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Abstract an umbrella-term that encompasses a humber of features.
We isolate the impact of each of these features on the en-
This paper is motivated by a simple question: what are ergy consumption of the storage system.
the energy consumption characteristics of mobile storage = We have constructed a logical-disk system, which can
alternatives? To answer this question, we are faced with abe con gured to run on different technologies and to em-
design space of multiple dimensions. Two important dimen-ulate the behavior of different le systems. The system
sions are the type of storage technologies and the type of leruns on both Linux laptops and iPags. By executing real
systems. In this paper, we explore some options along each/Os, the system allows us to collect accurate energy con-
of these two dimensions. We have constructed a logical-disksumption statistics. As we explore the various con gura-
system, which can be con gured to run on different stor- tions, we study the interactions between device character-
age technologies and to emulate the behavior of differentistics and le system techniques. Although it is true that a
le systems. As we explore these con guration options, we log-structured storage system can translate its performance
nd that the energy behavior is determined by a complex bene ts into energy savings under certain high 1/O rates, we
interaction of three factors: the power management mech- nd that in less stressful workloads, the energy behavior is
anism of the storage device, the distribution of idleness in determined by a complex interaction of three factors: (1) the
the workload, and the le system strategies that attempt to storage device's power management mechanism whose task
exploit and bridge these rst two factors. is to detect idle periods, (2) the distribution of idleness in the
workload, and (3) the le system strategies that attempt to
exploit and bridge the above two factors. When the storage
device lacks good power management, a log-structured de-
sign provides a robust way of introducing additional device
Two important factors in determining the energy con- pyrstiness to reduce its reliance on a sophisticated power
sumption characteristics of a mobile storage system are thenanagement scheme. For less stressful I/O loads, there ex-
type of storage technology and the type of le system. The jst alternative hybrid designs that can behave just as well as
storage technologies that we study are IBM Microdrives, 3 |og-structured le system without incurring the overheads
ash PC cards, and wireless LAN cards (used for connect- associated with storage garbage collection.
ing to storage servers). These devices have different per-  The remainder of this paper is organized as follows. Sec-
formance and power characteristics, and different built-in tjon 2 gescribes the performance and power characteristics
power-management mechanisms. of the mobile storage devices used in this study. Section 3
In terms of le system avors, we begin by considering analyzes the le system alternatives. Section 4 describes
an update-in-place le system and a log-structured le sys- the implementation of a logical disk system that allows us
tem. The conventional wisdom is that log-structured le to explore the various options. Section 5 details the mea-
systems tend to be more ef cient for many workloads; and surement apparatus and the workloads. Section 6 presents

increased performance ef ciency often translates into lower the experimental results. Section 7 describes some of the
energy consumption. A log-structured design, however, is related work. Section 8 concludes.
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Name

Latency (ns)

Read

Latency (ns)

Write

Read

Bandwidth (MB/s)

Write

Bandwidth (MB/s)

IBM 1GB Microdrive (MD) 21.7 23.3 3.0 1.9
Lucent 11 Mbps WaveLAN (WL) 102.7 102.7 0.1 0.3
SimpleTech 1GB Compact Flash (CF) 15 4.6 35 23

Table 1. Performance characteristics. Latency experismargasure the cost of random reads/writes of 4 KB blocks. \Bidtfdl experiments access

data in 256 KB chunks.

Name | Operating “Idle” Small Read | Small Write Big Read Big Write
\oltage (V) | Power ("\W) | Power (nW) | Power ("W) | Power (nW) | Power (nW)
MD 3.3 60 531 530 577 575
WL 5.0 66.1 220 171 444 650
CF 3.3 2.9 73.7 125 82 217

Table 2. Average power consumed during reads/writes. Sweedl and small write operations involve random access of bkBks. Big read and
big write operations correspond to reading and writing 25B hunks.

disadvantages compared to the Microdrive. One of them istechnologies, of course, are quantitatively different and may
its worse durability: a data location on a ash card must dictate different le system strategies.

be “erased” before new data can be written and the num-  The relationship between latency and locality.Read-

ber of erasure cycles is typically limited to a few hundred ing a ash card, for example, incurs roughly the same la-
thousand. The Microdrive, on the other hand, has a meantency and energy regardless of the accessed location. This
time to failure of about a million hours. Furthermore, the is not true for the Microdrive.  Also, for the ash card,
current technology trend is such that magnetic disk technol-writing same amount of data with different levels of locality
ogy is likely to continue to enjoy lower cost per megabyte may incur different costs due to different number of erasure
ratio [9]. We also study a wireless LAN card (which is typi- cycles.

cally not considered as a “storage technology”), since there  Power management schemesThe rmware of a stor-

are situations where the network storage is preferred due ttage device may instruct the device to enter low-power
its bene ts of increased data reliability and ease of sharing. modes during idle periods. The sophistication and effective-
ness of such power management schemes will affect how a
le system may exploit them. We next describe the power
management schemes of these technologies.

Tables 1 and 2 show the performance and energy con-
sumption characteristics of the mobile storage devices that2.2. Power Management Schemes
we study in this paper. Although one may be tempted
to compare the different technologies against each other SimpleTech. The idle mode on this card consumes very
throughout this paper, we do not intend to “pick sides.” In little power, and the card goes back to the idle mode as soon
fact, we believe that each technology has its own reason foras it nishes servicing an 1/0O request. One can view these
existence. Our interest, instead, lies in understanding howcards as having “perfect” power management.
the hardware characteristics efchof these technologies WaveLAN. The wireless network cards provide support
in uence the software le system strategies in arriving at for systems software to better manage their energy con-
energy-ef cient mobile storage solutions. When examining sumption. These cards can operate in a low power mode
the hardware characteristics, we highlight the following.  called “doze” or idle mode, which consumes a fraction of

Performance difference of reads and writesSome of the power used when transmitting or receiving. The card
these technologies have noticeably lower performance ancenters low power mode adaptively, and the user can con-
higher energy consumption for writes than reads. Asyn- trol the duration for which it stays in that mode before it
chronous buffering of writes, which allows overwritten data comes back up to check for messages. Our experiments use
to be deleted in main memory, could enhance le system a default value of 100 ms for this duration. The choice of a
performance. Buffering, however, may require the use of relatively long duration is a trade-off in favor of low power
additional memory, which consumes additional energy. consumption resulting in relatively worse performance.

The relationship between latency and bandwidth For Microdrive. The Microdrive has the most sophisti-
all of these technologies, when the total number of bytes cated power management support called Adaptive Battery
transferred is the same, it is better to perform a single largeLife Extender-2 (ABLE-2) [1]. The Microdrive has two
I/O than to perform a number of small I/Os from the per- idle modes: “performance idle mode” and “low power idle
spectives of both improving performance and saving en- mode.” In performance idle mode, the drive is spinning and
ergy. The latency/bandwidth relationships of the different can immediately respond to a new command. The Micro-

2.1. Performance and Power Characteristics



drive consumes about 480Wkh of power in this mode. In  cess times, layouts that increase locality tend to improve
low power idle, the disk head is unloaded, and the disk in- performance and lower energy consumption.

curs a delay of 300 sito respond to a new command. The  Background activities. Background activities, such as

Microdrive consumes about 1804hin this mode. The Mi-  reorganizing data for improved read locality or compacting
crodrive also has a standby mode, which consumes aboutree space for improved write locality, can improve burst
60 mW and requires about 800swf wake-up time. The  performance. However, whether it is worthwhile to con-
power consumed during wake-up periods is comparable tosume “background energy” to save “foreground energy” is

the power consumed during seeks. The Microdrive uses re4 trade-off that needs to be considered for different tech-
guest history to transition between the various modes. nologies and different workloads.

Protocol. For a device (such as the wireless LAN card)
3. File System Alternatives that exports an interface that is richer than the simple sec-
tor read/write interface of a disk, the protocol design raises
To understand the impact of le system issues on energy additional questions regarding the granularity of communi-
consumption, we begin by considering two well-known le cation and whether to transmit operations or data.
systems: the Unix File System (UFS) [19] and the Log-
structured File System (LFS) [21]. Under UFS, once disk 3.2. Hybrid Alternatives
blocks are allocated for a le, the disk locations of the
le data do not move and updates are performed in place.  For storage devices that export a disk interface, LFS can
Each of the small disk writes may incur a costly mechan- be considered as an extreme design pointin terms of the rst
ical delay. Under LFS, le data does not necessarily re- four of the above issues: LFS increases write asynchrony,
side at xed locations—newly created data is accumulated write burstiness, write locality, and background activity (in
in a large memory-resident buffer (calledsagmentand  the form of cleaning). UFS variants typically have less
lled buffers are appended to the end of a segmented disk-asynchrony and less burstiness with many UFS implemen-
resident log. By replacing small disk writes of UFS with tations performing synchronous metadata updates. How-
large disk appends, the LFS designers amortize disk latencyever, there exist techniques that loosen this restriction and
over many writes to achieve better performance. As over-increase asynchrony [7]. To isolate and study the impact
writes occur, however, “holes” are made in the log; and a of these techniques, we consider several variants of UFS.
compactor (called aegment cleangmay need to run peri- ~ We begin with a version of UFS that performs all writes
odically to regenerate free disk segments. synchronously. We refer to this basic implementation as
The conventional wisdom is that LFS tends to be faster In-place File SystertiFS). We then consider a variant that
for many workloads; and faster programs tend to consumebuffers writes and performs delayed updates in a FIFO fash-
less energy. We would like to examine LFS closely and ion as the memory buffer lls up. The memory buffer en-
study its features that may impact energy consumption.ables some of the blocks to be overwritten before it is pre-
Some of the features are desirable for saving energy whilesented to the storage system. We refer to this variant as
others are not; these features have different degrees of imiFS with Delayed Write¢lFS-DW). For the next le sys-
pact depending on the underlying device; and there may extem variant, we increase burstiness by ushing all the writes
ist a hybrid design that selectively incorporates a subset ofin the memory buffer in a batched fashion when the buffer
these features, without embracing the whole LFS doctrine. lls up. We refer to this variant ag§=S-Batch When IFS-
Batch ushes its memory buffer, it may carefully schedule
3.1. Energy-Relevant Design Issues the 1/Os to increase write locality. We refer to this variant
aslFS-Batch-Schedn the extreme case, we introduce data
Asynchrony. Asynchronous 1/Os allow a greater de- relocation and cleaning to reach the nal design point: LFS.
gree of exibility in scheduling. Asynchronous writes allow The network device allows even more exibility. One
overwritten data to be deleted before they reach storage deapproach is to use the wireless LAN card as if it were a disk
vices. This feature tends to both improve performance and_ e read and write blocks to the network and a remote
lower energy consumption. “storage server” performs the actual 1/Os to a server disk.
Burstiness. I/O burstiness may degrade response time We will call this thenetwork diskapproach. We can run
as many requests contend for resources. On the other handny one of the le system variants on top of this network
increased burstiness can be a blessing for reducing energgisk. The other approach is to use a higher-level le system
consumption: as 1/Os are closely clustered in time, thereprotocol such as NFS. Of course, alternative protocols exist;
are more long idle periods that can be more readily detectedand the network disk and NFS provide different functional-
and exploited by the power management schemes. ity (such as support for sharing). Nevertheless, we believe
Layout. For storage devices that have non-uniform ac- it is interesting to understand the energy consumption be-



Figure 1 illustrates the components of our Linux-based

LD-Server implementation. The system consists of two main compo-
[ Foow ] [1rseach | [FsBansaed ngnts: the logical disk driver (LD-D_rlver_) and the logical
@ L . disk server (LD-Server). The LD-Driver is a pseudo block

Kernel | User

device driver that exports the interface of a disk. Upon re-
| | ceiving 1/0 requests, the LD-Driver forwards them via up-

calls to the LD-Server, a user-space process. The LD-Server
can be con gured to behave as any one of the ve local
le system variants discussed in Section 3.2: IFS, IFS-DW,
Microdrive  FlashPCCard  802.11Card IFS-Batch, IFS-Batch-Sched, or LFS. The existing kernel

_ , _ - _ services, such as the le systems and the buffer cache, work
e e i Loromman Unmodied and provide  consistent ramework for compar-
software components that we have implemented. ison. This system allows us to run existing applications.

) ) ) The IFS module in the LD-Server implements the sim-
hgwor of the_se optlpns for several reasons. First, they areplest logical-to-physical address mapping: an identity map-
simple pra(_:t|cal options that a_PDA user may tmm_yand ping. Scheduling in the IFS module is also simple: it per-
we would like to compare their energy consumption. (De- oms an immediate read or write request upon the receipt
spite its lack of support for sharing, the network disk is per- of an upcall. The IFS-DW module adds a write buffer and
fectly adequate for scenarios that do not involve concurrentye|ays the writes till the buffer is full or dirty data has been
write sharing.) Second, these two options use two differ- resent in the buffer for over 30 seconds. When the buffer
ent styles of communication. When operating on the net- hecomes full, the writes are performed gradually to create
work disk, the local le system caches and communicates g, ce for subsequent writes. The write buffer decreases the
both data and metadata at the granularity of blocks. Undern, e of disk writes by absorbing block overwrites. The
NFS, on the other hand, the client caches metadata differ\eg_gaich ushes the write buffer in a single burst instead
ently“from_ ,I,e data blocks and transmits operations (SUCh ot graining it gradually. It increases burstiness to allow the
as a “mkdir” operation) instead of blocks (such as a direc- ngerlying device to be idle for longer durations thereby
tory block). By doing so, NFS may transmit fewer bytes but triggering its power management mechanism. IFS-Batch-

more messages. The impact of such protocol differences ongcheq module sorts the buffered writes by their addresses

energy consumption is what interests us. and performs the writes in the sorted order. In cases of
_ _ _ _ crashes, this crude scheduling algorithm may compromise
4. Implementation using Logical Disks the integrity of the underlying le system as it aggressively

reorders writes. Unlike the other avors, IFS-Batch-Sched

We would like to implement a range of le system al- is not meant to be a practical solution. Moreover, sort-
ternatives and evaluate their energy consumption on differ-ing writes by their addresses may not be the most effec-
ent underlying storage technologies. The implementationtive scheduling algorithm. More sophisticated and “correct”
of a le system involves many additional degrees of free- scheduling alternatives exist [7], but we would like to gain
dom such as the way it manages the buffer cache and itssome insights into the energy consumption implications be-
metadata cache. When evaluating the different alternativesfore we attempt these more complex implementations.
we would like to keep most of the tangential issues constant  The LFS module implements lag-structured logical
and focus only on the central issues that we have discussedisk[2]. Logical addresses of writes that are performed next
in the last section. Modifying or building several le system to each other in time are mapped to contiguous physical ad-
variants that happen to share common mechanisms such agresses. These writes are buffered in memory-resident seg-
buffer cache management can be a complex undertaking. ments, which are then appended to a device-resident log.

To maximally leverage the existing le system work, and The LFS module includes a segment cleaner. When the
maintain a consistent framework for all implementations, cleaner runs, it cleans the least utilized segments rst. The

we adopt a design based ofogical disk[2, 23]. A logical cleaner can be con gured to run in one of two possible
disk appears to the native in-kernel le systems as a normalmodes. Théazy-cleaneruns only when the number of free
disk: it allows existing le systems to read and writgyical segments falls below a minimum value, which is twice the

disk addresses A particular implementation of a logical number of memory-resident segments in our implementa-
disk can map these logical addresses to physical addressefon. Theauto-cleaneron the other handictivelyinitiates

in any way that it chooses; and the I/Os to the underlying cleaning when the LD-Server has been idle for more than
device can be scheduled in a exible way. This degree of 5 seconds. An active-cleaning phase ends either when the
exibility turns out to be suf cient for our study. auto-cleaner has cleaned all the partially- lled segments, or



Processor| Intel StrongARM SA-1110 206 MHZ

Memory | 16 MB ROM, 32 MB SDRAM A@
Battery 950 mAh Lithium Polymer

oS Linux 2.4.7-rmk3-npl

Table 3. Characteristics of the iPaq Pocket PC H3635.

when a new I/O request is received. If there is no idle time, é}
then the behavior of the auto-cleaner degenerates to that of
the lazy-cleaner. Although the lazy-cleaner may cause poor
response time due to on-demand cleaning, it may be prefer-
able for reducing energy consumption because it keeps the
amount of cleaning to a minimum and it also increases the
burstiness of the cleaning traf c.

The LD-Server can be con gured to manage one of three
types of devices: a Microdrive, a ash PC card, or a wire-
less LAN card. The Microdrive and the ash card already
present a disk interface and the interaction with them is sim-
ple. To avoid unwanted pollution of the buffer cache, the
LD-Server interacts with them using raw 1/O through the  Figure 2. Measurement apparatus and its schematic diagrdPC
Linux /dev/raw/raw* interface. When the LD-Server  card extender. (2) Shunt resistor. (3) iPaq with a PCMCl/egie (4)
runs on a wireless LAN card,storage serveruns on a re- Flash PC card. (5) Digital multimeter.
mote machine to accept the physical I/0Os performed by the
LD-Server via a TCP socket. If the LD-Server is con gured
to run in the IFS modes, individual requests are forwarded

sure the voltage and integrate it over a sampling interval
to compute the average voltage measurement for that in-
) terval. These measurements are logged via a serial link to
as separate network requests. If the LD-Serveris con guredan independent computer. After independently determining

o run in the LFS mode, the segment that is being ushed_ the resistance of the shunt resistor and voltage of the power

is transmitted as a single TCP message. Because locality '%upply we deduce the current delivered to the device us-
not an issue with the network device itself, the distinction . -
Ing Ohm's Law Uresistor = Idevice Rresistor ) We then

between IFS-Batch and IFS-Batch-Sched, is no longer reI'compute the average power consumed by the device using
evant. Although it is possible to ush the IFS-Batch write o _ ]
device — Vdewce |deV|ce .

buffer as a single TCP message, we choose to send separate One conscious decision that we made in constructing the

messages for_the buffe_red writes (in a way that is_ similar measurement apparatus is to measure the energy consump-
to how the write b_uffer is ushed when _IFS-Batch 'S TUN" " ion of the mobile storage device alone instead of including
ning on a Microdrive or a ash card) to isolate the energy the energy consumption of the whole iPag. We choose the
consumption impact of the number of messages. . . ' _

o i ) _ iPaqg because it appears to be a reasonable representative of
While interactions with devices allow us to run real ap- 5 ppa in terms of its CPU speed and the amount of memory
plications z_ind gather ac_curate energy consumption num'present, both of which can in uence the energy consump-
bers, physically performing all 1/0s can be slow. Some iy, of the storage device. This study, however, is foremost

phases of our experimenFs (such as the warm-up periods}, study of the energy behavior of the storage system. We are
do not require us to physically perform the I/Os. In these unwilling to allow the energy consumption artifacts of the

situations, the system bypasses the interactions with story, o gevice to unnecessarily complicate the analysis of the

age devi<_:es, effectively turning itself into a functional le results. Some example artifacts include: the energy con-
system simulator that runs at a much faster speed. sumption of the host CPU, its memory, and the extra de-
vices — one may choose to run the storage system under a
5. Measurement Apparatus and Workloads processor architecture that has comparable speed but differ-
ent energy characteristics, or with a memory management
The measurement setup is pictured in Figure 2. It in- system that manages power differently, or with no extra de-
cludes a PC card extender (1) attached to a shunt resistovices. Indeed, we have reasons to believe that the energy
(2) in series with the card's power supply. Following the consumed by memory on the iPaq is far from optimal. We
general approach taken in [6, 12], we measure the voltageherefore believe that it is undesirable to burden the analysis
across the shunt resistor. The card extender houses a mobilgith these tangential issues.
storage device (4) and is inserted into a PCMCIA sleeve of  In choosing workloads for our experiments, we decided
an iPaq (3). A digital multimeter (5) is then used to mea- notto con ne ourselves to the applications that are currently



Duration | Number of | Number of | Number of Percentage of Idle Periods

(hours) I/0Os reads writes < 0:5secs| < 1sec| < 5secs| < 10secs| < 60secs
Trace 1 3 38,081 12,463 25,618 61.7 71.5 93.3 96.4 99.2
Trace 2 3 202,088 106,727 95,361 72.8 87.1 99.9 99.9 100.0
Trace 3 5 37,416 6,445 30,971 83.0 87.8 94.8 96.8 99.9
Trace 4 1 56,638 14,113 42,525 93.2 95.2 99.9 100.0 100.0

Table 4. Trace characteristics.

available on mobile devices. The applications, the operatingchronously from a user level process running on the iPag.
system and hardware support have not matured for mobileThe logical disk implementation performs physical I/Os to
computers; therefore, we do not believe that the limited setthe underlying mobile storage devices, allowing real energy
of applications that are currently available for mobile de- consumption statistics to be collected.
vices constitutes a representative set. The above workloads are disk traces. They cannot be
Having refused to con ne ourselves to existing applica- played to an NFS client, which is an option that we would
tions, we believe that it is in fact not as undesirable as it like to evaluate. For this purpose, we use a fth bench-
may rst appear to instead use some workloads collectedmark, a synthetic one, called “MMAB”. MMAB or “Modi-
on desktop computers. We believe that there is very little ed MAB” is an enhanced version of the “Modi ed Andrew
reason why most of these desktop applications should notBenchmark” [20]. MMAB has four steps, each exhibiting
be made available to a mobile user. Although we make noa different mix of le system operations. The rst step is
claim about the representativeness of the chosen workloadsnetadata intensive and creates a directory tree of 50,000
we believe that the measurements obtained for these tracegirectories, in which every non-leaf directory has ten sub-
still represent interesting data points. directories. The second step is data-write intensive and cre-

We use ve workloads. The rst two are disk traces col- (€S one large 256 MB le and many small 4 KB les. It
lected on Dell Dimension 8100 desktops running Windows creates ve small les in each of the directories in the rst
2000. “Trace 1" was collected on a desktop with 256 MB V€ levels of the directory tr_ee, resulting in a total of z_about
of main memory. We use a three-hour period comprising of 92,000 small les. The third step performs le attribute
I/0 requests accessing about 149 MB of data. “Trace 2” wasOPerations. It rst performs a recursiveuch on all the
collected on a desktop with 128 MB of main memory, and directories and_ les; .|t then computes disk usage of the di-
we again use a three-hour snippet of 1/0 accessing a total of €Ctory tree by invokinglu. The fourth and nal step reads
789 MB of data. During the monitoring process, the users €S- It rstperforms agrep on each le; it then reads all
were performing activities that are typical to personal com- the les again by performing avc on each le.
puter users, such as reading email, web browsing, document
editing, and playing multimedia les. We used some sim- 6. Experimental Results
ple tools (such agracelog andtracedmp ) from Mi-
crosoft's Windows 2000 resource kits to collect these traces.  we begin by examining the device-independent charac-

Our third workload is a disk trace gathered on a le teristics of the I/O generated by the different le systems.
server at HP Labs in 1992 [22]. One of the characteristics Table 5 summarizes the number of 1/O operations and the
of this workload that intrigued us is the remarkable fact that distribution of the idle periods. As expected, IFS-Batch and
the amount of computing power, in terms of CPU power, the LFS increase burstiness and a greater portion of the time is
amount of memory, and the capacity of the storage devicesspent in longer idle periods.
available on that server then is roughly equivalentto whatis  In the rest of this section, we study the energy consumed
available on an iPaq today! We use a ve-hour period that by the le systems running on different devices for differ-
contains accesses to 146 MB of data. We will refer to this ent workloads. We also evaluate the impact of the utiliza-
workload as “trace 3.” The fourth workload is an updated tion of the storage device on the energy consumed by LFS
version of the third: a trace collected on an upgraded ver-and compare different cleaning strategies. Finally, for the
sion of the same server at HP Labs in 1999. This trace hametwork device, we study the energy consumption of two
a higher 1/0 rate: during a one-hour measurement period,network storage protocols: NFS3 and a network disk.
the trace contains accesses to a total of 226 MB of data. We
will refer to this workload as “trace 4.” 6.1. Zero Idle Time

The characteristics of the four traces are summarized in
Table 4. Notice that traces 1 and 3 have a low I/O rate and We now study the energy consumed by the devices when
perform more writes. In contrast, traces 2 and 4 are I/O we play the traces with all of their idle periods eliminated.
intensive and trace 2 performs more reads. In our measureThese measurements quantify the energy consumed by the
ments, we play each of the I/Os contained in the trace syn-devices in the simplest setting where the power manage-



Number of | Number of | Number of Percentage duration of the experiment spent in idle penbtangth
1/0s reads writes < 0.5secs| 0.5—-1sec| 1-5secs| 5—10secs| 10-60 secs| > 60 secs
Tracel| IFS 38,081 12,463 25,618 1.4 3.1 14.8 8.4 22.8 49.5
IFS-DW 31,315 12,453 18,862 1.0 2.0 11.3 6.1 21.1 58.5
IFS-Batch 32,063 12,453 19,610 0.4 0.1 1.7 2.0 12.2 83.6
LFS 32,319 12,453 19,866 0.4 0.1 1.7 2.0 12.2 83.6
Trace 2 | IFS 202,088 106,727 95,361 12.0 39.7 46.8 1.3 0.2 0.0
IFS-DW 187,448 106,535 80,913 10.0 38.8 49.5 1.0 0.7 0.0
IFS-Batch 188,368 106,555 81,813 5.2 23.5 33.6 9.9 27.8 0.0
LFS 189,115 106,555 82,560 5.2 235 33.6 9.9 27.8 0.0
Trace 3| IFS 37,416 6,445 30,971 3.8 3.4 14.8 11.8 65.8 0.4
IFS-DW 18,264 6,117 12,147 1.8 0.4 3.4 4.9 35.8 53.7
IFS-Batch 19,174 6,135 13,039 0.8 0.3 2.2 3.0 22.3 71.4
LFS 19,293 6,135 13,158 0.8 0.3 2.2 3.0 22.3 71.4
Trace 4 | IFS 56,638 14,113 42,525 23.6 8.9 62.7 4.8 0.0 0.0
IFS-DW 49,347 13,775 35,572 23.2 8.7 62.7 54 0.0 0.0
IFS-Batch 50,239 13,804 36,435 17.3 6.1 46.1 20.9 9.6 0.0
LFS 50,569 13,804 36,765 17.3 6.1 46.1 20.9 9.6 0.0

Table 5. Characteristics of I/0 operations generated by lheystems for the different traces.

Trace 1 Trace 2 Trace 1 Trace 3
IFS [IFS-DW/[IFS-BatcH LFS]| IFS [IFS-DW/IFS-BatcH LFS IFS [IFS-DW]IFS-Batch LFS]|| IFS [IFS-DW/[IFS-BatcH LFS
MD||209| 229 214 48 ||1109 1134 1066 | 434 MD|(1871f 1883 1158 (1105|2865 2110 1659 (1616
WL ||598| 579 455 |431|(3457| 3648 | 2830 |2613 WL ||1154] 1131 | 1115 |1093|1415 1398 | 1374 |1366)
CF ||13.00 13.0 12.6 | 8.4 659 655 62.3 |44.0 CF ||46.4] 455 42.0 |41.3||59.9| 57.2 57.6 |55.4
Trace 3 Trace 4
IES [IES-DWITES-BatcH LES| TES TIES-DWIIES-Batch LES Table 7. Energy measurements (Joules) of the traces 1 and 3.
MD|[136| 139 137 |63.4] 404| 434 416 | 97.7 Trace T Trace 3
\C/:VII:‘ %7; EGE %2;1 1893 3172 gfez gg% I;wl Energy || IFS | IFS-Batch| LFS IFS | IFS-Batch| LFS
Active || 1430 625 566 || 2061 666 619
Table 6. Energy measurements (Joules) with all idle perediisi- Idle 441 533 539 804 993 997
nated. Total 1871 1158 1105 || 2865 1659 1616

. . . Table 8. Breakdown of energy (Joules) spent by the Micredrnv
ment mechanisms of the devices are not triggered. We gifferent power modes for executing traces 1 and 3.

also keep the storage utilization suf ciently low so that the
cleaner is not invoked under LFS. Now let us examine in turn the effectiveness of the different
The results of this experiment are summarized in Table 6. power management mechanisms.

The devices operate in high-power modes throughout the We rst study the Microdrive. Table 8 shows the amount

duration of the experiment. For this workload, performance of energy spent under the different power modes of the
gains translate almost directly into energy savings. LFS drive. We see that IFS-Batch and LFS share similar behav-
bene ts from write locality and therefore performs better jor, while IFS spends most of its energy in the high-power
than the other le system variants. What is interesting is that mode of the drive. The energy that IFS spends in the high-
IFS-Batch, the IFS variant that attempts to increase bursti-power mode can be potentially attributed to two different

ness to exploit the power management mechanisms of thesources: (1) individual 1/0s (especially writes) may cost

devices, is counter-productive in certain instances—undermore time and energy than their LFS counterparts due to
high 1/0 load, the smoother traf ¢ presented by IFS results the different layout and locality characteristics of the two

in more ef cient1/0 than the bursty traf c of IFS-Batch that  |e systems; and (2) idle times become more fragmented

results in greater queueing delays. under IFS as they are more frequently interrupted by 1/Os
_ so the drive more frequently remains in high-power mode
6.2. Ample Idle Time even during periods when I/Os are absent. Data from the

previous section allows us to determine which of these two
We next study the behavior of traces with low 1/O rate. sources dominates: Table 6 shows that when there is no idle
We play traces 1 and 3 at their original speeds, restoring thetime, the energy difference between IFS and LFS, which
ample amount of idle time present in the traces. The resultscan be almost exclusively attributed to the difference in 1/0O
of these experiments are summarized in Table 7. Whereagosts, is signi cantly lower than the active energy differ-
the bursty traf c produced by IFS-Batch had provided no ence between IFS and LFS shown in Table 8. It is therefore
gain in Table 6, IFS-Batch now delivers various degrees clear that the second source of extra IFS active energy dom-
of energy savings. The exact amount of gain depends oninates: when the idle times are fragmented, fewer of the idle
the power management schemes of the underlying devicetime periods cause the drive to enter the low-power mode.



Trace 2 Trace 4 3000
IFS [IFS-DW]IFS-Batch LFS]|| IFS [IFS-DW[IFS-BatcH LFS 2500 | —e—IFs
MD |[4661] 4997 4587 4633|1939 2065 1714 [1345 —=—IFS-Batch
WL |[3742] 3931 3011 |2980||1251| 1221 1270 | 859 2000 —a—LFS
CF (|94.2| 94.7 76.0 |73.6(|34.1| 33.7 335 |28.38 \
1500 k

Joules

Table 9. Energy measurements (Joules) for traces 2 and 4.

1000 \
ABLE-2 is more effective under IFS-Batch and LFS, as the w00 —\\\:\
le system lends a “helping hand” to the underlying power ‘N
(0] T T T T T T

management mechanism as it lengthens the idle periods. P LB

We now study the WaveLAN. In Table 6, we have seen
that the WaveLAN consumes aba@it as much energy as
the Microdrive does when there is no idle time. In Table 7,
on the other hand, the WaveLAN does better. This data sug-
gests that the power management mechanism on the Wavegood power management scheme in dealing with idle time,
LAN is more successful at coping with certain idle periods LFS provides a robust way of introducing additional device
than the Microdrive. The Microdrive typically remains in  burstiness to reduce the reliance on a sophisticated power
high-power mode for the rst 2.5 of an idle period. It  management scheme. Second, when the I/O load is very
then transitions into a low-power mode and reverts back to high, the increased write locality of LFS translates its supe-
high-power mode when the idle period ends. The transi- rior performance into superior energy consumption behav-
tions between modes consume both time and energy. Theor. If the 1/O load is low and the device lacks a good power
behavior of the WaveLAN is different. During idle periods, management mechanism, IFS-Batch can improve the effec-
the card transitions to low-power mode almost immediately tiveness of the power management scheme in a way that is
and repeatedly transitions between idle and active modessimilar to LFS without risking paying the energy cost of
at regular intervals to check for communication activities. segment cleaning which, as we shall see next, can be sig-
The average power consumed by the card over a sequencai cant in some extreme conditions. If the 1/O load is low
of such transitions is 145W, a value that falls in between and the device has good power management, at least for the
the low-power and high-power modes of the Microdrive. devices that we have studied, such as the WaveLAN and the
The WaveLAN therefore consumes less energy than the Mi-SimpleTech, the differences in energy consumption among
crodrive for short idle periods and performs better than the the le system variants appear to be small.
Microdrive for certain workloads.

Finally, the differences in the energy consumed by the 6.4. Effect of Scheduling Writes
different le systems are least dramatic on the SimpleTech,

Trace Speedup

Figure 3. Energy measurements (Joules) of the Microdrivdeuirace
3 as we vary the trace playing rate.

thanks to this card's almost perfect power management. We also examined the effect of sorting blocks by ad-
dresses before scheduling writes on the Microdrive. IFS-
6.3. Varying Idle Time Batch-Sched was not signi cantly better than IFS-Batch for

the different workloads. The increase in write locality ob-
So far, we have seen two extreme cases in terms of thetained by sorting the blocks inside the LD-Server does not
amount of idleness in the system. We now vary the rate translate into signi cant differences in performance and en-
at which a trace is played. For example, when we use aergy consumption. We thus omit the detailed data.
“speed-up factor” o2 , we cut all the inter-arrival times
by half. Figure 3 shows that the behavior of the le systems 6.5. Impact of Segment Cleaning
indeed forms a predictable and smooth continuum as we
vary the rate at which trace 3 is played; the performance of We now study the impact of invoking the segment
IFS-Batch approaches that of LFS as the rate decreases, angleaner on overall energy consumption. We initially run
approaches that of IFS as the rate increases. The generahe logical disk in its “functional simulator mode” (as de-
relationships among the le system variants not only hold scribed in Section 4) with ten days' worth of /O operations,
for different rates of trace 3, but as Table 9 shows, similar which quickly warms up the le system state and fragments
trends hold for traces 2 and 4 as well. When we play tracesfree space, without performing physical device 1/0s. We
2 and 4 at their original speeds, the resulting behaviors liethen make our measurements using trace 3 and vary the
in between the two extremes that we have examined so far. utilization by limiting the total capacity of the storage de-
From these experiments, we see that the energy convice. Table 10 gives the Microdrive and SimpleTech energy
sumption advantage of LFS is most pronounced in somemeasurements for an LFS le system that performs garbage
but not all situations. First, when the storage device lacks acollection using a lazy-cleaner. As the results indicate, the



IFS IFS LFS Energy (Joules) Time (seconds)
Batch | 25% | 50% | 75% | 99% NFS3 | IFS-Batch| Ratio | NFS3 | IFS-Batch| Ratio
MD | 2865 | 1659 | 1616 | 1639 | 1652 | 2097 Stepl| 4505 994 4.53 | 5400 1183 4.56
CF 59.9 57.6 554 | 56.6 | 57.8 | 121.1 Step2 | 4647 2660 1.75 | 5196 3085 1.68

Step3| 10611 2174 4.88 | 12721 2799 4.54
Step4 | 1688 1663 1.02 | 1959 1975 0.99

Table 10. Energy measurements (Joules) for trace 3 playedlat
on IFS, IFS-Batch, and LFS under different utilizations.

Table 12. Energy and time measurements for the MMAB workload

25% | 50% | 75% | 99% The columns labeled as “IFS-Batch” contain measurementa of
Lazy Cleaner| 1616 | 1639 | 1652 | 2097 logical disk that is backed by the WaveLAN card.
Auto Cleaner| 3153 | 3118 | 3101 | 3031
Table 11. Energy measurements (Joules) for trace 3 run ereift doze mode. The time and energy cost of NFS is mainly
utilizations on the Microdrive. due to its synchronous data and metadata writes, while IFS-

Batch running on the network-backed logical-disk allows
more asynchronous operations. Note that we are not making
simplistic conclusions such as “IFS-Batch is better” here,
since the two options offer different functionalities. Both
options, however, are practical alternatives available to a
mobile storage user today, and the data quanti es the en-
ergy impact of a buffered block interface.

cleaner overheads are substantial only at very high utiliza-
tions. For utilizations of 75% and lower, the effect of the
cleaner on energy consumption is tolerable. Interestingly,
more detailed statistics reveal that at 99% utilization, LFS
generates abol®@ more write traf ¢ than it does at 25%
utilization. The corresponding rise in energy consumption
of the Microdrive is much less. This is mostly because the
cleaning I/O is highly clustered in time and causes little dis-
turbance to the idle time distribution, which is one of the /- Related Work

major determining factors of overall energy consumption.

The data presented above is for a lazy-cleaner. We now Many papers have studied the effects of aggressively
compare the lazy-cleaner with the auto-cleaner, which per-SPinning down disks when the time since last I/O request
forms garbage collection when it recognizes that the systemexceeds some threshold [5, 17]. Policies for dynamically
is not performing user 1/0. The lazy cleaner, which runs varying the spin-down threshold in response to changing
only when there are very few free segments, may cause pooHSer behavior and priorities have also been considered in
response time as it might be required to perform garbagethe literature [4, 10, 15, 8]. Li et al. [17] also examine the
collection during user I/0. However, in its attempt to clean effects of caching and delayed writes on energy consump-
segments eagerly, the auto-cleaner has the detrimental efion. Our study takes existing power management schemes
fect of interrupting the idle periods of the storage device. Of various devices and quanti es how le systems may in-
As we have seen before, the power management schemesle€nce the idle time distribution seen by a device to in u-
are more likely to perform poorly when the idle periods €nce its power management decisions.
are fragmented, and this effect is precisely what we ob-  Similar optimizations have been proposed for wireless
serve in Table 11. It is therefore interesting to note that the Network cards. For example, energy can be saved by
auto-cleaner is trading-off energy consumption for better re- putting such cards to sleep when they are neither transmit-
sponse times, while the lazy-cleaner allows the power man-ting data nor expecting to receive data. To achieve this,
agement scheme to be more effective. In fact, there are in-Sseveral energy-ef cient transport-level protocols have been
stances where a less utilized disk provides the auto-cleaneproposed [14, 24, 11]. Active involvement of popular ap-
with more opportunities to be active and thereby disrupt the plications like email and web browsing in managing power

power management scheme to a greater extent. has also been explored, but developing energy-ef cient le-
systems has not been considered.
6.6. Comparison with NFS Several le systems have been designed to address the

idiosyncrasies of Flash memory [13, 16], many of which are
We compare NFS3 with an LD-Server that is con gured log-structured [21]. Energy characteristics of some ash-
to run over WaveLAN in IFS-Batch mode. (The latter al- based storage systems have been studied in [3, 18], where
ternative is explained in Section 4.) We report results for they are observed to be more energy-ef cient than disk-
the MMAB workload, since the four disk traces cannot be based systems. We have found that due to its easier power
played to an NFS client. Table 12 presents results for themanagement problem, Flash memory appears to be least
four steps of MMAB. Each of the two “Ratio” columns sensitive to the le system techniques that we have studied,
gives the ratios of the values in its two preceding columns. especially under low 1/O rates.
The two ratio columns are almost identical. In other words, = Many previous studies have relied solely on trace-driven
the energy consumed is proportional to the time taken tosimulations. Our results are derived from actual energy
nish the workload. This happens because MMAB con- measurements of real implementations running on real de-
tains little idle time, and the WaveLAN never enters the vices. An accurate power simulator for hard-disks has



emerged only recently and it appears to be a non-trivial en- [7] G. R. Ganger and Y. N. Patt. Metadata Update Performance
deavor [25]. In retrospect, we believe that the quantitative in File Systems. IrProc. of Operating Systems Design and
results of this study are likely to be more reliable than what - kmpfmgn}gtlonp?ageé 49—h60,cl9%4;r- i T syl 4
we could obtain using simple simulators. - A Lolding, F. bosch, L. Staelin, 1. sullivan, -an

g P J. Wilkes. Idleness is not sloth. WWSENIX Winter 1995.
[9] E. Growchowski. Emerging Trends in Data Storage on Mag-

8. Conclusion netic Hard Disk Drives. IfDatatech pages 11-16. ICG Pub-

lishing, September 1998.

h d a logical-disk h b [10] D. P. Helmbold, D. D. E. Long, and B. Sherrod. A dynamic
We have constructed a logical-disk system that can be disk spin-down technique for mobile computing. Mobile

con gured to run on different storage technologies and to Computing and Networkingages 130142, 1996.
emulate the behavior of different le systems. This system [11] T.Imielinski, M. Gupta, and S. Peyyeti. Energy ef ciatata

allows us to quantify the energy impact of several le sys- ltering and communications in mobile wireless computing.
tem decisions on three different kinds of hardware technolo- In Proceedings of the Usenix Symposium on Location Depen-
gies. The interplay among the idle time distribution, the le dent ComputingApril 1995.

systems' ability to manipulate the idle time seen by the de- [12] R Tloseph and M. Martonosi. Run-time power estimation
in high-performance microprocessors. Rroceedings of the

vice, and the power management scheme _Of the device ap- International Symposium on Low-Power Electronics and De-
pears to be the most important factor. For high 1/0 rates and sign Aug. 2001.

low device utilizations, a log-structured le system trans- [13] A.Kawaguchi, S. Nishioka, and H. Motoda. A ash-memory
lates its performance bene ts into energy savings. For less based le system. IUSENIX Technical Conferencpages
stressful 1/0 loads, we demonstrate the feasibility of alter- 155-164, 1995.

native hybrid designs that avoid incurring the overheads as-114] R. Kravets and P. Krishnan. Power management techsique
sociated with storage garbage collection and still reduce the {\(A’r Iro]'qIObclle corrltmunlcztlﬁnmlmkt_ernatlonalls(;o?gegegggson
le system's reliance on sophisticated power management[lS] P.()K:rizhn%rr?,pg. |,\r}|g Iii(r)]ng, gnd%r. g‘ gﬁg:ﬁ Adaptive’dipk’s.
schemes. By quantifying and thus prioritizing the many down via optimal rent-to-buy in probabilistic environment
factors that may impact the overall energy consumption, we | proceedings of the Twelfth International Conference on
see this study as a rst step toward the construction of an Machine Learning (ML95)pages 322-330, 1995.

energy-ef cient mobile storage system. This study also al- [16] M. Levy. Interfacing microsoft's ash le system. IiMem-
lows us to better understand the strengths and weaknesses__ Ory Products, Intel Corp pages 4-318-4-325, 1993.

of the different technologies. Instead of pitting the devices (171 K- Li: R Kumpf, P. Horton, and T. E. Anderson. A quan-

acainst each other. we coniecture that a iudici bina- titative analysis of disk drive power management in pogabl
9 ’ | ] s computers. InProc. of Winter 1994 USENIX Conference

tion of the differenttechnologies may play an important role pages 279-292, January 1994.
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