The miss ratios range from0.7 to 0.01 for the considered traces at various cache sizes. This wide range of miss ratiosis expected to give us an understanding of the trends in read/write characteristics of theworkloads over a broad range of operation. It is observed that the writes have lower missratios than the reads for all the traces considered in this study.9



In Fig. 3, the read ratios of disk tra�c are plotted as a function of the 
ushing periodand the cache size. The results for the nonvolatile cache are also plotted at the end of eachcurve. First, it is observed that volatile caches have small read ratios. It is observed thatincreasing 
ushing period does not have a signi�cant e�ect on the read ratio of the disk I/Otra�c at smaller cache sizes. But as the cache size grows, the 
ushing period makes moreimpact on the observed trends. It is observed that the read ratio is almost constant acrossall the cache sizes for the nonvolatile cache. As seen from Fig. 3, the analysis of Section3 predicts the read ratios of the I/O tra�c fairly accurately. It is observed that the readratio of the disk tra�c is fairly constant across a wide range of nonvolatile cache sizes. It isobserved that as the volatile cache size increases, the read ratio drops signi�cantly. This isdue to two factors: constant write tra�c due to 
ushes beyond a certain cache size and thedecreasing read tra�c due to improved miss ratios. The read ratio can be made arbitrarilysmall in this case by suitably increasing the cache size. For trace 4, the reduction in theread ratios are more dramatic than the other traces because of much lower read miss ratiosobserved for this trace.It is observed that the 
ushing period has very little e�ect on the read ratios for smallcache sizes. This is due to the fact that the main write tra�c for these cache sizes isdominated by the dirty evictions from cache due to misses (the second term in the analysisof Section 3). Hence, the 
ushing period has very little e�ect on the read ratio of the I/Oworkloads at small cache sizes. But, as the cache size increases, the write 
ushes becomedominant and hence the 
ushing period has more impact on the read ratio of I/Os. Larger
ushing periods result in a reduction of write tra�c and hence an improved read ratio atthe larger cache sizes.Fig. 4 shows the relative contribution of 
ushes to the write tra�c across di�erent traces.It is observed that the percentage of writes due to 
ushes increases with the cache sizeand very quickly reaches 100%. This is expected since the number of misses in the cachedecreases as the cache size increases and hence the relative contribution of 
ushes to writesincreases with the cache size. At small cache sizes, the write tra�c is mainly due to missesin the cache. A block evicted from cache results in a disk write only if a block written sincethe last 
ush needs to be evicted from the cache. But, if the block is written since the last
ush, then it is not likely to be LRU block. Hence, a large number of misses (relative to thenumber of blocks in the cache) are required for a dirty block to be evicted from the cachebetween two 
ushes. As the cache size grows, the number of misses go down and also arelatively larger number of misses are required for a dirty block to be evicted from the cache.These two factors contribute to the fact that the 
ushes constitute 100% of the write tra�c10
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Figure 3: Read ratios for various con�gurations12



very quickly as the cache size grows.When the majority of the write tra�c is contributed by 
ushes to the disk, the cachedoes little to reduce the write tra�c. The cache reduces the write tra�c in the followingtwo ways: (1) multiple writes to a single cache block result in only one disk write when thisblock is evicted from the cache and (2) when the cache block is larger than the average writeoperation, multiple write operations may fall in one cache block and will result in one diskwrite rather than multiple smaller writes. For a volatile cache, these two e�ects result in abene�t only if these e�ects take place within a 
ushing period. For a nonvolatile cache, theblocks have longer time to accrue the bene�ts from these two e�ects and as a result the cachebecomes more e�ective in reducing the writes appearing at the disk. The number of blockswritten to the cache between two 
ushes is only dependent on the characteristics of theapplication and hence a larger cache size does not reduce the write tra�c to the disk. Thise�ect is visible in Fig.4, where the total write tra�c to the disk is plotted as a function ofcache size when the 
ushing period is 30 seconds. For all the traces, the write tra�c reachesa non-zero minimum value and stays constant even with larger cache sizes. Increasing cachesize reduces the read miss ratio and hence the number of disk reads. This is the reason forseeing decreased read ratio in the disk tra�c with increased cache sizes. This observationcon�rms the assumptions made in [5] for proposing the log structured �le system. The tra�cto the disk cannot be reduced to zero as a result of the constant write tra�c due to 
ushes.Hence, in the systems where 
ushing is employed, the performance bene�ts of increasing thecache size are seen only in a reduction of read misses.What e�ect does improved processor speed have on the tra�c seen at the disks? Does theconstant write tra�c due to 
ushes result in 10 times higher I/O rate at the disk in a systemwith a processor that is 10 times faster? How does read ratio get a�ected due to improvementsin processor speed? In a system with a nonvolatile cache, the only characteristic that changeswould be the I/O rate (/sec) of the system. To study these e�ects in a system with a volatilecache, we could reduce the trace times by a factor of 10 to simulate a system issuing requests10 times faster. A 
ushing period of 30 seconds to a processor with a speed of 10x e�ectivelylooks like a 
ushing period of 300 seconds for a processor with speed x. Hence, to studythe e�ect of a faster processor on the I/O workloads, we need only look at the results at asuitably larger 
ushing period. Continuing our example, the characteristics of a system thatis 10 times faster than that used in the traces with a 
ushing period of 30 seconds wouldbe identical to the results obtained from these traces with a 
ushing period of 300 seconds(keeping in mind the factor of 10 in time when calculating the I/O rates). Due to locality,we don't see 10 times as many blocks being 
ushed to the disk in each 
ushing period. The13
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Figure 4: Contribution of 
ushes to write tra�c.15
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Figure 5: E�ect of volatile cache on write tra�c.
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Figure 6: Average # of blocks 
ushed per 
ushing period.hot blocks in the cache get 
ushed repeatedly to the disk and among successive 
ushes, theset of dirty blocks di�er very little. This e�ect is shown in Fig. 4 for trace 4 with a 32 Mbytecache. This implies that the write tra�c rate ( /sec) to disk grows slower than the speedof the processor. However, the read tra�c rate is proportional to the read misses in thecache and hence grows at the same rate as the processor speed. As a result, with increasedprocessor speed, with the same I/O system con�guration, we would see higher read ratios.This can be observed in Fig. 3, where the read ratio for any size cache is higher with larger
ushing periods (or faster processor speeds). At smaller cache sizes, the write tra�c to diskis dominated by dirty evictions from the cache which grows with the processor speed, andhence the read ratio remains constant as the processor speed is increased.5. General DiscussionFrom the analytical model and the results obtained through trace driven simulations,two points emerge clearly: the read tra�c dominates the I/O workload at the disk with anonvolatile cache and the read ratio of the I/O tra�c at the disk can be made arbitrarilysmall by choosing a suitable volatile cache size and a 
ushing period. Our results seem toindicate that the assumptions made in [5] for proposing a log structured �le system for UNIXenvironment are valid. It is clear in such a system, the �le system needs be write optimized.17



This seems to be the case even if a disk system with relatively higher write cost, such as adisk array, is not used. Methods to use the cache more e�ectively in such an environmentneed to be investigated since the cache helps in reducing only the read tra�c to the disk(beyond a certain cache size).But, how should the I/O system be designed when a nonvolatile cache is used with adisk system that has a higher write cost? The answer to this question is not very clear andcannot be answered from this study alone. Even though the read tra�c is dominant in sucha system, if the relative cost of a write operation is much higher than a read operation,the disk system may have to be write optimized. As argued earlier, user response time isdictated by the read response time of the disk system and hence there is a con
icting demandto optimize the I/O system for read performance. Also it is not clear how a write-optimizedsystem a�ects the read performance in general. If the read cost in such a system is far worsethan that in a regular I/O system, the overall system performance may not be improved.The various factors involved in such a tradeo� remain to be studied. This issue can onlybe resolved by simulating the disk system along with the cache simulations studied in thispaper. The answer to this question may depend on the performance metric used: maximumthroughput, maximum throughput for a given limit on response time or the response timeof the system itself. This will be a topic for our future study.6. ConclusionsIn this paper, we studied the read/write characteristics of the I/O workloads and howthese characteristics are a�ected by the presence of a cache in the I/O system. We presentedan analytical model to derive how the cache a�ects the read ratio of the I/O workload. Itwas shown that it is possible to increase the read ratio of the workload as a result of using acache contrary to popular beliefs that a cache reduces the read ratio of I/O tra�c. Extensivetrace driven simulation results were presented to show that the read ratio remains high whena nonvolatile cache is used. It is also shown that with a periodic 
ushing of the cache, thedisk tra�c is dominated by writes. It was shown that increased 
ushing period or increasedprocessor speed increases the read ratio of the tra�c.18
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