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Abstract—Flash memory is now widely used in the 20 = .
design of solid-state disks (SSDs) as they are able to sustain Sequential
significantly higher 1/0 rates than even high-performance 157 M Random

hard disks, while using significantly less power. These
characteristics make SSDs especially attractive for use in
enterprise storage systems, and it is predicted that the
use of SSDs will save 58,000 MWh/year by 2013. However,
Flash-based SSDs are unable to reach peak performance
on common enterprise data patterns such as log-file and
metadata updates due to slow write speeds (an order-
of-magnitude slower than reads) and the inability to do
in-place updates. In this paper, we utilize an auxiliary,
byte-addressable, non-volatile memory to design a general  Figure 2. Power efficiency of writes for various storage desi
purpose merge cache that significantly improves write The left three drives (highlighted) are solid-state disRSDs)
performance. We also utilize simple read policies that [Performance data o Poite et al. [24], with average power
further improve the performance of the SSD without estimated from datasheets and online reviews]
adding significant overhead. Together, these policies reduce . ) . .
the average response time by more than 75%, making The growing interest in Flash-based SSDs is due
it possible to meet performance requirements with fewer their ability to match or exceed the performance of
drives. high-speed HDDs while using less power, as shown in
Keywords-Servers; Storage; Solid-State Disks Figure 2. Improved SSD design has largely mitigated
the reliability issues of Flash, and they are now available
from a diverse range of manufacturers, from storage

companies like Seagate and Fusion-io to traditional chip

The enterprise storage power challenge: companies like Intel and Samsung.
) Narayanan et al. predict that a smaller number of
Enterprise datacenters use a large number of har@SDs can displace many of the high-power, high-
disk drives (HDDs) to meet both capacity and per-performance hard disks [22]. As Flash-based SSDs
formance requirements. However, HDD performance:snnot match the cost-per-GB and GB-per-Watt of hard

improvements significantly lag that of processors, andyisks, energy efficient disk drives will still be required
estimates by Freitas and Wilcke show that, within the¢,, capacity [11] [12] [29], while the SSDs hold the

next decade, enterprise servers will require millions of,qst active data. The significant reduction in the re-
HDDs to achieve the required level of perfprmance [7]. uired number of drives (both SSDs and hard disks)
Storage already represents more than a third of a typ'Cel(jan significantly improve energy efficiency as the needs
datacenter's direct power consumption [27], as ShOWryt gata centers continue to grow. It has been predicted
in Figure 1, and can be over 70% for storage-heavythat the addition of SSDs to enterprise servers will save
installations [33]. 58,000 MWh/year by 2013 [25] [31]. However, before
Flash-based SSDs can become ubiquitous in enterprise
storage systems, a key performance bottleneck must be
overcome.
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I. INTRODUCTION

The in-place update problem:

Polte et al. have shown that enterprise-level Flash-
based SSDs can provide more than two orders-of-
Figure 1. Typical datacenter power breakdown [27] magnitude improvement in performance over hard disks



for random access patterns [24]. We have incorporated We next provide an overview of the nature of Flash,
published power data on six of the storage devices the¥TLs, and existing auxiliary NVM designs in Section II.
tested to estimate the power efficiency (in thousands ofn Section Ill, we characterize our enterprise workload
I/O operations per second (IOPS) per Watt) as showrraces and describe why our design works well for
in Figure 2. The Flash-based SSDs, shown highlightedhem. The details of our design and the merge cache
on the left, significantly improve both the random and management policies that we explore are given in Sec-
sequential power efficiency over any of the hard drivestion IV, Section V describes our evaluation framework
though a gap between the two values persists. As Flasand results, and Section VI offers our conclusions and
memory is a (mostly) random access device, the gappportunities for future work.

shows that further improvements are possible.

The difference between the sequential and random
write performance is explained by the inability of Flash  We now describe the architecture and limitations of
to perform in-place updates. Modifying a small piece Flash-based SSDs in Section II-A, the operation of
of data necessitates writing the data to a new Flaslthe most common types of Flash Translation Layers
page, leaving stale data within the original erase-unitin Section 11-B, while Section II-C finished with a
Large numbers of random writes, common in manydiscussion of the related work.
enterprise workloads, will increase the fragmentation
within erase-units, reducing performance as expensivé. Flash-based SSDs Primer

merge operations must be performed. This magnifies the Flash-based SSDs use a Flash Translation Layer

already slow speed of writes, preventing Flash-baseqFTL) to provide the block-based interface of a hard
SSDs from achieving their full potential. This reduces disk. Reads and writes take roughly the same time on a
the energy savings and increases costs by requiring Rard disk, while writing to Flash is almost an order-of-
Iarggr number of SSDs to meet the same perform"’mcﬁwagnitude slower than reading. Furthermore, a region
requirements. of Flash must be erased before it may be written, an
Previous work in making modifications to the file- operation two orders-of-magnitude slower than reading,
system and changing the disk-block interface haveand each region may only be erased a limited number of

shown that adding byte-addressable non-volatile memtimes. The purpose of the FTL is to mask this behavior
ory (NVM) can significantly improve both the perfor- from the host system.
mance and the endurance of Flash-based SSDs [6], [14]. Flash has a minimum write size of a page, which is

However, the changes requw_ed by thes_e previous Iorot'ypically 4 kB for the large-block NAND Flash used in
posals prevent them from being a drop-in replacemenggng These pages are grouped together to form erase
for magnetic hard disks. units around 256 kB in size, which forms the smallest

Our contributions are as follows: erasable unit. The FTL uses copy-on-write semantics to

« We use byte-addressable NVM for both Flash mask the behavior and latency of writes and erasures
Translation Layer (FTL) data and as a generalby changing the mappings for each Iogical block as
purpose merge cache. This architecture require§€€ded. The old versions of a page continue to occupy
neither a new file system nor modifications to the SPace until their units are erased. However, any valid
device interface. As the merge cache can hold dat®29es still in the erase unit must first tmergedonto a.
indefinitely, the system can coalesce writes, thug'®W one duringgarbage collectionAs each erase unit
reducing the number of writes and erasures that th&'as @ 10,000-100,000 program/erase cycle limit, it is
Flash must perform and improving SSD endurance N€cessary for the FTL to perform wear-leveling.

« As the byte-addressable NVM performs signifi-
cantly better than Flash for both reads and writes,
we explore a number of policies for managing the We now summarize the relevant FTL designs here,
contents of the merge cache to improve perfor-but Gal and Toledo have reviewed many other pro-
mance. We also investigate how the capacity ofposals [8]. The two traditional schemes for storing the
the merge cache affects the performance of the begbgical to physical page mappings are page-based and
management policies. block-based. A page-based FTL can map any logical

« We show that our general purpose merge cachgage to any physical page, a strategy reminiscent of
improves performance by over 75%, on averagefully associative caches, simply requiring a large amount
for enterprise-level workloads. Additionally, the of fast storage to hold the mapping table. A block-
use of the merge cache reduces the number obased FTL performs the same translation but restricts
erasures needed by more than 20%, on average. which erase units a logical block can map to, similar to

II. BACKGROUND AND RELATED WORK

B. Designing the Flash Translation Layer



a set-associative cache. This map is at least an ordeFlash device in the best case. Additionally, validating
of-magnitude smaller than a page-based map. Howeveg file system is a difficult task required before a file
block-based schemes experience a much higher numbsystem will be adopted in enterprise systems. Significant
of merges as each datum can only go in a limiteddevice interface changes hinder adoption as they prevent
number of locations. devices from being used as drop-in replacements for

Hybrid FTL schemes attempt to bridge the gap bymagnetic r_]ard disks. The recently adde(_JI SSO m
partitioning Flash into data blocks and log (or update)command improves performance by allowing the OS to
blocks [5], [17], [18]. Data blocks are mapped using indicate blocks belonging to erased files, thus reducing
a block-based scheme while log blocks are mappe@arbage collection overheads. However, the command
using a page-based scheme, reducing the total size &oes not change the underlying device abst_raction and
the mapping. The log blocks receive all of the updates,SSD manufacturers currently do not rely on it for good
minimizing the amount of data that must be Copied'performance, as software support is still limited.
and keeping garbage collection overheads low. When Sun et al. designed a hybrid FTL that stores its log
the device exhausts the set of free log blocks, théblocks in PCM [30]. Because PCM is byte-addressable,
garbage collector must merge the log and data blocksipdates may be performed in-place although care must
and rewrite the result to already erased blocks, arbe taken to ensure the log region does not wear out
expensive operation. before the underlying Flash. Their dynamically allo-

DFTL provides a page-based FTL variant that re_cate.d log provides super?or pgrformance to both in—plape
quires only the scratchpad SRAM within the SSD's |099ing (where the log is written to Flash) and static
controller [10]. Since the capacity of the scratchpad|°9 allocz_mon by associating an grbltrary number_of log
SRAM is extremely limited, it is only used to cache the Plocks with each Flash erase unit. However, freeing log
entries of the page-based map. Rather than reconstrugfltries requires merging an entire log for some erase
the missing FTL entries when a cache miss occursUnit back to Flash, dramatically increasing the cleaning
DFTL writes complete segments of the page-based magverhead. To mitigate this, Sun et al. use 1 GB of PCM
to Flash on a cache eviction. Gupta et al. showed tha{® Support 32 GB of Flash.

DFTL significantly reduces the number of expensive We build on the performance and flexibility of page-
merge operations required over hybrid FTL schemesbased FTLs shown by Gupta et al. [10], though we
though it does not perform as well as a simple page-assume there is enough auxiliary memory (DRAM or
based FTL, as it requires extra reads and writes to FlasNVM) to hold the entire page-based map. Our design

to save and restore segments of its map. requires neither file system modifications nor does it
distinguish between metadata and ordinary file data.
C. Augmenting SSDs with NVM Our merge cache is general enough to improve the

Despite the large number of publications on non_performange of any small write pa}ttern and may be used
volatile memory (NVM) technologies, few have in- as a drop-in replacement._Addmonally, none of these
vestigated SSDs that combine multiple technologies.d(:“Slgns have_used the auxiliary memory 1o bufier reads
Designed for magnetic disks, the HeRMES file systemas well as writes.
uses magnetoresistive RAM (MRAM) to buffer writes
and hold all metadata [20]. Doh et al. proposed a
file system for Flash memory, MiNV, that stores all To evaluate our system, we selected four enterprise
metadata in NVM and all file data in Flash, showing server traces collected from production systems in Mi-
that it improved performance while reducing the numbercrosoft data centers [13]. ThExchange server is a

of Flash erase operations needed [6]. Kim et al. [14]corporate mail server with more than 5000 users. The
proposed using phase-change memory (PCM) to holdMSN file server supplies the files requested by various
metadata along with a page-based FTL called hFTLLive data services. The LivdMaps trace comes from
They showed that moving both FTL and file-systemthe Virtual Earth servers responsible for retrieving map
metadata updates off of Flash significantly improvesimagery and combining it other information before pre-
performance while reducing the number of Flash writessenting it to usersRADIUS is an authentication server
and erasures. However, these implementations requineesponsible for worldwide corporate remote access and
modifying the block-device interface and software towireless authentication.

identify the metadata. Because many of the original traces touch far more
Though effective, the amount of space required tothan 32 GB of storage, we create a subset of each trace

store all of the file-system metadata in NVM quickly by using all of the accesses within a specified time slice.

becomes prohibitive—roughly 300MB for a 30GB Even within this time slice, the original addresses may

I11. W ORKLOADS



Workload  Duration  Read / Write Ratio Small Writes  Overwritteages

Exchange 1 hour 035:1 21.2% 78.4%

Maps 2.5hours 421 :1 2.1% 46.2%

MSN-FS 20 minutes 208:1 15.0% 34.3%

Radius 16 hours 0.12:1 39.4% 82.8%
Table T

CHARACTERISTICS OF THE WORKLOAD TRACES

not be confined to 32 GB so we remap the addresseA. Auxiliary NVM Selection

in the original trace to compressed addresses that fit ) _ .
within the device we simulate. Our remapping function The design of the merge cache necessitates the ability

provides the following three guarantees: (i) sequentiaf© Write (and easily rewrite) logical block (512 B) sized

accesses in the original trace are guaranteed to bL@AUM into the auxiliary NVM. This NVM augments

sequential in the compressed trace, (i) the transforin® Flash already present in the SSD; we simply use
mation of addresses at a page granularity ensures thii€ NVM as a replacement for the DRAM that is part
the number of Flash pages accessed is unchanged, aRfentérprise SSDs [21]. Replacing DRAM with NVM
(iii) the transformation will not create new sequential €duces the idle power consumption of the SSD while
accesses. Unlike disks where the position of the disiProviding similar access times. Density is not a sig-
arm and the address play a significant role in latencynificant concern since we require only a small amount
SSDs have constant latencies for sequential and randofi® 64 MB) of auxiliary NVM. Potential candidates

accesses. Hence, our compression of sparse addresd@glude NOR Flash, small-block NAND Flash, PCM,

into a dense address space will not significantly alte?"d MRAM. NOR Flash permits word-level writing

the performance of the simulated system, which wouldPUt requires erasing the entire logical chip at once as
not be true for disks. well as having write latencies up to 900 ms. Small-

block NAND Flash uses a page size matching that of a

Table | shows the characteristics of our workloadlogical block [19], but it still requires erasing at a larger
traces, with a small write being any write less thangranularity than a page, complicating management.

a page (4kB) in total size. Between the small writess Both PCM and MRAM are byte-addressable NVM
and the large fraction of overwritten data, our proposedechnologies, but PCM suffers from limited write en-
merge cache may prove extremely useful on an SSDgurance (currently in the range db*-108 set-reset
The non-volatile merge cache can potentially coalesceycles [16], [26], [28]) and has write speeds an order of
these small writes, providing better performance andmagnitude slower than DRAM [15]. In contrast, MRAM
reducing the wear on the Flash memory. We note thahas practically unlimited endurance but is significantly
the merge cache will be most beneficial for workloadsjower in density and higher in cost than Flash. In an
with a large number of small writes (e.g., Radius andeffort to provide an SRAM-compatible interface, most
Exchange) because this access pattern is the worst fQgRAM chips equalize the speeds of reads and writes
Flash-based SSDs. even though writes are slightly slower in practice. Spin
torque transfer RAM (STT-RAM) is a new variant of
MRAM under active industrial development [9] that has
IV. DESIGN the potential to solve the two traditional drawbacks of
MRAM: high write currents and large cell sizes [4],
[15], [32]. Many other technologies are also in devel-
In this section, we describe the design of our systemypment, but they have yet to reach the maturity of the
and how it can improve performance. Our designs argechnologies listed above. Though it is presently more
based on the enterprise SSDs investigated by Polte et alexpensive than competing technologies, we have chosen

as these devices display the superior performance ang) model MRAM in our device because it allows us to

with our selection of a secondary NVM technology to

augment the Flash already present in the SSD, though Auxiliary NVM Use

we note that our design is not dependent on a particular

NVM technology. Next, we describe our system archi- The auxiliary NVM in our design is split into two
tecture (shown in Figure 3) and the structures stored irsegments: the first holds the page-based FTL and the
the NVM. Finally, we discuss a number of policies that second the merge cache itself. Both segments also
may be used to manage the merge cache. contain auxiliary structures to manage the FTL and the
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Figure 3. Conceptual architecture — the NVM contains theegaased FTL, merge cache, and auxiliary structures relatdtetmerge cache’s
bookkeeping.

merge cache. The FTL data need not reside in NVM,ing the existing DRAM, and Figure 3(b) shows the read
but it does obtain the side benefit of reducing startupand write access path for I/O operations. When an I/O
time. The merge cache and its management structuregperation enters the SSD, the FTL identifies whether
do require non-volatility to ensure the data is persistentor not the requested data is stored in Flash and if any
Like other page-based FTLs, our in-memory directupdated blocks reside in the merge cache. If found, the
map is indexed by the logical page number and transSRAM cache is probed using the logical page address to
lates it to a physical Flash page. Given our assumedind the entry for the page. On a miss, a linear search
Flash page size of 4KB, we require 23b per entry forof the inverted index is performed to reconstruct the
the physical page in thes:30 GB SSD we model. The Missing cache entry. Regardless, the entry identifies the
entry also stores a bit indicating whether any sectord\VM physical sectors that hold blocks from the page,
within the page currently reside in the merge cacheWhich can then be accessed. For a write, misses and
As we use 32b to hold each entry, this design carPartial hits, where only some of the blocks have been
support significantly larger amounts of Flash withoutallocated to the merge cache, are given to the write
modification, though it requires more NVM to hold the Policy to decide whether to allocate them to the merge
Comp|ete map. We reserve the physical page numbé.FaChe or bypaSS them to Flash. A write that fu”y hits in
of all 1's to represent an invalid mapping, supporting the merge cache can bypass the write policy completely.
software’s use of thé ri mcommand. This allows the Reads are always forwarded to Flash on a miss or partial
OS to tell the SSD that the corresponding data blockdit.
may be immediately reclaimed.

We use an inverted index to track all of the merge
cache entries. The inverted index maps an NVM phys- The management of the merge cache provides a
ical sector (512B) to a logical block address. If therich design space for exploration. The write policy
inverted index contains an entry for a given logical block determines whether to bypass a write to Flash or allocate
address, its location in the merge cache is given bynew sectors in the merge cache. The optional choice of a
the entry’s NVM physical sector. Given the temporal read policy decides whether to cache or prefetch pages.
locality exhibited by many enterprise workloads [10], We have also explored variations of least recently used
our design caches a portion of the inverted index’s(LRU) and most recently used (MRU) eviction policies,
entries within a small (256 kB) hash table stored in thebut the four workloads used here give nearly identical
disk controller's SRAM scratchpad and indexed by theresults regardless of the policy used. We use a traditional
logical page number, which can hold more thl/anf all LRU policy to ensure the best overall performance.
the entries in our default configuration. We exclude the o
cache from further discussion because it is very effectivé/Vrite Policies

even with only these simple management policies. The write policy decides whether or not to allocate
Figure 3(a) shows the SSD design with NVM replac- new entries on a miss or partial hit in the merge cache.

C. Merge Cache Policies



Writes to our MRAM NVM are almost two orders- impede the write policy as writes to Flash are even
of-magnitude faster than writes to Flash, and sub-pagslower. As data cached or prefetched is simply a copy
writes are even more expensive to perform on Flashof data residing in Flash, it is not necessary that it be
as they require merging the data within the page. Thusheld in NVM, and DRAM could be reintroduced to

write policies should buffer all sub-page writes and asseparately hold this data, though this mandates a fixed

many other writes as possible in the NVM.

partitioning between the read and write policies. Instead,

« Writebuffer: The most straightforward policy is we allow the policies to tr_ansparently share the same
to allocate every write request to the merge cacheP°°| of fast storage and simply use more conservative

Sectors that already reside in the merge cache argaad policies to minimize the impact on the write policy.
simply updated, while the eviction policy ensures The policies presented below require no extra book-
that there is enough free space in the merge cachkeeping and only a negligible amount of computation.
to allocate the remainder. This policy leverages Though not mandatory, we add a dirty bit for each page
the reduction in write latency the auxiliary NVM in the merge cache to eliminate unnecessary writebacks.

provides to its fullest, though it may be unable to The conditions used by the policies below to selectively
reduce the number of merge operations needed. cache or prefetch data may seem somewhat arbitrary, but

« Sub-page Writebuffer: This policy directly tar-
gets sub-page Flash merge operations by allocal
ing merge cache entries only for sub-page writes.
Writes that update an entire page bypass the merge
cache and are sent immediately to Flash, silently
evicting any sectors currently residing in the merge
cache for that page. This policy conserves merge
cache space while giving up the write latency
benefits of the full writebuffer policy.

« Saturating Sub-page Writebuffer If an entry in
the merge cache is subsequently overwritten, it is
possible that it will be overwritten again. If a write
covers all the sectors in a page in the merge cache,
this policy allocates the remaining sectors to the
merge cache as well. Thus, subsequent updates will
hit completely in the merge cache. This conserves
less space than the sub-page writebuffer policy,
while attempting to better leverage the write la-
tency benefits of the auxiliary NVM.

Read Policies

Most read caching and prefetching policies are de-
signed for use in the operating system, which is able to
analyze the traffic for each application independently,
or for magnetic disks, where rotational latency domi-
nates access time and the incremental cost of reading
subsequent disk blocks is extremely low. The shift from
mechanical hard disk drives to Flash SSDs changes the
nature of both the algorithms and the data that should
be cached and prefetched. Reading one or all of the
blocks within a page takes about the same time, but
reading blocks in two different pages may take twice as
long, regardless of where the pages are. As a miss in the
merge cache for any block of a page requires accessing
the entire page, all of our read caching and prefetching
policies operate on full pages.

The NVM can perform a read an order-of-magnitude

they maintain the simplicity of the read policies while
l§igniﬁcantly reducing their impact on the write policy.

« Selective Read CachingWith the ONFI 2.0 inter-

face, the difference in transferring one block or an
entire page from Flash is very small. The simplest
approach is thus to cache all pages as they are
read from Flash, though this pollutes the merge
cache with much unused data. Instead, we choose
to cache only the last page of a read request, and
only if the last logical block within the page was
not requested. This improves the performance for
sequential access patterns that are not aligned to
page boundaries. This policy will not pollute the
merge cache as heavily as traditional read caching.

Selective Read Prefetching:The selective read
caching policy can work well for sequential access
patterns, but it stops at the page boundary. This
policy actively prefetches the page immediately
following the end of a read request. Unlike for
read caching, this policy may significantly increase
latency as it sends extra read requests to Flash. To
mitigate this problem and reduce the pollution of
the merge cache, we only prefetch the page when
the read request accessed the last logical block
within the last page in the request. To prevent
prefetching from interfering with the read request,
the pages to prefetch are appended to a queue
that is processed only after the request has been
handled.

Selective Read Caching and PrefetchingAs the
two policies above are mutually exclusive, it is
trivial to combine the two together. This combined
policy should improve performance for many se-
gquential access patterns.

V. EVALUATION

In this section, we describe our evaluation framework

faster than Flash. However, the read policy should noeand the simulator we used to evaluate our designs.



Then, we discuss the results derived from simulating
the four enterprise workloads described in Section lIl.
We explore the various policies for managing the merge
cache before briefly looking at the impact of NVM
capacity on the performance of the SSD.

A. Simulation Model

Agrawal et al. previously developed a model for
Flash-based SSDs [1], implemented as a module for
DiskSim 4.0 [3]. It supports a wide range of realistic
Flash device configurations using a page-based FTL
with no latency. We added support for auxiliary NVM,
our merge cache, and the policies from Section IV-C
to this model. We model MRAM as using a SRAM
interface with symmetric 10ns access latency, based
on values in the ITRS roadmap [2]. We assume there
are enough chips to form a 32-bit word, that each
chip has at eight internal banks, and that the data
and address buses operate at 200 MHz. We assume the
Flash chips utilize the Open NAND Flash Interface
(ONFI) 2.0 specification, which significantly increases
the bandwidth available to transfer data to and from the
Flash devices [23]. Our baseline system is organized like
Agrawal et al.'s but with the FTL data held in NVM,
though this reduces performance by less than 1%

B. Results

system the trace was collected from. The response
time for a request is the total time from when the
request is first sent by the host system until the
entire response is received. As such, reducing the
response time potentially allows for higher IOPS as
it can service more requests in the same amount of
time.

Access Time Ratio:The device access time is a
component of the response time; it counts only
the time to access the NVM and Flash subsystems
within the SSD. We take the ratio of the average
device access time to the average response time.
When it approaches unity, the response time is
dominated by access time and the SSD is perform-
ing as efficiently as possible; when it approaches
zero, the response time is dominated by queuing
and transmission delays. Workloads that have many
large requests will always have lower access time
ratio due to transmission delays, and queuing de-
lays become significant for workloads with a high
request intensity.

Erase Operations:Each Flash block can be erased
a limited number of times and is significantly

slower than even a write to Flash. As such, re-
ducing the total number of erasures can improve
performance and extend the device lifetime.

Section V-B1 and V-B2 evaluate the read and write

We start out by modeling the policies described in
Section IV-C using 64 MB of MRAM. As the FTL
utilizes 29 MB, there is 35 MB left for the merge cache.
We also utilize two perfect policies that assume that
all requests of the stated type(s) will be satisfied by
the merge cache. These policies show the maximu
possible improvement that may be achieved from the
latency reduction of the NVM. In practice, the differ-
ence between the two perfect policies is small, as th
latency reduction has much more impact on writes than
reads. A design approaching a perfect policy is meetin%
the locality needs of the workload and leaves little room
for further improvement.

policies, respectively. We also look at the capacity
sensitivity of the best write-only and read-write policy
choices in Section V-B3.

1) Write Policies: Figure 4 shows the average re-
psponse time for each workload and write policy combi-
nation, normalized to that of the baseline configuration,
along with the mean normalized response time across
éhe workloads. All three writebuffer policies reduce the
average response time, but the two sub-page writebuffer
olicies provide negligible improvements for the Maps
orkload, as expected from the extremely low fraction
(2.5%) of sub-page writes. The writebuffer policy per-
forms significantly better on every workload than the

Metrics: To reduce the potential for confusion, ,, sup-page writebuffer policies, indicating that the

we describe the primary metrics used to evaluate OUfytency henefits of the NVM far exceed the slowdown
designs here. These metrics are normalized againgl, seq by merge cache pollution.

either the baseline system without a merge cache or L . . .
y 9 The low write intensity of Radius allows the write-

another, stated point of comparison. Normalizing thebuﬁer olicv to aporoach the performance of havin
results eases comparison and allows us to calculate the policy PP P 9

. fect writes, while the write intensities of Exchange
average improvement across all four workloads. per ' . : ;
g P and MSN-FS are so high that the perfect writes policy

« Response Time:We principally use the average is indistinguishable from zero. The average response
response time to measure the performance imtime for Maps is above zero but still well ahead of the
provement of our designs. While 1/O operations writebuffer policy. Despite the significant reduction in
per second (IOPS) is the more conventional figureresponse time, only Exchange and Radius show signifi-
of merit, our use of enterprise workload traces thatcant hit rates (19.5% and 25.1%, respectively) for pages
contain timestamps fixes the I/O rate to that of thein the merge cache for Writes, though neither shows
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sensitivity to the policy used; and for all workloads, the buffer write policy evaluated in Section V-B1, along
hit rate for reads is extremely low and indifferent to with the perfect reads and writes policy for comparison.
the policy used. The decent write hit rate for RadiusEach datapoint is normalized to the writebuffer policy
is reflected in the fact that it is the only workload to operating without a read policy. Radius, which has an
show a significant benefit from the saturating sub-pagextremely low number of reads compared to writes,
writebuffer policy over the sub-page writebuffer policy. shows no significant change, and Maps is also unaf-
Figure 5 shows the average access time ratio, stilfected by the selective prefetching policy as its requests
normalized to the baseline. Maps and Radius have th@&re more random in nature. However, it performs poorly
lowest request intensity, giving them normalized access/inder the selective caching policy due to merge cache
times near one; and Exchange shows access time rati¢®llution, which also carries over into the combination
commensurate with the performance improvement giverPolicy, reducing the number of write hits by 13%. The
in Figure 4, approaching unity only with the perfect simplest approach to mitigating this is to statically limit
writes policy. Though it performs well, this Figure the number of pages that may be cached within a given
shows MSN-FS suffering from queuing delays causedime interval.
by high request intensity, only alleviated by the perfect Exchange shows an almost 20% improvement in
policy. The fact that its access time never approachesesponse time from the use of selective caching but
unity indicate the presence of a large number of largesees no further improvement from selective prefetching.
requests, which require a significant amount of time toMSN-FS shows a 35% improvement using the selective
transmit data to and from the SSD. prefetching policy but is insensitive to the selective
Figure 6 shows the number of erase operations norcaching policy. Neither policy is able to bring any of the
malized to that of the baseline. The write coalescingworkloads closer to the performance of having perfect
nature of the merge cache can truly eliminate erasuregeads and writes, indicating that further improvements
as long as there are hits in the merge cache. As théequire more aggressive read policies with adaptive
merge cache has limited capacity, the reduction incontrol to minimize cache pollution.
erasures may simply be a deferral, as indicated by Combining the selective caching and selective
the low hit rates for writes for Maps and MSN-FS. prefetching policies provides the best performance for
However, the page write hit rates of 19.5% and 25.1%Exchange and MSN-FS and performs well overall.
for Exchange and Radius (using the writebuffer policy( 3) Capacity Sensitivity:
indicate that write coalescing eliminates a large number

of erasures. ‘MRAM capacities ranging from 32 MB to 256 MB us-
_These results show that, though the sub-page polijyg either the writebuffer policy by itself (Figure 8(a)) or

cies provide significantly less performance improvementy,q ritebuffer policy in conjunction with the selective

than the writebuffer policy, all three policies improve o4 caching and prefetching policy (Figure 8(b)). As

performance while reducing the number of Flash blockio FT data requires 29 MB of space, this means that

erasures. the smallest capacity has only 3MB for the merge
2) Read Policies:Figure 7 shows the response time

for the three read policy variants, each using the write-

Figure 8 shows the normalized response time for
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Figure 8. Average response time normalized to 64 MB capaatydlt is better)

cache. Despite this, the performance of the real-worldunattainably large NVM sizes, reinforcing the need for
workloads is not significantly reduced by shrinking the either limits on the caching policy or adaptive control to
MRAM capacity. improve selectivity. MSN-FS shows the same caching
In fact, Figure 8(a) shows that only Exchange per-a"d prefetch efficiency regardless of capacity, but the
forms significantly better as the NVM capacity is in- write hit rate varies d|rectl)_/ W'Fh capa_(:lty. This §hows
creased. The large jump in performance at 192 mpthat though the read policy is working well, it can
indicates that Exchange has a large working set fOIl|m|t the eﬁectlvengss of.the writebuffer pthy. Qverall
writes. Radius fails to operate with the 32 MB NVM as Iower NVM capacmes. _mteract poo.rly with this read
it issues write requests larger than the merge cache ¢ licy, though the ad.d |t|p_n of adaptive control may be
handle when using the writebuffer policy. Modifications avle 1o prevent_ the significant loss of performance due
could be made to overflow such data to Flash, similaf® cache poliution.
to what the Sub-page writebuffer po“cy does. If the cost of MRAM is a Significant concern, these
results show that a design can achieve the majority of
lpe performance benefits by continuing to use DRAM to
old the FTL data while using 4-16 MB of MRAM with

Figure 8(b) shows nearly identical results for Ex-
change, Maps, and Radius. Exchange shows a larg

reduction in performance going to 32 MB than it did
P going the writebuffer policy for the merge cache. Increasing

with no write policy, and Maps continues to suffer h ¢ either DRAM of MRAM bles th
reduced performance due to the selective caching, ingitne amount of either or enables the use

cating that the cache pollution can only be mitigated byO?c _selective read cach_ing and prefetching, providing sig-
nificant performance improvement for some workloads.



C. Summary of the Results
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performance of different policies and choose the best
candidate. Though we have used MRAM to model our
NVM here, PCM is being actively researched and is
predicted to become commercially available in the near
future, providing significantly higher densities. A merge
cache designed using PCM needs policies that leverage
the increased density while mitigating the limited write
endurance and low write performance. Similarly, the
differences in device characteristics between STT-RAM
and MRAM deserve a STT-RAM-specific model and
policy optimization.
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Figure 9 summarizes the performance benefits of our
best-choice read and write policies. Using a write policy [1]
improved the performance of each workload, though
the writebuffer policy is the most effective policy as it
better masks the order-of-magnitude latency difference
between Flash reads and writes. The simple read poli-
cies that we have presented improve the performance[
of some workloads while adding almost no overhead.
Furthermore, the write coalescing performed by the
merge cache reduces the number of moves, merges, and
erase operations on Flash, all of which can improve the
lifetime of the SSD. 3]

VI. FUTURE WORK AND CONCLUSION

The superior 1/0 and throughput performance of
Flash-based SSDs compared to magnetic disk drives is
driving their adoption in enterprise datacenters both to
improve performance and reduce power consumption.
However, the high latency for writes and the inability
of Flash to perform in-place modifications limits the
benefits for many enterprise workloads. We have shown
that adding a merge cache made from an auxiliary
NVM significantly improves the performance of real-
world enterprise workloads. Our policies reduce the
average response time of the SSD by more than 75% as
well as reducing the number of Flash erasures by over
20%. This could help reduce the total number of drives [6]
needed, thereby reducing both power consumption and
costs.

One of the most significant benefits of our archi-
tecture is its flexibility. The performance degradation
of Maps under the caching read policies indicates that

further improvements are needed. The addition of an
adaptive control system could either tune policy pa-

rameters on the fly, or it could simply measure the

[7]

from Google and HP.
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