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1. INTRODUCTION

Magnetic disks have dominated secondary storage for decalfleough access latency to
them is frequently a limiting factor in computer system periance. A new class of sec-
ondary storage devices based on microelectromechaniginag (MEMS) is a promising
non-volatile secondary storage technology under devetopfiCarley et al. 2000; Toigo
2000; Vettiger et al. 2000]. With fundamentally differemthitectural designs and manu-
facturing processes, MEMS-based storaglk.a.probe-based storage, promises seek times
that are ten times faster, storage densities that are tes gineater, and power consumption
that is one to two orders of magnitude lower than hard digksan provide initially 2—-10
gigabytes of non-volatile storage in a single chip as snsal dime, with low entry cost,
high resistance to shock, and potentially high embeddedgating power. MEMS-based
storage breaks into a new cost-performance category imdacp storage and these de-
vices may substitute for or supplement hard disks in commmytgtems. We focus here on
the reliability and performance implications of MEMS-bds#orage on storage systems
designs.

Researchers have been interested in the roles and cordispomanagement policies of
MEMS-based storage in computer and database systems §i8@dQ@riffin et al. 2000a;
2000b; Schlosser et al. 2000; Uysal et al. 2003; Yu et al. ROBg comparing external
behaviors and performance of MEMS devices and a hypothétiaper” disk, Schlosser
and Ganger [Schlosser and Ganger 2004] concluded that MEMiBed were much like
disks, and today’s storage interfaces and abstractions aleo suitable for MEMS stor-
age devices, except for their efficient accesses to two+tsinaal data structures, such as
relational database tables [Yu et al. 2003].

The approach of treating MEMS devices as small, low-povast €lisk drives has an
obvious advantage, leveraging the overall superior pexdoce of MEMS-based storage
and making this emerging technology available for fast arahd adoption when it is
available. However, this approach is unlikely to exploi thull potentials of MEMS-
based storage. In addition to its unique low-level deviseetfic features (as discussed
in the companion to this article), MEMS-based storage ethieveral interesting high-
level architectural properties that stem from its architesd designs and manufacturing
processes, including non-volatility, limited capacityr pievice, fast access latency, high
throughput, small physical size, and low entry cost. Thespgrties make it possible to
build highly reliable MEMS storage bricks. It also becomeadible to use small MEMS
devices as another layer in the storage hierarchy, levegats fast access and mitigating
its relatively high per-byte cost, to build high-perforneancost-effective storage systems.

MEMS-based storage provides a limited amount of storagelpece. When MEMS
devices replace hard disks completely, a system needs margy MEMS devices than
disks to meet its capacity requirement. This can signiflgamdermine system reliability.
We proposed to integrate multiple MEMS devices inMBMS storage enclosurerganiz-
ing them as a RAID Level 5 with multiple on-line spares, to Bedias the basic persistent
storage building brick. Thanks to the short data recovengtio on-line spares, MEMS
enclosures can be more reliable than disks in the econai@iicries (we assume that hard-
ware is typically replaced every 3-5 years), even withoytraaintenance. Furthermore,
simple preventive repair can make MEMS enclosures higliilghie with average lifetimes
of more than 1,000 years.

The cost and capacity issues of MEMS-based storage makékielyrto replace disks
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Table |. Default MEMS-based storage device parameters.

Per-sled capacity 3.2GB
Avg. seek time 0.55ms
Max. seek time 0.81 ms

Maximum concurrent tips| 1280
Maximum throughput 89.6 MB/s

in all systems. Given its small physical size, high perfanoeg non-volatility, and block-
level data access, we examined using MEMS as another laytheistorage hierarchy
to mask relatively large disk access latencies. We showhyiatid MEMS/disk systems
can be nearly as fast as MEMS and as large and cheap as disksappioach is funda-
mentally different from the HP MEMS/disk arrays [Uysal et 2003], where one copy
of duplicate data in RAID 1/0 is stored in MEMS and requestssarviced by the most
suitable devices based on access patterns. Among othgsthive HP approach requires
as much MEMS storage as disk; ours requires significantby Ié¢e explore two alterna-
tive MEMS/disk subsystem architectures that can improvéop@aance under a variety of
workloads:MEMS Write Buffe(MWB), which logs dirty data to MEMS before commit-
ting to disk, andIEMS Caching DiskMCD), which uses MEMS as a fully associative,
write-back cache for disk. We show that MCD can provide upalb tf the performance
of a significantly more expensive (or lower capacity) MEM8yosystem.

2. MEMS-BASED STORAGE

MEMS-based storage device are comprised of two main comrmgengroups of probe
tips calledtip arraysthat are used to access data on a movable, non-rotatitja sled

In modern disk drives, data is accessed by means of an arrsdbks in one dimension
above a rotating platter. In MEMS devices, the entire meldid is positioned in the and

y directions by electrostatic forces while the heads remiitionary. Unlike disk drives,
MEMS devices can activate multiple tips at the same timeaBah then be striped across
multiple tips, providing a considerable amount of parélal Power and heat considera-
tions limit the number of probe tips that can be active siamdbusly; it is estimated that
200 to 2000 probes will actually be active at once.

Figure 1 illustrates the low level data layout of a MEMS sgraevice. The media sled
is logically broken into non-overlappirtip regions defined by the area that is accessible
by a single tip, approximately 2500 by 2500 bits in size. Thze ®f each tip region is
limited by the maximum dimension of the sled movement. Egzimtthe MEMS device
can only read data in its own tip region. The smallest unittédn a MEMS storage device
is called atip sector Each tip sector, identified by the tuple, y,tip), has its own servo
information for positioning. The set of tip sectors accelesto simultaneously active tips
with the samer coordinate is called @ip track, and the set of all bits (under all tips) with
the samer coordinate is referred to ascglinder. Also, a set of concurrently accessible
tip sectors is grouped asl@gical sector For faster access, logical blocks can be striped
across logical sectors.

Table | summarizes the physical parameters of MEMS-basedget used in our re-
search, based on the predicted characteristics of the deemeration MEMS-based stor-
age devices [Schlosser et al. 2000]. While our exact pedaoa numbers depend upon
the details of that specification, the techniques themsealeenot.
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Fig. 1. Data layout on a MEMS device.

3. RELIABILITY OF MEMS-BASED STORAGE ENCLOSURES

MEMS-based storage can replace disks in storage systepegialy in mobile comput-
ing and high-end systems where size and power or performarrdenportant. In general,
disks have much higher storage capacities than MEMS stalegees. For instance, disk
capacities range from 18-300 GB for server disks and 20—-800&GRBptop disks [Hitachi
Global Storage Technologies 2004; Seagate Technology,2804], reported in August
2004. To base a storage system completely on MEMS-baseaystowe need 10-100
times more MEMS devices and corresponding connection caes to equal the capac-
ity of disks. While a single MEMS device is expected to be nretiable than a disk, such
a large number of MEMS storage components yields lower ¢tharstem reliability.

3.1 Reliable Storage Building Bricks—MEMS Storage Enclosures

To address the system reliability problem, we believe thatipie MEMS devices should
be integrated into a MEMS storage enclosure organized aPrAdnd accessed with
a unified interface. We choose RAID-5 as the data redundactognse because of its
reliability, space efficiency, and wide acceptance.

Like disks, MEMS enclosures can be used as the basic buildtiog in storage systems,
providing reliable persistent storage. However, MEMS esagtes can contain several on-
line spares, in addition to the data and parity devices,ighog better reliability, durability,
and economy than disk drives. Adding spares is feasible feBM@ enclosures thanks to
the small physical size, low power consumption, and redativow unit cost of MEMS
storage. An enclosure controller can automatically dedegtce failures and begin data
recovery to on-line spares immediately. This can improveM@Eenclosure reliability by
reducing both the window of data vulnerability and the cleaofthuman errors. The shorter
device rebuild times of of MEMS devices, due to their highandwidth and lower capac-
ity, further reduces the window of vulnerability. With miple on-line spares, an enclosure
can tolerate several device failures in the economic tifetiincreasing its durability and
reducing its maintenance frequency and cost.

A MEMS enclosure can notify the host system, the mainten@ecsonnel and/or the
end users through signals when it runs out of spares. Formraared / amber / green
LED combination might inform a laptop user of the state of émelosure. The failing
enclosure can either be replaced or replenished with nerespaincrease its lifetime, as
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Fig. 2. Markov model for a MEMS storage enclosurey. 3. Survival rate of MEMS storage enclosures with-
out repairs in five years.

desired. There are two maintenance strategies: the prewsitategy repairs the enclosure
when it runs out of spares and the mandatory strategy doeslgavben the enclosure
operates in degraded RAID-5 mode without any spares.

MEMS storage enclosures require little or no modificatiomlisk-based storage man-
agement software. As disk replacement devices, MEMS em@egprovide a linear block
address space and use the same interface as disks. The koatirap systems need
to understand the reliability statuses of MEMS enclosurestake actions accordingly.
S.M.A.R.T. (Self-Monitoring Analysis and Reporting Tedhogy) provides the same func-
tionality for hard drives [Hitachi Global Storage Techngiks 2004; Hughes et al. 2002;
Seagate Technology, Inc. 2004].

3.2 Reliability of MEMS Storage Enclosures

MEMS storage enclosures are internally organized as RAIWItB on-line spares. Re-
searchers traditionally approximate the lifetimes of RADBystems as exponential and
use Mean Time To FailureMTTF) to describe their reliability [Chen et al. 1994]. This ap-
proximation is accurate enough because the system comipgdatimes are also modeled
as exponential and failed components are replaced in fimehe system is repairable.
MEMS enclosures with repairs share similar reliability i@dweristics with RAID-5 sys-
tems and their lifetimes can also be modeled as exponential.

Without failed device replacement, the lifetime of a MEMSlasure has two stages,
a reliable stage with spares and an unreliable stage wittjpares; it cannot be simply
modeled as exponential. The enclosure with spares can lefiasde as RAID-5 systems
with very short device rebuild times. It becomes unreliadfter spares run out because
any two successive device failures can result in data loss.

Figure 2 shows the Markov model for a MEMS storage enclosutte W data and one
parity devices and one dedicated spare. The spare devisendb@articipate in request
services during normal operations. The enclosure can blrége tmodes: normalN),
degraded), and data lossgL). The numbers (0 or 1) in the figure indicate how many
spares the enclosure still has. We assume that MEMS lifetimiata recovery times to
on-line spares, and system repair times are independeng>gahential. The average
MEMS lifetime and data recovery time aMTTF,,c;ns = 1/A andMTTR,,ems = 1/
the mandatory and preventive system repair ratep@end p;, respectively. These rates
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are zero for enclosures without repair.

3.2.1 Reliability without RepairsWe first studied the reliability of MEMS storage
enclosures without repairs, whose Markov model is that gfifé 2 withpy = p; = 0. We
assume that data loss can be only caused by MEMS devicesilur

Researchers and engineers expect MEMS-based storage torbaetiable than disk
because of its architectures, miniature structures, amufaeturing processes [Carley
et al. 2000; Griffin et al. 2000b]. Unfortunately, there isya$ no data to back up this as-
sumption. However, we know that Digital Micromirror Devic€OMD), a commercialized
MEMS-based digital imaging technology, have Mean Time Bt FailureMTBF) of
650,000 hours (74 years) [Douglass 2003].

For simplicity, we suppose the average MEMS storage deifetinhe, MTTF,,¢,,5, tO
be 200,000 hours (23 years). For the purpose of comparisesaume the lifetimes of
commodity disks and “better” disks are exponentially distred with means of 100,000
and 200,000 hours, respectively. We estimate the averagereleovery time to on-line
sparesMTTR,...»s, t0 be 15 minutes. The estimate is very conservative giverhigh
bandwidth and limited capacity of MEMS: we assume less tRarobdevice bandwidth
devoted to data recovery. Suppose a MEMS enclosure corit@idsta, one parity, and
k dedicated spares. Its user-visible capacity is 60 GB becaash MEMS device can
provide 3.2 GB of storage. While the exact reliability numsdgepend upon these assump-
tions, the techniques themselves do not.

Simple calculations reveal thdTTF of MEMS enclosures with zero to five spares to be
2.3,3.5,4.6,5.8, 6.9, and 8.1 years, respectively, valdrésh are surprisingly low. How-
ever, in their economic lifetimes, say 3-5 years, MEMS esules with several spares can
be more reliable than disks witdTTF as high as 200,000 hours (23 years), even without
replacement of failed MEMS devices. This is shown in Figure/Bich illustrates the sur-
vival rates of MEMS enclosures without repairs. The suiviage R(t) of an individual
system is defined as the probability that the system surforeeny lifetimet given that it
is initially operational [Bhat and Miller 2002]:

R(t) = Prllifetime > ¢t | initially operational.

For example, the probability of data loss of a MEMS encloswith five spares in the
first three years is 1.75%, much better than 12.31% of a sidigle with MTTF of 23
years. However, the enclosure becomes highly unrelialtée afruns out of spares; the
probabilities of data loss in such a device in one year is@.0

As mentioned above, the survival rates of MEMS enclosuresaddollow exponential
distributions. Instead, they follow Weibull-type distuiions: enclosures achieve higher
survival rates in the beginning but then rather suddenlyp&bw the survival rate of a disk,
as shown in Figure 3. Thus, even though a MEMS enclosure rhimlg a smalleMTTF,
its survival rate for the first several years can be signifigdmetter than that of a disk.
Generally, economic lifetimes (3-5 years) are much smétlen componenMTTF (>
10 years), which explains the seemingly paradoxical sanahat enclosures with lower
MTTF may be more reliable than disk drives.

The unreliable stage of a MEMS enclosure can be quickly adtlay the system and
then a repair can be scheduled in time. Note that MEMS endgsare only the building
bricks of storage systems and higher levels of redundangybagrovided in MEMS-
enclosure-based systems, as in disk-based systems. Aleaddta on an “unhealthy”
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Fig. 4. MTTF of MEMS storage enclosures under  Fig. 5. Probabilities that a MEMS storage enclosure has
different maintenance strategies and repair rates. up tok failures during(0, ¢].

enclosure can be replicated to an on-line spare enclosuhénvwane hour, assuming an
average 17 MB/s bandwidth consumption, which is aoffly of the aggregate bandwidth
of the MEMS enclosure.

3.2.2 Reliability with Repairs.There are two maintenance strategies for MEMS en-
closures, preventive replacement and mandatory replateaediscussed in Section 3.1
and modeled in Figure 2. Preventive replacement can significimprove the reliabil-
ity of MEMS enclosures because they can still tolerate oneerfailure during the repair
time, typically in days or weeks, thanks to their internallRA organization. Mandatory
replacement postpones enclosure repairs as late as posEibs can reduce the mainte-
nance frequency during the enclosure lifetime, but exposess to greater risk of data loss
or unavailability.

Figure 4 shows Mean Time To FailurBITTF) of MEMS storage enclosures with dif-
ferent numbers of spares under different maintenancesgtest and repair rates (as repre-
sented apq andp; in Figure 2), ranging from one day to three months. Weget p; > 0
for preventive replacement ang > 0 andp; = 0 for mandatory replacement. As can
be seen, on-line spares with preventive replacement digatigtincrease theViTTF of
MEMS enclosures, about one to two orders of magnitudes hitjtzen MTTF of enclo-
sures without on-line spares, under the same repair ratdoWipreventive replacement,
the reliability improvement by on-line spares is less inggiee. Given the same repair
rate, preventive replacement can provide higher reltgbihan mandatory replacement.
In other words, preventive replacement requires less tigaintenance than mandatory
replacement to achieve the same level of reliability.

3.2.3 Reliability of Distributed SparingSpare storage in MEMS enclosures can also
be organized in a distributed fashion. In distributed sgafMenon and Mattson 1992],
client data, parity data, and spare space are evenly distdbon all of the devices in
the enclosure. This technique can provide better perfocm#éman dedicated sparing in
the normal and data reconstruction modes [Menon and Matt882; Thomasian and
Menon 1997]. Distributed sparing can reduce data recartstrutime because it needs
to reconstruct less data than dedicated sparing and its@ledastruction can proceed in
parallel from and to all devices, avoiding the serializezbrestruction problem in dedicated
sparing. However, distributed sparing utilizes more desjovhich may undermine the
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overall enclosure reliability.

We found that distributed sparing and dedicated sparingrgdly provide comparable
or almost identical reliability for the MEMS enclosure cauffations under examination
because the typical average device replacement time isyg ataweeks and the average
data reconstruction time to on-line spares is in minutesisTthe risk of data loss during
the data reconstruction time is almost neglectable condgarte risk during the enclosure
repair time.

3.3 Durability of MEMS Storage Enclosures

In MEMS storage enclosures, failed devices tend to be reflas late as possible or even
not replaced during the enclosure economic lifetimes ¢gibi 3-5 years) to minimize
maintenance costs and human interferences. We therefamimx the survivability of
MEMS enclosures with different numbers of on-line sparedeurmandatory and preven-
tive maintenance policies in the first one, three, or five gyear

We again consider a MEMS enclosure with one parity and 19 diastices and: dedi-
cated spares. Because reconstructing a failed MEMS devie®dEMS enclosure takes a
very short time, we assume for simplicity that data recarmsiton to on-line spares com-
pletes instantaneously once one device fails. f.gt) be the probability that exactly
MEMS devices in the enclosure have failed during the perib(ot] [Bhat and Miller
2002]. The probability that a MEMS enclosure confronts up failures during the period
of (0,¢] is

n=~k

Py(t) = Y palt) (1)
n=0

n=k 1
= Z e_ANt(ANt)n—',
n.

n=0

whereAy = N, N is the number of data and parity devices in the enclosurel Ahds
MTTF of MEMS devices. In other words, the enclosure can surviter gfmet with the
probability of P (¢) as long as it can tolerate up kdfailures.

A MEMS enclosure withk spares can tolerate up to+ 1 failures without repairs in
its lifetime. With m repairs ¢ > 1), the enclosure can tolerate up kox (m + 1)
failures under preventive replacement giadc+- 1) x (m + 1) failures under mandatory
replacement before then+1)"* repair is scheduled. Here we assume enclosure repairs can
be completed instantaneously because we are interestesvimiany times an enclosure
has to be repaired during its economic lifetime, insteadsafliability. Figure 5 illustrates
the probabilities that up to failures occur in a MEMS enclosure durif@, ¢].

The probabilities that a disk witMTTF of 23 years can survive for more than one,
three, and five years are 95.7%, 87.7%, and 80.3%, respgciv®EMS enclosure with
two spares has a 98.8% probability of surviving for one yeitinout repair. The proba-
bility that an enclosure with five spares can survive for fieans without repair is 84.6%.
The probability that an enclosure with three spares undasregptive replacement requires
more than one repair during five years is 15.4%. The prolwalidr the same enclosure
under mandatory replacement is only 3.5%. Clearly, preveméplacement trades more
maintenance services for higher reliability, compared é&mdatory replacement.

Figure 5 is almost identical to Figure 3 because the averaigerdcovery time to on-line
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spares is very short in reality. The assumption of instagdas data recovery in Figure 5
is also quite accurate for MEMS enclosures without repaitsch allows us to quickly
approximate, using Equation 1, the survival rates of MEMSlasures without repairs
without solving messy ordinary differential equations.

As building bricks of storage systems, MEMS storage encésswith on-line spares
have higher probability than disks to survive their ecorolifietimes. This makes MEMS
enclosures well suited for mobile applications and I/O ngtee high-end applications,
where size, power, and performance may be important.

4. USING MEMS-BASED STORAGE IN THE STORAGE HIERARCHY

Although MEMS-based storage is superior to disk in manyeetsp including performance
and power consumption, disk retains its advantage over MEMS8rms of capacity per

device and cost per byte. Thus, while MEMS may dominate itageapplications, we

expect disk to continue to play an important role in secopgdtarage for the foreseeable
future. We now turn our attention to improving storage periance by adding MEMS-

based storage as an additional layer between RAM and disleistbrage hierarchy. We
show that MEMS can mask the relatively large disk accessidate so that the hybrid

MEMS/disk systems can be nearly as fast as MEMS and as lacyeleap as disks.

4.1 Hybrid MEMS/Disk Storage Subsystem Architectures

From the operating system point of view our MEMS/disk hylstiorage system will appear
to be nothing more than a fast disk. We envision the MEMS dexasiding either on the
disk controller or packaged with the disk itself. In eithaese, the relatively small amount
of MEMS storage will have a correspondingly small impact be $ystem cost, but can
provide significant improvements in storage subsystenopadnce.

MEMS-based storage has been used to improve performanceoatiderformance in
the HP hybrid MEMS/disk RAID systems [Uysal et al. 2003]. histsystem, half of the
disks in RAID 1/0 were replaced with MEMS devices, storing @opy of the replicated
data in MEMS. Based on data access patterns, requests ai@eddry the most suitable
devices to leverage fast access of MEMS and high bandwidttiséf Our work differs
in three important respects. First, we wish to provide alsirigirtual” storage device
with the performance of MEMS and the cost and capacity of.d&kch a device can be
easily employed in every kind of storage system, not justAi0R1/0. Second, we use
MEMS as another layer in the storage hierarchy, instead afdisk replacement. Third,
our system requires less MEMS than disk, providing a betterall cost/performance
ratio. Ultimately, we believe that our work complements ke architecture and the two
techniques could even be used in conjunction.

4.1.1 Using MEMS as a Disk Write BuffelThe small write problem plagues storage
system performance [Chen et al. 1994; Rosenblum and Ousite1892; Ruemmler and
Wilkes 1993b]. In o uMEMS Write Buffe(MWB) architecture, a fast MEMS device acts
as a large non-volatile write buffer for the disk. All writequests are appended to MEMS
as logs and reads to recently-written data are fulfilled byM&& A data lookup table
maintains data mapping information from MEMS to disk. Fastr recover, this is also
duplicated in the MEMS log headers. Figure 6 shows the MEMBa/MRuffer architecture.
A non-volatile log buffer stands between MEMS and disk toehdtansfer bandwidths of
MEMS and disk.

ACM Transactions on Storage, Vol. X, No. X, XX 2005.
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Fig. 6. MEMS Write Buffer. Fig. 7. MEMS Caching Disk.

MEMS logs are flushed to disk in background when the MEMS sjsaleeavily utilized.
MWB organizes MEMS logs as a circular FIFO queue so the ealigitten logs are
cleaned first. During clean operations, MWB generates digtewequests, which can
be further concatenated into larger requests if possibErding to the validity and disk
locations of data in one or more MEMS logs.

MWSB can significantly reduce disk traffic because MEMS is¢aegough to exploit spa-
tial localities in data accesses and eliminate unnecessayrites. MWB stages bursty
write activities and amortizes them to disk idle periodséttdr utilize disk bandwidth. In
contrast to RAM-based buffering, the non-volatility of MEBvensures that no data is lost
in the event of a power failure.

4.1.2 MEMS Caching Disk MEMS Write Buffer is designed to optimize write inten-
sive workloads. As such it provides only marginal perforgeimprovement for reads.
MEMS Caching DiskMCD) addresses this problem by using MEMS as a fully associa
tive, write-back cache for the disk. In MCD all requests amvieed by MEMS. The disk
space is partitioned inteegmentswhich are mapped to MEMS segments when necessary.
Data exchanges between MEMS and disk are in segments. As iBMlAta mapping
information from MEMS to disk is maintained by a table thatliglicated in the MEMS
segment headers. Figure 7 shows the MEMS Caching Disk acthit. The non-volatile
speeding-matching segment buffer provides optimizatippootunities for MCD, which
will be described later.

It is well-known that data accesses tend to have both terhpoih spatial localities
[Roselli et al. 2000; Ruemmler and Wilkes 1993b] and the amofidata accessed during
a period (the working set) tends to be relatively small coragao the underlying storage
capacity [Ruemmler and Wilkes 1993a]. Thanks to the redgtilarge capacity of MEMS
storage devices, MEMS Caching Disk can hold a significantigqoiof the working set
and thus effectively reduce disk traffic. Exchanging datavben MEMS and disk in large
segments can better utilize disk bandwidth and implicitigfetch sequentially accessed
data. All of these improve system performance.

The performance of MCD can further be improved by reducingeaessary steps in the
critical data paths and relaxing the data validity requeatron MEMS, which result in
three techniques described below:
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—Shortcut: MCD buffers data in the speed-matching segment buffer whezads data
from the disk. Pending requests can be serviced directiy free buffer without waiting
for data being written to MEMS. This technique is callldortcut Physically, Shortcut
adds a data path between the segment buffer and the contBlferemoving an un-
necessary step from the critical data path, Shortcut caroweresponse times for both
reads and writes without extra overhead.

—Immediate Report: MCD writes evicted dirty MEMS segments to disk before it Bee
them for new requests. However, MCD can safely free MEMS sggsas soon as dirty
data is destaged to the non-volatile segment buffer, redutie delay associated with
reclaiming dirty segments. This technique is callednediate Report

—Partial Write: MCD reads disk segments to MEMS before it services write esty
smaller than the MCD segment size. By carefully trackingvdlédity of each block in
MEMS segments, MCD can write partial segments without megathem from disk first,
leaving some MEMS blocks undefined. This technique is cdfaxdial Write. Partial
Write which requires a block bit map in each MEMS segment be&alkeep track of
block validity. It can achieve performance similar to theMEMS Write Buffer.

4.2 Experimental Analyses

We implemented MEMS Write Buffer and MEMS Caching Disk in K$m [Ganger et al.
1999] to evaluate their performance. The default MEMS ptalgparameters is shown in
Table I. We used the Quantum Atlas 10K disk drive (8.6 GB, 28 RPM) as the base disk
model, whose average seek times of read/write are 5.7/6s19Va changed its maximal
throughput to 50 MB/s to better evaluate system performaritemodern disks.

We used workloads traced from different systems to exethissimulatorTPC-Dand
TPC-Care twoTPC benchmark workloads, representing workloads for on-liaeiglon
supports and on-line transaction processing applicati@spectively.Cello and hplajw
are a news server and a user workloads from Hewlett-Packeydrhtories, respectively.

Because the capacity of Atlas 10K is 8.6 GB, we set the defd&MS size to be
256 MB, which corresponds to 3% of the disk capacity. The rotler has 4 MB cache
by default and employs the write-back policy. The non-vtdaspeed-matching buffer
between MEMS and disk is 2 MB.

4.2.1 Comparison of Improvement Techniques in MEMS Caching Dislgeneral,
Immediate Report can improve response times for write-danti workloads, such as
TPC-Candcello, by leveraging asynchronous disk writes. Partial Write efiactively
reduce read traffic from disk to MEMS when the workload is dwaied by writes and
their sizes are often smaller than the MEMS segment size) esllio: 52% of its write
requests are smaller than the 8 KB segment size. The penfiearimprovement afforded
by Shortcut depends heavily on the amount of disk read trafidn TPC-D) andcello.
Cello also has significant internal read traffic due to partial MEMgment writes. The
overall performance improvement by these techniques safngm 14% to 45%.

4.2.2 Comparison of Segment Replacement PolBgcause disk access times are in
milliseconds, MEMS Caching Disk can potentially take adage of more effective and
computationally-intensive cache replacement algorithoth as Least Frequent Used with
Dynamic Aging (LFUDA) [Arlitt et al. 1999] or Adaptive Repteament Caching (ARC)
[Megiddo and Modha 2003]. LFUDA considers both frequencg eecency in data ac-
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Fig. 8. Overall performance comparison

cesses by using a dynamic aging factor, which is initialimede zero and updated to be
the priority of the most recently evicted object. Wheneveobject is accessed, its priority
is increased by the current aging factor plus one. LFUDAtewite object with the least

priority when necessary.

We compared the performance of two segment replacemeiigmin MCD: LRU and
LFUDA. In general LRU performed as well as and, in many cabe#ger than LFUDA.
Based on its simplicity and good performance, we chose LRhetthe default segment
replacement policy in any further analysis.

4.2.3 Performance Impacts of MEMS Sizes and Segment Sibesperformance of
MCD is affected by two factors: the segment size and the MEBi$e utilization. Large
segments increase disk bandwidth utilization and fatéipgefetching, which favors work-
loads with many large sequential reads, suciR€-D. However, segments much larger
than the average request size increase data transfer tidnmay reduce MEMS cache
utilization if the prefetched data is useless. Large segsna@iso decrease the number of
buffer segments for a fixed buffer size, which can have a hegahpact on the effective-
ness of Shortcut and Immediate Report. These effects caedeis theTPC-Candcello
workloads, which are dominated by small and random requests

4.3 Performance Evaluation

We evaluated the overall performance of MEMS Write BuffeM{l@) and MEMS Caching
Disk (MCD). The default MEMS size is 256 MB. We either enakddldM CD optimization
techniques (MCD ALL) or not (MCD NONE). The segment sizes dEBlare 256 KB,
8 KB, 8 KB, and 64 KB for thelTPC-D, TPC-C cello, andhplajwworkloads, respectively.
The MWB log size is 128 KB.

We used three performance baselines to calibrate thesieatohes: the average re-
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sponse times of a disk (DISK), of MEMS devices (MEMS), anchgs disk with 256 MB
RAM cache (DISK-RAM). By employing a controller cache witletsame size of MEMS,
we approximated the system performance of using the samardgrabnon-volatile RAM
(NVRAM) instead of MEMS.

Figure 8(a)-8(d) show the average response times of diffarehitectures and configu-
rations under th& PC-D, TPC-C cello, andhplajwworkloads, respectively. In general, us-
ing MEMS as disk replacement achieves the best performarideC-D, TPC-C andcello
thanks to its superior performance. DISK-RAM only perforslightly better than MEMS
in hplajw because the majority of its working set can be held in nezglp-latency RAM.
DISK-RAM performs better than MCD by various degrees (6—p4dépendent upon the
workload characteristics and working set sizes. In both M0 DISK-RAM, the large
disk access latency is still a dominant factor.

DISK and MWB have the same performancd RC-D (Figure 8(a)) becausePC-Dhas
no writes. DISK has better performance than MCD. In such alhigequential workload
with large requests, the disk positioning time is not a danirfactor in request response
times, and disk bandwidth can be fully utilized. LRU typlgglerforms poorly under such
streaming workloads, so MEMS cache is very inefficient. dadt MCD adds one extra
step into the data path, which can decrease system perfoenhgr25%. DISK-RAM only
has moderate performance gain due to the same reason.

DISK cannot support the randomly-acces3&LC-Cworkload, as shown in Figure 8(b),
because thPC-Ctrace was gathered from an array with three disks. Althougtew
activities are substantial (48%) iIFPC-C MWB cannot support it either. Unlike MCD,
which does update-in-place, MWB appends new dirty datags,lavhich results in lower
MEMS space utilization, and thus higher disk traffic in suctvakload with frequent
record updates. MCD significantly reduces disk traffic bydima a large fraction of the
TPC-Cworking set. Both MCD NONE and MCD All can achieve respeatat@isponse
times of 3.79 ms and 3.09 ms, respectively.

Cellois a write intensive and non-sequential workload. MWB dracadly improves the
average response time of DISK by a factor of 14 (Figure 8(efalise it can significantly
reduce disk traffic and increase disk bandwidth utilizabgrstaging dirty data on MEMS
and writing it back to disk in large extents. tello, 52% of write requests are smaller
than the 8 KB MCD segment size. By data logging, MWB also avalidk read traffic
generated by MCD NONE, which must fetch corresponding degments to MEMS.
This problem is addressed by the technique of Partial Wenerally MCD has better
MEMS space utilization than MWB because it does updatelangp Thus MCD can hold
a larger portion of the working set @kllo, further reducing traffic to disk. For all these
reasons, MCD ALL performs better than MWB by 57%.

Hplajw is a read-intensive and sequential workload. Thus, MWB adrimprove sys-
tem performance as much as MCD. The working sétpéjw is relatively small so MCD
can hold a large portion of it and achieves response timsshas 1 ms.

Although MCD degrades system performance uride€-Dand its performance is sen-
sitive to the segment size undePC-DandTPC-C system performance tuning for such
specific workloads can be easy because the workload chasticeeare typically known
in advance. Controllers can also trivially bypass MEMS underkloads similar torPC-

D, where the disk bandwidth is the dominant performance fat¢togeneral-purpose file
system workloads, such asllo andhplajw, MCD performs well and robustly.
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4.4 Cost/Performance Analyses

DISK-RAM has better performance than MCD when the sizes oRMWI and MEMS are
the same. However, MEMS is expected to be much cheaper th&ANV Figure 9 com-
pares the performance of DISK-RAM and MCD, which are equibpéh the equivalent
dollar amounts of MEMS and NVRAM as disk cache. We varied tW&IRM/MEMS cost
ratios from 1 to 10. The comparison baseline is the averagorese time of MCD. Using
MEMS instead of NVRAM as disk cache can achieve better pavémce inTPC-C cello,
andhplajw unless NVRAM is as cheap as MEMS. The disk access latencysiodders
of magnitude and 10 times higher than the latencies of NVRABIMEMS, respectively.
Thus, cache hit ratio, which determines the fraction of esfisi requiring disk access, is
the dominant performance factor. With cheaper prices ansl rger capacities, MEMS
can hold a larger fraction of the working set than NVRAM, t&ag in higher cache hit
ratios and better performance. MCD does not work well ufid®e-Dand has consistently
worse performance than DISK-RAM.

5. RELATED WORK

MEMS-based storage is an alternative secondary storagadkxgy currently being de-
veloped. Besides CMU [Carley et al. 2000], IBM has develop@dototype device, called
Millipede [Vettiger et al. 2000] that, unlike the CMU design, writegalby moving probe
tips in thez direction and making tiny physical marks on the media, asep@ to mag-
netic recording used in the CMU design. Additional hardwassearch is also being done
at Hewlett-Packard Laboratories [Toigo 2000]. Recentgré has been interest in mod-
eling MEMS storage device behaviors [Griffin et al. 2000adkgastha and Yang 2001].
Parameterized MEMS performance prediction models [Drawmand Madhyastha 2003;
Sivan-Zimet and Madhyastha 2002] were also proposed tmwattie design space of
MEMS-based storage.

Schlosser and Ganger [Schlosser and Ganger 2004] sugdkatatles and policies
proposed for MEMS-based storage should be examined undeoltyective testsspeci-
ficity andmerit, focusing on the use of MEMS-specific features and potep&ebrmance
benefits, respectively. By comparing performance of MEM8aies and hypothetical “su-
per” disks, they concluded that MEMS storage devices arehnfike disks, except for
their efficient accesses for two-dimensional data strestulOur research illustrates that
significant benefit can be obtained on system reliability @erdormance by leveraging the
high-level, general properties of MEMS-based storageh siscsmall physical size, fast
access, high throughput, and low unit cost.
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5.1 Reliability of Storage Subsystems

RAID [Chen et al. 1994] have been used for many years to ingboth system reliability
and performance. Menon, Mattson and Thomasian [Menon ant&al1992; Thomasian
and Menon 1997] evaluated the performance of dedicatedngpfunphy et al. 1990],
distributed sparing [Menon and Mattson 1992], and paritgrisig [Reddy and Banerjee
1991] under the normal and data recovery modes of RAID systéfuntz and Lui [Muntz
and Lui 1990] proposed that a disk arrayroflisks be declustered by grouping the blocks
in the disk array into reliability sets of sizeand analyzed its performance under failure
recovery.

5.2 Storage Hierarchy

Using MEMS-based storage to improve storage system peaficenhas been studied by
several researchers. Simply using MEMS storage as a disdcepent can improve over-
all application run-times by 1.8-4.8 and /O response tilmgg—110; using MEMS as
a non-volatile disk cache can improve I/O response times.by[Griffin et al. 2000b;
Schlosser et al. 2000]. Uysat al.[Uysal et al. 2003] proposed several MEMS/disk array
architectures, where one copy of replicate data is stordédEMS storage and based on
access patterns requests are serviced by the most suitafitesito leverage fast accesses
of MEMS and high bandwidths of disks. These hybrid storaghitactures can achieve
most of the performance benefits by MEMS arrays and theirmegbrmance ratios are
better than disk arrays by 4-26.

The small write problem has been intensively studied. We#dehe, typically non-
volatile RAM (NVRAM), can substantially reduce disk writeaffic and the perceived
write delays [Ruemmler and Wilkes 1993b; Solworth and O8@Q]. However, the high
cost of NVRAM limits the amount used, resulting in low hiticet in high-end disk ar-
rays [Wong and Wilkes 2002]. Disk Caching Disk (DCD) [Hu anang 1996], which is
architecturally similar to our MEMS Write Buffer, uses a dhtag disk to cache writes.
LFS [Rosenblum and Ousterhout 1992] employs large memoifgrsuto collect small
dirty data and write them to disk in large sequential recgiest

6. FUTURE WORK

MEMS storage enclosures without repairs exhibit unconseat non-exponential lifetime
distributions. Storage systems based on such enclosundd @xhibit reliability charac-
teristics quite different from those of disks, whose lifie¢is are typically regarded as ex-
ponential. The optional preventive repair policy makesarendifficult to estimate overall
system reliability. In deciding upon a particular architee, it is also necessary to un-
derstand the cost trade-off between system maintenancenaesiment on spare devices.
This question is outside the scope of this paper.

The performance of MEMS Caching Disk is sensitive, to vasidagrees, to its segment
size and workload characteristics. It is possible for MCDntaintain multiple “virtual”
segment managers, each using a different segment sizeniyally choosing the best one
for a given data request. This technique is similar to Ad&p€aching Using Multiple
Experts (ACME) [Ari et al. 2002].

MCD cannot improve system performance under highly-setiplestreaming work-
loads, such a3PC-D. However, we can identify streaming workloads at the cdietro
level and bypass MEMS to minimize its impact on system peréorce. Techniques that
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can automatically identify workloads characteristics@esirable.

7. CONCLUSIONS

As an emerging secondary storage technology, MEMS-basealggt promises high stor-
age density, high bandwidth, low access latency, low powasgmption, small form fac-
tor, and low entry cost. MEMS storage devices can be usedheraiomplement disks in
some systems or replace them completely in other systems.

Storage systems based completely on MEMS-based storaggaigrrequire many
more MEMS devices than disks to meet their capacity requéresn To meet or exceed
the reliability of disk drives, we organize numerous MEM%ides into MEMS storage
enclosures, which serve as reliable storage building biitkhe systems. Our results show
that adding a few on-line spares into these enclosures cka tham much more reliable
than traditional disks.

Replacing disks with MEMS devices completely can be unrsargsfor many appli-
cations which exhibit data access locality. We have showah uking a relatively small
amount of MEMS as a write buffer or a cache for a disk can masketatively large disk
access latencies. In particular, using MEMS as a disk cagheachieve significant per-
formance improvement under a variety of workloads, apgrivacthat of a pure MEMS
storage enclosure, at much lower relative cost.
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