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Abstract

DE-INDIRECTION FOR FLASH-BASED SSDS
Yiying Zhang

Flash-based solid-state drives (SSDs) have revolutidrsrarage with their high perfor-
mance. Modern flash-based SSDs virtualize their physisaliees withindirectionto
provide the traditional block interface and hide their intd operations and structures.
When using a file system on top of a flash-based SSD, the dewioection layer be-
comes redundant. Moreover, such indirection comes withsa loath in memory space
and in performance. Given that flash-based devices arg likelontinue to grow in their
sizes and in their markets, we are faced with a terrific chgbeHow can we remove the
excess indirection and its cost in flash-based SSDs?

We propose the technique of de-indirection to remove theention in flash-based
SSDs. With de-indirection, the need for device address mgpjis removed and physical
addresses are stored directly in file system metadata. Byyda the need for large and
costly indirect tables is removed, while the device stil Ita freedom to control block-
allocation decisions, enabling it to execute critical &askich as garbage collection and
wear leveling.

In this dissertation, we first discuss our efforts to buildhaourate SSD emulator. The

emulator works as a Linux pseudo block device and can be ogea treal system work-
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loads. The major challenge we found in building the SSD etnula to accurately model
SSDs with parallel planes. We leveraged several techniguesiuce the computational
overhead of the emulator. Our evaluation results show tleaemulator can accurately
model important metrics for common types of SSDs, which fgent for the evaluation
of various designs in this dissertation and in SSD-rela¢séarch.

Next, we presenNameless Writesa new device interface that removes the need for
indirection in flash-based SSDs. Nameless writes allow #wcé to choose the loca-
tion of a write; only then is the client informed of th@me(i.e., address) where the
block now resides. We demonstrate the effectiveness of leaserites by porting the
Linux ext3 file system to use an emulated nameless-writingcdeand show that do-
ing so both reduces space and time overheads, thus makisgrpler, less costly, and
higher-performance SSD-based storage.

We then describe our efforts to implement nameless writeeahhardware. Most
research on flash-based SSDs including our initial evadnaif nameless writes rely on
simulation or emulation. However, nameless writes regiuinelamental changes in the
internal workings of the device, its interface to the hostraging system, and the host
OS. Without implementation in real devices, it can be diffibmjudge the true benefit of
the nameless writes design. Using the OpenSSD Jasmine, boatkvelop a prototype
of the Nameless Write SSD. While the flash-translation layemges were straightfor-
ward, we discovered unexpected complexities in implemegreixtensions to the storage
interface.

Finally, we discuss a new solution to perform de-indiratctithe File System De-
Virtualizer (FSDV), which can dynamically remove the cost of indirection irsfficbased
SSDs. FSDV is a light-weight tool that de-virtualizes dagachanging file system point-
ers to use device physical addresses. Our evaluationsesudtv that FSDV can dynami-

cally reduce indirection mapping table space with only $patformance overhead. We



Vii

also demonstrate that with our design of FSDV, the changedatkin file system, flash

devices, and device interface are small.
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Chapter 1
Introduction

“All problems in computer science can be solved by anothellef indirection”
— often attributed to Butler Lampson, who gives credit to ida¥heeler

“All problems in computer science can be solved by anothegllef indirection, but that
usually will create another problem”
— David Wheeler

Indirection, a core technique in computer systems, praJide ability to reference an
object with another form [81]. Whether in the mapping of filmes to blocks or a virtual
address space to an underlying physical one, system desigaee applied indirection
to improve system flexibility, performance, reliabilityyécapacity for many years. Even
within the storage stack, there are many examples of intitrec

File systems are a classic example of adding indirectioroprof storage devices to
organize data into easy-to-use forms, as well as to prowdsistency and reliability [10].
File systems use file and directory structures to organitee dalata block is mapped from
file and file offset to a logical block address using the fildsysnetadata

Another example of indirection happens where modern haskl diives use a mod-

est amount of indirection to improve reliability by hidingderlying write failures [68].
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Figure 1.1:Excess Indirection and De-indirection. These graphs demonstrates a system
that contains excess indirection (a) and the system aftdopring de-indirection (b). The dotted
part in (a) represents a level of excess indirection, whiciemoved with de-indirection in (b).

When a write to a particular physical block fails, a hard disk remap the block to an-
other location on the drive and record the mapping such thatd reads will receive the
correct data. In this manner, a drive transparently impsaedability without requiring
any changes to the client above.

Because of the benefits and convenience of indirectionesystesigners often in-
corporate another level of indirection when designing ngateams. As software and
hardware systems have become more complex over time (ahdomiinue to do so in
the future), layers of indirection have been and will be alddehe levels of indirection
exist for different reasons, such as providing flexibilibdgunctionality, improving per-
formance, maintaining modularity and code simplicity, amgintaining fixed interfaces.

As a resultredundantevels of indirection can exist in a single system, a probben
termexcess indirectianSpecifically, assume that the original form of an objecYjsand

its final form (.e., the form visible by the user) i5;. If L; is mapped more than once to
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transfer into the form ofV,, there are multiple levels of indirection. For example,tieo
levels of indirection/; is first mapped by a functiof( ;) to a formA/; and then mapped
by a functionG (M) to N;. All together, the mapping for the object@& F'(L;)) = Ny.

If one of the levels of indirection can be removed while thetegyn can still function as
before, we call this level of indirection redundant and thstem has excess indirection.
Figure 1.1(a) gives an example of excess indirection.

Unfortunately, indirection comes at a high price, which ifests as performance
costs, space overheads, or both. First, mapping tablesnoe $orm of metadata are
necessary for lookups with indirection. Such metadatairegyersistent storage space.
Moreover, to improve system performance and reduce thesadtee to slower storage
for the metadata, metadata are often cached in part or imfidist memory forms like
DRAM, creating both monetary and energy costs. There isdsiormance overhead to
access and maintain the indirection metadata.

Excess indirection multiplies the performance and spasgsaaf indirection and is
often redundant in a system. It thus presents us a with anrtanigoroblem of how to

reduce the costs of excess indirection.

1.1 Excess Indirection in Flash-based SSDs

Flash memory is a form of non-volatile memory which offerstéerandom-access per-
formance and shock resisdence than traditional hard disids)ower monetary and en-
ergy cost than RAM. Flash memory is often packaged into fleededSolid State Devices
(SSB»). SSDs have been used as caching devices [18, 28, 51, 603,68)] and hard
disk replacements [19, 53, 70, 83], and thus have gainedthdlabin both consumer and
enterprise markets.

Indirection is particularly important in flash-based SShilike traditional storage
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devices, flash-based SSDs manage an indirection layer anilpra traditional block in-
terface. In modern SSDs, an indirection map inflesh Translation Laye(FTL) allows
the device to map writes from the host system’s logical asklspace to the underlying
physical address space [23, 33, 39, 47, 58, 59].

FTLs use this indirection for two reasons: first, to transfdahe erase/program cycle
mandated by flash into the more typical write-based interfda copy-on-write tech-
niques, and second, to implememear leveling[46, 50], which is critical to increasing
SSD lifetime. Because a flash block becomes unusable afterta@rcnumber of erase-
program cycles (10,000 or 100,000 cycles according to namturfers [13, 36]), such
indirection is needed to spread the write load across flastkblevenly and thus ensure
that no particularly popular block causes the device topgiematurely.

The indirection in flash-based SSDs is useful for these magpaHowever, flash-based
SSDs can exhibit excess indirection. When a file system isingyon top of a flash-based
SSD, the file system first maps data from file and file offset giclal block addresses;
the SSD then maps logical block addresses to device physidaésses. The indirection
at the file system level is achieved through the file systenadats; the indirection at the
SSD level is achieved through the mapping table in the FTL.

As we can see from the architecture of file system indireatiegr SSD indirection,
there are redundant levels of indirection. Although eaghllef indirection exists for its
own reasond.g, SSD indirection hides the erase-before-write requirdraed the wear-
leveling operation), we believe that the indirection in 8D is redundant and moreover
causes memory space and performance cost.

The indirection in SSDs comes with a cost in both memory spackenergy. If the
FTL can flexibly map each virtuglagein its address space (assuming a typical page size
of 4 KB), an incredibly large indirection table is requireBfor example, a 1-TB SSD

would need 1 GB of table space simply to keep one 32-bit popee 4-KB page of the



device. There is also a performance cost to maintain andgsadtibe mapping tables.

Two trends in flash-based storage make the cost of excesedtidn an important
issue. First, flash memory is used widely in mobile devicdsene energy consumption
is a significant concern; a large indirection table in RAM osps a high energy cost.
Second, flash-based storage is gaining popularity in emgerpand cloud storage envi-
ronments [28, 53]. As the sizes of these flash-based deweds sp, the monetary and
energy cost of RAM increases super-linearly. Clearly, a getely flexible mapping is
too costly; putting vast quantities of memory (usually SRAMo an SSD is prohibitive.

Because of this high cost, most SSDs do not offer a fully flexier-page mapping. A
simple approach provides only a pointer p&ckof the SSD (a block typically contains
64 or 128 2-KB pages), which reduces overheads by the ratiook size to page size.
The 1-TB drive would now only need 32 MB of table space, whilmiore reasonable.
However, as clearly articulated by Gupta al. [39], block-level mappings have high
performance costs due to excessive garbage collection.

As a result, the majority of FTLs today are built using a hghapproach, mapping
most data at block level and keeping a small page-mappedfaragdates [23, 58,
59]. Hybrid approaches keep space overheads low while ingpitie high overheads
of garbage collection, at the cost of additional device dexify. Unfortunately, garbage
collection can still be costly, reducing the performancéhef SSD, sometimes quite no-
ticeably [39]. Regardless of the approach, FTL indireciimcurs a significant cost; as
SSDs scale, even hybrid schemes mostly based on block mowmitebecome infeasible.

Recently, approaches have been proposed to dynamicahg eagmall, hot part of the
mapping table in DRAM and the rest of the mapping table in th&hflmemory itself [39].
Another approach to reduce the cost of indirection in SSO® move the indirection
layer to the host OS in a software layer [45].

Even with these proposed optimizations to reduce the SSeitttbn cost,excess



indirection still exists when a file system is running on téd@dlash-based SSD; a block
is first mapped from a file offset to its logical address andh thhem the logical address
to its physical address in the device. Both indirection faymaintain their own address
spaces and perform their own address allocation. Spaceafatipance overheads are
incurred at both layers to maintain their own lookup struetfue., file system metadata

and SSD FTL). We can clearly see that there is excess indireict such a system.

1.2 De-Indirection: Removing Excess Indirection

Because of its high costs, excess indirection presentsthsawiimportant problem. One
way to reduce the costs of excess indirection is to removesithendant level(s) of indi-
rection, a technique we calke-indirection

The basic idea of de-indirection is simple. Let us imagingsiesn with two levels
of (excess) indirection. The first indirectidi maps items in thd, space to items in
the M space:F(L;) — M;. The second indirectioty maps items in thé// space to
those in theV space:G(M;) — Nj. To look up the item, one performs the following
“excessive” indirection(F'(i)). De-indirection removes the second level of indirection
by evaluating the second mappidg) for all values mapped by'(): Vi : F(i) +
G(F(i)). Thus, the top-level mapping simply extracts the neededegairom the lower
level indirection and installs them directly.

There are different ways to perform de-indirection. We tdgriwo methods. The
first is to remove the need for one level of indirection cortgdie(i.e., this level of indi-
rection is never created). The second method is to stithalle creation of all levels of
indirection, but remove (part of) the indirection pericallg or when needed. The former
method changes the design of the original system that uskiplalevels of indirection,

and thus can involve substantial changes to all layers andhtarface between different
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Figure 1.2:Excess Indirection and De-indirection of Flash-based SSDsThe left graph
(a) demonstrates the excess indirection in flash-based 88Bs running with a file system. A
block is first mapped from file and file offset to the logicalradd by the file system metadata and
is then mapped to the physical address by SSD FTL. The rigiphgib) represents the mapping
after removing the indirection in the SSD: a block is mappieekctly from file and file offset to the
physical address using the file system metadata.

layers in a system. The second method does not require aschaalge to the original
system, but may not remove as much indirection as the firdtodet

Notice that even though we propose to remove the redundeel &¢ indirection,
we do not want to remove the layer in the system completly, (by combining two
layers). In fact, it is one of our major goals to retain thedtimnality of each layer within
itself and to introduce as little change to existing layesgstems as possible. We believe
that different layers exist for their own reasons; changimegm would require significant
research and engineering efforts (in each layer) and islikedg to be adopted in real
world. Our aim is merely to remove the redundancy in indiceciand its associated

costs.



De-Indirection of Flash-based SSDs

There are two levels of (redundant) indirection with a filsteyn on top of a flash-based
SSD. To remove this excess indirection, we choose to rent@vetlirection at the SSD
level for two reasons. First, the cost of maintaining SS@léndirection is higher than
that of the file system level, since the internal RAM in SSDsuins a fixed monetary
and energy cost and is also restricted by the device’s palysime, while main memory is
more flexible and is shared by different applications. Sdctre file system indirection is
used not only with flash-based SSDs, but also other storageese It is also used to pro-
vide easy-to-use structured data. Thus, removing the fdtesyindirection affects other
systems and user applications. With the SSD-level indoraemoved, physical block
addresses are stored directly in file system metadata; Blesy use these addresses for
reads and overwrites.

We remove the indirection in SSDs without removing or chaggheir major func-
tionality, such as physical address allocation and wealiley. An alternative way to
remove indirection is to remove the SSD FTL and manage raw flasmory directly
with specific file systems [40, 91, 92]. We believe that expgsiaw flash memory to
software is dangerou®.g, a file system can wear out the flash memory either by in-
tention or by accident). Vendors are also less likely to ship flash without any wear
guarantees.

To perform de-indirection of flash-based SSDs, our first iegpire is to remove the
need for SSD-level address mapping with a new interfaceadathmeless writesThis
interface removes the need for SSDs to create and maingindirection mappings.
Our second technique is to have the SSD and file system badlbectteeir indirection
and operate (largely) unmodified, and to use a tool called $yistem de-virtualizer” to

occasionally walk through the file system and remove the &8Bl-indirection. We next



introduce these techniques.

1.3 De-indirection with Nameless Writes

Our first technique to perform de-indirection for flash-@h8SDs is a new interface
which we termnameless writef@4]. With nameless writes, the indirection in flash-based
SSDs is directly removed.€., the device never creates mappings for the data written with
nameless writes).

Unlike most writes, which specify both tidatato write as well as mame(usually
in the form of a logical address), a nameless write simplgeashe data to the device.
The device is free to choose any underlying physical blockHe data; after the device
nameghe block (i.e., decides where to write it), it informs the filystem of its choice.
The file system then records the name in its metadata forduaads and overwrites.

One challenge that we encounter in designing namelessswsitthe need for flash-
based SSDs to move physical blocks for tasks like wear legel\When the physical
address of a block is changed, its corresponding file systetadata also needs to be
changed so that the proper block can be found by future reBastefore, for physical
address changes, we use a new interface catigdation callbackdrom the device to
inform the file system about the address changes.

Another potential problem with nameless writes is the reigerupdate problem: if
all writes are nameless, then any update to the file systemiresga recursive set of
updates up the file-system tree. To circumvent this problgenintroduce ssegmented
address spaceavhich consists of a (large) physical address space for lemwerrites, and
a (small) virtual address space for traditional named writ file system running atop
a nameless SSD can keep pointer-based structures in thal\dgace; updates to those

structures do not necessitate further updates up the tneepteaking the recursion.
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Nameless writes offer a great advantage over traditionésyras they largely remove
the need for indirection. Instead of pretending that thaadegan receive writes in any
frequency to any block, a device that supports namelesssustfree to assign any physi-
cal page to a write when it is written; by returning the truenedi.e., the physical address)
of the page to the client above (e.qg., the file system), ictioe is largely avoided, reduc-
ing the monetary cost of the SSD, improving its performanoe, simplifying its internal
structure.

Nameless writes (largely) remove the costs of indirectiothout giving away the
primary responsibility an SSD manufacturer maintains: mMeaeling. If an SSD simply
exports the physical address space to clients, a simpiiltisystem or workload could
cause the device to fail rather rapidly, simply by over-imgtthe same block repeatedly
(whether by design or simply through a file-system bug). Wadimeless writes, no such
failure mode exists. Because the device retains controhofing, it retains control of
block placement, and thus can properly implement wearileyeéb ensure a long device
lifetime. We believe that any solution that does not have phoperty is not viable, as no
manufacturer would like to be so vulnerable to failure.

We demonstrate the benefits of nameless writes by portingitiux ext3 file system
to use a nameless SSD. Through extensive analysis on antethnlameless SSD and
comparison with different FTLs, we show the benefits of the mgerface, in both re-
ducing the space costs of indirection and improving ranaaite performance. Overall,
we find that compared to an SSD that uses a hybrid FTL (one thpsmost SSD area at
a coarse granularity and a small area at a fine granularityanaeless SSD uses a much
smaller fraction of memory for indirection while improvimgrformance by an order of

magnitude for some workloads.
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1.4 Hardware Experience with Nameless Writes

To evaluate our nameless writes design, we built and use@&Bnetulator. In the past,
most other research on flash-based SSDs also used simuat@nulation for evalua-
tion [6, 73, 77, 39],

There is little known about real-world implementation &eaaffs relevant to SSD de-
sign, such as the cost of changing their command interfacest Buch knowledge has
remained the intellectual property of SSD manufacture®s P9, 31, 72], who release
little about the internal workings of their devices. Thituation limits the opportunities
for research innovation on new flash interfaces, new OS amdyigtem designs for flash,
and new internal management software for SSDs.

Simulators and emulators suffer from two major sources a€dnracy. First, they
are limited by the quality of performance models, which magsimportant real-world
effects. Second, simulators and emulation often simplitesms and may leave out im-
portant components, such as the software stack used tosaat&SD. For example, our
SSD emulator suffers from a few limitations, including a mmaxm throughput (lowest
latency) of emulated device, as will be described in Chapter

Nameless writes require changes to the block interfacdy fresxagement algorithms
within the device, the OS storage stack, and the file systedms,Tevaluating nameless
writes with emulation alone may miss important issues of elass writes. Meanwhile,
the nameless writes design is an ideal candidate for stgdiimdifference between real
hardware and simulation or emulation because of the charegeted by nameless writes
at different storage layer. Therefore, we sought to vadidatlr nameless writes design by
implementing it as a hardware prototype.

We prototype nameless writes with the OpenSSD Jasmine SiSiwaee platform [85].

The OpenSSD evaluation board is composed of commodity S8B, jpacluding a com-
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mercial flash controller, and supports standard storagefattes (SATA). It allows the
firmware to be completely replaced, and therefore enabkesmtioduction of new com-
mands or changes to existing commands in addition to chaog® FTL algorithms.
As a real storage device with performance comparable to @neiad SSDs, it allows
us to test new SSD designs with existing file-system bendksnand real application
workloads.

During prototyping, we faced several challenges not fared®y our design and eval-
uation of nameless writes with emulation or in publishedkvan new flash interfaces.
First, we found that passing new commands from the file-ay&ger through the Linux
storage stack and into the device firmware raised substa@migneering hurdles. For
example, the 1/0 scheduler must know which commands can lbgethiend reordered.
Second, we found that returning addresses with a write cardnsadifficult with the ATA
protocol, since the normal ATA I/O return path does not alkwy additional bits for an
address. Third, upcalls from the device to the host file systerequired by the migration
callbacks turned out to be challenging, since all ATA comdsaare sent from the host to
the device.

To solve these problems, we first tried to integrate the nassehrites interfaces into
the SATA interface and implement all nameless writes fumality entirely within the
firmware running on the OpenSSD board. However, it turnedimitpassing data from
the device to the host OS through the ATA interface is extigmi€ficult.

This difficulty led us to a split-FTL design. A minimal FTL ohé device exports
primitive operations, while an FTL within the host OS usessth primitives to imple-
ment higher-level functionality. This split design sinfj@s the FTL implementation and
provides a convenient mechanism to work around hardwaiigalions, such as limited
DRAM or fixed-function hardware.

Our evaluation results demonstrate that the namelesssWigtielware prototype using
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the split-FTL design significantly reduces the memory comstion as compared to a
page-level mapping FTL, while matching the performancehef page-level mapping
FTL, the same conclusion we find with our SSD emulation. Tthessplit-FTL approach
may be a useful method of implementing new interface degigiygng on upcalls from

an SSD to the host.

1.5 A File System De-virtualizer

Nameless writes provide a solution to remove the exceseeietibn in flash-based SSDs
(and the cost of this indirection) by using a new interfacevieen file systems and flash-
based SSDs. Specifically, with nameless writes, the fileesystends only data and no
logical address to the device; the device then allocateysiqgdl address and returns it to
the file system for future reads. We demonstrated with bothl&mon and real hardware
that nameless writes significantly reduce both the spac¢hengerformance cost of SSD
virtualization. However, nameless writes have their oworgfomings.

First, the nameless writes solution requires fundameritahges to the device 1/0
interface. It also requires substantial changes in thecdduimware, the file system, the
OS, and the device interface. Our hardware experience aittefess writes demonstrates
that they are difficult to integrate into existing systenmee(€hapter 5) and may need a
complete redesign of the storage stack.

Another problem with nameless writes is that all 1/Os areviferalized at the same
time when they are written. The overhead of nameless witites dccurs for all writes.
However, such overhead caused by de-indirection can behiddie-indirection is per-
formed at device idle time and not for all the writes. An enmeggype of storage systems
maintain the device indirection layer in software [45]. rck case, the indirection map-

pings do not need to be removed all the time. Using techniGkesnameless writes to
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remove indirection mappings for all the data can turn outtatnecssary and cause more
overhead than needed.

To address the problems with nameless writes, we propos@ét®eystem De-Virtualizer
(FSDV), a mechanism to dynamically remove the indirection in flaaked SSDs with
small changes to existing systems. The basic techniquen@lei FSDV walks through
the file system structures and changes file system pointrslérgical addresses to phys-
ical addresses. Doing so does not require changes in nai@walWUnlike nameless writes
which requires all I/Os to be de-virtualized, the FSDV toahde invoked dynamically
(for example, when the device is idle). We believe that FSDMWales a simple and dy-
namic way to perform de-virtualization and can be easilggnated into existing systems.

One major design decision that we made to achieve the goghaindic de-virtualization
is the separation of different address spaces and blocalsstéthin a file system. Initially,
the file system allocates logical addresses on top of a lizedadevice in the traditional
way; all blocks are in théogical address spacand the device uses an indirection table
to map them to thelevice address spacé&SDV then walks through and de-virtualizes
the file system. Afterwards, the de-virtualized contenésiathephysical address space
and corresponding mappings in the device are removed. Teheyfdtem later allocates
and overwrites data for user workloads; the device will agdt mappings for these data,
causing blocks to be mapped from logical or old physical ess to current device
addresses.

A block thus can be in three states: a mapped logical blocla@ped physical block,
or a direct physical block. The first two require indirectim@pping entries. When the
mapping table space for them is large, FSDV can be invokedowerdata from the first
two states to the direct state. It can also be invoked peaxadigior when the device is
idle. FSDV thus offers a dynamic solution to remove excessiaiization without any

fundamental changes to existing file systems, devicesQointerface.
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Another design question that we met is related to how we leathél address mapping
changes caused by the device garbage collection and wedintpwperations. During
these operations, the device moves flash pages to new losaia thus either changes
their old mappings or adds new mappings (if they originalgrevdirect physical blocks).
In order for FSDV to process and remove the mappings causéiesg operations, we
choose to associate each block with its inode number andd#ge inode number if the
device moves this block and creates a mapping for it. Latbenn=SDV is invoked,
it processes the files corresponding to these inode numhbédrsemoves the mappings
created because of garbage collection or wear leveling.

We change the write interface to let the file system send th@emumber associated
with a block when writing it. Though this change is made to anmal 1/O interface
(something we try to avoid), it only changes the forward ctign (from the file system
to the device). As will be described in chapter 5, the digettfirom the device to the
file system turns out to be the major difficulty when changimg interface with existing
hardware and software stacks. Therefore, we believe thaihaunge to the write interface
for FSDV is a viable one; in the future, we plan to explore otbptions to deal with
address mapping changes caused by the device.

We implemented FSDV as a user-level tool and modified the fdgt8ystem and the
SSD emulator for it. The FSDV tool can work with both unmouwhssd mounted file
systems. We evaluate the FSDV prototype with macro-bendtsrend show through
emulation that FSDV significantly reduces the cost of devictualization with little
performance overhead. We also found that by placing mosteofinctionality in FSDV,

only small changes are needed in the file system, the OS, Wieedand the I/O interface.
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1.6 Overview
The rest of this dissertation is organized as follows.

e Background: Chapter 2 provides a background on flash memory, flash-b&ied,S

file systems, and the ext3 file system.

e Flash-based SSD Emulator:Before delving into our solutions to remove excess
indirection in flash-based SSDs, we first present in Chapiiflash-based SSD
emulator that we built for various flash-related researath the research work in
this dissertation. As far as we know, we are the first to build ase an SSD
emulator for research work; all previous research uses 88Ulators. We describe

the challenges and our solutions to build an accurate anit#eRSD emulator.

e De-indirection with Nameless Writes: Our first solution to remove excess indirec-
tion in flash-based SSDs is the new interface, namelesssw@igapter 4 discusses
the design of the nameless writes interface and the chaege®ed in the file system
and in the SSD for nameless writes. Nameless writes largelyae the indirection

memory space cost and performance overhead in SSDs.

Chapter 5 describes our efforts to build nameless writegahhvrardware, the chal-

lenges that we did not foresee with emulation, and our smistto them.

e De-indirection with a File System De-Virtualizer: Our second solution for de-
indirection in flash-based SSDs is the mechanism of a fileesyste-virtualizer
(FSDV). Chapter 6 describes our design of the FSDV mechani$ire FSDV
mechanism requires no or few changes to the I/O interfaee(O& and file sys-
tem, and the SSD, yet is able to dynamically reduce the iotime in flash-based
SSDs.
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e Related Work: In Chapter 7, we first discuss systems that exhibit exceseend
tion and other efforts to perform de-indirection. We theagent research work in

flash memory and storage interfaces that are related toiserthtion.

e Conclusions and Future Work: Chapter 8 concludes this dissertation with a sum-

mary of our work, the lessons we have learned, and a disecussiature work.
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Chapter 2

Background

This chapter provides a background of various aspectstaattegral to this dissertation.
First, since we focus on removing the excess indirectiorashflbased SSDs, we provide
a background discussion on flash memory and flash-based 8t&ldbsnternal structures
and the softwares that manage them. We then describe thes lmdidile systems with a
focus on the ext3 file system; we make various changes to ext&htieve the goal of de-
indirection. Finally, we discuss the block interface besawéost OSes and block devices

and the SATA interface technology which supports the blot&rface.

2.1 Flash-based SSD: An Indirection for Flash Memory

We now provide some background information on the relevapeets of NAND flash
technology. Specifically, we discuss their internal suet NAND-flash-based SSDs,

and the software that manages them.
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Figure 2.1:Internals of A Flash Memory Cell. This graph illustrates what a NAND flash
memory cell looks like. There are two transistor gates (@rnd floating), which are insulated
by thin layers of oxide layer. The number of electrons in tisallated floating gate determines the
bit or bits (SLC or MLC/TLC) of the cell. To change the amourglectrons in the floating gate,
voltages between the control gate and source or drain ardiegp

2.1.1 Flash Memory and Flash-based SSDs
NAND Flash Memory Internals

Figure 2.1 illustrates the internals of a NAND flash memoty 2&@NAND flash memory
cell (representing a bit) contains a floating gate (FG) MOBFB, 20]. Each gate can
store one (SLC) or more (MLC/TLC) bits of information. The kGnsulated from the
substrate by the tunnel oxide. After a charge is forced toHBeit cannot move from
there without an external force. Excess electrons can hegbtdo (program) or removed
from (erase) a cell, usually performed by the Fowler-Nondth@N) tunneling. After a
page is written (programmed), it needs to be erased befbseguent writes. Depending
on the amount of the charges stored in the FG, a cell can beoimtwore logical states.
A cell encodes information via voltage levels; thus, beibipao distinguish between

high and low voltage is necessary to differentiate a 1 from(B0OSLC; more voltage
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levels are required for MLC and TLC) [37]. MLC and TLC are tldenser than SLC but
have performance and reliability costs.

NAND flash reads and writes are performed at the granulafitiash page which is
typically 2 KB, 4 KB, or 8 KB. Before writing to a flash page, adar sizeerase block
(usually between 64 KB to 4 MB) must be erased, which setéalbits in the block to 1.
Writes (which change some of the 1s to 0s) can then be pertbtmall the flash pages
in the newly-erased block. In contrast to this intricate argdensive procedure, reads are
relatively straightforward and can be readily performegage-sized units.

Writing is thus a noticeably more expensive process thatimgaFor example, Grupp
et al. report typical random read latencies of A2 (microseconds), write (program) la-
tencies of 20Qus, and erase times of roughly 1500 [36]. Thus, in the worst case, both
an erase and a program are required for a write, and a writéaké more than 100
longer than a read (14lin the example numbers above).

An additional problem with flash is its endurance [89]. Ea¢h Bperation causes
some damage to the oxide by passing a current through the @xid placing a high
electric field across the oxide, which in turn results in arddgtion in threshold voltage.
Over time it becomes increasingly difficult to differendad 1 from a 0 [1, 13]. Thus,
each flash erase block has a lifetime, which gives the nunif®Eoccycles that the device
should be able to perform before it fails. Typical valuesorégd by manufacturers are
100,000 cycles for NAND SLC flash and 10,000 for MLC, thoughmsalevices begin to
fail earlier than expected [36, 69].

Flash-based SSDs

A Solid-state drivgSSD is a storage device that uses (usually non-volatile) mgrfcor

data storage. Most modern SSDs use flash memory as theigstoredium; early SSDs
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Figure 2.2:Internals of Flash-based SSD.We show the internals of a typical flash-based
SSD, which contains a controller, a RAM space, and a set df @hips.

also use RAM or other similar technology. No hard disks or deyice with mechanical
moving parts are used in SSDs. Compared to traditional hakdddives HDDs), SSDs
have better performance (especially random performanuee more shock resistant
and quieter. Flash-based SSDs are also cheaper and consssnenkergy than RAM.
Thus, they have gained an increasing foothold in both coesamd enterprise market.
Flash-based SSDs usually contain a set of NAND flash memapschn internal

processor that runs SSD-management firmware, and a smaS&l/or DRAM. The
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processor runs the flash management firmware. The interni&l RAIsed to store the
SSD indirection mapping table and sometimes for a read cacleewrite buffer, too.
More details about the SSD firmware and mapping tables williseussed in the next
section.

The flash memory chips are used to store data persistentigh Fhemory are often
organized first into flash pages, then into flash erase bldkks, into planes, dies, and
finally into flash chips [6]. An out of band)OB) area is usually associated with each flash
page, storing error correction code@C) and other per-page information. To improve
performancei(e., bandwidth), the flash memory chips are often organized irap $o
that multiple flash planes can be accessed in parallel [gjrEi2.2 gives an illustration
of flash-based SSD internal organization.

Modern NAND flash-based SSDs appear to a host system as gestdeaice that
can be written to or read from in fixed-size chunks, much likedern HDDs. SSDs
usually provide a traditional block interface through SATA recent years, high-end
SSDs start to use the PCle bus or RPC-like interfaces foetbpérformance and more
flexibility [30, 64, 71].

2.1.2 Flash Memory Management Software

For both performance and reliability reasons and to prothéetraditional block 1/O in-
terface, most flash devices virtualize their physical resesiusing &lash Translation
Layer(FTL) that manages the underlying flash memory and expoetdéisired disk-like
block interface. FTLs serve two important roles in flasheahSSDs; the first role is to
improve performance, by reducing the number of erasesnedjpeer write. The second
role is to increase the lifetime of the device throwgdar leveling by spreading erase load

across the blocks of the device, the failure of any one blacklme postponed (although
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Figure 2.3:lllustration of a Hybrid FTL before a Merge Operation In this example,
there are two log blocks and three data blocks in the SSD wiiyaid FTL, each containing four

4 KB flash pages. The data blocks contain 12 pages in totalS®PB thus exposes an effective
adddress space of 48 KB (224 KB) to the OS. The log blocks are full and a merge operation is
triggered. First, to get a free block, the third data bloclB@ 8 to 11) is erased, since all its pages
are invalid. The FTL then merges logical pages LBA 0 to 3 frbairtcurrent valid location (two
log blocks and one data block) to the erased free data blodter #he merge operation, the old
data block (leftmost data block) can be erased.

not indefinitely).

Both of these roles are accomplished through the simplentqguk of indirection.
Specifically, the FTL maps logical addresses (as seen bydkedystem) to physical
blocks (and hence the name) [41]. Higher-end FTLs nevervavterdata in place [34,
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Figure 2.4:lllustration of a Hybrid FTL after a Merge Operation This figure gives an
illustration of a typical hybrid FTL after a merge operatiorfter the merge operation, the old
data block (leftmost data block) has been erased and becarires block.

39, 58, 59, 61]; rather, they maintain a set of “active” bleothat have recently been erased
and write all incoming data (in page-sized chunks) to thésekis, in a style reminiscent
of log-structured file systems [76]. Some blocks thus bectwead” over time and can be
garbage collected; explicit cleaning can compact scattire data and thus free blocks
for future usage.

The hybrid FTLs use a coarser granularity of address magpisigglly per 64 KB to
4 MB flash erase block) for most of the flash memory regeag,(80% of the total device
space) and a finer granularity mapping (usually per 2-KB Bl-&r 8-KB flash page) for
active data [58, 59]. Therefore, the hybrid approachesaeduapping table space for a
1TB SSD to 435 MB, as apposed to 2 GB mapping table space itagels are mapped
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all at 4-KB page granularity.

The page-mapped area used for active data is usually cakddg block area the
block-mapped area used to store data at their final locadioalied thedata block area
The pages in a log block can have any arbitrary logical adesesLog-structured allo-
cation is often used to write new data to the log blocks. Tlsé@éthe device is a data
block area used to store data blocks at their final locatidhs.pages in a data block have
to belong to the same erase bloekq, 64 4-KB pages in a 256 KB consecutive logical
block address range). The hybrid mapping FTL maintains {&ge mappings for the
log block area and block-level mappings for the data bloelaar

When the log block area is full, costly merge operations aveked. A merge opera-
tion is performed to free a data block mergingall the valid pages belonging to this data
block to a new free block; afterwards the old data block caeraeed. Figures 2.3 and 2.4
illustrate the status of a hybrid SSD before and after thegmeperation of a data block
(which contains LBAs 0 to 3). After this merge operation, tpages in two log blocks
are invalidated. To free a log block, all the pages in it needde merged to data blocks.
Thus, such merge operations are costly, especially forormngrites, since the pages in
a log block can belong to different data blocks. Therefooee hybrid FTLs maintain a
sequential log block for sequential write streams [59]. Whe sequential log block is
full, it is simply switched with its corresponding data bikoc

Hybrid FTLs also perform garbage collection for data blgekisen the total amount
of free data blocks are low. The merge operations needec#odrdata block are the
same as described above. To reduce the cost of such mergiicgnadata block is often
chosen as the data block that has the least amount of vaid dat

FTLs also performwear leveling a technique to extend the life of SSDs by spreading
erases evenly across all blocks. If a block contains hot, diataill be written to and

erased more often and approaches its lifetime limit fagtan tblocks with cold data.
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In such case, a wear leveling operation can simply swap thekldontaining hot data
with a block containing cold data [6]. After this operatidhe corresponding mapping
table is updated to reflect the new physical addresses ohitygped data—another reason
for indirection in flash-based SSDs. In order for the FTL tawrthe erase cycles and
temperature of a block, it needs to keep certain bookkeepihgst FTLs maintain an
erase count with each block. To measure the temperatureloth, la simple technique
is to record the time when any of the pages in a block is lastssad. A more accurate
method is to record the temperature of all the pages in a pthiskmethod requires more
space with each flash page to store the temperature infarmati

In summary, flash-based SSDs are a type of virtualized stodagice, which uses
indirection to hide its internal structures and operatiamg to provide a traditional block

I/O interface.

2.2 File System: An Indirection for Data Management

File systems are software systems that organize data andipran easy-to-use abstract
form for storage devices [10].

Most file systems view a storage device as a contiguogisal address spacand
often divide it into fix-sized blocks (e.g. 4 KB). Data block first structured into files;
files are then organized into a hierarchy of directories. Bmage data with such struc-
tures, file systems keep their own metadata, such as blockepsito identify blocks
belonging to afile, file size, access rights, and other filp@ries.

File systems serve as an indirection layer and map data flenarid file offsets to
logical addresses. A data block is read or written with itsdiffset. File systems allocate
logical block addresses for new data writes. Bitmaps aenafsed to track the allocation

status of the device; a bit represents a logical block addaed is set when the block
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Figure 2.5:An lllustration of the Ext3 File System. This figure shows a simple illustration
of the ext3 file system data structures and on-disk layonthe top part of the graph, we show the
directory and file tree. This example file has one level ofrgadiblocks and is pointed to directly
by the root directory. The bottom part of the graph shows dyeuit of the ext3 block group.

is allocated. Accordingly, file systems perform de-allomatfor deletes and truncates,

and unset the bit in the bitmap. File systems also perforotation and de-allocation

for file system metadata in a similar way as data allocatiahdezallocation. For reads

and (in-place) overwrites, file systems look up the file systeetadata and locate their

logical block addresses. Certain file system metadata, @ugerblock, root directory

block) have fixed locations so that they can always be fournlout any look-ups.
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2.2.1 The Ext3 File System

We now give a brief description of a concrete example of filtay, theext3file system.
Ext3 is a classic file system that is commonly used in many:tLdistributions [10]; thus,
we choose to use ext3 in all our works in this dissertation.

A file in ext3 is identified by the structure afodewith a uniqueinode numberExt3
uses a tree structure of pointers to organize data in a file.ifidde can be viewed as the
tree root, it points to a small numbez.§, twelve) of data blocks. When the file is bigger
than this amount of data, the inode also points tanalirect block which in turn points
to a set of data blocks. If the file is even biggagmubleor triple indirect blocks are used
which points to one or two levels of indirect blocks and evatly to data blocks.

The address space in ext3 is split into block groups, eacharong equal size of
blocks. Each block group contains a block group descriptdgta block bitmap, an inode
bitmap, an inode table, indirect blocks, and data blockg3 Eses the bitmaps for data
and inode allocation and de-allocation. Directories ase atored as files. Each directory
contains the informatione(g, file/subdirectory name, inode number) of the files or the
subdirectory in the directory. Figure 2.5 illustrates theectory, file, and block group
structures of ext3.

Ext3 also provides reliability and fast recovery through tichnique of journaling.
Ext3 has three journaling modes: journal mode where botlada¢h and data are written
to the journal, ordered mode where only metadata is joudniile data are guaranteed
to be written to disk before metadata in the journal are emittand writeback mode
where only metadata is journaled and there is no orderingetbdata and data writes.
We choose the ordered mode in the work in this dissertatioogest is a widely used
journaling mode.

In summary, file systems such as ext3 organize data into fiedaectory structures
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and provide consistency and reliability through the tegbaiof indirection (in the form
of file system metadata). File system metadata serve as thesoéfile system indirec-
tion. However, there are certain space and performancdaaosiintain this indirection.
Combined with the indirection in flash-based SSDs, we seessiadirection with a file

system running on top of an SSD.

2.3 Block Interface and SATA

Most flash-based SSDs work as block devices and connect @Shests using thislock
interface The block interface is also the most common interface foeostorage devices
such as hard disks. Thus, in this section we give a brief brackgl description of the
block interface and a particular hardware interface thppeus the block interface: the
SATA interface.

The block interface transfers data in the form of fix-sizedckk between a block
device and the host OS. All reads and writes use the same $iloekThe block interface
exposes a single address space (the logical address spacs)i@ports sequential and
random access to any block addresses. A block I/O is senttirer®S to the device with
its block address, a buffer to store the data to be writtereadrand the direction of the
I/O (i.e., read or write). The OS expects a return from the block iatarfwith the status

and error of the I/O and the data to be read.

SATA Interface

The SATA (Serial Advance Technology Attachment) interfec@ common interface that
works with block devices [84]. It is a replacement for theesldPATA (Parallel ATA)

interface and uses serial cable for host connection. Thiertheee generations of SATA:
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Figure 2.6:Layered Structure of SATA. This graph demonstrates the layers in the SATA
technology. On both the host and the device side, there adayers: application, command,
transport, link, and physical layers. The physical layerfpans the actual physical communica-
tion.

SATA 1.0 whose communication rate is 1.5 Gbit/s, SATA 2.0 [B8GS), and SATA 3.0
(6 Ghit/s).

The SATA interface technology uses layering and contaiusrsélayers on both the
transmit (host OS) and the receive (device) sides as showigure 2.6. The application
and command layers receive commands from the host or theedawd then set up and

issue commands to the lower layers. The transport layesoresible for the manage-
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ment of Frame Information Structures (FISes). It formatd passes FISes to the link
layer. The link layer converts data into frames and providasie flow control. Finally,
the physical layer performs the actual physical transoissi

ATA commands can be classified into I/O commands and nonedatanands. Within
I/O commands, there are both PIO (Programmed 10) and DMAe@iMemory Access)
read and write commands. Both PIO and DMA 1/O commands haw#éasiforms. The
input fields (from host to device) include the command tybe Jogical block address and
the size of the I/O request, and the device. The return fiélds(device to host) include
the device, status bits, error bits, and possibly the erB#.LThe status bits represent the
status of the devicee(g, if busy). For a normal /0O command return, only the statts bi
are set. The error bits encode the type of error the commarwmlaters. If there is an
error (.e., error bits are set), then the first logical block addressrevtige error occurs is
also returned to the host.

The non-data commands in ATA are used for various purposgeb,as device config-
urations, device reset, and device cache flush. The inpdsfadithe non-data commands
may include features, LBA, sector count, device, and conimdie output fields may
include status, error, LBA, and size.

In summary, the block interface is a simple and convenidstfiace for reading and
writing in fixed block size to storage devices. The hardwaterface that supports block
I/Os is more complex; the SATA interface technology usestiplel layers on both host
and device sides. The SATA interface also has a strict sebrofttand protocols and is

thus difficult to change.

2.4 Summary

In this chapter, we give different pieces of background fiertest of the dissertation.
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We first discuss the technology of flash memory and flash-b&S&, their internals
and the software that controls and manages them. Such seftayeer uses indirection to
hide the internal structures and operations of flash-baS&ksSWith this indirection, a
block is mapped from its logical address to its physical addr In this process, the SSD
software performs allocation in the physical address space

We then give a brief overview of file systems and a particukanegple file system,
the Linux ext3 file system. The file system is another levehdirection to map a block
from its file and file offset to its logical address. The fileteys performs allocation in the
logical address space. Thus, we see redundant levels adssdalfocation and indirection
mappings.

Finally, we describe the interface between the file systedtha typical flash-based

SSDs: the block interface and the SATA technology.
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Chapter 3

A Flash-based SSD Emulator

Because of the increasing prevalence of flash-based SSDmamgunsolved problems
of them, a large body of research work has been conductee ietlent years. Most SSD
research relies on simulation [6, 39, 73].

Simulation is a common technique to model the behavior ofsdesy. A storage
device simulator often takes an I/O event and its arrivaktas its input, calculates the
time the I/O is supposed to spent with the device, and rethiagime as output [15]. A
model of a certain device is usually used to calculate theré@uest time. Simulation
provides a convenient way to evaluate new design and isvellaeasy to implement and
debug.

Over the past years, a few SSD simulators have been built ablishbed. The Mi-
crosoft Research’s SSD simulator is one of the first publiD SBnulators and operates
as an extension to the DiskSim framework [6]. The PSU FlashSianother SSD sim-
ulator that operates with DiskSim and include several gagek, block-level, and hybrid
FTLs [52]. Leeet al. built a stand-alone SSD simulator with a simple FTL [55].

These SSD simulators have been used extensively in manyes®8rch works. How-
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ever, simulation has its own limitations. First, simulatoannot be used directly to evalu-
ate real workloads on real systems. Real workloads and bearéis have to be converted
specifically for a simulator. In this process of transitiogidifferent aspects of the work-
loads and the system can be lost or altered. Second, withatiomy many real system
properties and interfaces are simplified. For example diffcult to model multithread-
ing behavior with a simulator. Thus, simulation alone is enbugh for all evaluation
situations and requirements.

Emulation provides another way to evaluate a storage dedictorage device emu-
lator tries to mimic the behavior of a real device. For examiflreturns an I/O request
at the same wall clock time as what the real device would metdrdevice emulator also
uses a real interface to the host OS. Real workloads and bkl can thus run directly
on an emulator. Device emulation is thus especially usefelaluate the interaction of
host OS and the device.

Accurate emulation is difficult because of different readteyn effects, constraints,
and non-deterministic nature [35]. The major challengeiplementing an SSD emulator
is to accurately model the SSD performance, which is mucseclo CPU and RAM than
traditional hard disks.

We implemented an SSD emulator and use it throughout diffgrarts of this disser-
tation. The overall goal of our emulation effort is to be atol@valuate new designs.{,
SSD de-indirection) using important metrics with commomS$@ardware configurations.
We leverage several techniques to reduce various compuightiverhead of the emulator.

Because of the difficulty in building an always-accurate ko and the limited
knowledge of the internals of real SSDs, we do not aim to bamdlways-accurate em-
ulator that works for all metrics and all SSD configuratiofiie goal of our emulator
is not to model one particular SSD perfectly but to providaght into the fundamental

properties and problems of different types of SSD FTLs. Kkangple, our emulator can
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accurately emulate write performance for common types @sS®ut not read perfor-
mance; writes are the bottleneck to most SSDs and the fodhssafissertation.

As a result, we built a flexible and generally accurate SSDlatony which works
as a block device with the Linux operating system. Our evalnaesults show that our
SSD emulator has low computational overhead and is accimat@portant metrics and
common types of SSDs. As far as we know, we are the first to imgie an SSD emulator
and use it to evaluate new designs.

The rest of this chapter is organized as follows. We firstudisoour design and im-
plementation of our SSD emulator in Section 3.1. We thengmtethe evaluation results
of the emulator in Section 3.2. Finally, we discuss the latiiins of our SSD emulator in

Section 3.3 and summarize this chapter in Section 3.4.

3.1 Implementation

We built a flash-based SSD emulator below the Linux blockray@rocesses block 1/0
requests sent from the file system. The SSD emulator hasahdastd block interface to
the host OS and can be used as a traditional block devicenéilg we implemented the
emulator as a Linux pseudo block device.

Our goal is to have a generally accurate and flexible SSD doruda that different
SSD and host system designs can be evaluated with real vaoikland benchmarks.
Since the latency and throughput of modern flash-based SSBsich closer to those
of RAM and CPU than hard disks, the main challenge to build 8B $mulator is to
accurately emulate the performance of flash-based SSDs iandize the computational
and other overhead of the emulator. It is especially diffitmlemulate the parallelism
in a multi-plane SSD. For example, if a single 1/0 requese$ak0Q:s, then parallel 10
requests to 10 SSD planes will have the effect of finishingetfuests in 10@s. In the



36

former case (single request), the emulator only needs tshfiail its computation and
other processing of a request within 28Qwhile in the later case, the emulator needs to
finish 10 requests in the same amount of time. Thus, redusggdmputational overhead
of the emulator is important.

We now describe the design and implementation of our SSDadomdnd our solution

to the challenges discussed above.

3.1.1 Mechanism

We use three main techniques to build an efficient and aceeraulator. First, we store
all data in main memory, including file system metadata and, & L address mapping
table, and other data structures used by the emulator. 8gserseparate the data storage
and the device modeling operations to two threads. Thirdaveéd CPU time as much
as possible at the probable cost of memory overhead.

Our original implementation¥esign ) used a single thread to perform all tasks,
including storing or reading data from memory and calcutatpiest response time by
modeling the SSD behavior. Doing so made the total time spgithe emulator for a
request higher than the request response time. Thereferegparate the emulator into
two parts in our next desigrDesign 3; each part uses a single thread. The first part
is a data storage thread; the second part is a SSD modeliegdtiinat simulates SSD
behavior and calculates the response time of an 1/0 regWéstn an I/O request (in the
form of the Linuxbio structure) is received, the emulator makes a copy of it asdem
the original bio to the data storage thread and the copy t88i2 modeling thread.

The data storage thread is responsible for storing aneévetg data to or from mem-
ory. Initially with Design 2, we implemented the data staadbread in a way that for

each write, it allocates a memory space, copies the data teriten at the allocated



37

File System
Data Store Thread l SSD Model Thread

lOriginaI Request Copied Request l

FIFO
Store / Read Data Request

Queue

¢ |

RAM

SSD Simulator

I
Timer !

Delay l

l

Figure 3.1:Design of the SSD Emulator. This figure describes the basic architecture of the
SSD emulator, which contains two threads, the data storathiand the SSD modeling thread.
When an I/O request is received from the file system, the éonutekes a copy of it and passes
both copies to the two threads to perform memory storeéeditiand SSD simulation. When both
threads finish their processing, the request is returnedhédfite system.

space, and keeps a mapping in a hash table. This implen@ntatned out to be too
costly in computational time. Instead esign 3(our final design), we pre-allocate all
the memory space for the emulated device and associate aghlpfige in the emulated
SSD statically with a memory slot (through an array tablegaéng and writing thus
simply involve an array look-up and memory copy. In this waymemory allocation or
hash table look-up is necessary for each 1/0O request. FRytinlustrates the final design

of our SSD emulator.
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The SSD modeling thread models SSD behavior and maintailiét I/O requests
that are passed from the main thread. For each I/O requedtgical block address,
its direction, and its arrival time are passed to an SSD stoul The SSD simulator
simulates SSD behavior with a certain FTL and calculategeékponse time of the re-
guest. The SSD model is a separate component and can beecjpyaother models.
We implemented the SSD simulator based on the PSU objectet@d SSD simulator
codebase [11]. The PSU SSD codebase contains the basicmdatares and function
skeletons but no implementation of FTLs, address mappentpage collection, wear lev-
eling, or 1/0O parallelism and queueing; we implemented ehfesictionalities. We will
discuss more details about our SSD model and its FTLs in tkieseetion.

To accurately emulate the response of an I/0 request, wertiseer, a high-resolution
and high-precision Linux kernel timer, to set the time thé3§ supposed to finish the
I/0 request. When the SSD model returns the response tiritas ifarger than the cur-
rent time, then we set the hrtimer to use this response tiniger@ise, the hrtimer uses
the current timei(e., it expires immediately). The latter case happens when ohe- c
putation time of the SSD model is larger than the (modele@niay of an 1/0O request;
in this case, the emulator will not be able to accurately eweuthe performance of the
modeled SSD. Therefore, it is important to minimize the catapon in the SSD model
when implementing the SSD FTLs.

An 1/O request is considered finished when both the datagdraead and the model-
ing thread have finished their processing of the I/O. The stata@age thread is considered
finished with its processing when it has stored or read thedH@ to or from memory.
The modeling thread is considered finished when the timerexpBoth threads can re-
turn the 1/0 request to the host, when the other thread aelf itave both finished their
processing. We maintain an identifier with each 1/O to intidaa thread has finished

processing it.
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Figure 3.2:Structures of the SSD Model. This figure describes the internal structures of
the SSD model. At different circled numbers, there arerdifitetypes of delay (example values in

Table 4.2).

3.1.2 SSD Model

We now discuss our implementation of the SSD simulator amdwe model SSD hard-
ware structures and software FTLs. Figure 3.2 illustrdtesarchitecture of the modeled
SSD.

We modeled the SSD internal architecture in the followingwihe SSD contains a
certain number of packages (flash chips); each packageigsmaet of dies; each die
has a set of planes. A plane is the unit for 1/O parallelism. |&np contains a set of

flash erase blocks, which are the unit of the erase operafiarerase block contains a
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set of flash pages, which are the units of reads and writesreTiealso an OOB area
with each flash page, which is used to store per-page metadataas the logical block
address of the page and the page valid bit. The logical blddkess is used to construct
the address mapping table during SSD start up and recovieeyvdlid bit is used during
garbage collection and wear leveling. A real SSD also ugsttires EEC bits in the
OOB area; we do not model the error correcting behavior ofSB®. We also store
certain information with each erase block, such as the [adaie time of the block. The
update time is used during wear leveling to identify the terapure of the data in an erase
block.

We model the SSD firmware with two FTLs, a page-level mappifg &d a hybrid
FTL. Both FTLs make use of multiple planes and parallelif2 iéquests to as many
planes as possible. To minimize CPU time, we use array talktead of hash table to
store all the FTL mapping tables. To reduce computationa tiwe also maintain a free
block queue, so that a full scan is not required to find a newkdloNe now discuss
more details that are specific to each FTL and the garbagectiolh and wear-leveling

operations of both FTLs.

Page-level FTL

The page-level mapping FTL keeps a mapping for each datalpigeen its logical and
physical address. For writes, the page-level mapping FTfopes allocation in a log-
structured fashion. The FTL maintains an active block irhgalane and appends new
writes to the next free page in the block. The FTL also pdiadle writes in round-robin
order across all the planes. For reads, the page-level mgbdiL simply looks up its
mapping table and finds its physical address; it then peddha read from this physical

address.
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Hybrid FTL

We implemented a hybrid mapping FTL similar to FAST [59], alhiuses dog block
areafor active data and data block areao store all the data. One sequential log block
is dedicated for sequential write streams. All the otherbtarks are used for random
writes. The rest of the device is a data block area used te da blocks at their final
locations. The pages in a data block have to belong to the sease blockd.g, 64 4 KB
pages in a 256 KB consecutive logical block address rangég pgges in a random-
write log block can have any arbitrary logical addressescimse to use log-structured
allocation to write random data to the log blocks. The hylniapping FTL maintains
page-level mappings for the log block area and block-levagbpings for the data block

area.

Garbage Collection and Wear Leveling

We implemented a simple garbage collection algorithm arichpls wear-leveling algo-
rithm with both the page-level mapping and the hybrid magimLs.

The garbage collection operation is triggered when the raurb free blocks in a
plane is low. The garbage collector uses a greedy methodeamydles blocks with the
least live data. During garbage collection, blocks withimlalid pages are first selected
for recycling. The garbage collector simply erases theme Block with the greatest
number of invalid pages is then selected. The valid pagdseset blocks are written out
into a new block. For the page-level mapping FTL, the valiggsaare simply written into
any free space on any plane (we choose to parallelize thétss v different planes). For
the hybrid mapping FTL, to garbage collect a data block, agmeperation is triggered;
the valid pages are either copied from the old data block oeatilog blocks into a new

free block.
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We implemented a wear-leveling algorithm similar to a poeng algorithm [3]. The
wear-leveling algorithm is triggered when the overall webthe SSD is high. The SSD
considers both block wear and data temperature during tlae \eeeling operation. A
block whose amount of remaining erase cycles is less thamtairtcg@ercentage of the
average remaining erase cycles of the blocks in the SSD sdenmed for wear leveling.
The SSD then selects the block with the coldest data (olgesdte time) and swaps its
content with the worm block; the corresponding address inggntries are also updated
accordingly. Notice that because of the need in the weaditgyalgorithm, the SSD also

keeps track of the data temperature in each block and stoxgth ithe block.

3.2 Evaluation

In this section, we present our evaluation results of our &8idlator. We begin our
evaluation by answering the questions of how accurate théatan is and what kind of
SSDs the emulator is capable of modeling. Our major goaleéthulator is to have low
computational overhead so that it can accurately emulateramn types of SSDs with
important workloads. After finding out the accuracy and talgg of our emulation,
we delve into the study of more detailed aspects of the SSDdéfetent FTLs. All
experiments are performed on a 2.5 GHz Intel Quad Core CPtu&B memory.

The followings are the specific questions we set to answer.

e What are the computational overhead of the emulator?

e How accurate does the emulator need to be to model an SSD é&vtieupar metric?

Can the emulator model common type of SSDs for importantios@tr

e What is the effect of multiple parallel planes on the perfante of an SSD?
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e How does the page-level mapping FTL compare to the hybridomngpone?

e What is the performance bottleneck of the hybrid mapping Bmd why?

Configuration SSD1 | SSD2
SSD Size 4GB 4GB
Page Size 4 KB 4 KB
Block Size 256 KB | 256 KB
Number of Plane$ 10 10
Hybrid Log Block Area* 5% 5%
Page Read Latency 2518 65us
Page Write Latency 200us | 85us
Block Erase Latency 1500us | 1000us
Bus Control Delay 2us 2us
Bus Data Delay 10us 10pus
RAM Read/Write Delay 1us 1us
Plane Register Read/Write Delay 1 s 1us

Table 3.1: SSD Emulator Configurations. *Number of planes and amount of hybrid log
block area use the values in the table as default value butvagyfor certain experiments.

Table 3.1 describes the configurations we used in our evatuathere are different
kinds of latency associated with various SSD internal stmes as shown in Figure 3.2.
We use two types of flash memory; SSD1 emulates an older gesredd flash memory

and SSD2 emulates a newer generation.

3.2.1 Emulation Overhead

We first evaluate the computational overhead of our SSD d@omldhe computational
overhead limits the type of SSDs the emulator can model atelyr if the /0O request
time of an SSD is faster than the computation time taken bythealator, then we cannot

model this SSD accurately. Thus, our goal is to have an giynéoay computational
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overhead. However, because of the non-deterministic @atureal-time emulation, we
allow small amount of outliers.

To evaluate the computational overhead of the emulator, nsestiudy the total time
spent in the emulator for an I/O requédst without including the SSD modeled request
timeTx (i.e., Tr = 0). Figure 3.3 plots the cumulative distribution of the tatadulation
time of synchronous sequential and random writes with tlgepavel mapping and the
hybrid mapping FTLs. We use the cumulative distributiongsiour goal of the emulator
is to have an overall low computational overhead but alloeagonal outliers with higher
overhead; the cumulative distribution serves to measwee ifneet this goal.

Overall, we find that the computational overhead of our etoula low; the majority
of the requests havE from 25 to 30us for both sequential and random workloads and
for both FTLs. Comparing different workloads and FTLs, welfthat random writes
with the hybrid mapping FTL has higher emulation time tharted others. There is also
a long tail, indicating a small number of outliers that haxtremely high computational
overhead €.g, 1000us). We suspect that the high computational overhead andeositli
are due to the complex operations of random wrigeg,(merge and garbage collection)
with the hybrid mapping FTL.

To further study the emulator overhead and understand wtherbottleneck is, we
separately monitor the computational and memory store tiken by the two threads in
the emulator to process each 1/0O requéstdndT),). The time taken by the data storage
thread includes the time to store or read data from memory#ret computational time
of the thread. The time taken by the SSD modeling thread dedwall the computational
time taken by it but not the actual modeled response timeeol/@ request{r = 0).

Figure 3.4 plots the cumulative distributions of the timkeetaby the data store thread.
The figure plots the distribution of synchronous sequentidties using the page-level

mapping FTL, but the other workloads and FTL all have simdestribution; the data
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Figure 3.3:CDF of the Emulation Time. We perform sustained synchronous 4 KB sequen-
tial and random writes with the page-level mapping and thieridymapping FTLs and plot the
cumulative distribution of the time spent at the emulafgr), The SSD model thread does all its
modeling computation but always return a zero modeled retirae ('r = 0).
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Figure 3.4:CDF of Data Store Time. This figure plots the commulative density of the time
spent at the data store thread using 4 KB sequential writés the page-level mapping FTL. The
results for the hybrid mapping FTL and for random writes araiiar to this graph.

store thread is not affected by the SSD model or type of waxkiq(as long as the block
size in the workloads is the same). We find that the memorg store has a median of
12,5 and is lower than the total emulation time. We also find thattiime taken by the

data store thread has a small variance, indicating that mestore is a stable operation

that is not affected by workloads or types of FTLs.
Figure 3.5 plots the cumulative distributions of the timleeta by the SSD modeling

thread with sequential and random writes and both the pag&-inapping and the hybrid
mapping FTLs. We find that the SSD model thread takes a median t 31us for the
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Figure 3.5:CDF of time spent by the SSD modeling thread for each 1/0 requ&t. We
perform sustained synchronous 4 KB sequential and randatesmvith the page-level mapping
and the hybrid mapping FTLs. This figure presents the contiveldensity of the computational
spent at the SSD modeling thread. The solid line represbrtSED model with the page-level
mapping FTL and the dotted line represents the hybrid mappinL.

page-level mapping FTL and 29 to 35 for the hybrid mapping FTL. The SSD modeling
time is similar to the total emulation time and is always legthan the data store time;
the shape of the distributions of the SSD model time is alsdlai to the distributions of
the total emulation time (Figure 3.3). These findings inidhat SSD modeling is the
bottleneck of the emulator.

Similar to the total emulation time, we find that random wsiw@th the hybrid map-
ping FTL has higher modeling time and a longer tail than otherkloads and FTL. We
find that the computational time of the SSD simulator is highigh merge operation and
garbage collection operation; these operations happeer often and have higher cost
with the hybrid mapping FTL than the page-level mapping FHdrtunately, when an 1/0
request involves merge or garbage collection operatitsmisesponse time is also higher
than a request without these operations; therefore, tHeshigcpmputational overhead is
hidden.
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3.2.2 Emulation Accuracy and Capability

After knowing the computational overhead of the emulat@rfwther study the accuracy
of the emulator and what types of SSDs it is capable of ermgati

In this set of experiments, we include the simulated SSDesgime of a request;
in the total emulation timé&,. To study the accuracy of the emulator, we set all requests
in an experiment to use a fixed SSD request tifie(i.e., the timer in the emulator is
always set to return a request at the time of its arrival tihus ;). The request time
Tr ranges from 0 to 40s. Notice that the request time does not include the queueing
delay, which the SSD emulator performs before sending aesggo the SSD simulator
(see Figure 3.1 for the emulator process flow). Also notied @ven though we use a
fixed SSD request time, we still let the SSD simulator perfasnealculation as usual.

Figure 3.6 plots the medians of the emulator time for diffiéfE;’s with sequential
writes and the page-level mapping FTL. The target line regames the fixed request time
we set with the SSD model'§). From the figure, we can see that when the simulated
request time is equal to or less thanis7 the total time spent at the emulator is always
around 26.s, even when the request time isi@(, the emulator returns a request as soon
as it finishes both the data store and SSD modeling compnjaiidhen the request time
is more than 17s, the total time spent at the emulator is alwayssdonger than the
request time. This (fixed) additional time is mainly due te ttueueing delay, which is
spent before a request goes into the SSD model and thus thedéacin7k. Thus, the
emulator can accurately model these larger request timéeshd lowest request time the
emulator can model is 1.

Figure 3.7 plots the medians of the emulator time for difféfle;s with random writes
and the page-level mapping FTL. We find that the lowest rddiras the emulator can
model is 19us.
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Figure 3.6:Medians of Emulation Time with Sequential Writes and the pag-level
mapping FTL. The SSD simulator uses a fake fixed modeled requestTtimné0 to 40us)
for all requests in an experiment. For each experiment, wépa sustained synchronous 4 KB
sequential writes and calculate the median of the emuldtioaTx. The “Target” line represents
the target SSD model request tiffigr. This model time does not include any queueing effect. The
dotted line represents the minimal SSD request time theadonwdan emulate accurately.

504

1
— 1
[S] 1
O 40+
9 I
~ 1
2 301 '
[ 1

1
S 20/
k| :
g 104 Target without Queueing
L 1

19
0 i L i i )
0 10 20 30 40 50

Model Request Time (usec)

Figure 3.7: Medians of Emulation Time with Random Writes and the page-leel
mapping FTL. The SSD simulator uses a fake fixed modeled requestZtiné0 to 40us)
for all requests in an experiment. For each experiment, wéopa sustained synchronous 4 KB
random writes (within a 2 GB range) and calculate the mediathe emulation tim&’z. The
“Target” line represents the target SSD model request tifipe This model time does not include
any queueing effect. The dotted line represents the mir@8&l request time the emulator can
emulate accurately.

Similarly, we perform sequential and random writes withtigbrid mapping FTL and
plot the medians of the emulator in Figures 3.8 and 3.9. Wethatthe lowest request
time the emulator can model is 19 for sequential writes and 24s for random writes.

From the above experiments, we see that the emulator hastafienminimum re-

guest time that it is capable of emulating accurately bexafishe computational over-
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Figure 3.8:Medians of Emulation Time with Sequential Writes and the hykrid map-
ping FTL. The SSD simulator uses a fake fixed modeled requestrtimé to 40pus) for all
requests in an experiment. For each experiment, we perfastased synchronous 4 KB sequen-
tial writes and calculate the median of the emulation tilmge The “Target” line represents the
target SSD model request tirfig;. This model time does not include any queueing effect. The
dotted line represents the minimal SSD request time theadondan emulate accurately.
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Figure 3.9:Medians of Emulation Time with Random Writes and the hybrid map-
ping FTL. The SSD simulator uses a fake fixed modeled requesttimé to 40pus) for all
requests in an experiment. For each experiment, we perfastaimed synchronous 4 KB random
writes (within a 2 GB range) and calculate the median of thelation timeTz. The “Target” line
represents the target SSD model request tifpe This model time does not include any queue-
ing effect. The dotted line represents the minimal SSD midfiree the emulator can emulate
accurately.

head observed with the emulator (from 17 to2Xfor different workloads and FTLS).
Since we model SSDs with parallel planes, we must take inbsideration the im-

plication of such parallelism on emulation. With parallémes, the emulator needs to

finish processing multiple requestse(, one for each plane) in the unit time of a per-

plane request. To demonstrate this limitation, we plot tiea &f the SSD configuration
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Figure 3.10:Capability of the Emulator This figure illustrates the relationship of number of
parallel planes and the minimal per-plane request time that emulator can model accurately.

The grey area represents the configuration space that carcbarately modeled. The black dot
represetnts the configuration we choose for evaluationérrdéist of this dissertation.

space where our emulator can accurately model in Figure @vith sequential writes
and the page-level mapping FTL). For an SSD with 10 paralkshgs, this emulation
limit means that the emulator can only accurately modelgbene request time of 170
or higher. The dot in Figure 3.10 represents the write cordion we use in later chap-
ters (Chapters 4 and 6). We can see that the write configaratochoose is within the
accurate range of the emulator. For other workloads and Rhesrelationship of num-
ber of planes and minimal per-plane request time is simHar. example, the emulator
can model per-plane request time of 240with random writes and the hybrid mapping
FTL. Notice that random writes in real SSDs are also slowan tequential writes with
the hybrid mapping FTL, which means that the 2&0s sufficient for modeling random
write performance, too.

For most kinds of flash memory, the unit flash page read timess than 100s.
Thus, the emulator is not fit for accurately modeling flastdseaith typical number of
parallel planes in the SSD. This dissertation (and mostrdtash research) focus on
improving write performance, which is the bottleneck oflildmsed SSDs. The emulator

can accurately model flash writes (which have larger acoa&sthan reads) and is fit for
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the evaluation in this dissertation.

3.2.3 Effect of Parallelism

I/O parallelism is an important property of flash-based S8ias enables better perfor-
mance than a single flash chip. We model the I/O parallelisrosgcmultiple planes in

our SSD emulator. We now study the effect of such parallelism
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Figure 3.11:Random Write Throughput with Different Numbers of Planes. Through-
put of sustained 4 KB random writes with different numbenglafes for Page-Level and Hybrid
FTLs. For each data point, we repeat random writes of a 2 GBUiigl the systems go into a
steady state.

Figure 3.11 shows the throughput of sustained 4 KB randoteswvith varying num-
ber of planes for the page-level mapping and hybrid mappirigFWe find that the ran-
dom write throughput increases linearly with more planesgithe page-level mapping
FTL for SSD1. The page-level mapping FTL allocates new vatess planes in a round
robin fashion to parallelize 1/Os to all the planes; with mptanes, the write throughput
is expected to increase. For hybrid mapping FTL, we find th@trandom write through-
put also increases with more planes. However, the effectapéasing planes is not as big
as for page-level mapping FTL, since the major reason for pgbrid mapping random
write performance is its costly merge operation and thisafpmn has a high performance

cost even with multiple planes.



52

Looking at SSD2 and the data point from 10 to 20 planes for SSifind that the
write throughput of the SSD emulator flattens at around 65R30This result conforms
with the SSD emulator performance limitation.

We further look at the average request latencies for diftemamber of planes and plot
them in Figure 3.12. We find a similar conclusion as the thhpud results: the random
write average latency decreases with more planes (linéarlthe page-level mapping

FTL and sub-linearly for the hybrid mapping FTL).
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Figure 3.12:Random Write Avg Latency with Different Numbers of Planes. Average
latency of sustained 4 KB random writes with different nurslod planes for Page-Level and
Hybrid FTLs. For each data point, we repeat random writes &@B file until the systems go
into a steady state.
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Figure 3.13:Write Performance of the page-level mapping and the hybrid napping
FTLs. All experiments are performed with a 4 GB SSD with 10 pargllahes using two types
of flash memory, SSD1 and SSD2. All the experiments use 4 KBdi® and are performed in
the 4 GB range.
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3.2.4 Comparison of Page-level and Hybrid FTLs

The page-level mapping and hybrid mapping FTLs are two migjoes of FTLs that
differ in the granularity of mappings they maintain (flastyparanularity for the page-
level mapping FTL and combination of erase block and flaste gagnularity for the
hybrid mapping FTL). We now present the results of compattiegpage-level mapping
and the hybrid mapping FTLs, considering the mapping tapéeas they use and their
write performance.

The mapping table for the 4 GB SSD is 4 MB with the page-leveppirag FTL and
is 0.85MB with the hybrid mapping FTL. The page-level magpkTL keeps a 32-bit
pointer for each 4 KB flash page, making the mapping table4sM8. The hybrid map-
ping FTL uses 20% log block area and 80% data block area. lediothblock area, it
keeps a mapping for each 4 KB page; for the data block areaefika mapping for each
256 KB erase block, making the total mapping table size 0.B5Thus, the page-level
mapping FTL uses more mapping table space than the hybriginm@apTL.

Figure 3.13 presents the write performance results of tlyge{evel mapping and
hybrid mapping FTLs. The sequential write throughput fa gage-level mapping and
hybrid mapping FTLs is similar. But the random write thropghof the hybrid mapping
FTL is much lower than the page-level mapping FTL. We alsotfirad as expected, SSD2
has higher write throughput than SSD1 for both page-levgpimg and hybrid mapping

FTLs, since the flash page write latency is lower for SSD2.

3.2.5 Study of Hybrid FTL

Since random writes are the bottleneck of the hybrid mappinl, it is important to
learn the cause of its poor random write performance. We nodysvhat factors affect

random write performance and the reason for the poor randata performance.
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Figure 3.14:Cost of Different Operations with Hybrid FTL. Throughput of sustained
4 KB random writes with different amount of log blocks in Hglf TLs. For each data point, we
repeat random writes of a 1 GB file until the systems go int@adst state.

To closely study random write performance and the operatiba FTL uses during
random writes, we break down the FTL utilization into di#fat operations, including
normal writes, block erases, writes and reads during mepgeations, idle time during
merge operations, and other idle time. Figure 3.14 plotp#reentage of all these op-
erations on all the planes during random writes. Figure 8akBs a close look at the
operations other than the idle time. We find that the mergeatipas take the majority of
the total SSD time and normal writes only take up around 3%®4m9the total time. As
explained in Chapter 2, the merge operation of the hybridmmgpFTL is costly because
of the valid data copying and block erases. Surprisinglih wiultiple planes, there is also
a high idle time during the merge operations. While a datepagopied from a plane
during the merge operation, other planes can be idle. Asuldtyéise merge operations
are the major reason for poor random writes, even thoughareyot invoked as often
as normal writes (specifically, it is invoked once per 64 4 Kites to free a 256 KB log
block).

Since the costly merges are triggered when the log blockiarkdl, the size of the
log block area is likely to affect the random write perforroarof the hybrid mapping

FTL. To study this effect, we change the amount of log blockBigures 3.14 and 3.15.
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Figure 3.15:Cost of Different Operations with Hybrid FTL. Throughput of sustained
4 KB random writes with different amount of log blocks in Hglf TLs. For each data point, we
repeat random writes of a 1 GB file until the systems go int@adst state.
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Figure 3.16: Random Write Throughput with Different Amount of Log Blocks .
Throughput of sustained 4 KB random writes with differenbant of log blocks in Hybrid FTLs.
For each data point, we repeat random writes of a 1 GB file uh&lsystems go into a steady state.

We find that with more log blocks, the amount of normal write@igtion time increases
and the cost of merge operation is lower. With more log blptksre is more space for
active data. The merge operation cost is lower, since mdeewd#l be merged from the
log block area and less data will be merged from the data kdoe&; the latter is costlier
than the former.

Figure 3.16 plots the random write throughput of the hybrapming FTL with differ-
ent sizes of log blocks. We can see that the random write ¢fimout increases with more

log blocks, conforming with the results in the operationairelown analysis. However,
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more log blocks requires a larger mapping table; for exangféo log blocks require a

2.03 MB mapping table, while 20% log blocks only require &0V mapping table.

3.3 Limitations and Discussions

There are certain limitations with our SSD emulator. In théstion we discuss these
limitations.

First, our SSD emulator simplifies certain aspects in a r&&.3-or example, we do
not emulate the write buffer and the read cache availableanynmodern SSDs. The
interface between the SSD emulator and the host OS is algifséd to using the Linux
kernel block I/O request interface. In reality, SSDs uguaBie the SATA interface to
connect to the host OS and the SATA interface is more contplicand restricted than
the kernel block 1/O interface.

Second, we model SSD FTLs based on previous publicationsaindn real SSDs
since there is no public information about details of cono@ISSD internals. Reverse
engineering commercial SSDs may be a viable solution to lémeir internal FTLs. How-
ever, our initial effort to reverse engineer a commercidD$&ns out to be difficult; we
leave it for future work.

Third, even though we use different techniques to reducedhgutational overhead
of the emulator, such overhead still limits the speed of thelator and thus the type of
SSDs it can emulate accurately. For example, the emulatorot@mulate a fast flash-
based SSD with many parallel planes. For the same reasandlifficult to emulate a
DRAM-based SSD or other fast devices with our emulator. Grssible way to alleviate
the computational limitation of the emulator is to paralelthe SSD simulator computa-
tion across multiple CPU cores.

Finally, our SSD emulator is implemented as a Linux pseudalbtriver and does
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not work with other operating systems.

3.4 Summary

In this chapter, we described the SSD emulator that we bwiletaluation of various
designs in this dissertation and in other research on SSD& emulator works as a
pseudo block device with Linux. Workloads and applicaticas run easily with the
emulator in a real system. The SSD model we use in the emwdatariates different
components and operations of typical modern flash-based S8R implemented two
FTLs for the emulator: the page-level mapping FTL and theidyimapping FTL.

A major challenge we found in the process of building the extaulis the difficulty
in making the emulator accurate with SSD models that usenakgarallism. We used
several different techniques to reduce the computatiorexh@ad of the emulator so that
it can accurately model important types of metrics with camnntypes of SSDs, even
those with internal parallism.

Our evaluation results show that the emulator is reasorfaBlyand can accurately
emulate most SSD devices. We further study the page-levyabim@ and the hybrid map-
ping FTLs and found that the hybrid mapping FTL has poor rameoite performance,

mainly because of the costly merge operations it uses tofraeblocks.
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Chapter 4

De-indirection with Nameless Writes

When running a file system on top of a flash-based SSD, excdsgdtion exists in
the SSD and creates both memory space and performance agefbee way to remove
such redundant indirection is to remove the need for the $Sieaite and use indirection.
Such a goal can be achieved by changing the 1/O interfacedestthe file system and
the SSD.

In this chapter, we introduce nameless writes, a new |/Qfaate to remove the costs
of the indirection in flash-based SSDs [9, 96]. A namelestevaends only data and no
name {.e., logical block address) to the device. The device then peddts allocation
and writes the data to a physical block address. The physicek address is then sent
back to the file system by the device and the file system redbiddts metadata for
future reads.

In designing the nameless writes interface, we encountevedmajor challenges.
First, flash-based SSDs migrate physical blocks becausarb&ge collection and wear
leveling; the file system needs to be informed about suchesddrhange so that future

reads can be directed properly. Second, if we use namelé®s \&s the only write in-
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terface, then there will be a high performance cost and asa@ engineering complexity
because of the behavior of recursive updates along the &tersytree.

We solve the first problem withmigration callback which informs physical address
changes to the file system, which then updates its metada&dl¢ot the changes. We
solve the second problem by treating file system metadatalataddifferently and use
traditional writes for metadata and nameless writes foa;dtite physical addresses of
metadata thus do not need to be returned or recorded in theyBtem, stopping the
recursive updates.

We built an emulated nameless-writing SSD and ported thex.ext3 file system to
nameless writes. Our evaluation results of nameless vaitdsts comparison with other
FTLs show that a nameless-writing SSD uses much less merpagedor indirection
and improves random write performance significantly as amexgbto the SSD with the
hybrid FTL.

The rest of this chapter is organized as follows. In Sectidnwve present the design
of the nameless write interface.ln Section 4.2, we show fwbutld a nameless-writing
device. In Section 4.3, we describe how to port the Linux d#é3system to use the
nameless-writing interface, and in Section 4.4, we evalnameless writes through ex-
perimentation atop an emulated nameless-writing devigealll, we summarizes this

chapter in Section 4.5.

4.1 Nameless Writes

In this section, we discuss a new device interface that esdlalsh-based SSDs to remove
a great deal of their infrastructure for indirection. Wel @ldevice that supports this
interface aNameless-writing DeviceTable 4.1 summarizes the nameless-writing device

interfaces.
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Virtual Read
down: virtual address, length
up: status, data
Virtual Write
down: virtual address, data, length
up: status

Nameless Write
down: data, length, metadata
up: status, resulting physical address(es)
Nameless Overwrite
down: old physical address(es), data, length, metadata
up: status, resulting physical address(es)
Physical Read
down: physical address, length, metadata

up: status, data
Free
down: virtual/physical addr, length, metadata, flag
up: status
Migration [Callback]
up: old physical addr, new physical addr, metadata

down: old physical addr, new physical addr, metadata

Table 4.1: The Nameless-Writing Device Interfaces. The table presents the nameless-
writing device interfaces.

The key feature of a nameless-writing device is its abilitpérform nameless writes;
however, to facilitate clients (such as file systems) to usaraeless-writing device, a
number of other features are useful as well. In particules, tameless-writing device
should provide support for a segmented address space,timigcallbacks, and associ-
ated metadata. We discuss these features in this sectidroana prototypical file system

could use them.
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4.1.1 Nameless Write Interfaces

We first present the basic device interfacefNaimeless Writesnameless (new) write,
nameless overwrite, physical read, and free.

The nameless write interface completely replaces theiegistrite operation. A
nameless write differs from a traditional write in two impent ways. First, a nameless
write does not specify a target address.(a name); this allows the device to select the
physical location without control from the client above.c8ed, after the device writes
the data, it returns physicaladdressi(e., a name) and status to the client, which then
keeps the name in its own structure for future reads.

The nameless overwrites interface is similar to the nam€lesw) write interface,
except that it also passes the old physical address(esg wetlice. The device frees the
data at the old physical address(es) and then performs desswerite.

Read operations are mostly unchanged; as usual, they takpwaghe physical ad-
dress to be read and return the data at that address andsaisthtator. A slight change
of the read interface is the addition of metadata in the infartreasons that will be
described in Section 4.1.4.

Because a nameless write is an allocating operation, a easiiriting device needs
to also be informed of de-allocation as well. Most SSDs r&dehis interface as thizee
or trim command. Once a block has been freed (trimmed), the deviceeiso re-use it.

Finally, we consider how the nameless write interface candditilized by a typical
file-system client such as Linux ext3. For illustration, weamine the operations to ap-
pend a new block to an existing file. First, the file systemassa hameless write of
the newly-appended data block to a nameless-writing devideen the nameless write
completes, the file system is informed of its address and pdata the corresponding

in-memory inode for this file so that it refers to the phys@adtiress of this block. Since
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the inode has been changed, the file system will eventuadii flto the disk as well; the
inode must be written to the device with another namelesewAgain, the file system
waits for the inode to be written and then updates any strestcontaining a reference
to the inode. If nameless writes are the only interface afséal for writing to the storage
device, then this recursion will continue until a root sture is reached. For file systems
that do not perform this chain of updates or enforce suchrimglesuch as Linux ext2,
additional ordering and writes are needed. This probleneofirsive update has been

solved in other systems by adding a level of indirectieig( the inode map in LFS [76]).

4.1.2 Segmented Address Space

To solve the recursive update problem without requiringssaittial changes to the ex-
isting file system, we introduce a segmented address spélcéwa segments (see Fig-
ure 4.1): thevirtual address spagewhich uses virtual read, virtual write and free in-
terfaces, and thphysical address spacehich uses physical read, nameless write and
overwrite, and free interfaces.

The virtual segment presents an address space from blo¢kswghV — 1, and is
a virtual block space of siz& blocks. The device virtualizes this address space, and
thus keeps a (small) indirection table to map accesses tartioal space to the correct
underlying physical locations. Reads and writes to theigirspace are identical to reads
and writes on typical devices. The client sends an address dength (and, if a write,
data) down to the device; the device replies with a statusages(success or failure), and
if a successful read, the requested data.

The nameless segment presents an address space from btooksdghP — 1, and is
a physical block space of size blocks. The bulk of the blocks in the device are found

in this physical space, which allows typical named readsiaver, all writes to physical
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Figure 4.1:The Segmented Address Spac@ nameless-writing device provides a segmented
address space to clients. The smaller virtual space alloarsnal reads and writes, which the
device in turn maps to underlying physical locations. Thgda physical space allows reads to
physical addresses, but only nameless writes. In the exqamply two blocks of the virtual space
are currently mapped, VO and V2, to physical blocks P2 andéXectively.

space are nameless, thus preventing the client from direciling to physical locations
of its choice.

We use a virtual/physical flag to indicate the segment a bisck and the proper
interfaces it should go through. The size of the two segmaetsiot fixed. Allocation in
either segment can be performed while there is still spadb®device. A device space
usage counter can be maintained for this purpose.

The reason for the segmented address space is to enablesféensyto largely reduce
the levels of recursive updates that would occur with oniypelkess writes. File systems
such as ext2 and ext3 can be designed such that inodes anthetiaelata are placed in the
virtual address space. Such file systems can simply issuigeatavan inode and complete
the update without needing to modify directory structureg teference the inode. Thus,
the segmented address space allows updates to completeiiyptiopagating throughout

the directory hierarchy.
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4.1.3 Migration Callback

Several kinds of devices such as flash-based SSDs need tatendzta for reasons like
wear leveling. We propose timigration callbackinterface to support such needs.

A typical flash-based SSD performs wear leveling via indicgc it simply moves
the physical blocks and updates the map. With namelesssyhtecks in the physical
segment cannot be moved without informing the file system.allmv the nameless-
writing device to move data for wear leveling, a namelesihvg device usesnigration
callbacksto inform the file system of the physical address change obekbl The file

system then updates any metadata pointing to this migraoe#.b

4.1.4 Associated Metadata

The final interface of a nameless-writing device is used tabénthe client to quickly

locate metadata structures that point to data blocks. Theplade specification for asso-
ciated metadata supports communicating metadata betWeete¢nt and device. Specif-
ically, the nameless write command is extended to includeird parameter: a small
amount of metadata, which is persistently recorded adjacetine data in a per-block
header. Reads and migration callbacks are also extendedltmé this metadata. The
associated metadata is kept with each block buffer in the paghe as well.

This metadata enables the client file system to readily ifjetite metadata struc-
ture(s) that points to a data block. For example, in ext3 we loaate the metadata
structure that points to a data block by the inode numberinibée generation number,
and the offset of the block in the inode. For file systems tihatady explicitly record
back references, such as btrfs and NoFS [22], the back nefesecan simply be reused
for our purposes.

Such metadata structure identification can be used in déasks. First, when search-
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ing for a data block in the page cache, we obtain the metadfdamation and compare
it against the associated metadata of the data blocks inafye pache. Second, the mi-
gration callback process uses associated metadata to énddtadata that needs to be
updated when a data block is migrated. Finally, associaetdadata enables recovery in
various crash scenarios, which we will discuss in detailentt®n 4.3.7.

One last issue worth noticing is the difference between fise@ated metadata and
address mapping tables. Unlike address mapping tablesstueiated metadata is not
used to locate physical data and is only used by the devi¢egiorigration callbacks and
crash recovery. Therefore, it can be stored adjacent tcettaeash the device. Only a small
amount of the associated metadata is fetched into devitedac a short period of time
during migration callbacks or recovery. Therefore, thecepanst of associated metadata

is much smaller than address mapping tables.

4.1.5 Implementation Issues

We now discuss various implementation issues that ari¢eiodnstruction of a nameless-
writing device. We focus on those issues different from addaad SSD, which are cov-
ered in detail elsewhere [39].

A number of issues revolve around the virtual segment. Magbrtantly, how big
should such a segment be? Unfortunately, its size depead#yhen how the client uses
it, as we will see when we port Linux ext3 to use nameless wiiteSection 4.3. Our
results in Section 4.4 show that a small virtual segmentusilissufficient.

The virtual space, by definition, requires an in-memorynaction table. Fortunately,
this table is quite small, likely including simple page#éwmappings for each page in the
virtual segment. However, the virtual address space caalltdde larger than the size of

the table; in this case, the device would have to swap piddbe page table to and from



66

the device, slowing down access to the virtual segment. ;Whbge putting many data
structures into the virtual space is possible, ideally flentshould be miserly with the
virtual segment, in order to avoid exceeding the suppogimgsical resources.

Another concern is the extra level of information naturabkyorted by exposing phys-
ical names to clients. Although the value of physical namees lheen extolled by oth-
ers [26], a device manufacturer may feel that such inforomateveals too much of their
“secret sauce” and thus be wary of adopting such an interfeebelieve that if such a
concern exists, the device could hand out modified formsetiie physical addresses,
thus trying to hide the exact addresses from clients. Domngnay exact additional per-

formance and space overheads, perhaps the cost of hidorgiation from clients.

4.2 Nameless-Writing Device

In this section, we describe our implementation of an eredlatameless-writing SSD.
With nameless writes, a nameless-writing SSD can have alairRL, which has the
freedom to do its own allocation and wear leveling. We firscdss how we implement
the nameless-writing interfaces and then propose a nevagartollection method that

avoids file-system interaction. We defer the discussionedmeveling to Section 4.3.6.

4.2.1 Nameless-Writing Interface Support

We implemented an emulated nameless-writing SSD that pesfalata allocation in a
log-structured fashion by maintaining active blocks that aritten in sequential order.
When a nameless write is received, the device allocatesdkiefiree physical address,
writes the data, and returns the physical address to theyfters.

To support the virtual block space, the nameless-writingagemaintains a mapping
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table between logical and physical addresses in its dewgcleec When the cache is full,
the mapping table is swapped out to the flash storage of the &SBur results show in
Section 4.4.1, the mapping table size of typical file systarages is small; thus, such
swapping rarely happens in practice.

The nameless-writing device handles trims in a manner aiml traditional SSDs;
it invalidates the physical address sent by a trim commanating garbage collection,
invalidated pages can be recycled. The device also intabdhe old physical addresses
of overwrites.

A nameless-writing device needs to keep certain assocrattddata for nameless
writes. We choose to store the associated metadata of a dgéaip its Out-Of-Band
(OOB) area. The associated metadata is moved together atdrpages when the device

performs a migration.

4.2.2 In-place Garbage Collection

In this section, we describe a new garbage collection methlodameless-writing de-
vices. Traditional FTLs perform garbage collection on afflatock by reclaiming its
invalid data pages and migrating its live data pages to neations. Such garbage col-
lection requires a nameless-writing device to inform the $iystem of the new physical
addresses of the migrated live data; the file system thersrteagpdate and write out its
metadata. To avoid the costs of such callbacks and additisetadata writes, we propose
in-place garbage collectigrwhich writes the live data back to the same location instead
of migrating it. A similar hole-plugging approach was prepd in earlier work [65],
where live data is used to plug the holes of most utilized ssgm

To perform in-place garbage collection, the FTL selectsradichate block using a

certain policy. The FTL reads all live pages from the chodenlbtogether with their as-
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sociated metadata, stores them temporarily in a supecitapar battery-backed cache,
and then erases the block. The FTL next writes the live pagtseir original addresses
and tries to fill the rest of the block with writes in the wagiqueue of the device. Since
a flash block can only be written in one direction, when theeere waiting writes to
fill the block, the FTL marks the free space in the block as ables We call such space
wasted spaceDuring in-place garbage collection, the physical address live data are

not changed. Thus, no file system involvement is needed.

Policy to choose candidate block: A natural question is how to choose blocks for
garbage collection. A simple method is to pick blocks witle flewest live pages so
that the cost of reading and writing them back is minimizecwiver, choosing such
blocks may result in an excess of wasted space. In order koapjwod candidate block
for in-place garbage collection, we aim to minimize the aafstewriting live data and
to reduce wasted space during garbage collection. We peagogalgorithm that tries to
maximize the benefit and minimize the cost of in-place gaglmalection. We define the
cost of garbage collecting a block to be the total cost ofiegathe block (,,...), reading

(Thage_read) ANA WIItING ([qge_write) live data (Vyq:4) in the block.

cost = Terase + (Tpage_read + Tpage_write) * Nvalid

We define benefit as the number of new pages that can potgrid@liritten in the
block. Benefit includes the following items: the current rnen of waiting writes in
the device queueN,.i:..rite), Which can be filled into empty pages immediately, the
number of empty pages at the end of a bloék,(;), which can be filled at a later
time, and an estimated number of future writes based on thedspf incoming writes

(Swrite)- While writing valid pages §,q.iq) and waiting writes NV qit_write), NEW Writes
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will be accumulated in the device queue. We account for thegeincoming writes by
Tpagewrite * (Nvatid + Nuwait write) * Swrite- SINCE We can never write more than the amount
of the recycled space (i.e., number of invalid pagés,..;;s) of a block, the benefit func-
tion uses the minimum of the number of invalid pages and timelmu of all potential new

writes.

benefit - min(Ninvalida Nwait_write + Nlast (41)

+Tpage_write * (Nvalid + Nwait-write) * Swrite) (42)

The FTL calculates th&2/ ratio of all blocks that contain invalid pages and selects
the block with the maximal ratio to be the garbage collecttandidate. Computation-
ally less expensive algorithms could be used to find readersgdproximations; such an

improvement is left to future work.

4.3 Nameless Writes on ext3

In this section we discuss our implementation of nameleggsvon the Linux ext3 file

system with its ordered journal mode. The ordered jourgafirode of ext3 is a com-

monly used mode, which writes metadata to the journal antesvdata to disk before
committing metadata of the transaction. It provides ordgthat can be naturally used by
nameless writes, since the nameless-writing interfaceimes) metadata to reflect phys-
ical address returned by data writes. When committing na¢taith ordered mode, the
physical addresses of data blocks are known to the file systsmuse data blocks are

written out first.
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4.3.1 Segmented Address Space

We first discuss physical and virtual address space separatid modified file-system
allocation on ext3. We use the physical address space te aliodata blocks and the
virtual address space to store all metadata structurdaging superblocks, inodes, data
and inode bitmaps, indirect blocks, directory blocks, andmnal blocks. We use the type
of a block to determine whether it is in the virtual or the phgsaddress space and the
type of interfaces it goes through.

The nameless-writing file system does not perform allocaticthe physical address
space and only allocates metadata in the virtual address spherefore, we do not fetch
or update group bitmaps for nameless block allocation. kesd data blocks, the only
bookkeeping task that the file system needs to perform igitrgoverall device space
usage. Specifically, the file system checks for total freeeod the device and updates
the free space counter when a data block is allocated orldeatdd. Metadata blocks in
the virtual physical address space are allocated in the sayeas the original ext3 file

system, thus making use of existing bitmaps.

4.3.2 Associated Metadata

We include the following items as associated metadata ofaldack: 1) the inode num-
ber or the logical address of the indirect block that poiatthe data block, 2) the offset
within the inode or the indirect block, 3) the inode genemnatiumber, and 4) a timestamp
of when the data block is last updated or migrated. Items ldamedused to identify the
metadata structure that points to a data block. Item 4 isdisedg the migration callback
process to update the metadata structure with the most-dptéophysical address of a
data block.

All the associated metadata is stored in the OOB area of aglgh. The total amount
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of additional status we store in the OOB area is less than &&pgmaller than the typical
128-byte OOB size of 4-KB flash pages. For reliability reasame require that a data

page and its OOB area are always written atomically.

4.3.3 Write

To perform a nameless write, the file system sends the dattharebsociated metadata
of the block to the device. When the device finishes a nameless and sends back
its physical address, the file system updates the inode anthect block pointing to

it with the new physical address. It also updates the blodfiebwith the new physical
address. In ordered journaling mode, metadata blockswaeg/alwritten after data blocks
have been committed; thus on-disk metadata is always d¢ensisith its data. The file
system performs overwrites similarly. The only differensehat overwrites have an
existing physical address, which is sent to the device; éwicd uses this information to

invalidate the old data.

4.3.4 Read

We change two parts of the read operation of data blocks ipllysical address space:
reading from the page cache and reading from the physicateleVo search for a data
block in the page cache, we compare the metadata indexi(@de number, inode gen-
eration number, and block offset) of the block to be readresjdhe metadata associated
with the blocks in the page cache. If the buffer is not in thgepeache, the file system
fetches it from the device using its physical address. Tee@ated metadata of the data
block is also sent with the read operation to enable the dawicsearch for remapping

entries during device wear leveling (see Section 4.3.6).
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435 Free

The current Linux ext3 file system does not support the SSD dperation. We imple-
mented the ext3 trim operation in a manner similar to extémEntries are created when
the file system deletes a block (named or nameless). A trimy eohtains the logical
address of a named block or the physical address of a naniétess the length of the
block, its associated metadata, and the address space Radilelsystem then adds the
trim entry to the current journal transaction. At the endrahsaction commit, all trim
entries belonging to the transaction are sent to the devVioe device locates the block to
be deleted using the information contained in the trim oj@mand invalidates the block.
When a metadata block is deleted, the original ext3 de-atilon process is per-
formed. When a data block is deleted, no de-allocation ifopmed (i.e., bitmaps are

not updated); only the free space counter is updated.

4.3.6 Wear Leveling with Callbacks

When a nameless-writing device performs wear leveling,dgirates live data to achieve
even wear of the device. When such migration happens withlgatks in the physical
address space, the file system needs to be informed abouhdhge of their physical
addresses. In this section, we describe how the namelétssgnaevice handles data
block migration and how it interacts with the file system tofpem migration callbacks
When live nameless data blocks (together with their aststimetadata in the OOB
area) are migrated during wear leveling, the namelessagréevice creates a mapping
from the data block’s old physical address to its new physiddress and stores it together
with its associated metadata inn@igration remapping tablén the device cache. The
migration remapping table is used to locate the migratedipghladdress of a data block

for reads and overwrites, which may be sent to the device thihblock’s old physical
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address. After the mapping has been added, the old phydidedss is reclaimed and can
be used by future writes.

At the end of a wear-leveling operation, the device sendsgaation callback to the
file system, which contains all migrated physical addreasegheir associated metadata.
The file system then uses the associated metadata to loeateetladata pointing to the
data block and updates it with the new physical address irckgoaund process. Next,
the file system writes changed metadata to the device. Wheetadata write finishes,
the file system deletes all the callback entries belongirigisometadata block and sends
a response to the device, informing it that the migrationbeak has been processed.
Finally, the device deletes the remapping entry when raugihe response of a migration
callback.

For migrated metadata blocks, the file system does not nebd toformed of the
physical address change since it is kept in the virtual a$dspace. Thus, the device does
not keep remapping entries or send migration callbacks &iadata blocks.

During the migration callback process, we allow reads arewrites to the migrated
data blocks. When receiving a read or an overwrite during#fiback period, the device
first looks in the migration remapping table to locate theenir physical address of the
data block and then performs the request.

Since all remapping entries are stored in the on-device RA&Rre the file system
finishes processing the migration callbacks, we may run d&AM space if the file
system does not respond to callbacks or responds too sldwlguch a case, we sim-
ply prohibit future wear-leveling migrations until file ggen responds and prevent block

wear-out only through garbage collection.
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4.3.7 Reliability Discussion

The changes of the ext3 file system discussed above may cewselability issues. In
this section, we discuss several reliability issues andsolutions to them.

There are three main reliability issues related to namelegss. First, we maintain
a mapping table in the on-device RAM for the virtual addrgssce. This table needs
to be reconstructed each time the device powers on (eittearahormal power-off or a
crash). Second, the in-memory metadata can be inconsusiinthe physical addresses
of nameless blocks because of a crash after writing a datk bllod before updating its
metadata block, or because of a crash during wear-leveliiigacks. Finally, crashes
can happen during in-place garbage collection, spec¥icter reading the live data and
before writing it back, which may cause data loss.

We solve the first two problems by using the metadata infaonahaintained in the
device OOB area. We store logical addresses with data pagdles virtual address space
for reconstructing the logical-to-physical address maggable. We store associated
metadata, as discussed in Section 4.1.4, with all nametg¢as \de also store the validity
of all flash pages in their OOB area. We maintain an invariaat tnetadata in the OOB
area is always consistent with the data in the flash page liing/the OOB area and the
flash page atomically.

We solve the in-place garbage collection reliability pesblby requiring the use of a
small memory backed by battery or super-capacitor. Notieéthe amount of live data
we need to hold during a garbage collection operation is neenian the size of an SSD
block, typically 256 KB, thus only adding a small monetargicio the whole device.

The recovery process works as follows. When the device itestawe perform a
whole-device scan and read the OOB area of all valid flashgageconstruct the map-

ping table of the virtual address space. If a crash is datewte perform the following
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Configuration Value
SSD Size 4GB
Page Size 4 KB
Block Size 256 KB
Number of Planes 10
Hybrid Log Block Area 5%
Page Read Latency 25us
Page Write Latency 200us
Block Erase Latency 1500us
Bus Control Delay 2us
Bus Data Delay 10us
RAM Read/Write Delay 1us
Plane Register Read/Write Delay 1 us

Table 4.2:SSD Emulator Configuration. This table presents the configuration we used in
our SSD emulator. The components for each configuration edound in Figure 3.2

steps. The device sends the associated metadata in the @@Buadt the physical ad-
dresses of flash pages in the physical address space to thgditan. The file system
then locates the proper metadata structures. If the pHyaichess in a metadata struc-
ture is inconsistent, the file system updates it with the nkeysjgal address and adds the
metadata write to a dedicated transaction. After all mataidgprocessed, the file system

commits the transaction, at which point the recovery preceéinished.

4.4 Evaluation

In this section, we present our evaluation of nameless svatean emulated nameless-

writing device. Specifically, we focus on studying the fallag questions:

e What are the memory space costs of nameless-writing deeamapared to other
FTLs?

e What is the overall performance benefit of nameless-writiegjces?
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Image Size Page| Hybrid | Nameless
328MB | 328KB| 38KB 2.7KB
2GB| 2MB | 235KB 12KB
10GB| 10MB | 1.1MB 31KB
100GB| 100MB | 11MB 251 KB
400GB| 400MB | 46 MB 1MB
1TB 1GB| 118 MB 2.2MB

Table 4.3:FTL Mapping Table Size. Mapping table size of page-level, hybrid, and nameless-
writing devices with different file system images. The cardiipn in Table 4.2 is used.

e What is the write performance of nameless-writing devicéik®v and why is it

different from page-level mapping and hybrid mapping FTLs?

e What are the costs of in-place garbage collection and thdneaels of wear-leveling

callbacks?
e Is crash recovery correct and what are its overheads?

We implemented the emulated nameless-writing device withS5D emulator de-
scribed in Chapter 3. We compare the nameless-writing FTioth page-level mapping
and hybrid mapping FTLs. We implemented the emulated nasseleiting SSD and
the nameless-writing ext3 file system on a 64-bit Linux 268rnel. The page-level
mapping and the hybrid mapping SSD emulators are built omamodified 64-bit Linux
2.6.33 kernel. All experiments are performed on a 2.5 GHelIQuad Core CPU with
8 GB memory.

4.4.1 SSD Memory Consumption

We first study the space cost of mapping tables used by ditf&§8D FTLs: nameless-
writing, page-level mapping, and hybrid mapping. The magpable size of page-level

and hybrid FTLs is calculated based on the total size of thedgits block size, and its
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log block area size (for hybrid mapping). A nameless-wgtdevice keeps a mapping
table for the entire file system’s virtual address spaceceSime map all metadata to the
virtual block space in our nameless-writing implementatibe mapping table size of the
nameless-writing device is dependent on the metadata tthe file system image. We
use Impressions [4] to create typical file system imageszaefssup to 1 TB and calculate
their metadata sizes.

Table 4.3 shows the mapping table sizes of the three FTLsdiffierent file system
images produced by Impressions. Unsurprisingly, the pexggd-mapping has the highest
mapping table space cost. The hybrid mapping has a modgrate sost; however, its
mapping table size is still quite large: over 100 MB for a 1-@i&ice. The nameless
mapping table has the lowest space cost; even for a 1-TBa&dtgcmapping table uses

less than 3 MB of space for typical file systems, reducing loo#t and power usage.

4.4.2 Application Performance

We now present the overall application performance of nagselriting, page-level map-
ping and hybrid mapping FTLs with macro-benchmarks. We asmalil, fileserver, and
webserver from the filebench suite [82].

Figure 4.2 shows the throughput of these benchmarks. Wehaédath page-level
mapping and nameless-writing FTLs perform better than gheith mapping FTL with
varmail and fileserver. These benchmarks contain 90.8% ar&¥&random writes, re-
spectively. As we will see later in this section, the hybridpping FTL performs well
with sequential writes and poorly with random writes. Thtssthroughput for these two
benchmarks is worse than the other two FTLs. For webseriiahrae FTLs deliver
similar performance, since it contains only 3.8% randontesti We see a small over-

head of the nameless-writing FTL as compared to the paggteapping FTL with all
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Figure 4.2:Throughput of Filebench. Throughput of varmail, fileserver, and webmail macro-
benchmarks with page-level, nameless-writing, and hyiits.
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Figure 4.3:Sequential and Random Write Throughput. Throughput of sequential writes
and sustained 4-KB random writes. Random writes are peddrover a 2-GB range.

benchmarks, which we will discuss in detail in Sections%lahd 4.4.6.
In summary, we demonstrate that the nameless-writing dedbieves excellent per-

formance, roughly on par with the costly page-level appnoadich serves as an upper-

bound on performance.
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4.4.3 Basic Write Performance

Write performance of flash-based SSDs is known to be muchenthi@n read perfor-
mance, with random writes being the performance bottlendtkmeless writes aim to
improve write performance of such devices by giving the devnore data-placement
freedom. We evaluate the basic write performance of our amdinameless-writing de-
vice in this section. Figure 4.3 shows the throughput of satjal writes and sustained
4-KB random writes with page-level mapping, hybrid mappiagd nameless-writing
FTLs.

First, we find that the emulated hybrid-mapping device hasjaantial throughput of
169 MB/s and a sustained 4-KB random write throughput of @ J88°S. A widely used
real middle-end SSD has sequential throughput of up to 70sMBd random throughput
of up to 3,300 IOPS [43].

Second, the random write throughput of page-level mappnthreameless-writing
FTLs is close to their sequential write throughput, becdaastb FTLs allocate data in a
log-structured fashion, making random writes behave ldguential writes. The over-
head of random writes with these two FTLs comes from theibgge collection process.
Since whole blocks can be erased when they are overwritteeguaential order, garbage
collection has the lowest cost with sequential writes. Bygtrast, garbage collection of
random data may incur the cost of live data migration.

Third, we notice that the random write throughput of the Iymapping FTL is
significantly lower than that of the other FTLs and its ownsagial write throughput.
The poor random write performance of the hybrid mapping Fd4ults from the costly
full-merge operation and its corresponding garbage datlegrocess [39]. Full merges
are required each time a log block is filled with random writeas a dominating cost for

random writes.



80

—~ 50
(7))
[l
O 40
<
= 30
Q.
S 201 |~ Page-level
g — Nameless
= 101 | ™= Hybrid
|_
0 ‘ ‘ ‘
1 2 3 4

Random Write Working Set (GB)

Figure 4.4:Random Write Throughput. Throughput of sustained 4-KB random writes over
different working set sizes with page-level, namelesshgbdd FTLs.

One way to improve the random write performance of hybrigspgal SSDs is to
over-provision more log block space. To explore that, wey ¥he size of the log block
area with the hybrid mapping FTL from 5% to 20% of the wholeide\and found that
random write throughput gets higher as the size of the logddwea increases. However,
only the data block area reflects the effective size of thecdewhile the log block area is
part of device over-provisioning. Therefore, hybrid-meg®sSDs often sacrifice device
space cost for better random write performance. Moreower,hiybrid mapping table
size increases with higher log block space, requiring laogedevice RAM. Nameless
writes achieve significantly better random write perforggmvith no additional over-
provisioning or RAM space.

Finally, Figure 4.3 shows that the nameless-writing FTL loas overhead as com-
pared to the page-level mapping FTL with sequential andaandrites. We explain this
result in more detail in Section 4.4.5 and 4.4.6.
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Figure 4.5:Migrated Live Data. Amount of migrated live data during garbage collection of
random writes with different working set sizes with pageslenameless, and hybrid FTLs.

4.4.4 A Closer Look at Random Writes

A previous study [39] and our study in the last section shaat thndom writes are the
major performance bottleneck of flash-based devices. Westiagly two subtle yet fun-
damental questions: do nameless-writing devices perfoeth with different kinds of
random-write workloads, and why do they outperform hybesides.

To answer the first question, we study the effect of workiriggez® on random writes.
We create files of different sizes and perform sustained 4dti8lom writes in each file to
model different working set sizes. Figure 4.4 shows theughput of random writes over
different file sizes with all three FTLs. We find that the wargiset size has a large effect
on random write performance of nameless-writing and pagetimapping FTLs. The
random write throughput of these FTLs drops as the workingige increases. When
random writes are performed over a small working set, thdlybei overwritten in full
when the device fills and garbage collection is triggeredsuch cases, there is a higher
chance of finding blocks that are filled with invalid data aad be erased with no need to

rewrite live data, thus lowering the cost of garbage caltectin contrast, when random
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Figure 4.6:Device Utilization. Break down of device utilization with the page-level, theea
less, and the hybrid FTLs under random writes of differemiges.

writes are performed over a large working set, garbage e has a higher cost since
blocks contain more live data, which must be rewritten beefmasing a block.

To further understand the increasing cost of random wrigegha working set in-
creases, we plot the total amount of live data migrated dugerbage collection (Fig-
ure 4.5) of random writes over different working set sizethwil three FTLs. This graph
shows that as the working set size of random writes increase® live data is migrated
during garbage collection for these FTLs, resulting in ahbiggarbage collection cost
and worse random write performance.

Comparing the page-level mapping FTL and the namelessgfiTL, we find that
nameless-writing has slightly higher overhead when thekingrset size is high. This
overhead is due to the cost of in-place garbage collecticenvthere is wasted space in
the recycled block. We will study this overhead in detailthie next section.

We now study the second question to further understand gt®@tmandom writes with
different FTLs. We break down the device utilization intguéar writes, block erases,
writes during merging, reads during merging, and device tahe. Figure 4.6 shows
the stack plot of these costs over all three FTLs. For paga-teapping and nameless-
writing FTLs, we see that the major cost comes from regula@esmwhen random writes

are performed over a small working set. When the working setegses, the cost of
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Figure 4.7: Average Response Time of Synchronous Random Writesi-KB random
writes in a 2-GB file. Sync frequency represents the numberritds we issue before calling an
fsync.

merge writes and erases increases and becomes the majoFopsgie hybrid mapping
FTL, the major cost of random writes comes from migrating blata and idle time during
merging for all working set sizes. When the hybrid mappind. p€rforms a full merge,
it reads and writes pages from different planes, thus crgadie time on each plane.

In summary, we demonstrate that the random write througbfiibe nameless-writing
FTL is close to that of the page-level mapping FTL and is digamtly better than the
hybrid mapping FTL, mainly because of the costly merges i mapping FTL per-
forms for random writes. We also found that both namelesgagrand page-level map-
ping FTLs achieve better random write throughput when theking set is relatively

small because of a lower garbage collection cost.

4.4.5 In-place Garbage Collection Overhead

The performance overhead of a nameless-writing device maedrom two different
device responsibilities: garbage collection and wearliege We study the overhead of

in-place garbage collection in this section and wear-lagabverhead in the next section.
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Figure 4.8:Write Throughput with Wear Leveling. Throughput of biased sequential writes
with wear leveling under page-level and nameless FTLs.

Our implementation of the nameless-writing device usesgiace merge to perform
garbage collection. As explained in Section 4.2.2, wheretlage no waiting writes on
the device, we may waste the space that has been recentlyggacbllected. We use
synchronous random writes to study this overhead. We varfrédguency of callingsync
to control the amount of waiting writes on the device; whem slgnc frequency is high,
there are fewer waiting writes on the device queue. FigutsHdows the average response
time of 4-KB random writes with different sync frequenciesder page-level mapping,
nameless-writing, and hybrid mapping FTLs. We find that wéyamc frequency is high,
the nameless-writing device has a larger overhead compapae-level mapping. This
overhead is due to the lack of waiting writes on the devicdltgdrbage-collected space.
However, we see that the average response time of the nanveligig FTL is still lower
than that of the hybrid mapping FTL, since response time is&ahen the hybrid FTL

performs full-merge with synchronous random writes.
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Figure 4.9: Migrated Live Data during Wear Leveling. Amount of migrated live data
during wear leveling under page-level and nameless FTLs.

| Metadata] RemapThl
Workloadl‘ 2.02 MB ‘ 321 KB

Workload2| 5.09 MB | 322 KB

Table 4.4:Wear Leveling Callback Overhead. Amount of additional metadata writes be-

cause of migration callbacks and maximal remapping takte siuring wear leveling with the
nameless-writing FTL.

4.4.6 Wear-leveling Callback Overhead

Finally, we study the overhead of wear leveling in a namelesting device. To perform
wear-leveling experiments, we reduce the lifetime of SSixks to 50 erase cycles. We
set the threshold of triggering wear leveling to be 75% ofrtfaximal block lifetime, and
set blocks that are under 90% of the average block remaitf@igrie to be candidates for
wear leveling.

We create two workloads to model different data temperanteSSD wear: a work-
load that first writes 3.5-GB data in sequential order and thesrwrites the first 500-MB
area 40 times (Workload 1), and a workload that overwriteditist 1-GB area 40 times

(Workload 2). Workload 2 has more hot data and triggers m@arweveling. We com-
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pare the throughput of these workloads with page-level nmgpand nameless-writing
FTLs in Figure 4.8. The throughput of Workload 2 is worse tttzat of Workload 1 be-
cause of its more frequent wear-leveling operation. Nagleis, the performance of the
nameless-writing FTL with both workloads has less than 9%rlosad.

We then plot the amount of migrated live data during wearliegewith both FTLs
in Figure 4.9. As expected, Workload 2 produces more weaaliteg migration traffic.
Comparing page-level mapping to nameless-writing FTLs,fivme that the nameless-
writing FTL migrates more live data. When the namelessigiETL performs in-place
garbage collection, it generates more migrated live datahawn in Figure 4.5. There-
fore, more erases are caused by garbage collection witratheless-writing FTL, result-
ing in more wear-leveling invocation and more wear-levglmigration traffic.

Migrating live nameless data in a nameless-writing devieates callback traffic and
additional metadata writes. Wear leveling in a namelessnagrdevice also adds a space
overhead when it stores the remapping table for migrateal d&e show the amount of
additional metadata writes and the maximal size of the rg@mngptable of a nameless-
writing device in Figure 4.4. We find both overheads to be latihwhe nameless-writing
device: an addition of less than 6 MB metadata writes and aespast of less than
350 KB.

In summary, we find that both the garbage-collection and Jexeling overheads
caused by nameless writes are low. Since wear leveling ia frequent operation and is
often scheduled in system idle periods, we expect both peeibce and space overheads

of a nameless-writing device to be even lower in real systems
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4.4.7 Reliability

To determine the correctness of our reliability solutiom, mject crashes in the follow-
ing points: 1) after writing a data block and its metadatack]®) after writing a data
block and before updating its metadata block, 3) after mgith data block and updat-
ing its metadata block but before committing the metadatakyland 4) after the device
migrates a data block because of wear leveling and beforéléhgystem processes the
migration callback. In all cases, we successfully recolverdystem to a consistent state
that correctly reflects all written data blocks and their alata.

Our results also show that the overhead of our crash recqueess is relatively
small: from 0.4 to 6 seconds, depending on the amount of Bistent metadata after

crash. With more inconsistent metadata, the overhead ofeeg is higher.

4.5 Summary

In this chapter, we introduced nameless writes, a new writerface built to reduce the
inherent costs of indirection. With nameless writes, the $iystem does not perform
allocation and sends only data and no logical address tosthiead The device then sends
back the physical address, which is stored in the file systetadata.

In implementing nameless writes, we met a few challangesh si3 the recursive
update problem and the device block migration problem. Weesihese problems by
introducing address space separation (logical and pHyaichiess space) and new types
of interface (migration callback). Through the implemeiata of nameless writes on the
Linux ext3 file system and an emulated nameless-writingaggwe demonstrated how
to port a file system to use nameless writes.

Through extensive evaluations, we found that namelesesvatrgely reduce the map-
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ping table space cost as compare to the page-level mappiitga@ahybrid mapping FTLs.
We also found that for random writes, nameless writes Igrgatperforms the hybrid
mapping FTL and matchs the page-level mapping FTL. Ovenadlshow the great ad-
vantage of nameless writes from both worlds: the good pexdoice like the page-level
mapping FTL and the small mapping table space that is evenHasa the hybrid mapping
FTL.
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Chapter 5

Hardware Experience of Nameless

Writes

As with most research work of flash memory, we evaluated omreh@ss writes design
not with real hardware but with our own SSD emulator. Simarstand emulators are
convenient and flexible to build and use. However, simuteéind emulation have their
limitations.

The nameless writes design makes substantial changes li®theerface, the SSD
FTL, and the file system. Our SSD emulator lies directly belosfile system and talks to
it using software function calls, and thus simplifies thesyswhich the nameless writes
design is supposed to change. Because of the changes tehyireameless writes at
different storage layers, nameless writes are an ideatelor studying the differences
between real hardware systems and simulation/emulat®omedl as the challenges in
building a new storage interface for real storage systems.

Therefore, we decided to build a hardware prototype of nasselrites and use it

to validate our nameless writes design. In this chapter, iseuds our hardware expe-



90

Figure 5.1: OpenSSD Architecture The major components of OpenSSD platform are the
Indilinx Barefoot SSD controller; internal SRAM, SDRAMdawAND flash; specialized hardware
for buffer management, flash control, and memory utilitycfioms; and debugging UART/JTAG
ports.

rience with implementing nameless writes with the OpenS&8mine hardware plat-
form [85], the challenges of building nameless writes wehlrhardware, and our solu-
tions to them [78].

Our evaluation results of the nameless writes hardwarey agrees with the con-
clusions we made in Chapter 4: nameless writes largely rertie/excess indirection in
SSDs and its space and performance costs.

The rest of this chapter is organized as follows. We first diesdhe architecture
of the hardware board we use in Section 5.1. We then discesshilenges of porting
nameless writes to hardware in Section 5.2. We present ¢utists to these challenges
and the implementation of the nameless writes hardwaretyfe in Section 5.3. In
Section 5.4, we evaluate the nameless writes hardwaretyppetoFinally, we summarize

this chapter in Section 5.5.
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Controller ARM7TDMI-S Frequency 87.5MHz
SDRAM 64 MB (4 B ECC/128B)|| Frequency 175MHz
Flash 256 GB Overprovisioning| 7%

Type MLC async mode Packages 4
Dies/package | 2 Banks/package | 4
Channel Width| 2 bytes Ways 2
Physical Page | 8 KB (448 B spare) Physical Block | 2MB
Virtual Page | 32KB Virtual Block 4MB

Table 5.1:0penSSD device configuration. This table summarizes the hardware configura-
tion in the OpenSSD platform.

5.1 Hardware Platform

We use the OpenSSD platform [85] (Figure 5.1) as it is the mp4b-date open platform
available today for prototyping new SSD designs. It usesmangercial flash controller
for managing flash at speeds close to commodity SSDs. Wetppata nameless-writing
SSD to verify its practicality and validate if it performs a& projected in emulation

earlier.

5.1.1 OpenSSD Research Platform

The OpenSSD board is designed as a platform for implemetimgevaluating SSD
firmware and is sponsored primarily by Indilinx, an SSD-colér manufacturer [85].
The board is composed of commodity SSD parts: an Indiline®et ARM-based SATA
controller, introduced in 2009 for second generation SSk«ill used in many com-
mercial SSDs; 96 KB SRAM; 64 MB DRAM for storing the flash tr&t®on mapping
and for SATA buffers; and 8 slots holding up to 256 GB of MLC NBNlash. The con-
troller runs firmware that can send read/write/erase angh@gk (copy data within a
bank) operations to the flash banks over a 16-bit I/O chanfte. chips use two planes

and have 8 KB physical pages. The device uses large 32 KBaVvpages, which improve
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performance by striping data across physical pages on tareeplon two chips within a
flash bank. Erase blocks are 4 MB and composed of 128 contsguidual pages.

The controller provides hardware support to acceleratentana processing in the
form of command queues and a buffer manager. The commanes|peavide a FIFO for
incoming requests to decouple FTL operations from recgi@ATA requests. The hard-
ware provides separate read and write command queues, lmtb @arriving commands
can be placed. The queue providdast pathfor performance-sensitive commands. Less
common commands, such A3A flushidle andstandbyare executed onslow paththat
waits for all queued commands to complete. The device teamsfata from the host using
a separate DMA controller, which copies data between hastlasice DRAM through a
hardware SATA buffer manager (a circular FIFO buffer space)

The device firmware logically consists of three componestshown in Figure 5.2:
host interface logic, the FTL, and flash interface logic. Tbst interface logic decodes
incoming commands and either enqueues them in the commandesgfor reads and
writes), or stalls waiting for queued commands to compldtee FTL implements the
logic for processing requests, and invokes the flash intertia actually read, write, copy,
or erase flash data. The OpenSSD platform comes with opaoestitmware libraries
for accessing the hardware and three sample FTLs. We usageerpapped GreedyFTL
as our baseline; it uses log structured allocation and taesygbod random write perfor-

mance. Itis similar to the page-level mapping FTL we usediimeonulation in Chapter 4.

5.2 Challenges

Before delving into the implementation details of the nagaslwrites design with the
OpenSSD platform and the SATA interface, we first discussctialenges we encoun-

tered in integrating nameless writes with real hardwareaarehl hardware interface.
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Figure 5.2: OpenSSD Internals. Major components of OpenSSD internal design are host
interface logic, flash interface logic, and flash translatiayer.

Nameless writes present unique implementation challengesuse they change the
interface between the host OS and the storage device bygddin commands, new
command responses, and unrequested up-calls. Table 4tiapte® 4 lists the nameless
writes interfaces.

When moving from emulation (Chapter 3) to real hardware,amdy the hardware
SSD needs to be ported to nameless writes, but the hardwaréoe and the OS stack
do as well. Figure 5.2 describes how our SSD emulator andeddeSSD work with the
Os.

The emulator sits at the OS block layer and interacts withQBethrough software
interfaces. 1/0Os are passed between the file system and thlatemusing theio struc-
ture. Adding new types of interfaces is easy. For exampkentmeless write command
is implemented by adding a command type flag in the bio stragthe physical address
returned by a nameless write is implemented by reusing tiedbblock address field

of the bio structure, which is then interpreted speciallyalijle system that works with
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Figure 5.3:Architecture of OS Stack with Emulated and Real SSD.This graph illus-
trates the OS stack above a real SSD with SATA interface. pased to the stack to the real
device, the emulator is implemented directly below the yibbesn.

nameless writes. Adding the migration callback is alsainedly easy: the device emula-
tor calls a kernel function, which then uses a kernel workugu® process the callback
requests.

The interaction between the OS and the real hardware desioeich more involved
than with the emulator. 1/0 requests enter the storage $taokthe file system and go
through a scheduler and then the SCSI and ATA layers befe@rHCI driver finally
submits them to the device. To implement our hardware pyp&gtwe have to integrate
the nameless writes interface into this existing storagkitacture. Implementing a new
interface implies the need to change the file system and thet&@®, the ATA interface,

and the hardware SSD. The biggest challenge in this prosdisatisome part of the stor-
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age stack is fixed in the hardware and cannot be accessedrethdor example, most
of the ATA interface is implemented in the hardware ports eadnot be changed (see
Chapter 2 for more details). Certain parts of the OpenSStiopha cannot be changed or

accessed either, such as the OOB area.

5.2.1 Major Problems

We identified four major problems while implementing narsslevrites with the real
hardware system: how to get new commands through the OSststack into the device,
how to get new responses back from the device, how to havelsifrcan the device into
the OS, and how to implement commands within the device dgisérardware limitations.

First, the forward commands from the OS to the device passitjtr several layers in
the OS, shown in Figure 5.2, which interpret and act on eaamzand differently. For
example, the I/O scheduler can merge requests to adjaasaksblIf it is not aware that
the virtual-write and nameless-writeommands are different, it may incorrectly merge
them into a single, larger request. Thus, the 1/0 schedalgsrimust be aware of each
distinct command.

Second, the reverse-path responses from the device to tlaeeQfifficult to change.
The nameless writes interface returns the physical adflvesita following a nameless
write. However, the SATA write command normal response hla&eaids in which an
address can be returned. While, the error response alloaddress to be returned, both
the AHCI driver and the ATA layer interpret error responsesaasign of data loss or
corruption. Their error handlers retry the read operatgairawith the goal of retrieving
the page, and then freeze the device by resetting the ATARakt research demonstrated
that storage systems often retry failed requests autoatigt[88, 75].

Third, there are no ATA commands that are initiated by thaaevNameless writes
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require upcalls from the device to the OS for migration adhs. Implementing upcalls
is challenging, since all ATA commands are initiated by ti#t0 the device.

Finally, the OpenSSD platform provides hardware suppaoiife SATA protocol (see
Figure 5.2) in the form of hardware command queues and a SAft&tmanager. When
using the command queues, the hardware does not store timeasahitself and identifies
the command type from the queue it is in. While firmware canoskonvhere and what
to enqueue, it can only enqueue two fields: the logical blatkess lpa) and request
length fumsegmenys Furthermore, there are only two queues (read and wribednty

two commands can execute as fast commands.

5.3 Implementation Experiences

In this section, we discuss how we solve the challenges étearing the nameless writes
design from emulation to real hardware and our experienteimiplementing nameless
writes on the OpenSSD hardware with the Linux kernel and #BASnterface. We

focus our discussion on changes in the layers below the fiteBy, since the file system

changes are the same for the emulator and the real hardware.

5.3.1 Adding New Command Types

To add a new command type, we change the OS stack, the ATAaoéeiand the OpenSSD
firmware. We now discuss the techniques we used for introducew command types.
We also discuss the implementation of new hameless writestands that do not involve
return field changes or upcalls, both of which we leave farlaections in this chapter.
Forward commands through the OS: At the block-interface layer, we seek to leave

as much code unmodified as possible. Thus, we augment blgdests with an ad-
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ditional command field, effectively adding our new commaadssub-types of existing
commands. The nameless write, the nameless overwritehandrtual write commands
are encoded using three special sub-types with the nornii@ gommand. We also use
the normal write command to encode the trim command. Theddmmand, however,

does not send any data but only block addresses to the déheevirtual and physical

read commands are encoded in a similar way with normal resuinzonds.

We modified the 1/O scheduler to only merge requests with #mescommand and
sub-type. The SCSI and ATA layers then blindly pass the gpb-tield down to the next
layer. We also modified the AHCI driver to communicate comdsato the OpenSSD
device. As with higher levels, we use the approach of addisglatype to existing
commands.

ATA interface: Requests use normal SATA commands and pass the new reqoesh ty
thersvlreserved field, which is set to zero by default.

OpenSSD request handling: Within the device, commands arrive from the SATA bus
and are then enqueued by the host-interface firmware. TheaSyhchronously pulls
requests from the queues to be processed. Thus, the keyecheeded for new requests is
to communicate the command type from arriving commandsedd-tfL, which executes
commands. We borrow two bits from the length field of the ratifa 32-bit value)
to encode the command type. The FTL decodes these lengtlohistermine which
command to execute, and invokes the function for the commahi$ encoding ensures
that the OpenSSD hardware uses the fast path for new vaisaticceads and writes, and

allows multiple variations of the commands.
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5.3.2 Adding New Command Return Field

Nameless writes pass data but no address, and expect thee devieturn a physical
address or an error indicating that the write failed. Papsdista without an address is
simple, as the firmware can simply ignore the address. Hawawerite reply message
only contains 8 status bits; all other fields are reservedanchot be used to send physical
addresses through the ATA interface.

Our first attempt was to alter the error return of an ATA wriberéturn physical ad-
dresses for nameless writes. On an error return, the deaitsupply the address of the
block in the request that could not be written. This seemedfsing as a way to return
the physical address. However, the device, the AHCI drived, the ATA layer interpret
errors as catastrophic and thus we could not use errorsuimritte physical address.

Our second attempt was to re-purpose an existing SATA corditietalreadyreturns
a 64-bit address. Only one command in the ATA protoBi AD NATIVEMAX ADDR
returns an address. The OS would first sS&EAD NATIVEMAXADDR, to which the
nameless-writing device returns the next available pysiddress. The OS would then
record the physical address and send the nameless write @odnwith that address.

We found that using two commands for a write raised new proble First, the
READNATIVEMAXADDR command is an unqueuable command in the SATA inter-
face, so both the ATA layer and the device will flush queuedmamds and hurt perfor-
mance. Second, the OS may reorder nameless writes diffetbah the
READNATIVEMAX ADDR commands, which can hurt performance at the device by
turning sequential writes into random writes. Worse, thgug that the OS may send
multiple independent writes that lie on the same flash Vipage. Because the granular-
ity of file-system blocks (4 KB) is different from internal fla virtual pages (32 KB), the

device may try to write the virtual page twiegthouterasing the bock. The second write
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silently corrupts the virtual page’s data.
Therefore, neither of these two attempts to integrate aiphlyaddress in the write
return path with the ATA interface succeeded. We defer theudision of our final solution

to Section 5.3.4.

5.3.3 Adding Upcalls

Themigration-callbackcommand raised additional problems. Unlde existing calls in
the SATA interface, a nameless-writing device can gendhageup-call asynchronously
during background tasks such as wear leveling and garbdigetoan. This call notifies
the file system that a block has been relocated and it shodlatepnetadata to reflect the
new location.

To implement migration callbacks, we first considered plzgpking the upcalls on
responses to other commands, but this raises the same problesturning addresses
described above. Alternatively, the file system could mically poll for moved data, but
this method is too costly in performance given the expeaetyrof up-calls. We discuss

our final solution in the next section.

5.3.4 Split-FTL Solution

Based on the complexity of implementing the full namelesgesrinterface within the
device, we opted instead to implemens@it-FTL design, where the responsibilities of
the FTL are divided between firmware within the device and @&h Ryer within the
host operating system. This approach has been used fortRChed flash devices [32],
and we extend it to SATA devices as well. In this design, theageexports a low-level
interface and the majority of FTL functionality resides dayger within the host OS.

We built the nameless-writing FTL at the block layer beloe tite system and the 1/0
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Figure 5.4:Nameless Writes Split-FTL Architecture. This figure depicts the architecture
of the split-FTL design of nameless writes. Most of the nasselvrites functionality is imple-
mented as a layer within the host operating system (belowiltheystem and the block layer).
The nameless writes interfaces are implemented betweearatheless-writing FTL and the block
layer. The device (OpenSSD) operates as a raw flash device.

scheduler and above the SCSI, ATA, and AHCI layers. FigutesBows the design. The
FTL in the host OS implements the full set of interfaces tisteTable 4.1 in Chapter 4;
the device implements a basic firmware that proviiliesh-page readflash-page write
andflash-block eraseThe host FTL converts a command in the nameless-writefauer
into a sequence of low-level flash operations.

We built the nameless-write FTL below the I/O schedulegsiplacing the FTL above

the I/O scheduler creates problems when allocating phlyaddresses. If the FTL per-
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forms its address allocation before requests go into thes¢f@duler, the 1/0O scheduler
may re-order or merge requests. If the FTL assigns multiplesical addresses from
one virtual flash page, the scheduler may not coalesce thesvinito a single page-sized
write. The device may see multiple writes (with differenypital addresses) to the same
virtual flash page without erases and thus result in dataipton.

The nameless-writing FTL processes 1/0O request queuesebtifey are sent to the
lower layers. For each write request queue, the FTL finds aflasiv virtual page and as-
signs physical addresses in the virtual page to the I/Os=induest queue in a sequential
order. We change the 1/0 scheduler to allow a request quele & most the size of the
flash virtual page (32 KB with OpenSSD); going beyond theudrpage size does not
improve write performance but complicates FTL implemaaotatWe choose not to use
the same flash virtual page across different write requesi@g) since doing so will lead
to data corruption; lower layers may reorder request queasalting in the device write
the same virtual page without erasing it. The write perfaroeeis highly dependent on
the size of the request queues, since each request quewsigiseaksa flash virtual page;
larger request queues result in more sequential writeseadlekice level. Therefore, to
improve random write performance, we change the kernel tf@duler to merge any
writes (virtual or physical) to the nameless-writing SSide. We treat virtual writes in
a similar way as physical writes. The only difference is tivaen we assign a physical
address to a virtual write, we keep the address mapping iRThe

For read requests, we disallow merging of physical andaireads and do not change
other aspects of the I/O scheduler. For virtual reads, wk lgothe address mapping in
the FTL.

The FTL in the host OS maintains all metadata that were allyimaintained by the
device firmware, including valid pages, the free block lbck erase counts, and the bad

block list. On aflush used byfsync() the FTL writes all the metadata to the device and
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records the location of the metadata at a fixed location.

The FTL uses the valid page information to decide which bkocfarbage collect. It
reads the valid pages into host DRAM, erases the block, ardwihites the data to a new
physical block. Once the data has been moved, it sendgration-callbacko notify the
file system that data has been moved. Because the FTL is iro#t€I$, this is a simple
function call.

Running the FTL in the kernel provides a hospitable develmnenvironment, as it
has full access to kernel services. However, it may be mdfieudt to optimize the per-
formance of the resulting system, as the kernel-side FThattiake advantage of internal
flash operations, such as copy-backs to efficiently move wikan the device. For en-
terprise class PCl-e devices, kernel-side FTLs followingMNexpress specification can
implement the block interface directly [71] or use new comiation channels based on
RPC-like mechanisms [64].

5.3.5 Lessons Learned

The implementation of nameless writes with OpenSSD and Ti#eiAterfaces imparted

several valuable lessons.

e The OS storage stack’s layered design may require eachtaget differently for
the introduction of a new forward command. For example, nemrmands must
have well-defined semantics for request schedulers, suathial commands can

be combined and how they can be reordered.

e The device response paths in the OS are difficult to changereldre, designs that
radically extend existing communication from the devicewdt consider the data

that will be communicated.
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e Upcalls from the device to the OS do not fit the existing comication channels
between the host and the device, and changing the conttolf@ateturning val-
ues is significantly more difficult than introducing new f@ams commands. Thus,
it may be worthwhile to consider new reverse communicatisenoels based on
RPC-like mechanisms [64] to implement block interface fGi48 devices follow-

ing the NVM-express specification [71].

¢ Building the nameless-writing FTL below the block layer impler than at the
device firmware since the block layer has simpler interfacesinteracts with the

file system directly.

¢ Allowing the host OS to write directly to physical addresiseangerous, because it
cannot guarantee correctness properties such as enswiagpsure of a flash page
before it is written. This is particularly dangerous if tiéarnal write granularity

is different than the granularity used by the OS.

¢ With the knowledge of SSD hardware configuration, the keli@@lscheduler can

be changed to improve 1/O performance with an in-kernel FTL.

5.4 Evaluation

Our overall goal of implementing nameless writes in a harévgaototype is to validate
our design choices. We evaluate the memory space and parfioarof nameless writes
prototype with the split-FTL design.

We evaluate the nameless writes prototype to validate tHferpgance claims of the
interface and memory consumption as projected earlier atie4.4. We compare the

nameless writes prototype against the OpenSSD baselirerpagped FTL. We measure
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Figure 5.5:Read and Write Performance. This figure presents the IOPS of the OpenSSD
FTL and the nameless writes split-FTL for fio benchmarksyeetial and random reads and
writes with a 4 KB request size).

performance withio microbenchmarks and memory consumption with differentsijie-
tem images. We execute the experiments on an OpenSSD bdartiwiflash chips (8
flash banks with 64 GB total).

Figure 5.5 shows the random (4 KB blocks) and sequentiadwritd read performance
with the baseline OpenSSD FTL and nameless writes. For séglerites, sequential
reads, and random reads, the nameless-writing FTL hassil@PS as the baseline page-
mapped FTL. It assigns physical addresses in sequentiat,amthich is the same as the
baseline FTL. For random writes, nameless writes perforttebéhan the baseline but
worse than sequential write of either FTL. Even though wengeahe I/O scheduler to
merge random writes, we find the random write request queeassmaller than the size
of the flash virtual page.

Table 5.2 presents the memory usage of the page-mapped Fthamameless-
writing FTL with different file system image sizes (from 4 G848 GB), which we cre-
ated using Impressions [4]. The memory consumption indutie address mapping
tables and all additional FTL metadata. The namelessngriiTL uses much less mem-
ory than the page-mapped FTL. Unlike the page-mapped FELndmeless-writing FTL

does not need to store the address mappings for nameless yéta) and only stores
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File System Size
FTL 4GB 8GB 16 GB 32GB 48 GB
Page-Map 2.50MB 9.10MB 17.8MB 35.1MB 52.8MB
Nameless| 94KB 189KB 325KB 568KB 803KB

Table 5.2: FTL Memory Consumption.  This table presents the memory usage of the
baseline page-level mapping FTL and the nameless-writifig. /e use Impressions to generate
typical file system images with different sizes.

address mappings for virtual writes (metadata).
Overall, we find that the core nameless writes design pedaimilarly to the page-

mapped FTL and provides significant memory savings as pgegjezarlier in Chapter 4.

5.5 Summary

In this chapter, we described our experience with buildiagneless writes with the
OpenSSD hardware board, the challenges in moving namelées wo hardware, and
our solutions to them.

The biggest challenges we met in our hardware experienaharging the 1/0 return
path and adding upcalls from the device, neither of which eredaw when we built
nameless writes with emulation.

Because of the restrictions of ATA interface, we change Hraeless writes design to
use two split parts, an FTL at the OS block layer that managest af the responsibilities
of a nameless-writing device, and a simple raw FTL that magagaw SSD device. We
show through evaluation that this design works well with al feardware system, and
achieves the same benefits of de-indirection as with ourm@iighameless writes design
using emulation.

Overall, we found our hardware experience to be rewardirglearned a set of new
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lessons in how hardware and real systems can be differentfimulation and emulation.
Even because of a single restriction in real hardware, th@evkystem may need to be

re-designed.
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Chapter 6

A File System De-Virtualizer

We demonstrated in Chapters 4 and 5 that nameless writeblar®dargely remove SSD
indirection and its space and performance costs. Howdvemameless writes solution
has a few drawbacks. First, nameless writes require fundehehanges to the file sys-
tem, the OS, the device, and the device interface. Secoadameless-write approach
creates unnecessary overhead because it performs deetnalir for all data writes; in-
stead, de-indirection can be performed at device idle tortede its overhead.

To overcome the drawbacks of nameless writes, we propos€ilieSystem De-
Virtualizer (FSDV), a mechanism to dynamically remove the indirection in flaaked
SSDs with small changes to existing systems. FSDV is a esei-tool that walks
through file system structures and changes file system psitdephysical addresses;
when pointers arde-virtualized the logical to physical address mappings in the SSD can
be removed. FSDV can be invoked periodically, when the mgmagssure in SSD is
high, or when the device is idle.

We implemented a prototype of FSDV and modified the ext3 filsteay and our
emulated flash-based SSD for it. Our evaluation results B\F&emonstrate that FSDV
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largely reduces device mapping table space in a dynamic Mvaghieves this goal with
small performance overhead on foreground I/Os.

The rest of this chapter is organized as follows. We presenbasic design of FSDV
in Section 6.1. We then describe our implementation of thB\F&ol, the changes to
the ext3 file system, and our SSD emulator for FSDV in Secti@n B Section 6.3, we

present our evaluation results of FSDV. Finally, we sumpitiis chapter in Section 6.4.

6.1 System Design

In this section, we present the overall design of FSDV, amwdihimteracts with the device

and the file system that support FSDV. We design FSDV withahewing goals in mind.

1. Indirection mappings can be (largely) removed in a dycamay. Doing so allows
FSDV to be able to remove the device virtualization mairgdieither inside the

device hardware or in the host software.

2. The performance overhead of FSDV should be low, so that thiél be negligible

impact on normal I/Os.

3. There should only be small changes in file systems, OSegedérmware, and
device /O interfaces. Doing so will allow for an easy int&ipn of FSDV into

existing systems.

FSDV is a user-level tool that runs periodically or when rezkth remove the excess
virtualization of a virtualized storage device. When FSB\hdt running, a normal file
system runs with the storage device in a largely unmodified Whe file system performs
block allocation in thdogical address spacelhe device allocatedevice addresseand

maintains an indirection mapping from logical to device r@ddes. When the mapping
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Figure 6.1: FSDV Address Spaces.Device address space represents the actual physical
addresses in the device. The file system sees both logic@lasital addresses. In this example,
the logical addresses L1 and L3 are mapped to the device aseseD2 and DO through the
device mapping table; the physical address P2 is mappecetdekice address D1. The physical
addresses P3 and P4 are unmapped and directly representthiesdaddresses D3 and D4. The
logical addresses LO, L2, and L4 (shadowed) represent tiedbaddresses that have been freed
(either by a file system delete or a FSDV de-virtualization).

table space pressure is high, FSDV can be invoked to perfermrtlialization to remove

indirection mappings. FSDV can also be invoked periodyoatlwhen the device is idle.

6.1.1 New Address Space

FSDV de-virtualizes a block by changing the file system pmitfiat points to iti(e., the
metadata) to use the device address. After FSDV de-vigesk block, it is moved from
the logical address space to thieysical addresspace and directly represents a device
addressi(e., no mapping is maintained for the block). As workloads perfmew 1/Os,
the file system allocates new data in the logical addressespiad overwrites existing

data in the physical address space. For the former, theaadids a mapping from the
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logical address to the device address. For the latter, theeladds a mapping from the
old physical address to the new device address.

Figure 6.1 gives an example of FSDV address spaces anddtidirenappings. Since
a block can be in different address spaces, we need a metldistiteguish logical ad-
dresses from physical ones. We discuss our method in Se&2on

For future reads after FSDV runs, the device checks if treeaemapping entry for the
block. If there is, the device serves the reads after rerngppind if not, the device reads
directly from the device address.

Another cause for address mapping change and addition hyscal address mi-
gration during different flash device operations. As a flashiak is accessed by different
types of data, its flash blocks will be in different states #draldevice performs garbage
collection or wear leveling operations. Both these operatinvolve migration of phys-
ical blocks. When a directly mapped block is migrated to a dewice address, a new
mapping will be added to map from its old device address toutsent device address.
FSDV also needs to remove these new mappings.

The challenge in handling address mapping addition caug#teldlevice is that there
is no way of knowing what files the migrated blocks (and the@tpping) belong to. A
simple way to handle these mappings is to scan and perfomirtedization to the whole
file system; these mappings will eventually be removed inptueess. However, the
performance cost of whole-file scanning can be high, esiheda large file systems.
We choose another method to solve the problem, involvingaatsng each block to the
file to which it belongs. Specifically, we change the file sgstarite interface to also
include the inode number and let the device store it with tleeko When the device
migrates a block and adds a new mapping, it records the inaehar the block belongs

to; FSDV will process these files in its later run.
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6.1.2 FSDV Modes

FSDV can run offline (with unmounted file system) or onlinettwnounted file system).
The offline FSDV works with an unmounted file system. After tite system has been
unmounted (either by user or forcefully by FSDV), FSDV gda®tigh the file system
data structures and processes file system metadata totdahzi file system pointers.
The de-virtualized file system is then mounted.

The offline FSDV provides a simple and clean way to performsfyistem
de-virtualization. However, it requires file systems to Imenounted before it can start
processing and is not suitable for most storage systemss, Tiaialso design an online
version of FSDV which runs while the file system is mounted &ordground 1/0Os run
in a (largely) unaffected fashion. The major differencenmssn the online FSDV and
the offline one is that it needs to make sure that it does netlaay inconsistency in
page cache or for ongoing I/0Os. FSDV interacts with the filgtesy through the FSDV-

supporting device to isolate the blocks it processes franfilé system.

6.2 Implementation

In this section, we discuss our implementation of the FSIY, the offline and the online
version of it. To support FSDV, changes in device firmwarés siystems, and OSes are

needed. We also discuss these changes in this section.

6.2.1 File System De-virtualizer

We now describe our implementation of the offline and therenkSDV and a few opti-

mizations we make for better FSDV performance.
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Figure 6.2:FSDV Processing a File TreeThe left part of the graph (a) represents the status
of a file in the file system and the device mapping table bef&@®@VFruns. The right part (b)
represents a status in the middle of a FSDV run. L1 and L2 haee devirtualized to D1 and D2.
The indirect block containing these pointers has also beemitten. The mappings from L1 to D1
and L2 to D2 in the device have been removed as well.

Offline File System De-Virtualizer

The offline FSDV works with unmounted file systems. As expdim Section 2.2.1, for
most file systems like ext2, ext3, and ext4, a file can be vieaged tree structure with
the inode of the file at the tree root, indirect blocks (or ektdocks) in the middle of the
tree, and data blocks at the leaf level. FSDV de-virtualezéite by walking through the
file tree structure and processing metadata blocks fronoimatp {.e., from the metadata
blocks that directly point to the data blocks to the inodeg aNoose to use the bottom-up
fashion because in this way by the time when FSDV processegpjper-level metadata
block, all its children have already been processed; FSDMipaate this metadata block
with the final device addresses of all its children.

For each pointer in a metadata block, FSDV sends the addrasthe pointer uses
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(either logical or physical address) to the device and gsdar its current device address.
If the device returns a device address, then the metadatk Wit be updated to use this

address. After all the pointers in the metadata block haes Ipeocessed, FSDV writes
the metadata block back to the device (if it is changed) afwdrims the device to remove

the corresponding mappings. When a mapping from a logiahksd is removed, the file

system bitmap is updated to unset the corresponding bitur&ig.2 gives an example of
FSDV processing a file tree.

To de-virtualize inodes, we change the way of locating adénfpom using the inode
number to using the device address of the inode block andfdet of the inode within the
inode block. After FSDV de-virtualizes all per-file metaalélocks as described above,
FSDV starts to process inodes and the metadata blocks pgitatithem (.e., directory
blocks). FSDV changes the pointer pointing to an inode totihsalevice address of the
inode block and the inode’s offset within it. If the inode is-dirtualized from an inode
number (its original form), the file system inode bitmap wailto be updated. Currently,
we do not de-virtualize directory inodes, since procesdirgrtory data structures is more
complicated and directories only account for a small patypical file systems [5]; we
leave de-virtualizing directory inodes for future work.

Finally, we do not need to deal with any metadata in file sysiamnals. When
unmounted, a file system’s journal is checkpointed. Thuegtlhre no outstanding trans-
actions and the journal is empty. We do not de-virtualizecklgroup bitmap blocks,
group description blocks, or superblocks either, sincg tmdy account for a small space

in the file system.
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Online De-Virtualizer

The online FSDV runs while the file system is mounted. Mostt®fmechanisms are
the same as the offline FSDV. However, since we allow foregild{Os to be performed
while the online FSDV is running, we need to make sure thal susituation does not
leave the file system inconsistent. To achieve this goal,\F8iforms the file system
(through the device) about the blocks it wants to isolate;fille system then flushes all
the page caches corresponding to these blocks. When FSD¥dsgsing these blocks,
the device will prevent ongoing I/Os to them simply by stadlithe 1/0Os until FSDV
finishes its processing. The FSDV process registers a $peoiess 1D with the device,
so that I/Os issued by FSDV will never be blocked.

We have two options in terms of blocking granularity for thdime FSDV: at each
file and at each metadata block. If we choose blocking at teeyfinularity, the device
sends the inode identity to the file system, which then flusiggage caches belonging
to this file. The device keeps track of the inode that FSDV @cessing and stalls all
file system I/Os with this inode until FSDV finishes procegsin The per-file method
is conceptually simple and fits well with the way FSDV perfarde-virtualization: one
file at a time. However, it creates a higher performance aaathespecially for big files,
since all blocks belonging to a file are flushed from the pagbeand all I/Os of the file
are stalled when FSDV is processing the file.

If we choose blocking at the metadata block level, FSDV satidbe block numbers
which the metadata block points to and the metadata blocloruitself to the file system
(again, through the device). The file system then flushesdhresponding blocks from
the page cache. The device keeps track of these block addrasd prevent I/Os to them

until FSDV finishes its processing of the metadata block.
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Optimization Policies

We introduce a couple of optimizations to reduce the ovethefaFSDV. First, since
FSDV runs periodically, it does not need to process the filashave not been changed
(overwritten or appended) since the last run of FSDV. We gkdhe file system to record
the updated files (particularly, inodes) and to send theofistuch inodes to the device
during journal commit. Notice that we do not need to worry @thihe consistency of
such updated inode list; even if they are wrong, the file systall still be consistent,
since FSDV will just process unnecessarg.(unchanged) files.

To further reduce the run time of FSDV, we can choose not togs® hot data with
FSDV, since they will soon be overwritten after FSDV dewatizes them. The file sys-
tem sends the update time of the inodes together with thegelteinode list to the device.
FSDV uses dot inode thresholdo only process files that are not accessed recently. For
example, if we set the hot inode threshold to be 1/10 of the twvindow between two
FSDV runs, the latter run will ignore the inodes that are wpdavithin 1/10 of such time

window.

6.2.2 Device Support

We have changed our SSD emulator (described in Chapter 3)pjoost FSDV. Most

part of the emulated SSD and its FTL are not changed. The @l stilt performs device

address allocation for writes. We choose to use log-stredtallocation and page-level
mapping for better performance. For reads, the device lopks#s mapping table and
either read it directly from the device address or read tivicdeaddress after mapping.
For a write, the device records the inode number associatbdhe write in the OOB area
adjacent to the data page that the device assigns the wrif¢hen the device migrates a

data page during a garbage collection or wear leveling diperat also moves the inode
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number to the new OOB area. If a mapping is added becausesahtbration, the device
also records the inode number for FSDV to process in its reexid.

FSDV interacts with the FSDV-supporting device using ndrif@ operations and
simple ioctl commands. Table 6.1 summarizes the interfhedween FSDV and the
device. When FSDV queries the device for the device addreasbtock, the device
looks up its mapping and returns the mapped address or tineapping-found state to
FSDV. After processing and writing new metadata block, FS€\é the device to remove
corresponding mappings.

For performance optimization of FSDV, the device also rdsdhe files (their inode
identities) that have been updated from the last run of FSIDd the new inode list
that the file system sends to the device). FSDV reads and ggesdhese new files.
When FSDV finishes all its processing, the device deletethalfecorded new inodes.
We choose to only store the new file record in device RAM andpesmanently on
flash memory, since even if the new file record is lost or is \yranwill not affect the
consistency or correctness of the file system (but FSDV mdpipe de-virtualization to
unnecessary files).

The device works with the file system and FSDV for I/O flushimgl dlocking to
support online FSDV. Specifically, when FSDV informs theidewabout its intention to
process a file or a block, the device sends such informatidinetdile system. Once the
file system finishes the flushing and FSDV starts to proceddéha the block, the device
blocks foreground I/Os to the file or the block until FSDV fimes its processing.

Finally, the device also works with FSDV for reliability gsems, €.g, it keeps cer-
tain FSDV operation logs and sends the replay informatioRS®V during recovery).

We defer the reliability discussion to Section 6.2.4.
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6.2.3 File System Support

We ported ext3 to support FSDV. We now describe the changesake to ext3 and the
design choices that we make.

For 1/0 operations other than writes, there is no changeetkadth the file system
and the OS, which is one of our major goals with FSDV. The filstayn performs its
own allocation and maintains its logical address space filehgystem data structures are
mostly unchanged (the only exception being the inode ifleation method as described

earlier in Section 6.2.1).



118

Get Device Address

FSDV to device:
device to FSDV
description:

Remove Mapping

FSDV to device:
device to FSDV
description:

logical/physical address
device address
look device to FSDV device address

logical/physical address
if success
remove mapping entry

Get Map Table Size

FSDV to device:
device to FSDV
description:

Get New Inodes
FSDV to device:
device to FSDV
description:

Log Operation
FSDV to device:
device to FSDV
description:

Flush File/Block
FSDV to device:
device to FSDV
description:

Check File/Block
FSDV to device:
device to FSDV
description:

Block File/Block
FSDV to device:
device to FSDV
description:

Unblock File/Block

FSDV to device:
device to FSDV
description:

null
mapping table size
get device mapping table size

null
new inode list
get new inode list from device

logical/physical address
if success
log addresses for FSDV reliability

inode/block number
null
inform FS to flush the file/block

inode/block number
null
wait for file/block to be flushed

inode/block number
null
start blocking 1/Os to the file/block

inode/block number
null
unblock 1/Os to the file/block

Table 6.1: Interfaces between FSDV and the FSDV-supporting deviceZhe table
presents the interface between FSDV and the FSDV-supgadtrice. All the commands are

initiated by FSDV to the device.
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Write

down: data, length, inode number

up: status, data

description: write with associated inode number
Trim Block

down: block number

up: null

description: invalidate a block
Add New Inodes

down: new inode list

up: null

description: add new inodes to device
Flush File/Block

down: null

up: inode/block number

description: inform FS to flush the file/block
Done Flush File/Block

down: inode/block number

up: null

description: inform the device that file/block is flushed

Table 6.2:Interface between the File System and the FSDV-supporting &viceThe ta-
ble presents the interface between the file system thattegpto FSDV and the FSDV-supporting
device. The last three commands are for the online FSDV @hly.”Add New Inodes” command
is for FSDV performance optimization.

We make a few changes of ext3 to support FSDV. First, to djsish logical addresses
from physical ones, we add to each physical address the ofilhe total device size; thus,
the logical and the physical address spaces never overlaald' change the device size
boundary check to accommodate physical addresses (thesitz#as doubled since we
have two non-overlapping address spaces).

Second, we change the way the file system tracks addresssspadgerforms de-
allocation to support FSDV. The file system uses the logidalress bitmaps to track

allocated logical addresses and uses a free space courttaclkothe total amount of



120

actual allocated (device) addresses. When a block is delized from its logical address,
its corresponding bit in the file system bitmap is unset. Bao will create more free
logical addresses than the actual free space in the devive filE system uses the free
block counter to keep track of the amount of free space and doechange it during
FSDV operations. During allocation, the file system chebks¢ounter to determine the
actual free space left on the device. When the file systentedeteblock in the physical
address space, the file system updates the free block cdautteloes not change any
bitmaps. When the file system deletes a block in the logicdiess space, it updates both
the bitmap and the free block counter. The file system alsdssartrim command to the
device to inform it about the de-allocation.

Third, the file system tracks the inode that a block belongsvtten it is allocated)
and sends the inode identity to the device during a write.

Finally, the file system works with the device to support nelFSDV. Specifically,
when the device sends the request of flushing a file or a blbekijle system adds such
information (inode identity or block number) to a work quedavork queue handler then
processes these files or blocks. For a file, the file systemeffuslhthe blocks belonging
to this file from the page cache and also clears the inode c&cina block, the file system
simply flushes it from the page cache. After the file systensHies the flushing process,
it informs the device with the inode identity or the block nogns. Table 6.2 summarizes
the interfaces between the file system and the device (thas@ate changed because of
FSDV).

6.2.4 Reliability Issues

Finally, several reliability and consistency issues cgpopes during the de-virtualization

process of FSDV. For example, the FSDV tool can crash betocempletes its de-
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virtualization operations of a file, leaving the metadatahef file inconsistent. Another
situation can happen with the online FSDV, where the FSDV dies and the device
continues blocking file system 1/Os.

We solve the reliability-related problems using severahieques. First, we make sure
that the device never deletes the old metadata block usetihé&w version of it has been
committed. When the new metadata block is written, its olgiem is invalidated at the
same time; this operation is an overwrite and most normatds\already invalidates old
blocks atomically with overwrites. Second, FSDV logs a# td addresses a metadata
block points to before FSDV processes the metadata blockngDsm makes sure that
if FSDV crashes after writing the new metadata but beforedidngce removes the old
mappings of the pointers in this metadata block, the dewaceremove these mappings
on recovery. When FSDV finishes its processing, the log ordéwvece is removed. If a
crash happens before FSDV finishes, the logs will be replayeithg recovery. Finally,
we set a timeout of device blocking file system I/Os to prevdedd or unresponsive
FSDV tool.

6.3 Evaluation

In this section, we present our experimental evaluationSI¥: Specifically, we answer

the following questions.

1. What are the changes to the file systems, the OS, the dexmuwdie, and the
device 1/O interface? Are the changes small and can they &by @aplemented

with existing systems?

2. How much indirection mapping space can FSDV remove? Caaliemoved in a

dynamic way?
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3. How does the amount of inodes processed by FSDV affect dppimg table space

reduction and performance of FSDV?

4. What is the difference between different FSDV modes? Hogsdhe offline mode
compare to the online mode of FSDV? How do the online per-filé per-block

modes compare?

5. What is the performance overhead of FSDV? How much doed/F&fiect normal

foreground I/Os?

6. How does the optimization techniques affect the perfoiceaand mapping table

results?

We implemented the FSDV prototype as a user-level FSDV @l changed our
emulated SSD device (described in Chapter 3), the ext3 fdeesy, and the OS to sup-
port FSDV. The FSDV tool is implemented using tisekcode base. We change several
aspects of our SSD emulator to support FSDV. We also makd shwaiges to the ext3
file system and the OS (the block layer in particular) to suppSDV.

The total lines of code in the file system and the OS is 201 aA@3sin the device.
Most of these changes are for handling de-allocation and&formance optimiza-
tion.

Experimental environment: All experiments were conducted on a 64-bit Linux 2.6.33
server, which uses a 3.3 GHz Intel i5-2500K processor andBL6f(RAM. The emulated
SSD used in our experiments has 5 GB size, 10 parallel flaslepld KB flash pages, and
256 KB erase blocks. Flash page read and write operatioa®taknd 200 microseconds
and erase operation takes 1.5 milliseconds.

Workloads: We use a set of different types of workloads for our evalumtito mimic

typical file system images, we use the Impressions tool [4}. rkore controlled work-
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Workloads| Total Size| Files | FileSize
F1 512MB | 1000| 512KB
F2 1GB | 2000| 512KB
F3 2GB | 2000 1MB
F4 4GB | 2000 2MB
F5 4GB | 4000 1MB
11 3.6GB| 3000| 1.2MB

Table 6.3:Workloads Description This table describes the workloads property: the number
of files and directories in the workloads and the average fide.sWorkloads F1 to F5 represent
different FileServer workloads from the FileBench suit@][8wvith varying number of files and
directories). The workload 11 represents the file systeng@generated using Impressions [4].
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Figure 6.3:Mapping Table Space Reduction. We invoke the offline FSDV after running
different FileServer and Impressions workloads. The figivews the mapping table space (in
different types) reduction because of FSDV. The part belmvhorizontal line represents the
remaining amount of the mapping table space that FSDV doeenmve.

loads, we use the FileServer macro-benchmark in the FileiBsuite [82] with different
numbers of directories and different average file sizesleTa3 summarizes the settings

used with these workloads.
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6.3.1 Mapping Table Reduction and FSDV Run Time

We first evaluate the mapping table space reduction of FSi®/ntajor goal of FSDV is
to reduce the mapping table space needed in a virtualizadeddvigure 6.3 presents the
amount of removed mapping tables with different FileSewerkloads and the Impres-
sions file system image. Specifically, we show the amountmbred mapping entries
for data blocks, indirect blocks, inode blocks, and the amofiremaining mappings.

We find that FSDV reduces device mapping table size by 75% % @bg, from
8.4 MB to 0.3 MB for the F5 workload). Most of the mapping tabéeluction is with
data blocks, which conforms with the fact that typical filst®m images consist of data
blocks [5]. We also find that larger files result in bigger dalack and indirect block
mapping table reduction. Inode block mapping reductiomgases with more files but
is overall negligible for the FileServer workloads. The hegsions workload has more
inode block mapping reduction and less indirect block réduas compared to the File-
Server workloads, indicating that it has smaller file sizémally, there is a small part
of mappings that FSDV does not remove; most of these mappiegir global file sys-
tem metadata such as block group description blocks, datanadle bitmaps, and for
directory blocks. Overall, we find that indirection mapraan be largely removed.

We also measure the run time of FSDV for these workloads; érmeiogoals is to
have short FSDV run time so that it has less impact on foregtdl©s €.g, FSDV can
be scheduled during device idle time). Figure 6.4 showsithe taken to run FSDV with
the FileServer workloads and the Impressions file systergem@verall, we find that the
run time of FSDV is small (from 2 to 5 seconds). We further kréawn the run time into
the time spent on processing mappings of data blocks, ictditecks, and inode blocks,
mount and unmount time, and the rest of the timg{time spent on reading block group

description blocks). We find that most of the FSDV time is smemprocessing data and
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Figure 6.4:FSDV Run Time. This figure plots the run time of the offline FSDV when de-
virtualizing different FileServer and Impressions wokdis. We break down the run time into
time spent on de-virtualizing inodes, indirect blocks, dath blocks, time to unmount and mount
the file system, and the rest of the FSDV time.
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Figure 6.5:Mapping Table Space Reduction over Different Amount of Inoes. This
figure plots the amount of mapping table space reduced byftlireed=SDV with different amount
of inodes for the Impressions workload (I-3.6G).

indirect blocks and such time increases with larger file aiz@ larger file system size.
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6.3.2 Impact of Increasing Amount of Processed Inodes

One of the challenges we metin designing FSDV is the way odlvagaddress mappings
added by the device. Currently, we handle them by changmwithe interface to include
the inode number, so that FSDV can process only these chdihggednd not the whole
file system. An alternative to this problem is to let FSDV stla@ whole file system
image. Thus, it is important to study the effect of reducihg amount of processed
files (e.g, by passing the inode number) on mapping table space reduatid FSDV
performance.

To study this effect and the cost of whole file system scanniggchange the number
of inodes (from 0 to 100% of the total number of inodes) thatpr@cess and evaluate
the reduced mapping table size and FSDV run time with thefééesn image generated
by Impressions (I11). For each percentage value, we randegeiéct a set of inodes to
process and invoke the offline FSDV after the whole file systaage has been written.

Figure 6.5 plots the amount of reduced mapping table spaai@sighe number of
processed inodes. Overall, we find that for most of the tinvéh,more inodes processed,
more mappings are removed. However, such relationshigisear. For example, there
is a sudden increase from 40% to 60% of the inodes. Thereasaatsidden increase
and drop in the amount of reduced mapping table space at 2Qfe ahodes. The file
system generated by Impressions has a certain file sizédistn (which mimics real
file systems); certain files can be much bigger than the resteofiles. Because of the
randomness in the way we select inodes to process, at 20% R&Y\happen to process
one or more of the big files, resulting in a large reduction apping table space.

Figure 6.6 plots the time taken to run FSDV with different ambof processed in-
odes. As the number of inodes increase, the FSDV run timeratseases. Different from

the mapping table size results, we find that the run time as@és more steady.
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Figure 6.6: Run Time over Different Amount of Inodes. This figure plots the offline
FSDV run time with different amount of inodes for the Impess workload (1-3.6G).

Overall, we find that increasing the number of inodes to begssed by FSDV results
in more mapping table space reduction but higher FSDV rue.tiithe Impressions file
system image that we use only has 3.6 GB data; for a large Bkesy the time to scan
the whole file system can be much higher. Therefore, frequéote file-system scans
by FSDV are not a viable solution; one needs to either redoeetimber of inodes to

process (our current solution) or increase the frequen&saiV (our future work).

6.3.3 Comparison of Different Modes of FSDV

Offline and online are the two options of invoking FSDV. Thdima FSDV further has
two options, per-file and per-block processing. We now presar evaluation results on
the difference of these modes.

We first evaluate the mapping table space reduction of diftemodes of FSDV. In
this set of experiments, we repeat the FileServer F3 wotk{each running for 60 sec-
onds) and examine the mapping table space change. For time 68DV we unmount

the file system after each run, invoke FSDV, and then mounfildheystem. Figure 6.7
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Figure 6.7:Mapping Table Space Over Time. This figure plots the mapping table space

change over time running the FileServer F3 workloads witl-8®V, offline FSDV, and per-block
and per-file online FSDV.

plots the mapping table space changes when there is no FSNhgu(.e., normal ker-
nel), when running the offline FSDV, and when running thelgeck and per-file online
FSDV.

We first find that without FSDV, the mapping table size acclatad as the workloads
runs. The initial increase in the mapping table size (time ® $econds) is due to the way
FileBench runs; it pre-allocates directories and files tefoinning 1/0s. With FSDV
(both offline and online), the mapping table size decreaséstays low, suggesting that
FSDV can dynamically reduce indirection mapping cost.

Comparing the offline and the online modes, we find that thenefffSDV decreases
the mapping table size periodically (when itis invoked)jle/the online FSDV decreases
the mapping table size when it first runs and the mapping &béestays low. The online
FSDV is triggered by the threshold of mapping table size; mtine mapping table size
is above the threshold, the online FSDV is triggered. Tleesfthe mapping table size
always stays at or below the threshold. Between the periitlepar-block online FSDV,

we do not see a significant difference.
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Figure 6.8:Run Time of Different Modes of FSDV. This figure plots the run time of the

offline FSDV, per-file online FSDV, and per-block online FSBith the F2 and F3 workloads.
Each run time value is an average of mutiple runs.

We then evaluate the run time of different modes of FSDV. Hegeuse both the File-
Server F2 and F3 workloads; F2 has the same number of files lastiE®ntains smaller
files. Figure 6.8 plots the average run time of the offline;fperonline, and per-block
online FSDV with these workloads. We first find that the pereklonline FSDV takes
longer time to run than the per-file online FSDV; the per-kIB&DV exchange informa-
tion with the device and the file system for each bloelg( syncing and blocking the
block), creating higher overhead than the per-file FSDVcihainly does such operations
once for each file. Comparing with the offline FSDV, the onlmedes have longer run
time with larger files and file systems (F3), suggesting thataverhead of syncing and
blocking data is higher.

For the online mode, one important overhead it causes isltio&ibhg of foreground
I/Os; we evaluate such blocked time for both the per-file aedijbock online FSDV
modes. Figure 6.9 plots the average time that I/Os to a blozblacked because of the
per-file or the per-block FSDV. As expected, the per-file FSidtks 1/0Os much longer

than the per-block mode, since a whole file is blocked whetiilggF SDV is processing a
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Figure 6.9:1/0 Blocked Time. This figure plots the average time a foreground 1/O is blocked

to a block (in log scale) because of the per-file and per-blBSEV when running the FileServer
F2 and F3 workloads.

block in it, even though the rest of the file is not being preeels We also find that when

file size is larger, the blocked time (with both per-file and-plck modes) is longer.
Overall, we find that the online FSDV allows more dynamismha mapping table

space reduction than the offline mode. The online per-bloclartakes longer running

time than the per-file mode but requires shorter foregrot@dlocking time.

6.3.4 Overhead on Normal Operations

The impact of FSDV on normal 1/0s.€., when the FSDV tool is running) is another
important metric; one of our goals of FSDV is to have low impawc normal I/Os. We
also evaluate the performance overhead of the offline arndeo(per file and per block)
FSDV on normal I/Os with the FileBench macro-benchmark.

Figure 6.10 presents the throughput of normal I/Os when F8DWt running, using
the unmodified Linux kernel, the OS ported to the offline FSDMW] éhe OS ported to
the online FSDV (per file and per block). We find that overdlg bverhead of FSDV on

normal I/Os is low. The overhead in normal 1/0O operationsairiie kernel ported to the
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Figure 6.10:Throughput of Foreground 1/Os. This figure plots the throughput of fore-
ground 1/Os with no FSDV, with offline FSDV, and with per-ll@nd per-file online FSDV when
running the FileServer F3 workload.
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Figure 6.11:Mapping table size over time

offline FSDV is mostly due to the FSDV optimization to only pess changed inodes; the
file system records and sends the updated inodes to the geviicglically. In addition
to this overhead, the online FSDV also requires file systesyt@ blocks, causing it to
have higher overhead than the offline FSDV.
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Figure 6.12:Effect of different FSDV threshold

6.3.5 Optimization Results

Finally, we run one FileServer workload F2 and invoke the W@l periodically (every
one minute) to evaluate the effect of FSDV optimization gek. Figure 6.11 presents
the mapping table size change over time with basic FSDV, R8DBV using different hot
data thresholds, and without FSDV. The hot data threshddtiso that the files that are
updated within 1/10, 1/20, and 1/40 of the time window betwieo FSDV runs are not
processed.

We find that the smaller the hot data threshold is, the morepingpable space is
reduced; the basic FSDV reduces most amount of mapping tatliien hot data threshold
is small, more file will be processed. Figure 6.12 shows tlmetime and number of
processed inode with these different hot data thresholts.rlin time is the average of
all FSDV runs. We find that a lower threshold (fewer inodesoigul) results in more
inodes to be processed; thus its run time is also lower. Hewyéwve run time of threshold

1/20 and 1/10 is similar because of the fixed run-time cosiSIH\¢
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6.4 Summary and Discussion

In this chapter, we presented the File System De-Virtuglizhich dynamically reduces
the virtualization cost in flash-based SSDs. FSDV removeh sost by changing file
system pointers to use device addresses. A major desigseialeeve made is to use
separate address spaces, so that blocks can be identifredifisrient status. We designed
several modes of FSDV, offline, online per-file, and onlinelgeck, which have different
benefits and costs.

We implemented FSDV as a user-level tool and ported the e&t3ystem and the
emulated SSD to support FSDV. Our evaluation results detraied that FSDV can re-
move SSD indirection costs significantly in a dynamic way. 3o found that there is
only a small overhead on foreground 1/Os with FSDV.

Comparing with nameless writes, we found that FSDV requinash less change to
the OS than nameless writes. The lines of code for nameletswr the OS is 4370 and
is 201 for FSDV. The 1I/O interface change because of FSDVse aluch smaller than
nameless writes; only the write command needs to be changaditide the inode num-
ber in the path from the OS to the device, while nameless reg|findamental changes to
the I/O interface. The change FSDV makes to the write interfaan easily be integrated
into the ATA interface, since it only changes the forwardhgabm the OS to the device.
Finally, FSDV is more dynamic than nameless writes. FSDVmaimvoked at any time
(e.g, when the memory space pressure in the device is high or wigedavice is idle),
thus causing less overhead to foreground 1/0s. Namelesssnate an interface change

to all the 1/Os, and thus presents an overhead to all foregrt®s.
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Chapter 7

Related Work

This chapter discusses various research efforts and reedrsyg that are related to this
dissertation. We first discuss literatures on flash memodyflash-based storage sys-
tems. We then discuss other systems that exhibit excegeatidn and previous efforts
to remove excess indirection. We close this chapter with waiher efforts in new storage

system interfaces.

7.1 Flash-based Storage

In recent years, flash-based storage have become prevaleoth consumer and en-
terprise environment, and various new techniques andragshave been proposed for
different problems related to flash-memory storage. In s$kigtion, we discuss related

works on various aspects of flash-based storage.
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7.1.1 Flash Memory Management Software

Most flash-based SSDs use a flash translation layer (FTL)toalize their internal re-
sources. To reduce the memory size required to store theintgigble for each flash page
(usually 2 KB to 8 KB page size), most modern SSD FTLs use aithgmproach to map
most of the data at flash erase block granularity (usuallyB4d<1 MB) and a small part
of page-level mapping for on-going 1/Os. A large body of workflash-based SSD FTLs
and file systems that manage them has been proposed in reces{¥3, 33, 47, 58, 59].

The poor random write performance of hybrid FTLs has drawensibn from re-
searchers in recent years. The demand-based Flash Tramdlayer (DFTL) was pro-
posed to address this problem by maintaining a page-levabimg table and writing data
in a log-structured fashion [39]. DFTL stores its page-lewapping table on the device
and keeps a small portion of the mapping table in the devichkechased on workload
temporal locality. However, for workloads that have a biggerking set than the device
cache, swapping the cached mapping table with the on-deagping table structure can
be costly. There is also a space overhead to store the eatjeelpvel mapping table on
device. The need for a device-level mapping table is obgiat¢h nameless writes and
FSDV. Thus, we do not pay the space cost of storing the large-fevel mapping table
in the device or the performance overhead of swapping mgpphle entries.

A different approach to reduce the cost of indirection magpn SSDs is to move
the SSD virtualization layer and the indirection mappingéa from SSDs to a software
layer in the host. DFS is one such approach, where a softwidrer/the host manages
all the address allocations and mappings on top of raw flagnane[45]. With this
approach, the cost of virtualization within the device iswoeed, but such cost (though
reduced) still exists in the host. Instead of moving the Fidiriection layer to the host,

nameless writes and FSDV remove the excess device indineatid thus do notincur any
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additional mapping table space cost at the host. Moreoaenetess writes and FSDV
both work with flash-based SSDs instead of raw flash memory.

File systems that are designed for flash memory have also fire@osed in recent
years [40, 91, 92]. Most of these file systems use log-stradtallocation and man-
age garbage collection and flash wears. With such file systiémastly managing flash
memory, there is no excess indirection or the associatacerttbn mapping table cost.
However, these file systems can only work with raw flash membingy require knowl-
edge of the flash memory internals such as OOB area size. Wyedirectly on flash
hardware can also be dangerous as we have shown in Chaptetéad, nameless writes
and FSDV remove excess indirection by making small changesisting file systems

and flash-based SSDs and thus provide a more generalizéisolu

7.1.2 Hardware Prototypes

Research platforms for characterizing flash performandealability have been devel-
oped in the past [14, 17, 25, 56, 57]. In addition, there haenkefforts on prototyping
phase-change memory based prototypes [7, 21]. Howevet,ohtgese works have fo-
cused on understanding the architectural tradeoffs iaténflash SSDs and have used
FPGA-based platforms and logic analyzers to measure sha@iraw flash chip perfor-
mance characteristics, efficacy of ECC codes, and reveigi@eer FTL implementations.
In addition, most FPGA-based prototypes built in the pastehzerformed slower than
commercial SSDs, and prohibit analyzing the cost and berafitew SSD designs. Our
nameless writes prototyping efforts use OpenSSD with codity&SD parts and have an
internal flash organization and performance similar to cemomal SSD. There are other
projects creating open-source firmware for OpenSSD forarebe[86, 87] and educa-

tional purposes [24]. Furthermore, we investigated chamngéhe flash-device interface,



137

while past work looks at internal FTL mechanisms.

7.2 EXxcess Indirection and De-indirection

Excess indirection exists in many systems that are widedyl usday, as well as in re-
search prototypes. In this section, we first discuss a feeraystems that exhibit excess
indirection besides flash-based SSDs, the focus of thisdiéon. We then discuss pre-
vious efforts in removing excess indirection.

Excess indirection arises in memory management of opgratistems running atop
hypervisors [16]. The OS manages virtual-to-physical nraggpfor each process that is
running; the hypervisor, in turn, manages physical-to{mra& mappings for each OS. In
this manner, the hypervisor has full control over the menudrthe system, whereas the
OS above remains unchanged, blissfully unaware that itisnramaging a real physical
memory. Excess indirection leads to both space and timehewes in virtualized sys-
tems. The space overhead comes from maintaining OS physidaésses to machine
addresses mapping for each page and from possible addigjpaee overhead [2]. Time
overheads exist as well in cases like the MIPS TLB-miss IpdkiDisco [16].

Excess indirection can also exist in modern disks. For exanmpodern disks main-
tain a small amount of extra indirection that maps bad ssdimmearby locations, in
order to improve reliability in the face of write failuresti@r examples include ideas for
“smart” disks that remap writes in order to improve perfonme (for example, by writ-
ing to the nearest free location), which have been explarquevious research such as
Loge [27] and “intelligent” disks [88]. These smart diskguée large indirection tables
inside the drive to map the logical address of the write toutsent physical location. This
requirement introduces new reliability challenges, idahg how to keep the indirection

table persistent. Finally, fragmentation of randomly-ated files is also an issue.
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File systems running atop modern RAID storage arrays peo&itbther excellent ex-
ample of excess indirection. Modern RAIDs often requirerection tables for fully-
flexible control over the on-disk locations of blocks. In ARAID, a level of indirection
allows the system to keep active blocks in mirrored storageérformance reasons, and
move inactive blocks to RAID to increase effective capa®8] and overcome the RAID
small-update problem [74]. When a file system runs atop a RAK2ess indirection ex-
ists because the file system maps logical offsets to logicakiaddresses. The RAID,
in turn, maps logical block addresses to physical (diskseatjfpairs. Such systems add
memory space overhead to maintain these tables and mediahenges of persisting the
tables across power loss.

Because of the costs of excess indirection, system desigage long sought methods
and techniques to reduce the costs of excess indirecticarious systems.

The Turtles project [12] is an example of de-indirection irtualized environment.
In a recursively-virtualized environment (with hypervisaunning on hypervisors), the
Turtles system installs what the authors refer toradti-dimensional page tableJ heir
approach essentially collapses multiple page tables isiioghe extra level of indirection,
and thus reduces space and time overheads, making the €ostsisive virtualization
more palatable.

Finally, we want to point out another type of redundancy drelremoval of it: the
redundancy (duplication) in data and de-duplication [97, B4]. Different from de-
indirection whose purpose is to reduce the space and meretyptexcess indirection,
the main purpose of de-duplication is to remove redundapiesoof data to save stor-
age space. The basic technique of de-duplication is siroplg,one copy of redundant
data is stored and multiple pointers to this copy repreden{rtedundant) copies of the
data. Maintaining and accessing such structures can caeskead, even though the

cost has been reduced largely over the past years [97]. Imasdnthe technique of de-
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indirection removes the redundant indirection directlyhout adding additional metadata
(e.g, pointers), and thus does not have the same overhead aplieatan. The major
cost of de-indirection, however, lies in the need to changege system and interface

design.

7.3 New Storage Interface

In this section, we discuss several new types of storagdacts that are related to this
dissertation.

Range writes [8] use an approach similar to nameless wriRgnge writes were
proposed to improve hard disk performance by letting thesfiiem specify a range of
addresses and letting the device pick the final physicalesd$dof a write. Instead of a
range of addresses, nameless writes are not specified withdainesses, thus obviating
file system allocation and moving allocation responsipititthe device. Problems such as
updating metadata after writes in range writes also aris@imeless writes. We propose
a segmented address space to lessen the overhead and tHexttynop such an update
process. Another difference is that nameless writes takgpdtes that need to maintain
control of data placement, such as wear leveling in flaskedaevices. Range writes
target traditional hard disks that do not have such respditigis. Data placement with
flash-based devices is also less restricted than traditieard disks, since flash-based
memory has uniform access latency regardless of its latatio

In addition to nameless writes, there have been researclc@nthercial efforts on
exposing new flash interfaces for file systems [44], cachi®y fi2, 66, 77], key-value
stores [31], and object stores [48, 49, 95]. However, theelittle known to the application
developers about the customized communication channet$ lug the SSD vendors to

implement new application-optimized interface. We focustlese challenges in our
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hardware prototype and propose solutions to overcome them.

While we re-use the existing SATA protocol to extend the S&@rface in our hard-
ware prototype, another possibility is to bypass the s®tgck and send commands
directly to the device. For example, Fusion-io and the re®&nM Express specifica-
tion [71] attach SSDs to the PCI express bus, which allowsieedto implement the
block interface directly if wanted. Similarly, the Marv&ragonFly cache [64] bypasses
SATA by using an RPC-like interface directly from a devicevdr, which simplifies inte-

gration and reduces the latency of communication.
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Chapter 8

Future Work and Conclusions

The advent of flash-memory technology presents both oppitytand challenges. A
major issue of flash-based SSDs is the space and performastoaf dts indirection.

In this dissertation, we proposed the technique of de-@atiion to remove the SSD-
level indirection. We started with presenting our effomisbuilding an accurate SSD
emulator in Chapter 3. The emulator was used in later patfsisrdissertation and can
be used by general SSD-related research. We then presem¢sdtgpe of interface, the
nameless writes, to remove SSD-level indirection in ChagpteNext, we discussed our
experience with prototyping nameless writes with real hare in Chapter 5. Finally,
in Chapter 6, we presented another method to perform deeictéhn, a file system de-
virtualizer, which overcomes the drawbacks of namelestesirWe focus on flash-based
SSDs as a major use case but the technique of de-indiresteagpplicable to other types
of virtualized storage devices.

In this chapter, we first summarize our de-indirection téghes and emulation and
hardware experience in Section 8.1. We then list a set obtess/e learned in Sec-

tion 8.2. Finally, we outline future directions where ournwoan possibly be extended in
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Section 8.3.

8.1 Summary

In this section, we summarize the contributions of this elisgion. We first review the
experience of building SSD emulator and implementing nesigieon real hardware. We

then discuss the two methods of performing de-indirecti@meless writes and FSDV.

8.1.1 Emulation and Hardware Experience

We implemented an SSD emulator, which works as a Linux pséloitk device and
supports three types of FTLs, page-level, hybrid, and nasselvriting FTLs. To model
common types of SSDs with parallel planes, we leveragesaezhniques to reduce
the computational overhead of the emulator. For exampleseparate data storage and
SSD modeling into different threads. Our evaluation ressittow that the emulator can
model writes accurately with common types of SSDs.

Beyond our efforts in building an accurate SSD emulator, s lauilt the new design
of nameless writes with real hardware. When building the elass writes hardware
prototype, we met a set of new challenges that we did not éer@sth emulation. For
example, two major challenges are to integrate data in thedturn path and to add
upcalls from the device to the host OS. We proposed a splitdpproach, which leaves
low-level flash operations in the device and runs the bulkefRTL in the host OS.

Implementing nameless writes in a hardware prototype wasgbsatantial effort, yet
ultimately proved its value by providing a concrete demiigin of the performance
benefits of the nameless writes design.

Overall, we found that the effort required to implement nkesg writes on hardware
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is comparable to the effort needed to implement an SSD eoruMthile we faced chal-
lenges integrating new commands into the operating systehfimnware, with the SSD
emulator we have also struggled to accurately model realiatdware and to ensure that
we appropriately handled concurrent operations. With heatlware, there is no need
to validate the accuracy of models, and therefore, OpenSSDbietter environment to

evaluate new SSD designs.

8.1.2 De-indirection with Nameless Writes

Our first method to perform de-indirection is nameless wrigenew write interface built
to reduce the inherent costs of indirection. With namelestesy only data and no name
(logical address) is sent by the file system to the device.dHvice allocates a physical
address and returns it to the file system for future reads aschoites.

We met several challenges in designing and implementingefes®s writes. First,
there is a high performance cost caused by recursive uptas-virtualize a block.
We solve this problem by introducing the separation of asilispace into logical and
physical ones. Another challenge we met is the need for thiasied SSDs to migrate
physical blocks requires the physical addresses to be elangdhe file system. We used
a new interface to upcall from the device to the file systenmtorim it about the physical
address change.

We ported the Linux ext3 file system to nameless writes anll bameless writes
with both our SSD emulator and with real hardware. Our evalnaesults with both
emulation and real hardware showed that nameless writedl\greduced space costs

and improved random-write performance.
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8.1.3 File System De-Virtualizer

Our second method to perform de-indirection is the File &ysDe-Virtualizer, which
does not require fundamental changes to the OS and I/Oante(h major drawback of
nameless writes). FSDV is a light-weight user-level toolahitscans file system pointers
and change them to use device physical addresses. FSDV dawoied periodically,
when device mapping table is above a threshold, or when teealss idle. We imple-
mented an offline version of FSDV, which requires the file systo be unmounted and
mounted before and after the FSDV run. We also implementexhiine version, which
does not require such detachment of the file system.

To achieve the goal of dynamic de-virtualization, we pramba new design to sep-
arate different address spaces and block status within ayffeem. A block can use a
logical block address which the device maps to its deviceesdd an old physical address
which the device maps to its current device address, or ae@ddress with which no
mapping is needed. We change the file system to treat bitmafrasking of block status
in the logical address space and to use a free block countalidcation.

Our evaluation results of FSDV show that it can remove dewid@ection cost in a
dynamic way with little overhead to foreground 1/0Os. We disond that FSDV requires

much less change to the OS is more dynamic than nameless.write

8.2 Lessons Learned

In this section, we present a list of general lessons we éshwhile working on this

dissertation.

Excess indirection can be removed

Excess indirection exists in flash-based SSDs. From ourrexyppe of nameless
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writes and FSDV, we find that such excess indirection can im@ved. Nameless
writes remove the SSD indirection by changing the 1/O irdteef FSDV removes
the SSD indirection by dynamically reading and changingsiyistem pointers. As
a result, both the space and performance overhead of itidings largely reduced.
We believe that such de-indirection techniques can be géped into other sys-

tems that exhibit excess indirection.

Accurate emulation of fast devices that have internal paedism is difficult

From our SSD emulation experience, we find that implemer88B modelsi(e.,
different FTLSs) is relatively straightforward, while malg the emulator work ac-

curately with real systems requires careful thinking anaimmore efforts.

A major challenge we find in implementing the SSD emulatoo isttpport SSD in-
ternal parallelism. To emulate the parallel processingaitipie 1/0O requests using

a single thread is difficult. Currently, we use two threadsdparately perform data
storage and SSD modeling. Our emulator is accurate enougef@urpose of this
dissertation (we focus on writes). However, to emulatesfagperations accurately
with more parallelismé.g, the faster read operations with 20 parallel planes), our
SSD emulator is not accurate enough; increasing the nunilmeres used by the

emulator can be one solution.

Hardware is different from simulation and emulation

From our hardware experience with building nameless wigteshe OpenSSD
board, we learned a set of lessons and found that real systgmseal hardware is

much different from simulation and emulation.

First, we found that the OS stack to a real device (SATA-cote® is more com-

plex than to an emulator. One needs to be careful when iritegnaew commands
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in this stack (and different schedulers in the stack).

A bigger problem we met when we implemented nameless writesa hardware
is the difficulty in sending data from the device to the OS ladha return of a file

system write and as a upcall initiated by the device.

These and other problems that we met when building the haiedwaameless writes
prototype were not foreseen when we built nameless writdstive SSD emulator.
The lesson we learned in this experience is that one showiayalhave existing

real systems in mind when designing new systems.

Interface change is hard

Our initial thought when designing de-indirection methdalisflash-based SSDs
is that through a simple interface change like nameles®syride-indirection can
be removed easily. However, when we started to build nammeletes with real

systems and real hardware, we found that interface chamgtually very difficult.

Two major difficulties we met with nameless writes are addiaga to the return
path of normal writes and augmenting the control path witiabeupcalls. These
operations require significant changes to the ATA protondimany OS layers, and

turned out to be extremely difficult to implement.

Because of these difficulties, we started to think about redutisns for de-indirection
and designed the file system de-virtualizer. As comparedmoatess writes, FSDV
requires only small changes to the OS stack and the I/O adeyfall of which can
be implemented with real hardware systems. Another adgardaFSDV is that it
can dynamically remove the cost of indirection. For examiplean be scheduled
at device idle time. Nameless writes, on the other hand, aduarhead to each

write.



147

Our efforts to build new interface with existing systems destrated that the abil-
ity to extend the interface to storage may ultimately be tiahiby how easily
changes can be made to the OS storage stack. Research fhaggsoadical new
interfaces to storage should consider how such a devicednintégrate into the
existing software ecosystem. Introducing new commandsssiple by tunneling

them through native commands.

8.3 Future Work

De-indirection is a general technique to remove excessdation; we believe it can be
used in systems other than flash-based SSDs as well. In tilisrgewe outline various

types of future work of de-indirection.

8.3.1 De-indirection with Other File Systems

Porting other types of file systems to use nameless writes=8&my/ would be an inter-
esting future direction. Here, we give a brief discussioouhhese file systems and the

challenges we foresee in changing them to use nameless aniteFSDV.

Linux ext2: The Linux ext2 file system is similar to the ext3 file systemeptdhat it

has no journaling. While we rely on the ordered journal madprovide a natural order-
ing for the metadata update process of nameless writes 3y @etneed to introduce an
ordering on the ext2 file system. Porting ext2 to FSDV on theeohand is straightfor-
ward, since FSDV does not require any ordering and does ramigehthe journaling part

of ext3.
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Copy-On-Write File Systems and Snapshots: As an alternative to journalingiopy-
on-write (COW) file systems always write out updates to new free spaben all of
those updates have reached the disk, a root structure isagpigpoint at the new struc-
tures, and thus include them in the state of the file system\W@i@ systems thus map
naturally to nameless writes. All writes to free space ar@ped into the physical seg-
ment and issued namelessly; the root structure is mappedhatvirtual segment. The
write ordering is not affected, as COW file systems all must fea the COW writes to
complete before issuing a write to the root structure anyway

A major challenge to perform de-indirection with COW file ®mas or other file sys-
tems that support snapshots or versions is that multipladaéd structures can point to
the same data block. For both nameless writes and FSDV,ptaultietadata blocks need
to be updated to de-virtualize a block. One possible way mdrobthe number of meta-
data updates is to add a small amount of indirection for diakzkb that are pointed to by
many metadata structures. An additional problem for nasselgites is the large amount
of associated metadata because of multiple pointers. Weasefile system intrinsic back
references, such as those in btrfs, or structuresBieklog[62] to represent associated

metadata.

Extent-Based File Systems: One final type of file systems worth considering exeent-
basedfile systems, such as Linux btrfs and ext4, where contigueg®ns of a file are
pointed to via (pointer, length) pairs instead of a singlas per fixed-sized block.
Modifying an extent-based file system to use nameless wwitegd require a bit of
work; as hameless writes of data are issued, the file systamndvwnot (yet) know if the
data blocks will form one extent or many. Thus, only when thites complete will the
file system be able to determine the outcome. Later writeddvoot likely be located

nearby, and thus to minimize the number of extents, updamsdd be issued at a single
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time.

For FSDV, instead of the file tree that uses indirect blodks extent tree needs to be
processed to use physical addresses, which may break ttewitynof the original logical
addresses. Therefore, another mechanism is needed thatuddizes extent trees.

Extents also hint at the possibility of a new interface foiimdirection. Specifically, it
might be useful to provide an interfacereservea larger contiguous region on the device;
doing so would enable the file system to ensure that a largis fillaced contiguously in

physical space, and thus affords a highly compact extesg¢beepresentation.

8.3.2 De-indirection of Redundant Arrays

As flash-based storage is gaining popularity in enterpesngs, a major problem to be
solve is the reliability of such storage. Redundancy sohgisuch as RAID [74] can be
used to to provide reliability. One way to build reliable amdh-performance storage
layer is to use arrays of flash-based SSDs [63, 93].

The major problem with de-virtualizing redundant array$S&8Ds is how underlying
physical addresses of the devices and their migration @garbage collection and wear-
leveling) can be associated with file system structure antDRANStruction.

Another important issue of de-virtualizing RAID is to maairt the array formation,
such as mirroring and striping. Since we do not maintain esklmapping after de-
indirection, it is difficult to maintain such array formatioFor example, a nameless write
can be allocated to two different physical addresses on eorad pair. Since the file
system stores only one physical address of the data, we cuate the data on the
other mirrored pair. Even if we allocate the same physicdless on both pair, one of
them can be migrated to a different physical address beaafugarbage collection or

wear-leveling. Similar problems happen with striping aadty, too.
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8.3.3 De-indirection in Virtualized Environment

Another interesting environment which can use de-indioecbf storage devices is the
virtualized environmentg.g, when a guest OS uses a flash-based SSD as its storage de-
vice). The virtualized environment provides both oppoitiea and challenges to perform
de-indirection.

With the virtualized environment, the hypervisor has betttrol and more freedom
in its access to various guest states. For example, cyrie8DV requires the file system
to send the inode number with each block write, while the hyiger can acquire such
information (the inode number) by peaking into the guest w®mWith this and other
similar techniques performed by the hypervisor, we beltba¢ the guest file system and
its device interface will require no or only small changes.

Another situation in the virtualized environment is the aédevice indirection layer
in software [45]. The major challenge and difference in 8itgation is to provide dy-
namic de-indirection; the indirection table space for asjean be dynamically allocated
and changed over time. The hypervisor thus can dynamicathove a certain amount
of indirection from one guest. FSDV is an initial effort tooprde such dynamism; we
believe that better solutions exist to make use of hypenasd the virtualized environ-

ment.

8.4 Closing Words

As software and hardware are getting more complex and ag#y ltk remain so in the
future, redundant levels of indirection can exist in a stngyystem for different reasons.
Such excess indirection results in both memory space atdrpence overhead.

We believe that after carefully examining the cause of exdedirection, we can
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remove the redundant indirection without changing thedkasiered structure of an ex-
isting system. We hope that this dissertation can help relsees and system builders by
demonstrating how redundant indirection can be removedaldéehope that this disser-
tation serves as a hint for future system designer to beaiaiéibout adding another level

of indirection.
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