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Abstract Benchmarking on large storage devices is thus a fre-

Benchmarking file and storage systemslame file-  quent source of frustration for file-system evaluators; the
system images is important, but difficult and often in- scale acts as a deterrent against using larger albeit+ealis
feasible. Typically, running benchmarks on such largetic benchmarks [24], but running toy workloads on small
disk setups is a frequent source of frustration for file-disks is not sufficient. One obvious solution is to contin-
system evaluators; the scale alone acts as a strong detefally upgrade one’s storage capacity. However, it is an
rent against using larger albeit realistic benchmarks. Taexpensive, and perhaps an infeasible solution to justify
address this problem, we develop David: a system thathe costs and overheads solely for benchmarking.
makes it practical to run large benchmarks using modest Storage emulators such as Memulator [10] prove ex-
amount of storage or memory capacities readily availableremely useful for such scenarios — they let us prototype
on most computers. David creates a “compressed” verthe “future” by pretending to plug in bigger, faster stor-
sion of the original file-system image by omitting all file age systems and run real workloads against them. Mem-
data and laying out metadata more efficiently; an onliney|ator, in fact, makes a strong case for storage emulation
storage model determines the runtime of the benchmarls the performance evaluation methodology of choice.
workload on the original uncompressed image. DavidBut emulators are particularly tough: if they are to be
works under any file system as demonstrated in this pabjig, they have to use existing storage (and thus are slow);
per with ext3 and btrfs. We find that David reduces stor-if they are to be fast, they have to be run out of memory
age requirements by orders of magnitude; David is ablgand thus they are small).
to emulate a 1 TB target workload using only an 80 GB  Tpe challenge we face is how can we get the best of
available disk, while still modeling the actual runtime ac- poth worlds? To address this problem, we have devel-
curately. David can also emulate newerorfasterdevice%ped David, a “scale down” emulator that allows one
e.g,we show_how D_a\_/id can effectively emulate a multi- 15 ryn large workloads bgcaling downthe storage re-
disk RAID using a limited amount of memory. quirements transparently to the workload. David makes
1 Introduction it practical to experiment with benchmarks that were oth-

erwise infeasible to run on a given system.
File and storage systems are currently difficult to bench- Our observation is that in many cases, the benchmark
mark. Ideally, one would like to use a benchmark work- application does not care about the contents of individ-
load that is a realistic approximation of a known appli- ual files, but only about the structure and properties of
cation. One would also like to run it in a configuration the metadata that is being stored on disk. In particular,
representative of real world scenarios, including reialist for the purposes of benchmarking, many applications do
disk subsystems and file-system images. not write or read file contents at a#.@, £sck); the ones

In practice, realistic benchmarks and their realisticthat do, often do not care what the contents are as long as
configurations tend to be much larger and more com-somevalid content is made available.¢, backup soft-
plex to set up than their trivial counterparts. File systemware). Since file data constitutes a significant fraction
traces €.g, from HP Labs [17]) are good examples of of the total file system size, ranging anywhere from 90
such workloads, often being large and unwieldy. Devel-to 99% depending on the actual file-system image [3]
oping scalable yet practical benchmarks has long beeavoiding the need to store file data has the potential to
a challenge for the storage systems community [16]. Irsignificantly reduce the required storage capacity during
particular, benchmarks such as GraySort [1] and SPECbenchmarking.
mail2009 [22] are compelling yet difficult to set up and  The key idea in David is to create a “compressed” ver-
use currently, requiring around 100 TB for GraySort andsion of the original file-system image for the purposes of
anywhere from 100 GB to 2 TB for SPECmail2009. benchmarking. In the compressed image, unneeded user



data blocks are omitted using novel classification tech- Capacity Savings
1K Blocks ——
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nigues to distinguish data from metadata at scale; file

system metadata blocks (e.g., inodes, directories and in-
direct blocks) are stored compactly on the available back-
ing store. The primary benefit of the compressed image
is to reduce the storage capacity required to run any given
workload. To ensure that applications remain unaware of
this interposition, whenever necessary, David syntheti-

cally generates file data on the fly; metadata I/O is redi-

rected and accessed appropriately. David works under
any file system; we demonstrate this using ext3 [25] and-igure 1: Capacity Savings. Shows the savings in stor-
btrfs [26], two file systems very different in design. age capacity if only metadata is stored, with varying fileesi

Since David alters the original I/O patterns, it needsdistribution modeled byi(, o) parameters of a lognormal dis-
to model the runtime of the benchmark workload on thetribution, (7.53, 2.48) and (8.33, 3.18) for the two extreme
original uncompressed image. David uses an in-kernel
mod(_el of the d'.Sk _a_nd storage stack to determine thesystem on a multi-disk multi-TB mirrored RAID con-
run times of all individual requests as they would havef. tion without having access to one? An end-user
executed on the uncompressed image. The model pa Jura g ac :
special attention to accurately modeling the I/O reques oking to select an applllcanon that w_orks best at larger
queues; we find that modeling the request queues is cru-ca.lle may a_lso use .Dav.ld for emulation. For. example,

) ' : S . which anti-virus application scans a terabyte file system
cial for overall accuracy, especially for applicationsiss
. the fastest?
ing bursty 1/0.

The primary mode of operation of David is thiming- One challenge in building David is how to deal with
accuratemode in which after modeling the runtime, an scale as we experiment with larger file systems contain-
appropriate delay is inserted before returning to the aping many more files and directories. Figure 1 shows the
plication. A secondargpeedupmode is also available Ppercentage of storage space occupied by metadata alone
in which the storage model returns instantaneously aftefs compared to the total size of the file-system image
computing the time taken to run the benchmark on thewritten; the different file-system images for this experi-
uncompressed disk; in this mode David offers the potenment were generated by varying the file size distribution
tial to reduce application runtime and speedup the benchusing Impressions [2]. Using publicly available data on

mark itself. In this paper we discuss and evaluate Davidile-system metadata [4], we analyzed how file-size dis-
in the timing-accurate mode. tribution changes with file systems of varying sizes.
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David allows one to run benchmark workloads that re- We found that |arger file Systems not On'y had more

quire file-system images orders of magnitude larger tharjles, they also had larger files. For this experiment,
the available backing store while still reporting the run- the parameters of the lognormal distribution controlling
time as it would have taken on the original image. Wethe file sizes were changed along the x-axis to gen-
demonstrate that David even enables emulation of fast%rate progressive'y |arger file Systems with |arger files
and multi-disk systems like RAID using a small amounttherein. The relatively small fraction belonging to meta-
of memory. David can also aid in running large bench-qgata (roughly 1 to 10%) as shown on the y-axis demon-
marks on storage devices that are expensive or not evegtrates the potential savings in storage capacity made
available in the market as it requires only a model of thepossible if only metadata blocks are stored; David is de-

non-existent storage device; for example, one can use digned to take advantage of this observation.
modified version of David to run benchmarks on a hypo-

thetical 1TB SSD. For workloads like PostMarkmkfs, Filebench
We believe David will be useful to file and storage webbser":'r’ Elleben?hdviﬁM‘?lé’ %n?j Ic_)ther ml_'t

developers, application developers, and users looking ggropenchmarks, we fin at Lavid delivers on 1ts

benchmark these systems at scale. Developers often ljromise In reducing the required storage size while still

to evaluate a prototype implementation at larger scaleécc?:’ratglﬁ p;reqll_cr:]tlng the bencgnlwar.khrungmt_a df_orf b.olth
to identify performance bottlenecks, fine-tune optimiza-ext and brfs. The storage model within David is fairly

tions, and make design decisions: analyses at scale oficcurate in spite of operating in real-time within the ker-

ten reveal interesting and critical insights into the sys-nel’ and for most erhoads predicts a runtime within
tem [16]. David can help obtain approximate perfor- 5% of the actual runtime. For example, for the Filebench

mance estimates within limits of its modeling error. For webserver workload, David provides a 1000-fold reduc-

example, how does one measure performance of a ffion in required storage capacity and predicts a runtime
within 0.08% of the actual.



is situated below the file system and above the backing
store, interposing on all I/O requests. Since the driver
appears as a regular device, a file system can be created
Target Backing Store pp g_ . ! Y .
= | = and mounted on it. Being a loadable module, David can
1 be used without any change to the application, file system
or the kernel. Figure 3 presents the architecture of David
with all the significant components and also shows the
different types of requests that are handled within. We
now describe the components of David.
_ First, the Block Classifier is responsible for classify-
Bl vetacatabiock [ paablock [ ] unoccupied ing blocks addressed in a request as data or metadata

Figure 2: Metadata Remapping and Data Squashing and preventing /O requests to data blocks from going
in David. The figure shows how metadata gets remapped andO the backing store. David Intercepts all writes to dat?
data blocks are squashed. The disk image above David is thBlOCks, records the_block_ address if necessary, and dis-
cards the actual write using the Data Squasher. 1/O re-

guests to metadata blocks are passed on td/étadata

2 David Overview Remapper
Second, the Metadata Remapper is responsible for lay-

ing out metadata blocks more efficiently on the backing

store. It intercepts all write requests to metadata blocks,

e Scalability: Emulating a large device requires David generates a remapping for the set of blocks addressed,
to maintain additional data structures and mimic sev-and writes out the metadata blocks to the remapped loca-
eral operations; our goal is to ensure that it works welltions. The remapping is stored in the Metadata Remap-
as the underlying storage capacity scales. per to service subsequent reads.

e Model accuracy: An important goal is to model Third, writes to data blocks are not saved, but reads to
a storage device and accurately predict performancehese blocks could still be issued by the application; in
The model should not only characterize the physicalorder to allow applications to run transparently, the Data
characteristics of the drive but also the interactions un-Generator is responsible for generating synthetic content
der different workload patterns. to service subsequent reads to data blocks that were writ-

e Model overhead: Equally important to being accu- ten earlier and discarded. The Data Generator contains a
rate is that the model imposes minimal overhead; sincéiumber of built-in schemes to generate different kinds of
the model is inside the OS and runs concurrently withcontent and also allows the application to provide hints
workload execution, it is required to be fairly fast. to generate more tailored contestd, binary files).

o Emulation flexibility: David should be able to emu-  Finally, by performing the above-mentioned tasks
late different disks, storage subsystems, and multi-diskavid modifies the original 1/0 request stream. These
systems through appropriate use of backing stores. modifications in the 1/O traffic substantially change the

e Minimal application modification: It should allow  a@pplication runtime rendering it useless for benchmark-
applications to run unmodified without knowing the ing. The Storage Model carefully models the (potentially
significantly less capacity of the storage system underdifferent) target storage subsystem underneath to predict
neath; modifications can be performed in limited caseghe benchmark runtime on the target system. By doing
only to improve ease of use but never as a necessity. SO in an online fashion with little overhead, the Storage

Model makes it feasible to run large workloads in a space

2.2 David Design and time-efficient manner. The individual components

David exports a fake storage stack including a fake deare discussed in detail {8 throught6.

vice of a much higher capacity than available. For the

rest of the paper, we use the tertasgetto denote the 2.3 Choice of Available Backing Store

hypothetical larger storage device, aahilableto de-  David is largely agnostic to the choice of the backing

note the physically available system on which David isstore for available storage: HDDs, SSDs, or memory can
running, as shown in Figure 2. It also shows a schematibe used depending on the performance and capacity re-
of how David makes use of metadata remapping and datgquirements of the target device being emulated. Through
squashing to free up a large percentage of the required significant reduction in the number of device 1/Os,
storage space; a much smaller backing store can now seBavid compensates for its internal book-keeping over-
vice the requests of the benchmark. head and also for small mismatches between the emu-
David is implemented as a pseudo-device driver thatated and available device. However, if one wishes to

Available Backing Store

target and the one below it is thavailable.

2.1 Design Goals for David
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Figure 3:David Architecture. Shows the components of David and the flow of requests hawitled.

emulate a device much faster than the available devicdjon, in order to accurately classify a dynamically allo-
using memory is a safer option. For example, as showrtated block, the system needs to track the inode pointing
in §6.3, David successfully emulates a RAID-1 configu-to the particular block to infer its current status.

ration using a limited amount of memory. If the perfor-  Implicit classification is based on prior work on
mance mismatch is not significant, a hard disk as backingemantically-Smart Disk Systems (SDS) [21]; an SDS
store provides much greater scale in terms of storage caemploys three techniques to classify blockiirect and
pacity. Throughout the paper, “available storage” refersindirect classification, an@dssociation With direct clas-

to the backing store in a generic sense. sification, blocks are identified simply by their location
on disk. With indirect classification, blocks are identified
3 Block Classification only with additional information; for example, to iden-

tify directory data or indirect blocks, the corresponding

The primary requirement for David to prevent data writesinN0de must also be examined. Finally, with association,
using the Data Squasher is the ability to classify a blockd data block and its inode are connected.

as metadata or data. David provides both implicitand ex- There are two significant additional challenges David
plicit block classification. The implicit approach is more Must address. First, as opposed to SDS, David has
laborious but provides a flexible approach to run unmodi0 ensure that no metadata blocks are ever misclassi-
ified applications and file systems. The explicit notifica- fied. Second, benchmark scalability introduces addi-
tion approach is straightforward and much simpler to im-tional memory pressure to handle delayed classification.
plement, albeit at the cost of a small modification in the!n this paper we only discuss our new contributions (the
operating system or the application; both are available irPriginal SDS paper provides details of the basic block-
David and can be chosen according to the requirementgassification mechanisms).

of the evaluator. The implicit approach is demonstrated:‘l'l'1 Unclassified Block Store

using ext3 and the explicit approach using btrfs. ; ) ) )
To infer when a file or directory is allocated and deallo-

3.1 Implicit Type Detection cated, David tracks writes to inode blocks, inode bitmaps
For ext2 and ext3, the majority of the blocks are stati-and data bitmaps; to enumerate the indirect and directory
cally assigned for a given file system size and configu-blocks that belong to a particular file or directory, it uses
ration at the time of file system creation; the allocationthe contents of the inode. It is often the case that the
for these blocks doesn’t change during the lifetime of theblocks pointed to by an inode are written out before the
file system. Blocks that fall in this category include the corresponding inode block; if a classification attempt is
super block, group descriptors, inode and data bitmapsnade when a block is being written, an indirect or di-
inode blocks and blocks belonging to the journal; theseectory block will be misclassified as an ordinary data
blocks are relatively straightforward to classify based onblock. This transient error is unacceptable for David
their on-disk location, or their Logical Block Address since it leads to the “metadata” block being discarded
(LBA). However, not all blocks are statically assigned; prematurely and could cause irreparable damage to the
dynamically-allocated blocks include directory, indirec file system. For example, if a directory or indirect block
(single, double, or triple indirect) and data blocks. Un-is accidentally discarded, it could lead to file system cor-
less all blocks contain some self-identification informa- ruption.



To rectify this problem, David temporarily buffers in
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write requests remain in the UBS until a classification is
made possible upon the write of the corresponding inode.
When a corresponding inode does get written, blocks that
are classified as metadata are passed on to the Metadata
Remapper for remapping; they are then written out to
persistent storage at the remapped location. Blocks clas- .
sified as data are discarded at that time. All entries in the o T Jo0s Pt o o, [
UBS corresponding to that inode are also removed. 0 10 20 30 40 50 60 70 8 90
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The UBS is implemented as a list of block I/@ig) re- ) ) )
quest structures. An extra reference to the memory pages Figure 4:Memory usage with Journal Snooping.
pointed to by these bio structures is held by David as long Figure 4 compares the memory pressure with and
they remain in the UBS; this reference ensures that theswithout Journal Snooping demonstrating its effective-
pages are not mistakenly freed until the UBS is able toness. It shows the number of 4 KB block 1/0O requests
classify and persist them on disk, if needed. In orderesident in the UBS sampled at 10 sec intervals during
to reduce the inode parsing overhead otherwise imposethe creation of a 24 GB file on ext3; the file system is
for each inode write, David maintains a list of recently mounted on top of David in ordered journaling mode
written inode blocks that need to be processed and usesith a commit interval of 5 secs. This experiment was

400000

300000 -

200000 [

100000

Number of 4KB Unclassified Blocks

a separate kernel thread for parsing. run on a dual core machine with 2 GB memory. Since
this workload is data write intensive, without Journal
3.1.2 Journal Snooping Snooping, the system runs out of memory when around

Storing unclassified blocks in the UBS can cause a strai#20,000 bio requests are in the UBS (occupying roughly
on available memory in certain situations. In particular,1.8 GB of memory). Journal Snooping ensures that the
when ext3 is mounted on top of David in ordered jour- memory consumed by outstanding bio requests does not
naling mode, all the data blocks are written to disk atgo beyond a maximum of 240 MB.
journal-commit time but the metadata blocks are written o o
to disk only at the checkpoint time which occurs much3-2  Explicit Metadata Notification
less frequently. This results in a temporary yet precari-David is meant to be useful for a wide variety of file sys-
ous build up of data blocks in the UBS even though theytems; explicit metadata notification provides a mecha-
are bound to be squashed as soon as the correspondingm to rapidly adopt a file system for use with David.
inode is written; this situation is especially true when Since data writes can come only from the benchmark ap-
large files €.g, 10s of GB) are written. In order to en- plication in user-space whereas metadata writes are is-
sure the overall scalability of David, handling large files sued by the file system, our approach is to identify the
and the consequent explosion in memory consumption islata blocks before they are even written to the file sys-
critical. To achieve this without any modification to the tem. Our implementation of explicit notification is thus
ext3 filesystem, David performs Journal Snooping in thefile-system agnostic — it relies on a small modification
block device driver. to the page cache to collect additional information. We
David snoops on the journal commit traffic for inodes demonstrate the benefits of this approach using btrfs, a
and indirect blocks logged within a committed transac-file system quite unlike ext3 in design.
tion; this enables block classification even prior to check- When an application writes to a file, David captures
point. When a journal-descriptor block is written as partthe pointers to the in-memory pages where the data con-
of a transaction, David records the blocks that are beindent is stored, as it is being copied into the page cache.
logged within that particular transaction. In additior, al Subsequently, when the writes reach David, they are
journal writes within that transaction are cached in mem-compared against the captured pointer addresses to de-
ory until the transaction is committed. After that, the in- cide whether the write is to metadata or data. Once the
odes and their corresponding direct and indirect blockgpresence is tested, the pointer is removed from the list
are processed to allow block classification; the identifiedsince the same page can be reused for metadata writes in
data blocks are squashed from the UBS and the iderthe future.
tified metadata blocks are remapped and stored persis- There are certainly other ways to implement explicit
tently. The challenge in implementing Journal Snoopingnotification. One way is to capture the checksum of the
was to handle the continuous stream of unordered journatontents of the in-memory pages instead of the pointer
blocks and reconstruct the journal transaction. to track data blocks. One can also modify the file system



to explicitly flag the metadata blocks, instead of identi-figure 5 shows some examples of the different types of
fying data blocks with the page cache modification. Wecontent that can be generated.

believe our approach is easier to implement, does not re- Many systems that read back previously written data
quire any file system modification, and is also easier tado not care about thgpecificcontent within the files as
extend to software RAID since parity blocks are auto-long as there isomecontent €.g, a file-system backup

matically classified as metadata and not discarded. utility, or the Postmark benchmark). Much in the same
way as failure-oblivious computing generates values to
4 Metadata Remapping service reads to invalid memory while ignoring invalid

writes [18], David randomly generates content to service

Since David exports a target pseudo device of muctput-of-bound read requests.
higher capacity to the file system than the available stor- Some systems may expect file contents to have valid
age device, the bio requests issued to the pseudo devigyntax or semantics; the performance of these systems
will have addresses in the full target range and thus needepend on the actual content being ready( a desk-
to be suitably remapped. For this purpose, David maintop search engine for a file system, or a spell-checker).
tains a remap table called Metadata Remapper whiclFor such systems, naive content generation would either
maps “target” addresses to “available” addresses. Therash the application or give poor benchmarking results.
Metadata Remapper can contain an entry either for on®avid produces valid file content leveraging prior work
metadata blockg.g, super block), or a range of metadata on generating file-system images [2].
blocks .9, group descriptors); by allowing an arbitrary  Finally, some systems may expect to read back data
range of blocks to be remapped together, the Metadatgxactly as they wrote earliei.¢., a read-after-write or
Remapper provides an efficient translation service thaRAW dependency) or expect a precise structure that can-
also provides scalability. Range remapping in additionnot be generated arbitrarilg(g, a binary file or a con-
preserves sequentiality of the blocks if a disk is used asiguration file). David provides additional support to run
the backing store. In addition to the Metadata Remappethese demanding applications using R&W Storede-
aremap bitmags maintained to keep track of free and signed as a cooperative resource visible to the user and
used blocks on the available physical device; the remagonfigurable to suit the needs of different applications.
bitmap supports allocation both of a single remapped Qur currentimplementation of RAW Store is very sim-
block and a range of remapped blocks. ple: in order to decide which data blocks need to be

The destination (or remapped) location for a requesktored persistently, David requires the application to-sup
is determined using a simple algorithm which takes agly a list of the relevant file paths. David then looks up
input the number of contiguous blocks that need to behe inode number of the files and tracks all data blocks
remapped and finds the first available chunk of spacgointed to by these inodes, writing them out to disk us-
from theremap bitmap This can be done statically or at ing the Metadata Remapper just as any metadata block.
runtime; for the ext3 file system, since most of the blocksIn the future, we intend to support more nuanced ways to
are statically allocated, the remapping for these blocksnaintain the RAW Store; for example, specifying direc-
can also be done statically to improve performance. Subtories instead of files, or by usirlgemoizatior{14].
sequentwrites to other metadata blocks are remapped dy- For applications that must exactly read back a signif-
namically; when metadata blocks are deallocated, correicant fraction of what they write, the scalability advan-
sponding entries from the Metadata Remapper and thegage of David diminishes; in such cases the benefits are

remap bitmap are removed. From our experience, thigrimarily from the ability to emulate new devices.
simple algorithm lays out blocks on disk quite efficiently.

More sophisticated allocation algorithms based on local6  Storage Model and Emulation
ity of reference can be implemented in the future.
Not having access to the target storage system requires
5 Data Generator David to precisely capture the behavior of the entire stor-
age stack with all its dependencies through a model. The
David services the requirements of systems oblivious tastorage system modeled by David is tlagget system
file content with data squashing and metadata remappin@nd the system on which it runs is theailablesystem.
However, many real applications care about file contentDavid emulates the behavior of the target disk by send-
the Data Generator with David is responsible for generding requests to the available disk (for persistence) while
ating synthetic content to service read requests to dataimultaneously sending tharget request strearto the
blocks that were previously discarded. Different systemsStorage Model; the model computes the time that would
can have different requirements for the file content andhave taken for the request to finish on the target system
the Data Generator has various options to choose fromand introduces an appropriate delay in the actual request
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if (! $?TERM )

then setenv TERM
endif

if (STERM==unknown)
then set noglob;

eval ‘tset -s -r -Q"?
$TERM™; unset noglob
endif
if($TERM==unknown)
goto loop endif

config.R/

Figure 5:Examples of content generation by Data GeneratofThe figure shows a randomly generated text file, a text file
with semantically meaningful content, a well-formatted®¥ile, and a config file with precise syntax to be stored in thé&/Ftore.

| Parameter | H1 | H2 | Parameter | H1 | H2 |
Disk size 80 GB 1TB Cache segments 11 500
Rotational Speed 7200 RPM 7200 RPM | Cache R/W partition Varies Varies
Number of cylinders 88283 147583 Bus Transfer 133 MBps 133 MBps
Number of zones 30 30 Seek profile(long) 3800+(cyl*116)/18 | 3300+(cyl*5)/1¢
Sectors per track 567 to 1170 | 840to 1680 | Seek profile(short) 300+,/(cyl x 2235 700+/cyl
Cylinders per zone | 1444 to 1521| 1279 to 8320| Head switch 1.4ms 1.4ms
On-disk cache size 2870 KB 300 MB Cylinder switch 1.6 ms 1.6 ms
Disk cache segment 260 KB 600 KB Dev driver req queue 128-160 128-160
Req scheduling FIFO FIFO Req queue timeotit 3 ms (unplug) 3 ms (unplug)

Table 1: Storage Model Parameters in David. Lists important parameters obtained to model disks Hitachi
HDS728080PLA380 (H1) and Hitachi HDS721010KLA330 (Hagnotes parameters of I/O request queue (IORQ).

stream before returning control. Figure 3 presentef®in  will be interesting to explore using Disksim for the disk

shows this setup more clearly. model. Disksim is a detailed user-space disk simulator
As a general design principle, to support low-overheadwhich allows for greater flexibility in the types of device

modeling without compromising accuracy, we avoid us-properties that can be simulated along with their degree

ing any technique that either relies on storing empiri-of detail; we will need to ensure it does not appreciably

cal data to compute statistics or requires table-based aglow down the emulation when used without memory as

proaches to predict performance [6]; the overheads fobacking store.

such methods_ are d|r§ctly pr_opqrtlonal t_o the amounte'l'1 Disk Drive Profile

of runtime statistics being maintained which in turn de- _ . . -

pends on the size of the disk. Instead, wherever applicaThe disk model requires a number of drive-specific pa-

ble, we have adopted and developed analytical aloprOxir_ameters as input, a list of which _is prese_nted in the first
mations that did not slow the system down; our resultingcomg.mkof ?bﬁ_l; %qﬁ%];l%lz%%\gg;fzggsgrg%d; lj fir
models are sufficiently lean while being fairly accurate. two disks: the Hitachi ISK,

o . _and the Hitachi HDS721010KLA330 1 TB disk. We
To ensure portability of our models, we have refrained . .
. . - L . have verified the parameter values for both these disks
from making device-specific optimizations to improve

accuracy; we believe current models in David are fairlythroth carefully controlled experiments. David is en-

. visioned for use in environments where the target drive
accurate. The models are also adaptive enough to be eaf,- . . .
itself may not be available; if users need to model addi-

ily configured for changes in disk drives and other pa-,. .
tional drives, they need to supply the relevant parameters.
rameters of the storage stack. We next present some de- L :
. . isk seeks, rotation time and transfer times are modeled
tails of the disk model and the storage stack model. : .
much in the same way as proposed in the RW model. The
actual parameter values defining the above properties are

6.1 Disk Model i - g .
) ) ] ) specific to a drive; empirically obtained values for the
David's disk model is based on the classical model proy,, disks we model are shown in Table 1.

posed by Ruemmler and Wilkes [19], henceforth referred

as the RW model. The disk model contains informa-6.1.2 Disk Cache Modeling

tion about the disk geometry.&., platters, cylinders and The drive cache is usually small (few hundred KB to a
zones) and maintains the current disk head position; usfew MB) and serves to cache reads from the disk me-
ing these sources it models the disk seek, rotation, andia to service future reads, or to buffer writes. Unfortu-
transfer times for any request. The disk model also keepsately, the drive cache is one of the least specified com-
track of the effects of disk caches (track prefetching,ponents as well; the cache managementlogic is low-level
write-through and write-back caches). In the future, itfirmware code which is not easy to model.



David models the number and size of segments in théavid exports multiple block devices with separate ma-
disk cache and the number of disk sector-sized slots ifor and minor numbers; it differentiates requests to dif-
each segment. Partitioning of the cache segments intferent devices using the major number. For the pur-
read and write caches, if any, is also part of the informapose of performance benchmarking, David uses a sin-
tion contained in the disk model. David models the readgle memory-based backing store for all the compressed
cache with a FIFO eviction policy. To model the effects RAID devices. Using multiple threads, the Storage
of write caching, the disk model maintains statistics onModel maintains separate state for each of the devices
the current size of writes pending in the disk cache andeing emulated. Requests are placed in a single request
the time needed to flush these writes out to the mediaqueue tagged with a device identifier; individual Storage
Write buffering is simulated by periodically emptying a Model threads for each device fetch one request at a time
fraction of the contents of the write cache during idle from this request queue based on the device identifier.
periods of the disk in between successive foreground reSimilar to the single device case, the servicing thread cal-
guests. The cache is modeled with a write-through policyculates the time at which a request to the device should
and is partitioned into a sufficiently large read cache tofinish and notifies completion using a callback.

match the read-ahead behavior of the disk drive. David currently only provides mechanisms for simple
software RAID emulation that do not need a model of a
6.2 Storage Stack Model software RAID itself. New techniques might be needed

David also models the I/O request queues (IORQs) mainto emulate more complex commercial RAID configura-
tained in the OS; Table 1 lists a few of its impor- tions, for example, commercial RAID settings using a
tant parameters. While developing the Storage Modelhardware RAID card.

we found that accurately modeling the behavior of the
IORQs is crucial to predict the target execution time cor-
rectly. The IORQs usually have a limit on the maximum

number of requests that can be held at any point; PT%e seek to answer four important questions. First, what

cesses that try to issue an I/O request when the IORQ IS the accuracy of the Storage Model? Second, how ac-

full are made to wa|t_. Such wamng_ processes are Wo'curately does David predict benchmark runtime and what
ken up when an 1/O issued to the disk drive completes

) . o Th .
thereby creating an empty slot in the IORQ. Once WO_Storage space savings does it provide? Third, can David

: . . S
ken up, the process is also granted privilege to batch scale to large target devices including RAID? Finally,

" What is the memory and CPU overhead of David?
constant number of additional 1/0 requests even when

the IORQ is full, as long as the total number of requests7 1 Experimental Platform

is within a specified upper limit. Therefore, for applica- \ye have developed David for the Linux operating sys-
tions issuing bursty I/0, the time spent by arequestinthga,  The hard disks currently modeled are the 1 TB
IORQ can outweigh the time spent at the disk by severalyiischi HDS721010KLA330 (referred to @7s) and
orders of magnitude; modeling the IORQs is thus crucialthe 80 GB Hitachi HDS728080PLA380 (referred to as
for overall accuracy. . . _ Dgocg); table 1 lists their relevant parameters. Unless
Disk requests arriving at David are first enqueued intogpecified otherwise, the following hold for all the experi-
areplica queuemaintained inside the Storage Model. ments: (1) machine used has a quad-core Intel processor
While being enqueued, the disk request is also checkegnq 4GB RAM running Linux 2.6.23.1 (2) ext3 file sys-
for a possiblenergewith other pending requests: a com- tem js mounted in ordered-journaling mode with a com-
mon optimization that reduces the number of total re-pt interval of 5 sec (3) microbenchmarks were run di-
quests issued to the device. There is a limit on the numrectly on the disk without a file system (4) David predicts
ber of disk requests that can be merged into a single diskye penchmark runtime for a targBkrg while in fact

request; eventually merged disk requests are dequeuggnning on the availablBgoag (5) to validate accuracy,
from thereplica queueand dispatched to the disk model pavid was instead run directly dDy7s.

to obtain the service time spent at the drive. Téglica
queueuses the same request scheduling policy as the tai7.2 ~ Storage Model Accuracy

7 Evaluation

get IORQ. First, we validate the accuracy of Storage Model in pre-
) dicting the benchmark runtime on the target system.
6.3 RAID Emulation Since our aim is to validate the accuracy of the Stor-

David can also provide effective RAID emulation. To age Model alone, we run David inraodel onlymode
demonstrate simple RAID configurations with David, where we disable block classification, remapping and
each component disk is emulated using a memorydata squashing. David just passes down the requests that
backed “compressed” device underneath software RAIDIt receives to the available request queue below. We run
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Figure 6: Storage Model accuracy for Sequential and Random Reads and kites.
distribution of measured and modeled times for sequentidlrandom reads and writes.
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Figure 7: Storage Model accuracy. The graphs show the cumulative distribution of measuredrandeled times for the
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following workloads from left to right: Postmark, Webser¥armail and Tar.
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Implicit Classification — Ext3 Explicit Notification — Btrfs
Benchmark| Original David Storage | Original David Runtime || Original David Runtime
Workload Storage Storage | Savings| Runtime | Runtime | Error Runtime | Runtime Error
(KB) (KB) (%) (Secs) (Secs) (%) (Secs) (Secs) (%)
mkfs 976762584 | 7900712 | 99.19 278.66 | 281.81 1.13 - - -
imp 11224140 | 18368 99.84 344.18 | 339.42 -1.38 327.294 | 324.057 0.99
tar 21144 628 97.03 257.66 | 255.33 -0.9 146.472 | 135.014 7.8
grep - - - 250.52 | 254.40 1.55 141.960 | 138.455 2.47
virus scan - - - 55.60 47.95 -13.75 27.420 | 31.555 15.08
find - - - 26.21 26.60 1.5 - - -
du - - - 102.69 | 101.36 -1.29 - - -
postmark 204572 404 99.80 33.23 29.34 -11.69 22.709 | 22.243 2.05
webserver | 3854828 3920 99.89 127.04 | 126.94 -0.08 125.611 | 126.504 0.71
varmail 7852 3920 50.07 126.66 | 126.27 -0.31 126.019 | 126.478 0.36
sr - - - 40.32 44.90 11.34 40.32 44.90 11.34
rr - - - 913.10 | 935.46 2.45 913.10 | 935.46 2.45
sw - - - 57.28 58.96 2.93 57.28 58.96 2.93
rw - - - 308.74 | 291.40 -5.62 308.74 | 291.40 -5.62

Table 2:David Performance and Accuracy. Shows savings in capacity, accuracy of runtime predictéom the overhead
of storage modeling for different workloads. Webserver @mnail are generated using FileBench; virus scan using AVG

David on top ofDj1g and set the target drive to be the demerit figures of 24.39, 5.51, 0.08, and 0.02 respec-
same. Note that the available system is $heeas the tively, as computed using the Ruemmler and Wilkes
target system for these experiments since we only waninethodology [19]. The large demerit for sequential reads
to compare the measured and modeled times to validatis due to a variance in the available disk’s cache-read
the accuracy of the Storage Model. Each block requestimes; modeling the disk cache in greater detail in the fu-
is traced along its path from David to the disk drive andture could potentially avoid this situation. However, se-
back. This is done in order to measure the total time thatjuential read requests do not contribute to a measurably
the request spends in the available IORQ and the timéarge error in the total modeled runtime; they often hit
spent getting serviced at the available disk. These meahe disk cache and have service times less than 500 mi-
sured times are then compared with the modeled timesroseconds while other types of disk requests take around
obtained from the Storage Model. 20 to 35 milliseconds to get serviced. Any inaccuracy in

Figure 6 shows the Storage Model accuracy for fourthe modeled times for sequential reads is negligible when

micro-workloads: sequential and random reads, and seompared to the service times of other types of disk re-
quential and random writes; these micro-workloads havélUests; we thus chose to not make the disk-cache model



more complex for the sake of sequential reads. 890 0D space —— 800
Figure 7 shows the accuracy for four different macro ¢ 700 1 - 700
workloads and application kernels: Postmark [13], web- g 600 1 L 600 £
server (generated using FileBench [15]), Varmail (mail & 3
server workload using FileBench), and a Tar workload & 500 1 [ 500 g
(copy and untar of the linux kernel of size 46 MB). & 400 - L 400 &
The FileBench Varmail workload emulates an NFS % 300 1 e 300 S)
mail server, similar to Postmark, but is multi-threaded 2 QOR. E
instead. The Varmail workload consists of a set of % 200 7 e L 200 =2
open/read/close, open/append/close and deletes in & 100 | . o0 &
single directory, in a multi-threaded fashion. The = 0 W -' _— ‘D S?ace‘ 0

FileBench webserver workload comprises of a mix of 0 100 200 300 400 500 600 700 800
open/read/close of multiple files in a directory tree. In
addition, to simulate a webserver log, a file append oper-
ation is also issued. The workload consists of 100 thread5igure 8: Storage Space Savings and ModeAccu-
issuing 16 KB appends to the weblog every 10 reads. 'acy- The “Space” lines show the savings in storage space
Overall, we find that storage modeling inside David is achieved when using David for timpressionsvorkload with
quite accurate for all workloads used in our evaluation.file-system images of varying sizes until 800GB; “Time" ne
The total modeled time as well as the distribution of theShow the accuracy of runtime prediction for the same worloa
individual request times are close to the total measuredVOD: space/time without David): space/time with David.
time and the distribution of the measured request times. tar uses the GNU tar utility to create a gzipped archive
of the file-system image of size 10 GB createditmp;
7.3 David Accuracy it writes the newly created archive in the same file sys-
Next, we want to measure how accurately David predictdem. This workload is a data read and data write inten-
the benchmark runtime. Table 2 lists the accuracy angive workload. The data reads are satisfied by the Data
storage space savings provided by David for a variety ofGenerator without accessing the available disk, while the
benchmark applications for both ext3 and btrfs. We havedata writes end up being squashed.
chosen a set of benchmarks that are commonly used and grep uses the GNU grep utility to search for the ex-
also stress various paths that disk requests take withipression “nothing” in the content generated by biotip
David. The first and second columns of the table showandtar. This workload issues significant amounts of data
the storage space consumed by the benchmark workloagads and small amounts of metadata readisis scan
without and with David. The third column shows the runs the AVG virus scanner on the file-system image cre-
percentage savings in storage space achieved by usirgged byimp. find anddu run the GNU find and GNU du
David. The fourth column shows the original bench- utilities over the content generated by batip andtar.
mark runtime without David oD17g. The fifth column  These two workloads are metadata read only workloads.
shows the benchmark runtime with David Dgocs. The David works well under both the implicit and ex-
sixth column shows the percentage error in the predicyplicit approaches demonstrating its usefulness across file
tion of the benchmark runtime by David. The final three systems. Table 2 shows how David provides tremen-
columns show the original and modeled runtime, and thedous savings in the required storage capacity, upwards of
percentage error for the btrfs experiments; the storag®9% (a 100-fold or more reduction) for most workloads.
space savings are roughly the same as for ext3.sthe David also predicts benchmark runtime quite accurately.
rr, sw, andrw workloads are run directly on the raw de- Prediction error for most workloads is less than 3%, al-
vice and hence are independent of the file system. though for a few it is just over 10%. The errors in the
mkfscreates a file system with a 4 KB block size over predicted runtimes stem from the relative simplicity of
the 1 TB target device exported by David. This workload our in-kernel Disk Model; for example, it does not cap-
only writes metadata and David remaps writes issued byure the layout of physical blocks on the magnetic media
mkfssequentially starting from the beginning Bfoce;  accurately. This information is not published by the disk
no data squashing occurs in this experiment. manufacturers and experimental inference is not possible
imp creates a realistic file-system image of size 10 GBfor ATA disks that do not have a command similar to the
using the publicly available Impressions tool [2]. A total SCSlmode page.
of 5000 regular files and 1000 directories are created with
an average of 10.2 files per directory. This workload is7.4 David Scalability
a data-write intensive workload and most of the issuedDavid is aimed at providing scalable emulation using
writes end up being squashed by David. commodity hardware; it is important that accuracy is

File System Impression size (GB)
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Num Disks | Rand R]| Rand W| SeqR | Seq W 100 % - S 100
Measured o} o ——— — -
3 232.77| 72.37 | 119.29] 119.98| & &%[ | _ 18 3
2 156.76 | 72.02 | 119.11| 119.33 S 0% CPUlines it g0 =
[%2]
1 78.66 M0d7e]i::j8 118.65| 118.71 03—)\ 40 % ] 40 ;
> o
3 238.79| 73.77 | 119.44] 119.40 S 20% ¢ 120 §
2 159.36 | 72.21 | 119.16| 119.21 5 ow SM Mem 0o -
1 79.56 72.15 | 118.95| 118.83 0 1‘0 2‘0 3‘)0 40 5‘0 6‘0 .
Table 3: David Software RAID-1 Emulation. Shows Time (in units of 5 Seconds)
IOPS for a software RAID-1 setup using David with memory as
backing store; workload issues 20000 read and write request Wg'a ggﬂ ______________ S,\El) ,\(,‘]Eg e D Mem

through concurrent processes which equal the number o§disk

in the experiment. 1 disk experiments run w/o RAID-1. Figure 9: David CPU and Memory Overhead. Shows

the memory and percentage CPU consumption by David while
not compromised at larger scale. Figure 8 shows thereating a 10 GB file-system image usingpressions WOD
accuracy and storage space savings provided by DavidPu: CPU without David SM CPU: CPU with Storage Model
while creating file-system images of 100s of GB. Usingalone, D CPU: total CPU with David, SM Mem: Storage
an available capacity of only 10 GB, David can model theModel memory aloné) Mem: total memory with David.
runtime of Impressions in creating a realistic file-system
image of 800 GB; in contrast to the linear scaling of theusing several counters; David provides support to mea-
target capacity demanded, David barely requires any exsure the memory usage of its different components using
tra available capacity. David also predicts the benchmarkioctls. To measure the CPU overhead of the Storage
runtime within a maximum of 2.5% error even with the Model alone, David is run in theodel-onlymode where
huge disparity between target and available disks at thélock classification, remapping and data squashing are
800 GB mark, as shown in Figure 8. turned off.

The reason we limit these experiments to a target ca- In our experience with running different workloads,
pacity of less than 1 TB is because we had access to onlye found that the memory and CPU usage of David is
a terabyte sized disk against which we could validate theacceptable for the purposes of benchmarking. As an ex-
accuracy of David. Extrapolating from this experience,ample, Figure 9 shows the CPU and memory consump-
we believe David will enable one to emulate disks of 10stion by David captured at 5 second intervals while cre-
or 100s of TB given the 1 TB disk. ating a 10 GB file-system image using Impressions. For

] this experiment, the Storage Model consumes less than 1
7.5 David for RAID MB of memory; the average memory consumed in total
We present a brief evaluation and validation of softwareby David is less than 90 MB, of which the pre-allocated
RAID-1 configurations using David. Table 3 shows acache used by the Journal Snooping to temporarily store
simple experiment where David emulates a multi-diskthe journal writes itself contributes 80 MB. Amount of
software RAID-1 (mirrored) configuration; each device CPU used by the Storage Model alone is insignificant,
is emulated using a memory-disk as backing store. Howhowever implicit classification by the Block Classifier
ever, since the multiple disks contain copies of the samés the primary consumer of CPU using 10% on average
block, a single physical copy is stored, further reducingwith occasional spikes. The CPU overhead is not an is-
the memory footprint. In each disk setup, a set of threadsue at all if one uses explicit notification.
which equal in number to the number of disks issue a to-
tal of 20000 requests. David is able to accurately emulate
the software RAID-1 setup upto 3 disks; more complex8 Related Work

RAID schemes are left as part of future work.

Memulator [10] makes a great case for why storage em-
7.6 David Overhead ulation provides the unique ability to explore nonexistent
David is designed to be used for benchmarking and nostorage components and take end-to-end measurements.
as a production system, thus scalability and accuracy arblemulator is a “timing-accurate” storage emulator that
the more relevant metrics of evaluation; we do howeverallows a simulated storage component to be plugged
want to measure the memory and CPU overhead of usinto a real system running real applications. Memula-
ing David on the available system to ensure it is prac-tor can use the memory of either a networked machine or
tical to use. All memory usage within David is tracked the local machine as the storage media of the emulated
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disk, enabling full system evaluation of hypothetical stor dilation for emulating network speeds orders of mag-
age devices. Although this provides flexibility in device nitude faster than available [11]. Time dilation allows
emulation, high-capacity devices requires an equivalenbne to experiment with unmodified applications running
amount of memory; David provides the necessary scalaon commodity operating systems by subjecting them to
bility to emulate such devices. In turn, David can benefitmuch faster network speeds than actually available.
from the networked-emulation capabilities of Memula- A key challenge in David is the ability to identify data
tor in scenarios when either the host machine has limitednd meta-data blocks. Besides SDS [21], XN, the stable
CPU and memory resources, or when the interference aftorage system for the Xok exokernel [12] dealt with sim-
running David on the same machine competing for thellar issues. XN employed a template of metadata trans-
same resources is unacceptable. lation functions calledJDFs specific to each file type.
One alternate to emulation is to simply buy a larger ca-The responsibility of providing UDFs rested with the file
pacity or newer device and use it to run the benchmarkssystem developer, allowing the kernel to handle arbitrary
This is sometimes feasible, but often not desirable. Evemmetadata layouts without understanding the layout itself.
if one buys a larger disk, in the future they would needSpecifying an encoding of the on-disk scheme can be
an even larger one; David allows one to keep up with thistricky for a file system such as ReiserFS that uses dy-
arms race without always investing in new devices. Notenamic allocation; however, in the future, David’'s meta-
that we chose 1 TB as the upper limit for evaluation indata classification scheme can benefit from a more for-
this paper because we could validate our results for thamally specified on-disk layout per file-system.
size. Having a large disk will also not address the issue )
of emulating much faster devices such as SSDs or RAIY ~ Conclusion

configurations. David emulates faster devices throughan o )
efficient use of memory as backing store. David is born out of the frustration in doing large-scale

?xperimentation on realistic storage hardware — a prob-

Another alternate is to simulate the storage componenI in th it David makes
under test; disk simulators like Disksim [7] allow such an em many in the storage community face. David makes it

evaluation flexibly. However, simulation results are often pra<_:t|cgl :O e>.<tp)>|er|ment with bepchmarks thabt were oth-
far from perfect [9] — they fail to capture system depen-er\"'Ise infeasible to run on a given system, by transpar-

dencies and require the generation of representative |/6”“y scaling down the_storage ca_pacny required to run
traces which is a challenge in itself. the workload. The available backing store under David

Finally, one might use analytical modeling for the stor- 3;12 b%g\r/?derjnzzgig:étcuudrgcsmoa;lIte);:;ﬁ?ng;ii;argijfs'
age devices; while very useful in some circumstancesb .s'n 2 detailed storage mgdel o predict the? ntime
it is not without its own set of challenges and limita- y using ' 9 0 predi untime.
. : " In the future, we plan to extend David to include support
tions [20]. In particular, it is extremely hard to capture for a number of other useful storage devices and configu
the interactions and complexities in real systems. Wher- 9 9

ever possible, David does leverage well-tested analyticaﬂatlons' In particular, the Storage Model can be extended

models for individual components to aid the emulation. O support fIash—ba;ed SSD.S using an existing simulation
) . . . model [5]. We believe David will be a useful emulator
Both simulation and analytical modeling are comple-

mentary to emulation, perfectly useful in their own right. forfile and storage system evaluation.
Emulation does however provide a reasonable middley Acknowledgments
ground in terms of flexibility and realism.

Evaluation of how well an 1/O system scales has beenwe thank the anonymous reviewers and Rob Ross (our
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ways [8]. Although useful for disk and 1/O systems, and feedback.
the self-scaling benchmarks are not directly applicable This material is based upon work supported by
for file systems. The evaluation of the XFS file sys-the National Science Foundation under the following
tem from Silicon Graphics uses a number of benchmarkgrants: CCF-0621487, CNS-0509474, CNS-0834392,
specifically intended to test its scalability [23]; such anCCF-0811697, CCF-0811697, CCF-0937959, as well as
evaluation can benefit from David to employ even largerby generous donations from NetApp, Sun Microsystems,
benchmarks with greater ease; SpecSFS [27] also corand Google. Any opinions, findings, and conclusions or
tains some techniques for scalable workload generationrecommendations expressed in this material are those of

Similar to our emulation of scale in a storage systemthe authors and do not necessarily reflect the views of
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