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Abstract

With the advent of cheap netbooks, expanding Internet actes

the developing world is becoming more and more feasible. How

ever, classroom computers benefit from applications tylyicke-
ployed on servers, such as proxy caches, WAN acceleratkup,
etc. Server infrastructure, unfortunately, is not as weitesl for
developing-world use, since it tends to be less ruggedireate
power-hungry, and more expensive, making it difficult foradinde-
ployments to adequately maintain, stock and replace.

To address these issues, we consider the notion of turnimg-a n
book in to a low-end server via software support. Many netboo

ship with multi-gigabyte solid state disks (SSD) that arenaled
for local storage. By attaching an external disk and usiegSBD

to augment the typically-meager RAM memory, we can instesed u

a netbook as a server. Unfortunately, SSD behaves veryetiffy
from RAM, and requires special consideration to be usedtffdy.
To this end, we introduce SSDAIlloc, a hybrid memory manalgat t
provides simple programming constructs that developersusa to
build server software with small RAM footprints and goodfper
mance. With SSDAIlloc and an external hard disk, a netbookacén
as a server for the entire school, dramatically reducindogepent
cost and complexity.

1 Introduction

While the gap between the “haves” and “have-nots” in Inteate

of data retention. Solid-state disks can boost the perfocaaf out-
of-core applications. Current low-cost laptops combinétth WSB-
attached hard drives can provide this level of hardware460$JSD
per unit, and this cost may drop over time.

Our focus, at a high level, is to use these technologies tmwar
the gap between the usage experiences of the developed avatld
the developing world. This combination will likely mean thoar fo-
cus will be on the growing urban middle class and the uppeidtai
class in particular, but even this target audience is sizahf we
assume that one-quarter of India’s and China’s populatdia iinto
this category, the number of users exceeds the total pomulat
the United States. We target this audience based on thevabser
tion that even if $400 USD is a large value in local currencgng
middle-class parents in these countries view it as an imest in
their children’s education. If such technology can providesage
experience similar to that of the developed world, it alsovites
self-empowerment rather than charity, with a family lapseen as
an aspirational item, akin to a television, scooter, or car.

We also view targeting the urban middle class as a meanspf hel
ing build local ecosystems. Online access can more eadihg dr
advertising and advertising-based purchases, both ofhwdubsi-
dize the cost of developing and delivering content. As maepe
use the online Internet, the fixed costs of traffic delivery spread
across more users, lowering the cost of delivery, which &em t
generate more demand from more users. Commercializatitmeof
Internet in the US has generated so much volume that therobsza
who originally used the Internet can now buy bandwidth angbas

cess is wide, the gap between the “*haves” and the “almosishav much more cheaply than prior to commercialization. We hoye: t
may not be much better. As the first world moves toward userlowering the cost of online access in the developing world gen-

generated content, social networking, blogs, commenedrsites,
and more participation, having anything less than full asde the
Internet will degrade the Internet user experience. Whaayrpeo-
ple believe that read-only offline access to the Internetgisoti
enough”, we believe that this approach will hinder deveigpivorld

users from sharing information not only with the developeatid;

but also with each other, which appears to be a largely ueaddd
desire [13]. In the longer term, we also believe that offlimdy

access will fail to spur the kind of Internet growth seen ia finst
world.

While being a second-class Internet citizen is no doubebé#tan
being excluded completely, a number of technological aceamay
soon render the choice between first-class and secondafatse
dichotomy. Low-cost laptops can bring personal computinigutge
numbers of people [4, 9]. Long-range wireless can bring eonn
tivity where no connectivity existed [10]. Large-capadibyv-cost
disks can provide bulk storage that transforms how devesabénk

erate a similar effect.

Low-cost netbooks make an attractive platform for suchagepl
ments in the developing world, given their cost, portapiléand
power consumption. They can be used in many different senar
including schools, small clinics, government offices, bardénches
etc. However, without coordination, laptops make poor Useet-
work resources, such as redundantly fetching cacheabtertaver
the network. To address this problem, the practical apprizto de-
ploy servers that provide centralized services such as \Afehireg,
WAN acceleration, disk storage, local e-mail, etc. Theseess
could be deployed in schools, in apartment complexes, in&&éds,
or even by the ISPs themselves.

While servers solve the coordination-related problemney thtro-
duce new management problems for the deployment. Servads te
to cost more than laptops, due to fewer economies of scaléhand
desire to use higher-quality components. For smaller gepdots,
the cost of the server may constitute a significant portich@bver-



all deployment cost. Servers tend to be less ruggedizeddpéops,
so they are more sensitive to environmental conditions ahdro
problems [14]. To avoid downtime from failure, either a sedary
server needs to be available on site, or easy replacemesdsmbee
available locally. Deploying secondary servers costsexthile en-
suring a ready supply of backups complicates the supplynciad
inventory management. Servers typically also use moreggriean
netbooks, often by a factor of 10 or so, and without their oattes-
ies, must depend on a uninterruptible power supply to hastubet
outages.

Given their downsides, it is worth considering whether nelts

can be used to replace servers in such deployments. Theokstbo

already have several advantages over servers — they aredoste
they are ruggedized, and when every student already habaohet

down to that of the SSD. We believe that the application |agio

better understand what data is frequently accessed andisvhet,

and can yield better performance by separating data on gis bk
access frequencies of actual data entities and not wholespaur
work aims at providing programming tools for applicatiogiloto

express such characteristics to maximize the impact ofU88D.

SSDAlloc targets precisely the memory-intensive set ofvoet-
ing applications that we want to deploy in the developing Idjor
such as Web servers, Web caches, WAN accelerators, anchsearc
engines. Our previous experience designing a web servica fo
low-footprint environment was the Web proxy cache Hash@4ith
which decoupled the RAM consumption of the cache from the
amount of disk storage being used. While that effort yieldesig-
nificant performance and capacity gain in our target enviremts,

the supply chain and replacement system problems becomk mug: required a complete redesign of the application, and tdikely

simpler. In the worst case, failure of the “server” netboak de
handled simply by taking one from a student and using it atkte

to occur for a large number of applications without some edtec!
effort. Instead, we hope that SSDAIlloc can allow appligagido

One barrier to using netbooks in this capacity is the limitedshift most of their memory usage to SSD, reducing RAM pressur

amount of RAM typically found in these systems, comparechio t
amount of RAM needed in servers that are running multipleeser
style applications. These applications often access @xirarge
volumes of data, and the RAM requirements of these appicaf-
ten scale in proportion to their activity or the amount ofage/data
they are handling. So when a netbook is serving a classrobwf fu
students, the demands placed on it are higher than wheneing b
used as a student’s personal machine. Unfortunately, okesbare
not typically designed to be very expandable, and do notigeov
multiple available connectors to expand the RAM capacityhef
machine.

To address this problem, we can exploit the fact that many ne

books ship with multiple gigabytes of solid state disk (SSihich
is normally used for local storage, but which has speed ptiese
that fall closer to RAM than disk. When a netbook is convetted
a server, this small SSD is insufficient for storage, so arrazal
USB-attached hard disk will be used for the primary stordigss-

without having to invasively modify much of the applicatiofvhile
SSDAlloc requires more developer effort than completedynspar-
ent approaches [12, 5, 6, 16], we believe that for developiodd
scenarios using netbooks, the tradeoff is appropriateeifatiplica-
tions are going to be broadly deployed. Although, one caigdes
automatic techniques to migrate to this hybrid setting gisitatic
analysis of code and dynamic analysis of the runtime behafio
the application. We discuss more about this in Section 6.

To illustrate why SSDAlloc is needed for the developing worl
consider the case of a WAN accelerator where the average pfec
content stored is 1KB. If the cache storage is 1 TB, then Iohill
lindex entries are needed, which would require 8GB of RAM dtea
entry is 8 bytes (a number derived from the HashCache-Log con
figuration [1]). This much RAM is far beyond the capacitiesatif
netbooks, but many netbooks ship with this much SSD stonafge.
propose the usage of SSDs as RAM substitute. We explore the de
sign space and provide with an efficient way of utilizing S$3s

ing the SSD to be used for other purposes. In particular, W&t Wa 5 aMm substitute. In general, out techniques can be used fpfiash

to use the SSD to augment the meager RAM of these systems, sugfy

that the programs that run on the netbook-turned-serveusarthe
SSD as program memory, rather than storage.

We present SSDAlloc, a hybrid main memory management mech-

anism, to aid application developers in writing high perfance ap-
plications for hybrid RAM-SSD systems. It provides a megiian
to tag data items according to their usage characterigticsjding
the information needed to determining when to store it oblsta
storage, when to cache it, and when to replicate it for ndatviby.

1.1 Rationale

The problems with using SSD as a RAM substitute relate to éie b

havioral disparity between the two. While SSD has fast reaeds,

writes tend to be slower, and writes can only be performedeen r

gions that have been bulk-erased, a very slow process tiparis
formed at coarse granularity. Other researchers have toiede
SSD in various capacities, such as transparently migrafirigal
memory pages [6], using it as swap [12], or redevelopingiagpl
tions specifically to use it [15].

We argue that a very desirable scenario is one where a little p
gramming effort can deliver significant performance pdssib a
hybrid architecture. While using SSD as a swap layer wilhsra
parently provide some performance benefits, the cost-tiaidfiis
approach has been disputed [7], and especially on very lemany

sed storage and not just SSDs. We used SSDs since thatevas th
most prevalent form of flash storage available in systenisetime

of writing this paper.

To motivate the problem we propose a very simplistic scenari
where the SSD can be used as part of the virtual memory where it
contains pages that can be accessed by the applicatioastmthe
manner in which applications access pages in RAM today. &edp

up the process and to amortize the cost one could use RAM agea pa
cache for all the pages on the SSD using any of the existing pag
replacement policies prevalent in virtual memory systernchSa
simple agnostic page replacement policy might potenti@lljt on
every page access and refer to the flash for each requestnigring
down the performance of RAM to that of the SSD. The actual set
of useful data in RAM may be much smaller, since only a few byte
ranges from each page might actually be in use, meaning thstt m
of RAM, while technically being used, is really providingtlé value

in terms of the data truly needed by the application.

Utilizing SSD and RAM effectively can take different forme-d
pending on the application. For very small data structuras,may
opt to use RAM to cache recently-accessed data structuaesth
spread across the SSD. For data structures where fields Hire d
ent usage patterns, one might pack heavily-used fields in RA§
leave the rest in SSD. For these reasons, we design SSDAlloc t
manage RAM as an object cache rather than a page cache, which

netbooks, swapping whole pages in and out of memory will needcan improve small-memory server performance.

lessly tax the already moderate CPU, and bring RAM perfomaan

The rest of this paper is organized as follows: The desigrisis d



cussed in Section 2, and we discuss our prototype in SectiSe& This remapping process also means that the older locatams f
tion 4 provides preliminary evaluation results using aeysthat  Chunks are now garbage, and have to be garbage collected. The
we built using SSDAlloc. Section 5 presents a brief studyxigte ~ simplest garbage collector is essentially the log mandgezads in

ing work in the area and we conclude in Section 6. a certain number of erase blocks from the current head anditisé
aggregates the live Chunks in these blocks. Later it fluskeatirty
Chunk cache and the present live Chunks on to these erades Isioc

that wastage is minimized. It also updates the Chunk Talgpsoa
priately. While this kind of approach would have been toogistic

for disk-based log-structured file systems [11], the défexe is that
SSDs have no mechanical disk head to move, so eager clearing a

2 Design

In this section we describe the design of SSDAIlloc, whiclved
applications to easily manage the hybrid SSD/RAM memory-all
cation. .FII’St we discuss why directly cachllng appllcatldnygots N Cther optimizations have less benefit.
DRAM is better than caching pages containing these objggten This approach solves several problems related to SSDs -nit mi
we describe how such objects can be stored on SSD (and cathed i pp P

RAM) and exposed to the application in a transparent marifier. erlzo?ﬁ:r/gtg\zr?t]allnI;nézfizzigrgir:}ﬁlgsr;:tnhde?(ljs?cc:a?iit\;v e/atmgh
nally, we discuss the optimizations that would enable tregeof 9 9 9 herath

SSD as a random access device by enabling efficient randata regPades IS that writes are aggregated as Chunks and_not pagexmle
and writes to these application objects. to lesser number of erases for the same random write workload

2.1 Chunking the RAM 2.2 Chunk Sizes

One of the main design decisions in SSDAlloc is managing memApplications can need Chunks that are different in sizestamain-

ory allocations at the object level, and then aggregatimiiegtion ~ imize SSD storage wastage the size of the Chunk must be con-
objects into units we call Chunks. The reason for this apgraa  figurable. While allowing arbitrary Chunk sizes minimizesase
twofold — to gather useful data into less memory, and to mitighe ~ Wastage it can lead to a higher utilization of RAM since thei@
performance difference between RAM and SSD. When objeets arTable would have to store the size of the Chunk in additiorhéo t
a”ocated’ by default their permanent homes are on the Sﬁmhw location of the Chunk on the SSD. Arbitrary Chunk sizes cao al
allows for much more storage space than the RAM. In the kind oflead to a higher overhead in the garbage collection meamanttch
server-style applications we are targeting, allocatiateoand loca-  has to perform Chunk cleaning and aggregation for arbigraized

tion may have little to do with usage order or popularity. Assult, ~ Chunks. To minimize such a complexity while also minimizing
objects of varying popularity may share the same page of S&B-m space wastage we allow the Chunk to be chosen from among a few
ory. predetermined sizes. For example, each Chunk can onlytoer 8i2

When these objects get used, they are either fully or phrtial Pytes, or 64 bytes, or 128 bytes or 256 bytes etc. Each Chule Ta
cached in RAM at the object level, rather than the page |eWels can then represent the locations of Chunks of the same s&®id
decision provides two benefits. The first is that objects eddn  Storing the size of the Chunk on a per Chunk basis in the Chank T
RAM can be accessed much faster than the SSD, mostly becauée- Such a choice for the size of a Chunk provides the riglletoff
of systems architectures. The I/O bus used to connect davibe ~ Detween space wastage, performance of garbage collectibrea
system is much slower than RAM, simply because peripherals a stricts the size of the Chunk Table. Such a design, leadsaoxage
generally not designed to have the kind of bandwidth that Resd  collector that has to monitor only a few locations per analc8SD
provide. The second benefit is that when objects can be chesed ~ Page to determine all the Chunks that that particular page ha
on usage, rather than caching entire pages, the relativedil smain
memory can cache more useful objects. Given the densitggren
SSD and RAM, object caching is likely to continue being a uke
optimization going forward.

To access objects regardless of location, SSDAlloc prewdsat
we call Chunk Tables, which are similar to the concept of gagkes
in the virtual memory design. The Chunk Table contains thetion
of each set of objects, regardless of location (SSD or RAMXHE
allocation of objects generates its own Chunk Table.

The Chunk Table allows applications to perform random a&mE®s
(both reads and writes), regardless of where an object reratly
stored. While RAM can easily handle both random reads aresyri

¢ 3 Preliminary Implementation

We have implemented a preliminary version of SSDAlloc, Whic
requires roughly 2500 lines of C code. It currently supp&%D as

the only form of flash memory, though we believe that it coalgt

be expanded, if necessary, to support flash-based USB ,stittks
The main functions it includes are as follows:

ssdalloc ssdunit ssdalloc( int numChunks, int ChunkSize, int cache-
Size ) This function creates a new object called ssdunit whiclsis e
sentially a Chunk Table for theumChunksChunks of sizeChunk-
Sizeit creates on the SSD. It also creates a Chunk cache of size

SSD can only handle random reads well. Due to the non-ovierwri heSizd for th Chunk hi he i q
behavior of SSDs, a truly RAM-like random write behavior Wwbu cachesizen RAM for these Chun S. This gcache Is managed as
a simple LRU queue. The allocation function simply gives aut

mean that part of the SSD would have to be erased and re1writte . .
with the new data. Not only would this cause a performancblpro Ch“f?" Table for future references. This Chunk.TapIe costélie
due to the long delay of the erase operation, but reliahilayld also Iocatlo_n of each of the Chunks on the SS.D which 'S _garbage col-
be impacted, since SSDs also have limited numbers of eratescy lected in a log structured manner. For reading and writirgyreeeds

To address this problem we adopt the approach used by flasti© just reference the Chunk Table and use the metadata lateaila

based filesystems [3], and manage the Chunks on the SSD as a Iot ere to know about the actual location of the Chunk on the.SSD

structured system [11]. Whenever something is written tdarg, ssdcalloc ssdunit ssdcalloc( int numChunks, int ChunkSize, int
itis remapped to a new location which is essentially theentroff- cacheSize:)This function is likessdallog but zero-fills the allocated
set in the log. This new location is reflected appropriatelfhe  chunks. Given the cost of erasing SSD, the performancerelifte
Chunk Table for the application to use. between this andsdallocwarrants having two functions.



ssdrealloc ssdunit ssdrealloc(ssdunit unit, int numChunk$his
function grows the size of the allocated Chunk Table to theested
number of Chunks.

readChunk: int readChunk( ssdunit unit, int ChunkNum, void*
buffer) reads the ChuniChunkNunof unit and copies it tdouffer.
It first checks the RAM cache for chunks before checking thB.SS

writeChunk : int writeChunk( ssdunit unit, int ChunkNum, void*
buffer) writes to the ChunlkChunkNunof unit from buffer. If the

Chunk is in the RAM cache then it writes to the cache and marks i

as dirty. If the Chunk is not in the RAM cache, then an exiséngy

in the cache may have to be evicted in order to make spacee If th

eviction process chooses a dirty entry, all dirty entriasluding the
chunk from this call, are written to SSD. However, only thdesit
entry on the LRU list is actually evicted. This process alsggers
the garbage collector, described later.

flushUnit: int flushUnit( ssdunit unit:) Any dirty chunks in RAM
are flushed to the SSD. This function may be called periogical
while the server runs in order to reduce any problems duewepo
failure, and it can be called before the server gracefuliymteates.

3.1 Garbage Collection and Dirty Cache

The Garbage Collector (GC) activates whenever the RAM chake
enough dirty entries to amortize the cost of writing to theDS$
during idle CPU times when there are enough objects to bedtlsh
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Figure 1: Average response time for 2 million request mieraih-
mark with varying amounts of reads and writes. As the Chuné si
decreases, the write performance increases due to fewarseoa
the SSD for the same workload.

writeChunkto write back any modified object when it is no longer
needed.

Cases like doubly-linked lists (by themselves or in chaihash
tables) can make coding more complicated, since every tipera
that rearranges elements also modifies the pointers in theopis
and next elements in the list. In this case, the simplestistepkeep

to flash.. When this happens, the GC writes them to the SSD anghe ginters in RAM, and just use SSDAlloc to allocate theeoth

updates the Chunk Tables appropriately. Each Chunk on tBe SS

elements within the structure. In this case, linked list ipalations

has a back pointer (metadata) to the Chunk Table that cantin , 1ot require extra calls tariteChunk In the case where each
This back pointer helps the GC update the Chunk Table. The GGement in the list is relatively small compared to the peisit we

is a simple copy-and-compact garbage collector, and ensoat it
reads enough partially-filled blocks to make enough spacehto
new writes. To minimize the number of reads per each itamatio

recommend keeping the contents of multiple elements in dnmikg
rather than operating on a per-element basis. We admitéedIgtill
in the process of gaining more experience with applicatibashave

of GC on the SSD we maintain in RAM the amount of free SPaCease constraints.
per each erase block. These numbers can be updated whenever a
Chunk in an erase block is moved elsewhere or when new Chunks

are written to the whole block when it is garbage collectedhe T
entire per-chunk metadata in our implementation is only ¢y

3.2 Migration to SSDAlloc

We believe that SSDAlloc is suited to the memory-intensivgipns
of server applications, and that migration should not bécdift in
most cases. The reason for this belief is that our experisnggests
that a small number of data types are responsible for mobeafata
usage in these applications, and that their use is tied ngardions
with explicit start and end behaviors. For example, when & We
server receives a request, it has to operate on a file and usélit
the request is satisfied, and then it no longer needs the fitea A
result, the program has explicit points at which it can retj@ed
release the objects for that transaction.

The migration process is relatively straightforward, ardlewe
cannot automate it at the moment, we can provide a relatsialy
ple process for migrating applications. The first step isdentify
which data structures are responsible for most of the memsty
age, and focus on those. The other allocations can be hahyled
the standard malloc system, which can coexist with SSDAIlléc
objects are individually allocated, the next step is to evatsimple
pool allocator per data type. The pool allocator simply cdles an
array of objects each time from SSDAlloc, and then providesrt
individually to the caller. The final step is to add treadChunk
calls to get the object’s current location before each useé ta call

4 Preliminary Evaluation

Our preliminary evaluation of SSDAIlloc includes some mimnch-
marks as well as one real server application. In particwaryun

a HashCache system [1] in its memory-intensive high-perémce
configuration, known as HashCache-Log. We use this configura
tion to index two billion objects on a system with 4GB of RAMdan
32GB of flash (an SSD), which can do 6000 random reads/sec. The
actual amount of RAM used in our tests varies in size fromowhb

like to server-like.

The results of a random read and write microbenchmark isshow
in Figure 1, where SSDAIloc is used to allocate 16GB of dat wi
chunk sizes ranging from 128 bytes to 4096 bytes. The tekinpes
2 million operations, at random offsets, with a mixture cids and
writes. Each operation acts on 128 bytes of data, so the ctinak
show the range of tightly-packed useful data down to usedth d
scattered among useless data.

The throughput on this microbenchmark is nearly six times as
high with small chunks versus large chunks for writes. TheVRA
cache used is minimal in size to test the performance in p&tho
settings, so the tests demonstrate the effect of data ér@ngbm
the SSD. There is no significant difference in read perfoador
Chunk sizes below 512 bytes because the minimum reads that th
device allows is 512 bytes. The 100% write workload imprdees
small chunks because these can be packed together into @ne 51
byte sector when being written.
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ing uses more memory than Chunking but provides performance

is in general much higher than Chunking and Paging which bave benefits in doing so. Paging consumes more memory and perform

uniformly high overhead at all hit rates.

worse as the working-set size increases.

The application test of the HashCache server provides nmere i time also includes the total time needed to flush the units &fie 2

sight into SSDAlloc’s benefits. With two billion index ergs in this
configuration, HashCache requires 16GB of index space, faem

Million operations complete.
Figure 3 shows the amount of RAM needed to keep a random

than the RAM on the machine. We use such a high number of indexvorking set in RAM. With working set sizes varying from 20000

entries to perform stress tests, in realty the number ofxiri¢ries

to 1 million (less than 0.1% of the entire workload) indexraas

needed for a deployment would be much smaller. We test ttmee ¢ we show how Chunking uses substantially less memory than Pag

figurations:

1. HashCache with Paging We configure SSDAlloc to use a
Chunk size of 4096 bytes, the same as the OS page size,tom
sure the performance we can expect from swapping to SSD.
use a RAM cache of 2GB, enough, in theory to cache 12.5% o
the workload.

ea

ing. Chunking and Striping are created with a 128 byte Chunk,
so the Chunk Tables for Chunking and Striping are 32 timegelar
than that of Paging, but still the Chunk Tables are only 512 ikB
ize for the entire 2 Billion entry index. Also, we use a 50%tea

for hashbits and LRU bits in Striping (that is hashbits fof&0f

he index entries are cached in main memory and the rest are on
the SSD), around 1.5GB. Striping uses more memory, by aggres

2. HashCache with Chunking We use a 128 byte Chunk size sively caching hashbits and LRU bits, than Chunking but s&&D
to maximize the utility of the RAM cache. The modification bandwidth (read and write) for other applications to usegifa
to HashCache are minimal and maintain the layout of all datgperforms poorly compared to both Chunking and Striping iréo
structures. With 2GB of RAM, we can expect to cache 12.5%higher RAM due to the fact that each object in the working setd
of the workload with a better expected hit rate in RAM cache be on a different page. Striping with a higher constant cxadh
than Paging. Chunking is interesting because it can be usethan Chunking presents a trade-off of SSD bandwidth vs RAM co

for migrating applications in a trivial manner, just by regihg
malloc calls with ssdalloc calls.

3. HashCache with Striping: We break HashCache’s main data
structure into two parts — the frequently-used portion,ithsh

sumption. Although, for many casess 2 Billion entries ignarge.
Smaller settings will have smaller Striping overhead.

5 Related Work

bits, are kept in an ssdunit with a large RAM cache size (ex-

pected 50% hit rate), and the less-used portion, the metadatWhile alternative memory technologies have championedriore

is kept in a different ssdunit with a smaller RAM cache size than a decade [16], the improvements in DRAM had largely kept
(expect 15% hit rate). The total size of the two RAM caches isthem sidelined until recently. With advancements in cégaand

still 2GB.

Figure 2 shows the response time for 2 million index openatio
on HashCache for varying hit rates. We assume a high congtant
sert rate of 70% representative of web workloads. This fighoevs
how the performance of Striping scales with the hit rate.ipBtg
uses fewer reads than Paging and Chunking since the hasirdits
more likely to be found in RAM, and the application access$es t
rest of the metadata only if the hash bits match. Paging anthikch

reliability, flash memory has recently received widespreddp-
tion for nonvolatile storage, even though its appropriassmnas good
intermediate layer between RAM and disk have been long recog
nized [2].

Subsequent research has focused on using flash as a stgrage la
to improve disk seek performance [5, 15]. More recent resear
has examined how to transparently use flash in the memory hier
archy [12, 6], focusing on providing power efficiency withqer-
formance loss. Some of these approaches focus on makingaflash

ing on the other hand use the same number of reads at all & rat memory layer inside the VM and implement paging across DRAM

since the data structures are kept intact. Paging and Qigiaiso
have the disadvantage of having to edit LRU information oshffor
hits leading to a higher number of writes. For this test, Rggind
Chunking will need reads and writes for almost every indegrap

and flash or the disk [5, 6]. The disadvantage of these teaksiq
for our environment is that in making the same pages spars®cro
DRAM and flash reduce the goodput of DRAM.

SSDAlloc, in comparison, tries to exploit the memory degnsit

tion, leading to a high performance impact. The averageoresp SSD to augment RAM. Given the cost of low-end SSD storage and



its widespread use in netbooks, using it as a RAM replacegant  [6] J. C. Mogul, E. Argollo, M. Shah, and P. Faraboschi. Opeca

provide server-like behavior that is well-suited for deghg-world system support for NVM+DRAM hybrind main memory. In

environments. While we find that the maximum benefit is agdev Proceedings of HotOS'Q2009.

with application modification, we believe this tradeoff ixaptable ]

given the reduction in deployment and maintenance contglexi [7] D. Narayanan, E. Thereska, A. Donelly, S. Elnikety, and
Other flash-based techniques examine redesigning progiams A. Rowstron. Mlgra}tlng server storage to ssds, analysis of

get the maximum performance possible [8, 15]. With a toa BS- tradeoffs. InProceedings of EuroSys'02009.

DAlloc, the necessary changes can focus on the core datiwses
and can leave all of the SSD-related decisions to the librahe
most closely related previous work was performed by Wu et [
in which they design flash-aware data structures. SSDAHociges [9] One Laptop Per Child. http://www.laptop.org/.

a software layer so that developers can very easily makéaill t

data structures flash-aware by providing the right amountrite [10] R. Patra, S. Nedevschi, S. Surana, A. Sheth, L. Subriman
caching and leaving wear leveling to the library. Previowskain and E. Brewer. Wildnet: Design and implementation of high
data structures for flash includes Birrel et al [3], which poses performance wifi based long distance networks.Ploceed-
augmenting flash with main memory storage. Our Chunk Table is ings of NSDI'07 2007.

essentially a mapping similar to the one proposed by therinbu
reverse — our goal is to maximize overall memory and perfocaa
rather than focusing in overcoming the limitations of flash.

[8] S.Nathand A. Kansal. FlashDB: Dynamic self tuning datsh
for nand flash. IrProceedings of IPSN'Q2007.

[11] M. Rosenblum and J. Ousterhout. The design and imple-
mentation of a log-structured file system. Pnoccedings of

SOSP’912009.
6 Conclusion and Future Work [12] Spansion Inc. Using spansion EcoRAM to im-
prove TCO and power consumption in inter-
In this paper we present the design of SSDAlloc, a hybrid main net data centers. http://www.spansion.com/
memory architecture suitable for the development of wekises about/news/events/spansienoramwhitepaper0608.pdf.

for Developing World. Such hybrid architectures are eaaiil-
able in the form of netbooks today. These netbooks are mordyst [13] S. R. Sterling, J. W. O'Brien, and J. K. Bennett. Advamest
and resistent to dust, power failures, and low voltages andige through interactive radio. IRroceedings of ICTD 2002007.
the right kind of infrastructure for web services in devefmpre- ) )
gions. SSDAlloc enables the conversion of netbooks to serve [14] S.Surana, R.Patra, S. Nedevschi, M. Ramos, L. Subriaman
eliminating the management and supply headaches of nwimgai Y. Ben-David, and E. Brewer. Beyond Pilots: Keeping Rural
special servers. Our prototype implementation and modéigai- Wireless Networks Alive. IfProccedings of NSDI'0O8008.
cation demonstre}te the potential of SSDAlloc and thig sela&s_ [15] C.-H. Wu, L.-P. Chang, and T.-W. Kuo. An efficient b-tree
aPpmaCh to Service deployment, and we expe(?t 1o gain expeyi layer for flash-memory storage systems. Rroccedings of
with more applications and live deployments going forward. RTCSA042004.

While programming tools like SSDAIlloc can definitely proeid
better and faster server applications, involvement of togiammer  [16] M. Wu and W. Zwaenepoel. eNVY: A non-volatile main mem-

must be minimized. We are working towards minimizing progra ory storage system. IRroceedings of ASPLOS’94994.
mers’ involvement in these hybrid memory management tegtas

to obtain the best possible benefits. Towards that goal weaking
efforts in two different directions that when combined caavide
the transparency needed. First, we aim to exploit source,solden
available, to make an automatic migration from malloc tcafisd.
Second, we aim to analyze the runtime behavior of the agjuita
virtual memory usage and determine the right parameteradpli-
cation’s random access data in this hybrid setting.
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