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Abstract On the negative side, the disk hides critical informa-
We introduce‘ange Writesa Simp|e but powerfu] Changetion from the file SyStem, inClUding the exact |Ogica|-t0-
to the disk interface that removes the need for file syhysical mapping of blocks as well as the current position
tem micromanagement of block p|acement_ By a”ov@.f the disk head. As a result, the file system does not have
ing a file System to Specify a list of possib|e address tat accurate Understanding of disk internals. However,
gets, range writes enable the disk to choose to which &lde current interface to storage demands such knowledge,
dress to write the request; the disk improves performari@ticularly when placing a block on disk. The file sys-
by accessing the “closest” location and subsequently M must specify a single address to write a block to; the
porting its choice to the file system above. The rélisk mustobey this directive, and thus may incur needless
sult is a clean Separation of responsibi”ty; the file Sy§E€k and rotational overheads. The result: the file Sys-
tem (as high-level manager) provides coarse-grained cé#M micromanages block placement but without enough
trol over placement, while the disk (as low-level workeifpformation or control to make the decision properly, pre-
makes the final fine-grained placement decision to ifisely the case where micromanagement fails to work ef-
prove write performance. We show the benefits of ranéfctively [6].
writes through numerous simulations and a prototype im-Previous work has tried to remedy this dilemma in a
plementation, in some cases improving performance byiamber of ways. For example, some have suggested that
factor of three, across both synthetic and real workloaddisks remap blocks on-the-fly, and thus increase perfor-
. mance when writing [7, 9, 30]. Others have suggested
1 Introduction a whole-sale move to a higher-level, object-based inter-
File systems are a classic example of micromanagemfaitke [1, 12]. The former approach is too costly and com-
gone awry. Consider block placement decisions; althouglex, requiring that the disk track a large amount of per-
the file system has little idea what is going on inside tisistent metadata; the latter approach requires whole-sale
disk, the file system decides the exact location of eachange to existing file systems and disks, and thus inhibits
block. The result is poor performance: although the filteployment. An ideal approach would instead require lit-
system only has a coarse-grained intentiam, this block tle change to existing systems while enabling high perfor-
should be placed within the block group where its inodaance.
resides), it applies fine-grained contrak( it specifies  |n this paper, we introduce an evolutionary change to
a single target address), likely increasing seek and rofge disk interface to address the problem of microman-
tional overheads needlessly. agementrange writes The basic idea is simple: instead
Micromanagement of block placement arose due to thethe file system specifying a single exact address per
organic evolution of the disk interface. Early file sysyrite, alist of rangesis given to the disk. The disk is then
tems such as FFS [20] understood details of disk geoffee to pick which address to write to based on its inter-
etry, including aspects such as cylinders, tracks, and sgat positioning information, thus minimizing positioning
tors. With these physical characteristics exposed, it ts @sts. When the request is completed, the disk addition-
surprising that file systems evolved to exert control ovgly informs the file system which address it chose, thus
them. allowing for proper bookkeeping. By design, range writes
The interface to storage has become more abstract ong&in the many benefits of the existing interface, and re-
time. Currently, a disk presents itself as a linear array gfjire only small changes to both the file system and disk
blocks, each of which can be read or written [2, 19]. O pe effective.
the po§itive side, the interchg is simple to use: file SYS-Range writes make a more successful two-level man-
tems simply place blocks within the linear array, makinggeria| hierarchy possible. Specifically, the file system
it straightforward to utilize Fhe same file system across@e | the manager) can exert coarse-grained control over
broad class of storage devices. block placement; by specifying a list of possible targets,
*Now a Ph.D. student at U.C. Berkeley the file system gives freedom to the disk without relin-
TNow at Google quishing all control. In turn, the disk.€., the worker)




is given the ability to make the best possible fine-grainediting. Each surface has data stored in a series of con-
decision, using all available internal information. centric circles, otracks Within each track are th&ectors

Implementing and utilizing range writes does not conibe smallest amount of data that can be read or written on
without challenges, however. Specifically, drive scheduhe disk. A single stack of tracks at a common distance
ing algorithms must change to accommodate ranges feém the spindle is called aylinder. Modern disks also
ficiently. Thus, we develop two novel approaches twntain RAM to perform caching.
scheduling of range writes. The firgxpand-and-cancel The disk appears to its client, such as the file system,
schedulingintegrates well with current schedulers but inas a linear array of logical blocks; thus, each block has an
duces high computational overhead; the secdmerar- associated logical block number, or LBN. These logical
chical range schedulingrequires a more extensive reblocks are then mapped to physical sectors on the plat-
working of the disk scheduling infrastructure but miniters. This indirection has the advantage that the disk can
mizes computational costs as a result. Through simulay out blocks to improve performance, but it has the dis-
tion, we show that both of these schedulers achieve exaglvantage that the client does not know where a particular
lent performance, reducing write latency dramatically dggical block is located. For example, optimizations such
the number of targets increases. as zoning, skewing, and bad-block remapping all impact

In addition, file systems must evolve to use rangke mapping in complex ways.
writes. We thus explore how range writes could be in- The service time of reading or writing a request has two
corporated into the allocation policies of a typical file sy$asic componentsositioning time or the time to move
tem. Specifically, we build a simulation of the Linux ext2he disk head to the first sector of the current request, and
file system and explore how to modify its policies to intransfer time or the time to read/write all of the sectors
corporate range writes. We discuss the core issues, #nthe current request. Positioning time has two dominant
present results of running a range-aware ext2 in a numbemponents. The first componensisek timemoving the
of workload scenarios. Overall, we find that range writeisk head over the desired track. The second componentis
can be used to place some block types effectivelg,( rotational latency waiting for the desired block to rotate
data blocks), whereas other less flexibly-placed data-strugder the disk head. The time for the platter to rotate
tures €.g, inodes) will require a more radical redesign tés roughly constant, but it may vary around 0.5% to 1%
obtain the benefits of using ranges. of the nominal rate. The other mechanical movements

Finally, to gain experience with implementation, we dée.g, head and track switch time) have a smaller but non-
velop a software-based prototype that demonstrates haggligible impact on positioning time [25].
range writes can be used to speed up writes to the logMlost disks today also suppdegged-command queue-
in a journaling file system. Our prototype transforms tHeg [22], in which multiple outstanding requests can be
Linux ext3 write-ahead loginto a more flexiblewrite- serviced at the same time. The benefit is obvious: with
ahead regionand in doing so avoids rotational overhead®ultiple requests to choose from, the disk itself can sched-
from log writes. Under a transactional workload, wele requests it sees, and, by using detailed knowledge of
show how fast journal writes can improve performand#sitioning and layout, improve performance.
by nearly a factor of two. . .

The rest of this paper is organized as follows. In Se -2 . Reducm_g_ V\_/r_lte CQStS. .
tion 2, we discuss why previous efforts are either too co he idea of minimizing V\_’”te time is by no means
plex or failure-prone. We then describe range writes w [18]. However, there is as Of yet No consensus on
Section 3, and study disk scheduling in Section 4. In sdpe b.eSt approac.h or the best d'V'.S'O.n of Igbor bet\_/veen
tion 5, we study how to modify file system allocation tdhe disk and the file system for achieving this. We briefly

take advantage of range writes, and then we describe gﬁ§cribe previous approaches why they are not ideal.
prototype implementation of fast journal writing in Sec2.2.1 Disk Scheduling

tion 6. Finally, in Section 7, we conclude. Disk scheduling has long been used to reduce positioning
k q overheads for writes for many years. Early schedulers,
2 Bac groun built into the OS, tried to reduce seek costs with simple

We first give a brief tutorial about how modern disk drivealgorithms such as elevator and its many variants.
behave; more details are available elsewhere [24]. WeMore recently, schedulers have gone beyond seek op-
then review existing approaches for minimizing positiortimizations to include rotational delay. The basic idea

ing overheads of a disk. is to reorganize requests to service the request with the
) shortest positioning time first (SPT,Rhstead of simply
2.1 Disks the request with the shortest seek time (SSTF). Perform-

A disk drive contains one or monglatters where each ing rotationally-aware scheduling within the disk itsedf i
plattersurfacehas an associated disk head for reading arelatively straightforward since the disk has complete and



accurate information about the current location of the disélligent low-level decisions. However, the object-based
head and the location of each requested block. In contragtproach also has its drawbacks. First, and most impor-
performing rotationally-aware scheduling within the O&antly, it requires more substantial change of both disks
is much more challenging, since the OS must predict thed the clients that use them, which is likely a major im-
current head position. As a result, much the schedulipgdimentto widespread acceptance. Second, allowing the
work has been performed through simulation [17, 26] diisk to manage objects implies that the disk must now
has been crafted with extreme care [16, 21, 32, 34] Mde concerned with consistent update; for example, when
fundamentally, disk scheduling alone cannot completedgding a new block to an object, both the new block and
eliminate rotational delays. For example, if too few rea pointer to it must be allocated inside the disk, and com-
qguests exist in the scheduling queue, smart schedulmdted to disk in a consistent fashion. Thus, the disk must

cannot avoid rotation. now also include some kind of journaling machinery (per-
haps to NVRAM), duplicating effort and increasing the
2.2.2 Smart Placement complexity of the drive.

Many researchers have noted that another way to mihile System Placement:In the second approach, the file
mize write delay is to appropriately control the placemefystem controls where blocks are positioned on disk. This
of blocks on disk. This work can be divided into twa@pproach has been often applied to improve read perfor-
camps: that which has the disk itself decide where blockgnce; the basic idea is for the file systenraplicate
should be placed and that which assumes the layer abbl@cks and to try to read from the closer copy [15, 13, 34].
the disk makes this decision. Most often, when investihe basic problem is that the file system does not know
gating how to optimize write requests, researchers hdt precise location of the disk head at any point in time.
pushed the decision into the disk; when optimizing reddus, replication at the file system level is better for mini-
requests, researchers have usually pushed the work iiging seek costs than rotation [15]; alternatively, the fil
the file system. Each approach has its own strengths &ygtem can try to predict the current location of the disk
weaknesses, which we now discuss. head, but this approach is fragile [34].

Disk Placement:In the first approach, the disk itself con

2.3 A Cooperative Approach
trols the layout of logical blocks written by the file syste b PP

) ; . . contrast to file system or disk-controlled placement,
onto the physical blocks in the_ .d'Sk.' The_ba5|c approal(,%nge writes divide the responsibilities of performingtfas
has been to perforneager writing in which the data

. itten to the free disk block v cl . thWrites across both parties; this tandem approach is rem-
IS wnitten to the free disk block currently Closest 10 tigic ent of scheduler activations [3], in which a cooper-

d';';?ﬁ:g' I;Ii—rhs?rfh?srzthrri)zgr?zgszﬁzlsem;ﬁvt\gﬁégsie ahve approach to thread scheduling was shown to be su-
P ) ’ PP erior to either a pure user-level or kernel-level approach

map exists to.map the Iog|c_al block gddresg used by t ere, the file system does what it does best: makes coarse-
file system to its aCt“"?" phyS|c.aI Igcat{on ondisk 7, 9 30 rained layout decisions, manages free space, tracks block
Unfortunately, updating the |nd|ref:t|on map a_tpmlcall wnership, and so forth. The disk does what it does best:
%r:?n;iizvﬁcgigzgr g;e:i)hneds tcr?enslengu;t:rslsgrqglecg?(t) E?e(kvs advantage of low-level knowledge of disk internals

. ! ’ y .d, head position, actual physical layout) to improve
which bIOCk.S are free Versus allocated. Unfortunately, erformance. The small change required does not greatly
though the file system readily knows the state of each lo Bmplicate either system while increasing the chances of
cal block, it is quite challenging for disks to know whethe

a block is live or dead [27]. Third, this approach force(geployment.

the file system to completely relinquish any control ové} Range Writes

placerlnen(tj; given that thﬁ file s;(;stﬁm knOV\lliV\thCh bloh‘?h?this section, we describe range writes. We describe the
are re atﬁ tol_one anr(:t er gn tdusu?jre Ib? ykto E'}Xh'%sic interface as well as numerous details about the inter-
temporal locality €.g, the inode and all data blocks of thg, - 4nd its exact semantics. We conclude with a brief dis-

same file), the file system would like to ensure that thog€jon of the natural counterpart of range writes: range
blocks are placed somewhat near one another to opti 8ds

future reads. Thus, pushing full responsibility for block
placement into the disk is not the best division of labor.3.1  The Basic Interface

A related effort allows the disk to control placementurrent disks support the ability to write data of a speci-
but requires a new interface to disk. Originally termefied length to a given address on disk. With range writes,
network-attached storage devices (NASD) [12], sontiee disk supports the ability to write data within a list of
now refer to the idea more generally as object-basethges Each specified rang® is a pair of addresses,
disks [1]. With this new interface, the disk controls exBy.gin, Bena, designating that data of a given length can
actly where each object is placed, and thus can make li@-written to any contiguous range of blocks fitting within



direction 3.1.1 Lists, Ranges, and Lists of Ranges

of rotation range write options:

13-16, 19-22 We initially considered a single range (instead of a list
of ranges), but found it was too restrictive. For example,
a file system may have a large amount of free space on a
given track, but the presence of just a few allocated blocks
in said track would greatly reduce the utility of single-
range range writes.

We also considered a list of writes approach (without
ranges). While this approach delivers equivalent funetion
ality, we felt it added too much overhead to each write
command. A file system might wish to specify roughly

a large number of choices; with a range, this (in the best

b , case) is just the start and end of a range; in the list ap-
read/write ; . .

head proach, it will comprise hundreds or even thousands of
Figure 1:Range Writes. The figure illustrates how a file systemtar9g€t addresses.
might use range writes to perform a write quickly. The disk st Because of these reasons, we decided upon the highly
serviced a write to block 5, and is then given a write with teages: flexible list of ranges. With this approach, the file system
blocks 13 through 16, and blocks 19 through 22. The disk,ngitee can usually specify its exact desires in compact form.
current position, realizes that 19 will result in the fadtesite, and thus
chooses it as the write target. When finished, the file systémformed  3.1.2  Overlapping Ranges
of the decision. Modern disks allow multiple outstanding writes. While
generally improving performance, having multiple out-
standing requests generally complicates range writes. In

scheduler chooses
19 for fastest write

Classic Write . . . .
input:  address, data, |ength particular, a file system may wish to issue two requests to
output: st at us the disk,R; andR,. Assume both requests should end up
_ near one another on disk.@, they are to files that live in
Range Write . . the same cylinder group). Assume also that the file sys-
input: num ranges, |ist of ranges, align . . .
data, Iength tem has a range of free blocks in that region of the disk,
output: status, resulting target address B, throughB,,.

_ i . Thus, the file system would like to issue both requests
Table 1: Classic vs. Rf'mge _erte_s.The table shows the p  and R, simultaneously, giving each the ranga
differences between the classic idealized disk write arahge write. througth. However, the disk is thus posed with a prob-

lem: how can it ensure it does not write the two requests

Biegin andBe,q. Afull range write specifies a list of suchto the same |0Cat'°”? _
ranges. The simplest solution would be to disallow overlapped
When the operation completes, the disk returns t erites, much I?ke many of today’s disks do not allow mul-
starting address to which it wrote ,the data. This infor'—ple outstanding writes to the same address (*overlapped

. . ommands” in SCSI parlance [31]). In this case, the file
mation allows the file system to record the address of the . o .
. o . : system would have two choices. First, it could serialize
data block in whatever structure it is usirgd, an inode).

This interface is shown in Table 1. _the two rgquests, first issuinfg;, observing _vv_h|ch block
i i ) _ ) it was written to (sayB}), and then submitting request
One option the client must include is the alignment g}, \ith two ranges B; to By,_; and By to B,,). Al-
writes, which restricts where in the range a write can Rgmately, the file system could pick subsets of each range
placed. For example, if the file system is writing a 4-KBa g, B;, Bs, ..., B;_1 in one range, ands, By, ..., By,
block to a 16-KB range, it would likely specify an alignin the other), and issue the requests in parallel.
ment of 4 KB, thus restricting the write to one of four lo- However. we felt the non-overlapped approach was too

cations. Without such an option, the disk could logicalbagtrictive; it forces the file system to reduce the number
choose to start writing at any 512-byte offset within thgt (argets per write request in anticipation of their use

range. and thus reduces performance. Further, non-overlapped
The interface also guarantees that within a single multanges complicate use of range writes, as a client must
block write, there is no reordering of blocks. This desigtmen make decisions on which portions of the range to
decision enables the requester to control the orderinggdfe to which requests, likely decreasing the disk’s con-
blocks on disk, which may be important for subsequetmol over low-level placement and thus decreasing perfor-
(sequential) read performance. mance. For all of these reasons, we chose to allow clients



to issue multiple outstanding range writes with overlap-

i (2a) Remove parent Write (6)
plng ranges from RW queue \

. . . . . _Jdyr|  Write (7)
Overlapping writes complicate the implementation of /

range writes within the disk. Consider our example above, / Yite (1) Ji—(aw) Gancel sbings
where two writes?; and R are issued concurrently, each S Wiite (12)
with the rangeB; throughB,,. In this example, assume wiewo V]
that the disk scheduld®; first, and places it on block;. Range Write Guoue ’;‘,}\ | wite (17)
It is now the responsibility of the disk to ensure that %;\ wte @) [ Senicowrte
is written to any block excepB;. Thus, the disk must " g o () oo
(temporarily) note thaB; has been used.

Expanded Queue

However, this action raises a new question: how l0fggre 2: Expand-and-cancel Scheduling.The figure de-
does the disk have to remember the fact thatvas writ- picts how expand-and-cancel scheduling operates. Rangesware

ten to and thus should not be considered as a possgiged into the leftmost queue and then expanded into thesdlof
write target? One might think that the disk could forgetrites on the right. In step (0) (not shown), two range wresve si-
this knowledge once it has reported tliathas completed multaneously and are placed in the range write queue on tiietheir
(and thus communicated that the targatwas chosen). expansions are placed in the expanded queue on the rightejn(s),
However, because the file system may be concurrently!f$ scheduler (which examines all requests in the expandedegand
suing another request; to the same range, a race Cc)rg_reedlly chooses the one with minimal latency) decides taicgethe

" write to 21. As a result, the range write to (6, 11, 16, 21) imoved
dition could occur and blockB; could be (erroneously) .
overwritten from the range write queue (2a), and the expanded requesétslib, and

16 are canceled (2b).
Thus, we chose to add a new kind of write barrier to the
protocol. A file system would use this feature as followg]  Disk Scheduling

First, the file system would issue a number of outstanld- thi . q ibe h in-disk schedul
ing writes, potentially to overlapping ranges. The disk IS section, we describe how an In-disk scheduler
ust evolve to support range writes. We present two ap-

would start servicing them, and in doing so would track hes. The first alkoand-and lschedull
which blocks in each range get written. The file systemOaC es. Thelirstwe cakpand-and-canceiscneduling

at some point would then issue a barrier. What the b&_t:cgmllque th:t IS fS|mpIe, ||r|1t(;grtates vg/ellt W|tgPeL>J(|§t;ng
rier guarantees to the disk is that all writes following thgo1eduiers, and performs wetl, but may be too Inten-

barrier will take into account the allocation decisions of & Because of this weakness, we present a competing

the disk for the writes before the barrier. Thus, once tﬁlgpr_oach known ablerar_cmcal-range .SChedu“nth'Ch
gquires a more extensive restructuring of a scheduler to

disk completes the pre-barrier writes, it can safely forgr ) .
which blocks it wrote to during that time. Eg;zgne range aware but thus avoids excessive CPU over-

Note that we focus on obtaining the highest perfor-

3.2 Beyond Writes: Range Reads mance poss_ible, .and thus consider variants of shortegt—

positioning-time-first schedulers (SPTF). Standard modi-
It is of course a natural extension to consider whethggations could be made to address fairmness issues [26, 17].
range reads should also be supported by a disk. Range
reads would be useful in a number of contexts: for et.1 Expand-and-cancel Scheduling
ample, to pick the rotationally-closest block replica [34pternally, the in-disk scheduler must be modified to sup-
15], or to implement efficient “dummy reads” in semiport servicing of requests within lists of ranges. One sim-
preemptible /0 [8]. ple way to implement support for range writes would be

However, introducing range reads, in particular for inthrough a new scheduling approach we exipand-and-

proving rotational costs on reads, requires an expandmshcel scheduling (ECS3s shown in Figure 2. In the ex-
interface and implementation from the disk. For exanpand phase, a range write request reqiastblock range
ple, for a block to be replicated properly to reduce ra3; throughB,, is expanded inta independent requests,
tational costs, it should be written to opposite sides &f throughR,, each to a single locatiot3; throughB,,,
a track. Thus, the disk should likely support a replicaespectively. When the first of these requests complete
creating write which tries to position the blocks properlgas dictated by the policy of the scheduler), the other re-
for later reads. In addition, file systems would have to lagiests would be canceleicg, removed from the schedul-
substantially modified to support tracking of blocks andg queue). Given any scheduler, ECS guarantees that the
their copies, a feature which only a few recent file sybest scheduling decision over all range writes (and other
tems support [28]. Given these and other nuances, meguests) will be made, to the extent possible given the
leave range reads for future work. current scheduling algorithm.



The main advantage of ECS is its excellent integration oj':ztc;'tfl’;n
with existing disk schedulers. The basic scheduling pol- «
icy is not modified, but simply works with more requests
to decide what the best decision to make is. However, this
approach can be computationally expensive, requiring ex-
tensive queue reshuffling as range writes enter the system,
as well as after the completion of each range write. Fur-
ther, with large ranges, the size of the expanded queue
grows quite large; thus the number of options that must
be examined to make a scheduling decision may become
computationally prohibitive. o

Thus, we expect that disk implementations that choose 8,
ECS will vary in exactly how much expansion is per-_ ) ) )
formed. By choosing a subset of each range reqeest ( Figure 3: Hierarchical-range Scheduling. The figure de-
20r4or8 target destinations, equa”y spaced aroun@ic&s .an example how .hierarchical--range scheduling worl$ie text

. . describes the example in more detail.
track, for example), the disk can keep computational over-
heads low while still reducing rotational overhead sub-
stantially. More expensive drives can include additiondf-20 range, HRS first estimates the time to move the arm
processing capabilities to enable a greater number of f@the adjacent track; with this time in hand, HRS can es-
getS, thus a||owing for differentiation among drive Verfimate where the head will be relative to the range. If the

read/write
head + arm

dors. seek to the outer track is fast, HRS determines that the
head will be within the range, and thus chooses the next
4.2 Hierarchical-Range Scheduling block in the range as a target. If, however, the short seek

As an alternative to ECS, we present an approach we dalfés t0o long, the arm may arrive and be ready to write
hierarchical-range scheduling (HRSYRS requires more Just after the range has rotated uqderneath the head (_say
exact knowledge of drive details, including the curref PIOCk 21). In this case, HRS estimates the cost of writ-
head position, and thus requires a more extensive rewdfid t0 18-20 as the time to rotate 18 back under the head
ing of the scheduling infrastructure. However, the add@§@in: and thus would choose to instead write to block 9
complexity comes with a benefit: HRS is much more cP) the firstrange. .
efficient than ECS, doing much less work to obtain similar A Slight complication arises when a range spans mul-
performance benefits. tiple tracks. In this case, for each range, HRS splits the
HRS works as follows. Given a set of ranges (assuﬁ?—q“_%t in_to a series of related request_s, each of V\_/hich fit
ing for now that each range fits within a track), HRS d&vithin a smgle track. Then, HRS_COhSlders each in turn
termines the time it would take to seek and settle on tft Pefore. Lists of ranges are similarly handled.
track of each request and what the resulting head position
would be. If the head is within the range on that track-3 Methodology
HRS chooses the next closest spot within the range\&l& now wish to evaluate the performance of our range
the target, and thus estimates the total latency of positiavrite schedulers. To do so, we utilize a detailed simula-
ing, roughly the cost of the seek and settling time. If tH&on environment built within the DiskSim framework [5].
head is outside the range, HRS includes an additional roSpecifically, we made numerous small changes
tational cost to get to the first block of the range. Becaugeoughout the simulator to provide support for range
HRS knows the time these close-by requests will take witites. We implemented a small change to the interface
can avoid considering those requests whose seek timesalenable lists of ranges to be passed to the disk, and
ready exceed the current best value. In this manner, HR®re extensive changes to the SPTF scheduler to imple-
can consider many fewer options and still minimize rotaaent both EC and HR scheduling. Overall, we changed or
tional costs. added less than one thousand lines of code, perhaps hint-
An example of the type of decision HRS makes is fouridg at the relative simplicity of adding range writes to a
in Figure 3. In the figure, two ranges are available: 9-Bystem.
(on the current track) and 18-20 (on an adjacent, outeror all simulated experiments, we use the HP C2249A
track). The disk has just serviced a request to block 5 disk, which has a rotational speed of 5400 RPM, and a
the inner track, and thus must choose a target for the cratatively small track size (roughly 90 blocks, depending
rent write. HRS observes that range 9-11 is on the sanrethe zone). Although it is an older model, and thus its
track and thus estimates the time to write to 9-11 is tladsolute positioning costs are high and track size low as
time to wait until 9 rotates under the head. Then, for tltwmpared to modern disks, the relative costs between seek
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Figure 4:Scheduler Performance The figure shows how per- Figure 5: Varying Queue Depth. The figure shows how the
formance improves when the scheduler is given more flayibidilong performance of a traditional SPTF scheduler on a workloadvates
the x-axis, we increase the number of targets given per weigiest, to random locations within a block group on disk. The x-axasias
and the two graphs show two different range sizes, from 1hetreft) to the number of outstanding requests. Note that having twstanding
100 (on the right). All requests are made within a small gortof the requests does not improve performance, because in gereralched-
disk (a block group), and the average time per write is pthttacluding uler is servicing one request while another is being seniéodisk, thus
breakdowns of seek and rotational costs. removing the possibility of choosing the “better” request.

and rotation is reasonable and thus we believe our resulsuld likely be the case that multiple requests to the disk
generalize quite well to a large variety of modern disks.are outstanding at a given time. This enables a traditional
. SPTF scheduler to amortize positioning costs over those
4.4 Experiments requests, and thus may lessen the relative benefit of range
4.4.1 What Is The Benefit Of Range Writes? writes. We now in\/estigate this issue.
We first wish to investigate how having more choides.(  In this set of experiments, we vary the number of out-
a larger list) as well as having larger ranges can improggnding requests to the disk. We plot the performance of
performance. Figure 4 presents the results of a settgé in-disk SPTF scheduler without range writes, as seen
experiments which write blocks to random destinations Figure 5.
within a small portion of a disk (roughly the size of a The results show that even with 64 outstanding re-
small block group, for example). Here, we use the HRuests, a traditional system incurs substantial posiiigpni
scheduler (the EC scheduler performs equivalently whessts (both seek and rotation). With a small set of choices
using the full expansion). (i.e., within a track), the remaining rotational overhead
On the left, we see a graph that presents the time peuld be removed. With a larger set of choicies.(within
write as we increase the number of targets; we fix thenlock group), much of the seek overhead can also be re-
range size of each target at 1. The targets are chosen ragved (as we saw in Figure 4). Thus, even with multiple

domly from the entire cylinder group, perhaps emulatingutstanding requests, range writes can noticeably improve
that some blocks would be unavailable because they arg@étformance.

use. From the figure, one can observe the rapid decrease ) ]
in total positioning costs (both seek and rotation) as tAe*-3 What Is The Computational Difference Be-
number of choices increases. Thus, given a number of po- ~ (Ween ECS and HRS? _
tential targets, range writes reduce both rotation and SS@R next compare the costs of EC scheduling and HR
times substantially. scheduling. Most of the work that is done by either is the
On the right, we perform the same experiment, but i§Stimation of service time for each possible can.dida}te re-
crease the size of each range to 100 blocks (just gre&téest; thus, we compare the number of such estimations to
than the track size of the disk). With large ranges #8in insight on the computational costs of each approach.
choose from, performance improves even further, remov-ASsume that the size of a rangefis and the size of a
ing virtually all rotational cost while greatly reducingede track on the disk ig". Also assume that the disk supports
costs as well. Overall, with large ranges and a large nufd-outstanding requests at a given timee( the queue
ber of options (64), writes complete in roughly 4 ms (th@ze). We can thus derive the amount of work that needs
rightmost point on the right graph), as compared to ovié be performed by each approach. For simplicity, we as-
12 ms with a single choice and a range of size 1 (the lefdme each request is a write of a single block (generaliz-
most point on the left graph). Thus, for random writes #§9 to larger block sizes is straightforward).
a small portion of the disk, range writes improve perfor- For EC scheduling, assuming the full expansion, each
mance by over a factor of three. single request in the range-write queue expandshhite-

guests in the expanded queue. Thus, the amount of work,
4.4.2 What If There Are Many Outstanding Writes? 1}/, performed by ECS is:

Until now, we have issued only a single write to disk at a
time. However, as most disks support tagged queueing, it Wge =R-Q ()



Diminishing Benefits expected. By expanding a full-track range to just eight
choices that are properly spaced out across the track, most
of the performance benefits can be achieved.

However, this example simplifies that problem quite a
bit. For ranges that are larger than a single track, the
—— expansion becomes more challenging; exactly how this

T .
1 2 4 8 16 32 should be done remains an open problem.
Log (Choices)

Time (ms)
OFRP NWMIUTO

: L , , 4.5 Summar
Figure 6:The Diminishing Benefits of More Choice.The Y :
. . . Overall, our study of scheduling has revealed a number
figure plots the performance of successive write requedtsgihe x- . . . .

axis, we increase the number of choices available for waitgdts, and of |r!terest|ng results. First, range er.'[eS can have a dra-
the y-axis plots average write time. matic effect on performance. In particular, with a large
amount of flexibility, range writes can reduce both rota-

Qal and seek costs quite dramatically. Thus, to get the

In contrast, HR scheduling takes each range and dividhg ; i her cli hould
it into a set of requests, each of which is contained with st performance, a file system (or other client) shou

a track. Thus, the amount of work performed by HRS isgive reasonably large ranges to the disk if possible.
Second, even with a reasonable queue size within the

R disk, a disk will incur noticeable seek and rotational over-

Whr = [f] Q () heads. Thus, although range writes are clearly useful

when there are only a few outstanding writes to the disk,

However, HRS need not consider all these possibilitiefey are still of use when there are many.

Specifically, once the seek time to a track is higher thanrinally, both the EC and HR schedulers perform well,
the current best seek plus rotate, HRS can stop considg{d thus are possible candidates for use within a disk

ing whether to schedule this and other requests that g{gt supports range writes. If one is willing to rewrite
on tracks that are further away. The worst case numhge scheduler, HR is the best candidate. However, if one
of tracks that must be considered is thus bounded by W%hes to use the Simp|er EC approach, one must do so

number of tracks one can reach within the time of a I'eVQarefu”y; the full expansion of ranges 5|mp|y exacts too
lution plus the time to seek to the nearest track. Thus, thigih of a computational overhead.

equation above represents an upper bound on the amount ) ) .
of work HRS will do. 5 Integrating Range Writes into

Even so, the equations make clear why HR schedul- Classic File System Allocation
ing performs much less work than EC scheduling in most

cases. For example, assuming that a file system isslﬂééhis seption, we gxplore the issues a file gystgm must
range writes that roughly match track siz@ & T), the address in c_)rder to m_corpc_)rate range_wrltes |_nto its allo-
amount of work performed by HRS is roughty. In con- catlpn policies. We f|r§t discuss the_ issues in a gen_eral
trast, ECS still performgz - Q work; as track sizes Cansettm_g, and then _descrlbe our effort in building (_’:\detalled
be in the thousands, ECS will have to execute a thous file sygtem simulator to explqrg how these issues can
times more work to achieve equivalent performance. € tackled in the context of an existing system.

4.4.4 How Many Options Does ECS Need? 5.1 File System Issues

Finally, given that EC scheduling cannot consider the fljlhhere are numerous considerations a file system must take

. ; : . INto account when utilizing range writes. Some compli-

range of options, we investigate how many options suc ) -
: cate the file system code, some have performance ramifi-

a scheduler needs to obtain good performance. To an-

. . . .cgtions, and some aspects of current file systems simply
swer this question, we present a simple workload whic ) . o . . .
make using range writes difficult or impossible. We dis-

repeatedly writes to the same track, and vary the number .
. L . cuss these issues here.

of target options it is given. Figure 6 presents the results.

In this experiment, we assume that if there exists orflyl.1 Preserving Sequentiality
a single option, it is to the same block of the track; thu@ne problem faced by file systems utilizing range writes is
successive writes to the same block incur a full rotationtle loss of exact control over placement of files. However,
delay. As further options are present, they are equadg most file systems only have approximate placement as
spaced around the track, maximizing their performantieeir main goal €.g, allocate a file in the same group as
benefit. its inode), loss of detailed control is acceptable.

From this figure, we can conclude that ECS does notLoss of sequentiality, however, would present a larger
necessarily need to consider all possible options withimoblem. For example, if a file system freely writes blocks

a range to achieve most of the performance benefit, gfsa file to non-consecutive disk locations, reading back



the file would suffer inordinately poor performance. To Empty File System

avoid this, the file system should present the disk with éls ] No Range
larger writes (which the disk will guarantee are kept to- 2 104 M Range
gether), or restrict ranges of writes to make it quite likely [=
that the file will end up in sequential or near-sequential § 5
order on disk. 5 m .
L Z 0 T T
5.1.2 Determining Proper Ranges Single-PID Multi-P1D

Another problem that arises for the file system is deter-

mining the proper range forarequest. How much ﬂeXibif:igure 7: File Create Time (Empty File System). The

ity Is needed by the disk in order to perform well? figure plots the average write time during a file create bermtkmThe
Of course, one could extract low-level informatioBenchmark creates 1000 4-KB files in the same directory. ®aniges

from the drive, including track size, using microbenchare either used or not, and the files are either created by glsiprocess

marks [33]. However, we believe a simpler approach dsmultiple processes. The y-axis plots the average write tof each

for the file system to simply specify the range that nateite across the 1000 data block writes that occur.

urally fits its policy best. For example, in FFS, the file

system could specify that a write should take place to aNgtApp’s WAFL [14], and LFS [23] all take a “write-
free block within a cylinder group. anywhere” approach for most file system structures.

5.1.3 Bookkeeping 5.2 Incorporating Range Writes into ext2

One major change required of the file system is how\Mye now present our experience of incorporating range
handles a fundamental problem with range writes whi¢fites into a simulation of the Linux ext2 file allocation.
we refer to aglelayed address notificatiorSpecifically, Allocation in ext2 (and ext3) derives from classic FFS al-
only as each write completes does the file system know tRgation [20] but has a number of nuances included over
target address of the write. The file system cares about #i§ years to improve performance. We now describe the
result because it is in charge of bookkeeping, and mi&sic allocation policies.
record the address in a pertinent structeg( an inode).  When creating a directory, the “Orlov” allocation algo-
In general, this may force two alterations in file systefithm is used. In this algorithm, top-level directories are
allocation. First, the file system must ensure that it dogBread out by searching for the block group with the least
not issue too many writes to a particular range; doing gymber of subdirectories and an above-average free block
may result in writes failing if the range fills up. Howevercount and free-inode count. Other directories are placed
this is a small modification. in a block group meeting a minimum threshold of free in-
Second, delayed notification forces an ordering on figles and data blocks and having a low directory-to-file
systems, in that the block pointed to must be written btio. In both cases the parent's block group is preferred
fore the block containing the pointer. Although reminidiven that it meets all criteria.
cent of soft updates [11], this ordering should be easier tol he allocation of data blocks is done by choosing a goal
implement, because the file system will likely not empk)k}lock and searching for the nearest free block to the goal.

range writes for all structures, as we discuss below. ~ For the first data block in the file the goal is found by
choosing a block in the same group as the inode. The spe-

5.1.4 Inflexible Structures cific block is chosen by using the PID of calling process to
Finally, while range writes are quite easy to use for ceselect one of 16 start locations within the block group; we
tain block types€.g, data blocks), other fixed structuregall each of these 16 locations of the disk “mini-groups”
are more problematic. For example, consider inodes imdthin the greater block group. The desire here is to place
standard FFS-like file system. Each inode shares a bldfiknctionally related” files closer on disk. All subsequent
with many others (say 64 per 4-KB block). Writing an inelata block allocations for a given file have the goal set to
ode block to a new location would require the file systethe next sequential block.
to give each inode a new inode number; doing so necesTo utilize range writes, our variant of ext2 tries to fol-
sitates finding every directory in the system that contailtsv the basic constraints of the existing ext2 policies. For
those inode numbers and updating them. example, if the only constraint is that a file is placed
Thus, we believe that range writes will likely be usedithin a block group, than we issue a range write that
at first only for the most flexible of file system structurespecifies the free ranges within that group. If the policy
Over time, as file systems become more flexible in theiuishes to place the file within a mini-group, the range
placement of structures, range writes can more broadlyites issued for that file are similarly constrained. We
be applied. The good news is that more modern file sydso make sure to preserve sequentiality of files. Thus,
tems have more flexible structuresg, Sun’s ZFS [28], once a file’s first block is written to disk, subsequent



blocks are placed contiguously beyond it (when possible). Single PID
1000
[]

500 [ ] NoRange [ Range

5.3 Methodology
To investigate ext2 use of range writes, we built a detailed-

file system simulator. The simulator implements all of 0 ! ! ! ! !
the policies above (as well as a few others not relevant for 0 3 o 6 9 12 15
this section) and is built on top of DiskSim. The simulator Mini-Group Number

presents a file system API, and takes in a trace file which
allows one to exercise the API and thus the file system. 1000
The simulator also implements a simple caching infras-$

ile

Multiple PIDs
[ ] NoRange [H Range

tructure, and writes to disk happen in a completely un-T 500
ordered and asynchronous fashion (akin to ext2 mounted 0
asynchronously). We use the same simulated disk as be- 0 3 6 9 12 15

fore (the HP C2249A), set the disk-queue depth to 16, and Mini-Group Number

utilize HR scheduling. . .
9 Figure 8:File Placement.The figure shows how files were placed

er mini-group across two different experiments. In the,fisssingle
5.4 Results Srocess (?DID)pcreated 1000 files; in thepsecond, each file \rmmgby
5.4.1 Small File Creation on Empty File Systems a different PID. The x-axis plots the mini-group number, #mely-axis
We first show how flexible data block placement can inshows the number of files that were placed in the mini-groopbéth
prove performance. For this set of experiments, we simppge writes and traditional writes.
create a large number of small files in a single directory.

Fuller File Systems

Thus, the file system should create these files in a single ’g 15
block group, when there is space. For this experiment, we = E ggn'zznge
assume that the block group is empty to start. E 10
Figure 7 shows the performance of small-file alloca- o
tion both with and without range writes. When coming s
from a single process, using range writes does not help <§(’
much, as all file data are created within the same mini- 50% 80% 90% 95%
group and indeed are placed contiguously on disk. How- Percent Full

ter:/ert') Wh?.? C‘;m”.‘g from d|ﬁertent rérocesse?hwe (]f?n @ure 9: File Create Time (Fuller File System). The
€ benets ot using range writes. because these lile a |8L]re plots the average write time during a file create beratknThe

cations get spread across muItipIe mini'grouDS within tIB@nchmark creates 1000 4-KB files in the same directory. ®amiges
block group, the flexibility of range writes helps reducgre either used or not, and the files are either created by @isiprocess.
seek and rotation time substantially. The x-axis varies the fullness of the block group, and theig-alots the
We also wish to ensure that our range-aware file systewmarage write time across the 1000 data block writes thatiocc
makes similar placement decisions within the confines of
the ext2 allocation policies. Thus, Figure 8 presents thsughly constant as the block group fills, even as the aver-
breakdowns of which mini-group each file was placed imge write time of both approaches increases. We can also
As one can see from the figure, the placement degke the effect of fullness on range writes: with fewer op-
sions of range writes, in both the single-process and mutibns (as the block group fills), it is roughly 70% slower
process experiments, closely follows that of the trad#@ionthan it was with an empty block group.
ext2. Thus, although the fine-grained control of file place-
ment is governed by the disk, the coarse-grained contpef-3  Unpacking A Tarball

of file placement is as desired. The first two synthetic benchmarks focused on file cre-
. . . ation in empty or partially-full file systems, demonstrat-
5.4.2 Small File Creation on Fuller File Systems ing some of the benefits of range writes. We now simulate

We now move to a case where the block group has d#ta performance of an application-level workload. Specif-
in it to begin. This set of experiments varies the fullnessally, we focus on a simple benchmark that unpacks the
of the block group and runs the same small-file creatitumux source tree. We simply playback the file request
benchmark (focusing on the single-PID case). Figuresream that such an unpack generates to our simulator and
plots the results. report results.

From the figure, we can see that by the time a blockWith range writes, the unpack requires roughly 123
group is 50% full, range writes improve performance oveeconds to run, whereas without, it takes 143 seconds
classic writes by roughly 20%. This improvement staysoughly 20% slower). Thus, range writes are also effec-
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tive under this more realistic workload. In an ideal world, since all of the writes to the log
are sequential, the writes would achieve sequential band-

5.5 Summary width. Unfortunately, in a traditional journaling system,

Integrating range writes into file system allocation hfie writes do not. Because there is a non-zero time elapsed
proven promising. As desired, range writes can improkce the previous block was written, and because the disk
performance during file creation while following the congeeps rotating at a constant speed, the commit block can-
straints the higher-level file system policies. As muglpt he written immediately. The sectors that need to be
of write activity is to newly created files [4, 29], we beyyitten have already passed under the disk head and the
lieve our range-write variant of ext2 would be effective igisk nas to perform an almost full rotation to be able to
practice. Further, although limited to data blocks, our agjite the commit block.

proach is useful because traffic is often dominated by datg, approach here is to transform the write-ahead log

(and not metadata) writes. of a journaling file system into a more flexiblerite-

_ Of course, there is much left to explore. For examplgpeaq region Instead of issuing a transaction to the jour-
file overwrite presents an interesting scenario. For begl iy the |ocation directly following the previous trans-

performance, one should issue a range write to a new pitfion we instead allow the transaction to be written to
of the disk and thus free the old location; however, SUCh@, eyt rotationally-closest location. This has the ef-
strategy destroys file sequentiality, and thus must be d@g; of spreading transactions throughout the region with

with care. We plan to explore this and many other work, | gistances between them, but improves performance
load scenarios in future work. by minimizing rotation.

6 Case Study: Log Skipping We _should note that our goals here are §imilar to the
oals in a paper by Gallaghet al.[10]. Therein, the au-

We now present a case study that employs range Wr'?ﬁgrs take a similar approach but for a database log. Thus,

to improve journal update performance. Specifically, we o !
. ) i : . .our contribution here is to show how to apply the same

show how a journaling file system (Linux ext3 in this : : ; .
. ] . idea to a file system journal, and to do so with a different

case) can readily use range writes to more flexibly choose

where each log update should be placed on disk, and we believe, more robust) performance model based

Whereas the previous section employed simulation %‘ the disk mimic approach [21].

study the benefits of range writes, in this section we utilize V& NOW discuss how we implement write-ahead re-

a prototype implementation. Doing so presents an innga > I our prototype system. The biggest challenge to

e
problem: how do we experiment with range writes in

gvercome is the lack of range writes in the disk. Thus, we
; ; @escribe our software layer, Bark, which builds a model

real system, when no disk (yet) supports range writes?

remedy this dilemma, we develop a software layer, Bar,

Pihe performance contours of the log (hence the name)
that emulates a disk with range writes for this specific aahd uses it to issue writes to the journal so as to reduce
plication, building on previous work [21, 10]. Our ap-

fotational overheads. We then describe our experiments
X . . with the Linux ext3 journal mounted on top of Bark.
proach also hints at how range writes could be incremen-

tally incorporated into systems, first via a software pr%g Log-Performance Modeling

totype to demonstrate real benefits and allow higher-le\$e Kis al that sits betw the fil " d disk
systems to make use of its features, and later in real ha Gex 1S a fayer that sits between the file system and dis

ware. and redirects journal writes so as to reduce rotational-over
head. To do so, Bark builds a performance model of the

6.1 Motivation log a priori and uses it to decide where best to write the

The primary problem that we address in this section #ext log write.

how to improve the performance of synchronous writes Our approach builds on previous work of Popowtal.

to a log or journal. Thus, it is important to understand tibat measures the request time between all possible pairs

sequence of operations that occur when the log is updatefdlisk addresses in order to perform disk scheduling [21].
A journaling system writes a number of blocks to th@ur problem here is simpler: Bark must simply predict

log; these writes occur whenever an application explicithere to write the next request to in order to reduce rota-

forces the data or after certain timing intervals. Firsg tiion.

system writes alescriptor block containing information  To make this prediction, Bark performs a series of mea-

about the log entry, and the actual data to the log. Afteurements of the cost of writes to the portion of the disk

this write, the file system waits for the descriptor blocksf interest, varying both the distance between the writes

and data to reach the disk and then issues a synchrondle “skip” distance) and the think time between requests.

commit blockto the log; the file system must wait untilThis data is stored in a table and made available to Bark

the first write completes before issuing the commit blogk run-time.

in case a crash occurs. For the results reported in this paper, we created a disk
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Bark Performance

50
Linux ext3 ext3
Journaling Layer 40
Journal Traffic @ 30 ext3+Bark ol
Write-Ahead Log “E’
NN
\ Traffic
: 10 A
Bark *\
< 04
~= System
Ta ski4ped To|skigped| T ska+;dT | | Figure 11:Overall Performance. The figure plots the overall
Write-Ahead Region performance of TPC-B in three different settings: withoatrlg with

Bark, and then on top of a “null” log that simply reports sussefor
log writes without performing any actual disk 1/0. Experinte were
run upon a Sun Ultra20 with 1 GB of memory and two Hitachi D&sks
7K80 drives attached.

Figure 10: Bark-itecture. The figure illustrates how a file sys-
tem can be mounted upon Bark to improve journal write perforoe.
All journal traffic is directed through Bark, which picks aigklistance
based on think time and the position of the last write to diz&rk per-

forms this optimization transparently, thus improving fiexformance block to which '_t had _been mapped.
of journal writes with no change to the file system above. &spe- The second issue is support for recovery. Journals are

cific example shown, the file system has committed threeatrtioss to  NOt write-only devices. In particular, during recoveryeth
disk: Ta, Th, and Tc. Bark, using its performance model, pasasi the file system reads pending transactions from the journal in
transactions across the physical disk, leaving empty spétenoted as order to replay them to the file system proper and thus re-
“skipped”) in the write-ahead region. cover the file system to a consistent state. To enable this
recovery without file system modification, Bark would
need to record a small bit of extra information with each

) . ) L . set of contiguous writes, specifically the address in the
profile by keep|r_19 a flxed_ W”_te size of 4 KB (size of _%gical addrgess space to WT‘liCh thisywrite was destined.
block), and varying the think time from 0 ms to 80 ms i oing so would enable Bark to scan the write-ahead re-

intervals of 50 microseconds, and the skip size from 0 - :
T ! : : on during recovery and reconstruct the logical address
to 600 KB in intervals of 512 bytes. To gain confidenc uring Very , gl

h . { ted multiole ti dth glﬁace, and thus allows recovery to proceed without any
each expenment was repeated muftiple imes and the ange to the file system code. However, we have not yet
erage of the write times was taken.

fully implemented this feature (early experience suggests

6.3 From Models to Software it will be straightforward).
With the performance model in place, we developed Batk4 Results
as a software pseudo-device that is positioned betwage now measure the performance of unmodified Linux
the file system journaling code and the disk. Bart thiest3 running on top of Bark. For this set of experiments,
presents itself to the journaling code as if it were a typive mount the ext3 journal on Bark and let all other check-
cal disk of a given siz&'. Underneath, Bark transparentlyoint traffic go to disk directly.
utilizes more disk space (say- S) in order to commit  For a workload, we wished to find an application that
journal writes to disk in a rotationally-optimal manner, astressed journal write performance. Thus, we chose to run
dictated by the performance model. Figure 10 depicts this implementation of the classic transactional benchmark
software architecture. TPC-B. TPC-B performs a series of debits and credits to
At runtime, Bark receives a write request and must dasimple set of database tables.
cide exactly where to place it on disk. Given the time Figure 11 plots the performance of TPC-B on Linux
elapsed since the last request completed, Bark looksex3 in three separate cases. In the first, the unmodi-
the required “skip distance” in the prediction table anfied traditional journaling approach is used; in the second,
uses it to decide where to issue the current write. Bark is used underneath the journal; in the third, we im-
Two issues arise in the Bark implementation. The firstement an “infinitely fast” journal which simply returns
is the management of free space in the log. Bark keepsugcess when given a write without doing any work. This
data structure to track which blocks are free in the journlalst option serves as an upper-bound on performance.
and thus candidates for fast writes. The main challengd-rom the graph, we can see that Bark greatly improves
for Bark is detecting when a previously-used block béhe overall runtime of TPC-B. Figure 12 reveals some in-
comes free. Bark achieves this by monitoring overwritsgght as to why. In that figure, we plot the cumulative
by the journaling layer; when a block is overwritten irdistribution of journal write times across all requests-dur
the logical journal, Bark frees the corresponding physicalg the run. As one can see, most journal writes using
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change is fraught with many complications, both practical
and technical; for example, consider object-based drives,
which have taken roughly a decade to begin to come to
market [12].

Interestingly, the world of storage may be in the midst
of a revolution as solid-state devices become more of a
marketplace reality. Fortunately, we believe that range
writes are still quite useful in this and other new envi-
ronments. By letting the disk take responsibility for low-
Figure 12: Write Costs. The figure plots the cumulative distri-level placement decisions, range writes enable high per-
bution of write request times during TPC-B. Two lines aratpli: the formance through device-specific optimizations. Further,
first shows the cost of all writes through Bark, whereas tivese shows range writes naturally support functionality such as wear-
performance without. leveling, and thus may also help increase device lifetime

while reducing internal complexity.
Bark complete quite quickly, as they have been rotation-Finding the right interface between two systems is al-
ally well placed. In contrast, writes to the journal withouvays challenging. Too much change, and there will be no
bark take much longer on average, and are spread acadsption; too little change, and there is no significant ben-
the rotational spectrum of the disk drive. efit. We believe range writes present a happy medium; a
small interface change with large performance gains.

CDF of Write Times
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6.5 Discussion

From this case study, we learned two important IessoépknOWIGdgmentS

First, we see that freedom during writes can also be ue thank the members of our research group for their in-
ful for a file system journal. Under certain workloadssightful comments. We would also like to thank our shep-
journaling can induce a large rotational cost; freedom kerd Phil Levis and the anonymous reviewers for their ex-
place transactions to a free spot in the journal can greatilent feedback and comments, all of which helped to
improve performance. greatly improve this paper.

Second, we see that such the flexibility provided by This work is supported by the National Science Foun-
range writes works in practice, rather than just in simulgation under the following grants: CCF-0621487, CNS-
tion. Although we believe our earlier work on scheduling509474, CCR-0133456, as well as by generous dona-
and file system simulation is an accurate predictor of réiins from Network Appliance and Sun Microsystems.
range-write performance, we felt much more comfortable Any opinions, findings, and conclusions or recommen-
overall when we were able to show that prototype coutttions expressed in this material are those of the authors
derive benefits from our approach. and do not necessarily reflect the views of NSF or other

We should note that we chose here to incorporate fldRstitutions.
ible writes underneath in the simplest possible way, WltIRefe rences

out changing the file system implementation at all. Thu 1] Dave Anderson.

OSD Drives.

if range writes existed within the disk, the Bark laye
would do very little: simply issue the range writes to disk
instead of performing modeling to find the next fast local?!
tion to write to. A different approach would be to modify
the file system code and change the journaling layer to
support range writes more directly, something we plan t 51
do in future work.

7 Conclusions [4]

We have presented a small but important change to the
storage interface, known as range writes. By allowing the
file system to express flexibility in exact write Iocation,[5]
the disk is free to make better decisions for write targets
and thus improve performance.

We believe that the key element of range writes i?]
their evolutionary nature; there is a clear path from tof7]
day’s disks without range writes to tomorrow’s disks with
them. This fact is crucial for established industries, veher
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