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Abstract

Mobile computers such as notebooks, subnote-
books, and palmtops require low weight, low
power consumption, and good interactive perfor-
These requirements impose many chal-
lenges on architectures and operating systems.
This paper investigates three alternative stor-
age devices for mobile computers: magnetic hard
disks, flash memory disk emulators, and flash
memory cards.

We
trace-driven simulation to evaluate each of the
alternative storage devices and their related de-
sign strategies. Hardware measurements on an HP
OmniBook 300 highlight differences in the perfor-
mance of the three devices as used on the Om-

mance.

have used hardware measurements and

nibook, especially the poor performance of ver-
sion 2.00 of the Microsoft Flash File System [11]
when accessing large files. The traces used in our
study came from different environments, includ-
ing mobile computers (Macintosh PowerBooks)
and desktop computers (running Windows or HP-
UX), as well as synthetic workloads.
ulation study shows that flash memory can re-
duce energy consumption by an order of magni-
tude, compared to magnetic disk, while providing

Our sim-

*This work was performed at Panasonic Tech-
nologies, Inc.’s Matsushita Information Technology
Laboratory.

good read performance and acceptable write per-
formance. These energy savings can translate into
a 22% extension of battery life. We also find that
the amount of unused memory in a flash memory
card has a substantial impact on energy consump-
tion, performance, and endurance: compared to
low storage utilizations (40% full), running flash
memory near its capacity (95% full) can increase
energy consumption by 70-190%, degrade write
response time by 30%, and decrease the lifetime
of the memory card by up to a third. For flash
disks, asynchronous erasure can improve write re-
sponse time by a factor of 2.5.

1 Introduction

Mobile computer environments are different
from traditional workstations because they re-
quire light-weight, low-cost, and low-power
components, while still needing to provide
good interactive performance. A principal de-
sign challenge is to make the storage system
meet these conflicting requirements.

Current storage technologies offer two alter-
natives for file storage on mobile computers:
magnetic hard disks and flash memory. Hard
disks provide large capacity at the lowest cost,
and have high throughput for large transfers.
The main disadvantage is that they consume
a lot of energy and take seconds to spin up
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and down. Flash memory consumes relatively
little energy, and has low latency and high
throughput for read accesses. The main dis-
advantages of flash memory are that it costs
more than disks—$30-50/Mbyte, compared to
$1-5/Mbyte for magnetic disks—and that it
requires erasing before it can be overwritten.
It comes in two forms: flash memory cards (ac-
cessed as main memory) and flash disk emula-
tors (accessed through a disk block interface).!
These devices behave differently, having vary-
ing access times and bandwidths.

This paper investigates three storage sys-
tems: magnetic disk, flash disk emulator, and
directly accessed flash memory. All of these
systems include a DRAM file cache. Our study
is based on both hardware measurements and
trace-driven simulation. The measurements
are “micro-benchmarks” that compare the raw
performance of three different devices: a typi-
cal mobile disk drive (Western Digital Caviar
Ultralite cul40), a flash disk (SunDisk 10-
Mbyte spp10 PCMCIA flash disk [21], sold
as the Hewlett-Packard F1013A 10-Mbyte/12-
V Flash Disk Card [6]), and a flash memory
card (Intel 10-Mbyte Series-2 flash memory
card [8]). The measurements provide a base-
line comparison of the different architectures
and are used as device specifications within the
simulator. They also point out specific perfor-
mance issues, particularly with the Microsoft
Flash File System (MFFS) version 2.00 [11].

Flash memory is significantly more expen-
sive than magnetic disks, but our simulation
results show that flash memory can offer en-
ergy reduction by an order of magnitude over
disks—even with aggressive disk spin-down
policies that save energy at the cost of per-

1In this paper, we use flash disk to refer to block-
accessed flash disk emulators. We use flask (memory)
card to refer to byte-accessible flash devices. When we
wish to refer to the generic memory device or either
of the above devices built with it, we refer to flash
memory or a flash device. Note that the flash disk
is actually a flash memory card as well, but with a
different interface.

formance [5, 13]. Since the storage subsys-
tem can consume 20-54% of total system en-
ergy [13, 14], these energy savings can as much
as double battery lifetime. Flash provides bet-
ter read performance than disk, but worse av-
erage write performance. The maximum delay
for magnetic disk reads or writes, however, is
much higher than maximum flash latency due
to the overhead of occasional disk spin-ups.

We also show that the key to file system
support using flash memory is erasure manage-
ment. With a flash card, keeping a significant
portion of flash memory free is essential to en-
ergy conservation and performance. With a
flash disk, decoupling write and erase latency
can improve average write response by a factor
of 2.5.

In total, our paper uses both hardware mea-
surements and simulation to contribute two
key results: a quantitative comparison of the
alternatives for storage on mobile computers,
taking both energy and performance into ac-
count, and an analysis of techniques that im-
prove on existing systems.

The rest of this paper is organized as follows.
The next section discusses the three storage
architectures in greater detail. Section 3 de-
scribes the hardware micro-benchmarks. Sec-
tion 4 describes our traces and the simula-
tor used to perform additional studies. After
that come the results of the simulations. Sec-
tion 6 discusses related work, and Section 7
concludes.

2 Architectural Alternatives

The three basic storage architectures we stud-
ied are magnetic disks, flash disk emulators,
and flash memory cards. Their power con-
sumption, cost, and performance are a func-
tion of the workload and the organization of
the storage components. Each storage device
is used in conjunction with a DRAM buffer
cache. Though the buffer cache can in prin-
ciple be write-back, in this paper we consider
a write-through buffer cache: this models the
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behavior of the Macintosh operating system
and until recently the DOS file system.

An idle disk can consume 20-54% or more
of total system energy [13, 14], so the file sys-
tem must spin down the disk whenever it is
idle. Misses in the buffer cache will cause a
spun-down disk to spin up again, resulting in
delays of up to a few seconds [5, 13]. Writes
to the disk can be buffered in battery-backed
SRAM, not only improving performance, but
also allowing small writes to a spun-down disk
to proceed without spinning it up. The Quan-
tum Daytona is an example of a drive with this
sort of buffering. In this paper, we give mag-
netic disks the benefit of the doubt by simulat-
ing this deferred spin-up policy except where
noted.

The flash disk organization replaces the
hard disk with a flash memory card that has
a conventional disk interface. With the Sun-
Disk sDP series, one example of this type of
device, transfers are in multiples of a sector
(512 bytes). In contrast, the flash card orga-
nization removes the disk interface so that the
memory can be accessed at byte-level. The
flash card performs reads faster than the flash
disk, so although the instantaneous power con-
sumption of the two devices during a read is
comparable, the flash card consumes less en-
ergy to perform the operation.

A fundamental problem introduced by flash
memory is the need to erase an area before it
can be overwritten. The flash memory man-
ufacturer determines how much memory is
erased in a single operation. The SunDisk de-
vices erase a single 512-byte sector at a time,
while the Intel Series-2 flash card erases one
or two 64-Kbyte “segments.” There are two
important aspects to erasure: flash cleaning
and performance. When the segment size is
larger than the transfer unit (i.e., for the flash
card), any data in the segment that are still
needed must be copied elsewhere. Cleaning
flash memory is thus analogous to segment
cleaning in Sprite LFS [19]. The cost and fre-
quency of segment cleaning is related in part to

the cost of erasure, and in part to the segment
size. The larger the segment, the more data
that will likely have to be moved before era-
sure can take place. The system must define a
policy for selecting the next segment for recla-
mation. One obvious discrimination metric is
segment utilization: picking the next segment
by finding the one with the lowest utilization
(i-e., the highest amount of memory that is
reusable). MFFS uses this approach [4]. More
complicated metrics are possible; for example,
eNVy considers both utilization and locality
when cleaning flash memory [24].

The second aspect to erasure is perfor-
mance. The SunDisk spp flash disks couple
erasure with writes, achieving a write band-
width of 75 Kbytes/s. The time to erase
and write a block is dominated by the era-
sure cost. The Intel flash card separates era-
sure from writing, and achieves a write band-
width of 214 Kbytes/s—but only after a seg-
ment has been erased. Because erasure takes
a large fixed time period (1.6s) regardless
of the amount of data being erased [8], the
cost of erasure is amortized over large erasure
units. (The newer 16-Mbit Intel Series 2+
Flash Memory Cards erase blocks in 300ms [9],
but these were not available to us during this
study.) The two types of flash memory have
comparable erasure bandwidth; to avoid de-
laying writes for erasure it is important to keep
a pool of erased memory available. It becomes
harder to meet this goal as more of the flash
card is occupied by useful data, as discussed
in Section 5.2.

Another fundamental problem with flash
memory is its limited endurance. Manufac-
turers guarantee that a particular area within
flash may be erased up to a certain number of
times before defects are expected. The limit is
100,000 cycles for the devices we studied; the
Intel Series 2+ Flash Memory Cards guaran-
tee one million erasures per block [9]. While
it is possible to spread the load over the flash
memory to avoid “burning out” particular ar-
eas, 1t is still important to avoid unnecessary
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writes or situations that erase the same area
repeatedly.

3 Hardware Measurements

We measured the performance of the three
storage organizations of interest on a Hewlett-
Packard OmniBook 300. The OmniBook 300
is a 2.9-pound subnotebook computer that
runs MS-DOS 5.0 and contains a 25-MHz
386SXLV processor and 2 Mbytes of DRAM.
The system is equipped with several PCM-
CIA slots, one of which normally holds a re-
movable ROM card containing Windows and
several applications.  We used a 40-Mbyte
Western Digital Caviar Ultralite cul140 and
a 10-Mbyte SunDisk spp10 flash disk, both of
which are standard with the OmniBook, and a
PCMCIA 10-Mbyte Intel Series 2 Flash Mem-
ory Card running the Microsoft Flash File
System [11]. The Caviar Ultralite cul40 is
compatible with PCMCIA Type III specifica-
tions, and weighs 2.7 ounces, while the flash
devices are PCMCIA Type II cards weighing
1.3 ounces. Thus one may consider two 10-
Mbyte flash devices as equivalent in size and
weight to a single 40-Mbyte hard disk. How-
ever, in our simulations we treated the flash
devices as though they too stored 40 Mbytes,
since their capacities are increasingly rapidly
and the difference in energy consumption and
performance between individual flash devices
of different capacities using the same technol-
ogy are minimal. Cost does scale with ca-
pacity, of course, and must be taken into ac-
count. Finally, the cul40 and spp10 could
be used directly or with compression, using
DoubleSpace and Stacker, respectively. Com-
pression is built into MFFS 2.00.

We constructed software benchmarks to
measure the performance of the three stor-
age devices. The benchmarks repeatedly read
and wrote a sequence of files, and measured
the throughput obtained. Both sequential and
random accesses were performed, the former
to measure maximum throughput and the lat-

ter to measure the overhead of seeks. For the
cUu140 and spp10, we measured throughput
with and without compression enabled; for the
Intel card, compression was always enabled,
but we distinguished between completely ran-
dom data and compressible data. The com-
pressible data consisted of the first 2 Kbytes
of Herman Melville’s well-known novel, Moby-
Dick, repeated throughout each file (obtain-
ing compression ratios around 50%). The Intel
flash card was completely erased prior to each
benchmark to ensure that writes from previous
runs would not cause excess cleaning.

Table 1 summarizes the measured perfor-
mance for 4-Kbyte reads and writes to 4-Kbyte
and 1-Mbyte files, while Figure 1 graphs the
average latency and instantaneous throughput
for 4-Kbyte writes to a 1-Mbyte file. These
numbers all include DOS file system overhead.
There are several interesting points to this
data:

e Without compression, throughput for the
magnetic disk increases with file size; as
expected. With compression, small writes
go quickly, because they are buffered and
written to disk in batches. Large writes
are compressed and then written syn-
chronously.

e Compression similarly helps the per-
formance of small file writes on the
flash disk, resulting in write throughput
greater than the theoretical limit of the
SunDisk sppr10.

e Read throughput of the flash card is much
better than the other devices for small
files, with reads of uncompressible data
obtaining about twice the bandwidth of
reads of compressible data (since the
software decompression step is avoided).
Throughput is unexpectedly poor for
reading or writing large files. This is due
to an anomaly in MFFS 2.00[11], whose
performance degrades with file size. The
latency of each write (Figure 1(a)) in-
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Throughput (Kbytes/s) Throughput (Kbytes/s)
Device Operation Uncompressed Compressed
4-Kbyte file 1-Mbyte file | 4-Kbyte file 1-Mbyte file
. . Read 116 543 64 543
Caviar Ultralite cu140 Write 76 231 289 146
. Read 280 410 218 246
SunDisk spp10 Write 39 40 225 35
Read 645 37 345 34
Intel flash card Write 43 21 83 27

Table 1: Measured performance of three storage devices on an HP OmniBook 300.

Device Operation | Latency (ms) T(?{Is;ltge};?:)t Power (W)
Read/Write 25.7 2125 1.75
Caviar Ultralite cu140 | Idle — — 0.7
Spin up 1000.0 — 3.0
. Read 1.5 600 0.36
SunDisk spr10 Write 1.5 50 0.36
Read 0 9765 0.47
Intel flash card Write 0 214 0.47
Erase 1600 70 0.47

Table 2: Manufacturers’ specifications for three storage devices. Latency for read/write operations

indicates the overhead from a random operation, excluding the transfer itself (i.e., controller overhead,

seeking, or rotational latency). The Intel erasure cost refers to a separate operation that takes 1.6s to

erase 64 or 128 Kbytes (in this case latency and throughput are analogous).

creases linearly as the file grows, appar-
ently because data already written to the
flash card are written again, even in the
absence of cleaning. This results in the
throughput curve in Figure 1(b).

Comparing the different devices, it is obvious
that the Caviar Ultralite cul140 provides the
best write throughput, since the disk is con-
stantly spinning; excluding the effects of com-
pression, the flash card provides better perfor-
mance than the flash disk for small files on an
otherwise empty card, while its read and write
performance are both worse than the flash disk
for larger files.

In Table 2 we include the raw performance
of the devices, and power consumed, accord-
ing to datasheets supplied by the manufactur-
ers. As shown, the hard disk offers the best

throughput of the three technologies, but con-
sumes many times the power of the flash-based
technologies. With regard to the two flash-
based devices, the flash card offers better per-
formance than the flash disk, while both de-
vices offer comparable power consumption.

4 Trace-Driven Simulation

We used traces from several environments to
do trace-driven simulation, in order to evalu-
ate the performance and energy consumption
of different storage organizations and different
storage management policies under realistic
workloads. This section describes the traces
and the simulator, while Section 5 describes
the simulation results.

Douglis, et al.
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4.1 Traces

We used four workloads, Mac, pc, HP, and
SYNTH. For the MAC trace, we instrumented a
pair of Apple Macintosh PowerBook Duo 230s
to capture file system workloads from a mo-
bile computing environment. The traces are
file-level: they report which file is accessed,
whether the operation is a read or write, the
location within the file, the size of the transfer,
and the time of the access. This trace did not
record deletions. The traces were preprocessed
to convert file-level accesses into disk-level op-
erations, by associating a unique disk location
with each file.

We used Dos traces collected by Kester Li
at U.C. Berkeley [12], on IBM desktop PCs
running Windows 3.1, also at file-level. They
include deletions. The traces were similarly
preprocessed.

We wused disk-level traces collected by
Ruemmler and Wilkes on an HP worksta-
tion running HP-UX [20]. These traces in-
clude metadata operations, which the file-level
traces do not, but they are below the level of
the buffer cache, so simulating a buffer cache
would give misleading results (locality within
the original trace has already been largely
eliminated). Thus the buffer cache size was
set to 0 for simulations of HP. The trace in-
cludes no deletions.

Finally, we created a synthetic workload,
called synTH, based loosely on the hot-and-
cold workload used in the evaluation of Sprite
LFS cleaning policies [19]. The purpose of
the synthetic workload was to provide both a
“stress test” for the experimental testbed on
the OmniBook, and a series of operations that
could be executed against both the testbed
and the simulator. (Unfortunately, none of our
other traces accessed a small enough dataset
to fit on a 10-Mbyte flash device.) The com-
parison between measured and simulated re-
sults appears in Section 5.1. The trace con-
sists of 6 Mbytes of 32-Kbyte files, where %
of the accesses go to + of the data.

8 Op-

erations are divided 60% reads, 35% writes,
5% erases. An erase operation deletes an en-
tire file; the next write to the file writes an
entire 32-Kbyte unit. Otherwise 40% of ac-
cesses are 0.5 Kbytes in size, 40% are between
.5 Kbytes and 16 Kbytes, and 20% are be-
tween 16 Kbytes and 32 Kbytes. The inter-
arrival time between operations was modeled
as a bimodal distribution with 90% of accesses
having a uniform distribution with a mean of
10ms and the remaining accesses taking 20ms
plus a value that is exponentially distributed
with a mean of 3s.

Though only the MAC trace comes from a
mobile environment, the two desktop traces
represent workloads similar to what would be
used on mobile computers, and have been
used in simulations of mobile computers in the
past [12, 13, 15]. Table 3 lists additional statis-
tics for the nonsynthetic traces.

4.2 Simulator

Our simulator models a storage hierarchy con-
taining a buffer cache and non-volatile stor-
age. The buffer cache is the first level searched
on a read and is the target of all write oper-
ations. The cache is write-through to non-
volatile storage, which is typical of Macin-
tosh and some DOS environments?. A write-
back cache might avoid some erasures at the
cost of occasional data loss. When the sec-
ondary store is magnetic disk, an intermedi-
ate level containing battery-backed SRAM can
buffer writes; in this case, a write-through
DRAM buffer cache especially makes sense,
since writes to SRAM are fast. In addition, the
buffer cache can have zero size, in which case
reads and writes go directly to non-volatile
storage. A zero-sized buffer cache is applica-
ble only to the HP-UX trace, which has an
implicit buffer cache.

We simulated the disk, flash disk, and flash

2DOS supports a write-back cache, but after users
complained about losing data, write-through caching
became a user-configurable option.
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MAC DOS HP
Applications Finder, Excel, Framemaker, email, editing
Newton Toolkit Powerpoint, Word

Duration 3.5 hours 1.5 hours 4.4 days
Number of distinct
Kbytes accessed 22000 16300 32000
Fraction of reads 0.50 0.24 0.38
Block size (Kbytes) 1 0.5 1
Mean read size
(blocks) 1.3 3.8 4.3
Mean write size
(blocks) 1.2 34 6.2

Mean | Max o Mean | Max o Mean Max
Inter-arrival time (s) | 0.078 | 90.8 | 0.57 || 0.528 | 713.0 | 10.8 || 11.1 | 30min | 112.3

Table 3: Summary of (non-synthetic) trace characteristics. The statistics apply to the 90% of each

trace that is actually simulated after the warm start.

Note that it is not appropriate to compare

performance or energy consumption of simulations of different traces, because of the different mean

transfer sizes and durations of each trace.

card devices with parameters for existing hard
disk, flash memory disk emulator, and flash
memory card products, respectively. Each de-
vice is described by a set of parameters that
include the power consumed in each operating
mode (reading, writing, idle, or sleeping) and
the time to perform an operation or switch
modes. The power specifications came from
datasheets; two different set of performance
specifications were used, one from the mea-
sured performance and one from datasheets.

In addition to the products described in Sec-
tion 3, we used the datasheet for the NEC
uPD4216160/L 16-Mbit DRAM chip [17]. In
the case of the SunDisk device, the simu-
lation using raw (nonmeasured) performance
numbers is based upon the SunDisk spprh
and SDPHA devices, which are newer 5-volt
devices [3]. Lastly, we also simulated the
Hewlett-Packard Kittyhawk 20-Mbyte hard
disk, which we refer to as KH, based on its
datasheet [7]. In order to manage all the
traces, we simulated flash devices larger than
the 10-Mbyte PCMCIA flash devices we had

for the OmniBook. Based on the characteris-

tics of different-sized Intel flash cards, the vari-
ation in power and performance among flash
cards of different size are insignificant.

For each trace, 10% of the trace was pro-
cessed in order to “warm” the buffer cache,
and statistics were generated based on the re-
mainder of the trace.

The simulator accepts a number of addi-
tional parameters. Those relevant to this
study are:

The total amount
of flash memory
available.

Flash size

Flash segment size The size of an era-

sure unit.
Flash The amount of
utilization data stored, rela-

tive to flash size.
The data are pre-

allocated in flash
at the start of the
simulation, and

the amount of data

accessed during
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the simulation
must be no greater
than this bound.

On-demand clean-
ing, as with the
SunDisk SDPH,
and asynchronous
cleaning, as with
the Flash File
System running
on the Intel flash
card. Flash clean-

Cleaning
policy

ing is discussed
in greater detail
below.

A set of param-
eters control how
the disk spins down
when idle and how
it spins up again
when the disk is ac-

Disk spin-down
policy

cessed.

The amount of
DRAM

for caching.

DRAM size

available

We made a number of simplifying assump-
tions in the simulator:

e All operations and state transitions are
assumed to take the average or “typical”
time, either measured by us or specified
by the manufacturer.

o Repeated accesses to the same file are
assumed never to require a seek (if the
transfer is large enough to require a seek
even under optimal disk layout, the cost
of the seek will be amortized); otherwise,
an access incurs an average seek. Each
transfer requires the average rotational la-
tency as well. These assumptions are nec-
essary because file-level accesses are con-
verted to disk block numbers without the
sophistication of a real file system that
tries to optimize block placement.

e For flash file systems, while file data and
metadata that would normally go on disk
are stored in flash, the data structures
for the flash memory itself are managed
by the simulator but not explicitly stored
in flash or DRAM. In the case of the
SunDisk spph flash device, there is no
need for additional data structures be-
yond what the file system already main-
tains for a magnetic disk and the flash
disk maintains internally for block remap-
ping. For the Intel flash card, the flash
metadata includes state that must be fre-
quently rewritten, such as linked lists.

e For the flash card, the simulator attempts
to keep at least one segment erased at all
times, unless erasures are done on an as-
needed basis. One segment is filled com-
pletely before data blocks are written to
a new segment. FErasures take place in
parallel with reads and writes, being sus-
pended during the actual I/O operations,
unless a write occurs when no segment has
erased blocks.

5 Results

We used the simulator to explore the archi-
tectural tradeoffs between disks, flash disks,
and flash cards. We focussed on four issues:
the basic energy and performance differences
between the devices; the effect of storage uti-
lization on flash energy consumption, perfor-
mance, and endurance; the effect of combined
writes and erasures on a flash disk; and the
effect of buffer caches, both volatile and non-
volatile, on energy and performance.

5.1 Basic Comparisons

Tables 4(a)—(c) show for three traces and
each device the energy consumed, and the
average, mean, and standard deviations of
the read and write response times. As men-
tioned in Section 4.2, the input parameters
for each simulation were either based on mea-
surements on the OmniBook (labeled “mea-
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. . Read Response (ms Write Response (ms
Device Parameters Energy (J) Mean Max ( a) Mean Max ( 0)
cul40 measured 8,854 2.75 | 3535.3 | 50.5 0.93 | 3505.5 | 38.1
cul40 datasheet 8,751 2.04 | 3516.2 | 48.7 0.77 | 3493.6 | 37.8
KH datasheet 9,945 8.70 | 1675.0 | 94.6 1.03 | 1536.2 | 30.2
sppP10 measured 1,516 0.50 | 1001.7 7.6 26.74 586.3 | 45.6
SDP5 datasheet 1,190 0.35 619.9 4.7 16.07 350.4 | 27.3
Intel flash card | measured 1,746 0.35 665.6 5.0 | 32.30 | 1787.9 | 78.8
Intel flash card | datasheet 888 0.12 105.2 0.9 5.65 147.3 9.9
(a) MAC trace
. i Read Response (ms) Write Response (ms)
Device Parameters Energy (J) Vioan Vax > Vean Vax >
cul40 measured 1,495 9.82 | 2746.1 58.7 0.42 5.6 0.4
cul40 datasheet 1,466 6.80 | 2717.6 57.4 0.42 5.6 0.4
KH datasheet 1,786 17.35 | 1560.9 | 131.2 4.56 | 1476.5 | T77.3
SDP10 measured 733 2.94 120.2 5.6 | 36.60 317.6 | 19.7
SDP5 datasheet 606 1.98 77.5 3.6 | 21.88 190.6 | 11.8
Intel flash card | measured 731 1.96 80.8 3.8 | 38.41 939.0 | 21.5
Intel flash card | datasheet 451 0.51 17.0 0.8 7.85 459.7 5.2
(b) Dos trace
. Read Response (ms Write Response (ms
Device Parameters Energy (J) Vean T Max ( cr) Ve Vax ( cr)
cul40 measured 21,370 57.26 | 3537.4 | 145.3 30.46 | 3505.9 | 152.7
cul40 datasheet 20,659 38.65 | 3505.2 | 142.5 22.60 | 3475.1 | 151.6
KH datasheet 28,887 | 81.96 | 1620.9 | 277.0 | 107.06 | 1552.9 | 362.2
sppP10 measured 4,972 10.50 40.4 6.9 | 138.96 | 5734.4 | 101.0
SDP5 datasheet 4,448 6.40 24.9 4.2 82.80 | 3412.5 60.1
Intel flash card | measured 3,865 6.58 24.8 4.4 | 155.52 | 7143.9 | 182.7
Intel flash card | datasheet 2,167 0.42 1.6 0.3 36.72 | 1922.9 | 118.5

(c) HP trace

Table 4: Comparison of energy consumption and response time for different devices, using the MAc,
DOS, and HP traces. There was a 2-Mbyte DRAM buffer for MAC and DOs but no DRAM buffer cache
in the HP simulations. Disk simulations spun down the disk after 5s of inactivity. Flash simulations

were done with flash memory 80% utilized.
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sured”) or manufacturers’ specifications (la-
beled “datasheet”). Note that it is not ap-
propriate to compare response time numbers
between the tables, because of the different
mean transfer sizes of each trace. Simula-
tions of the magnetic disks spun down the disk
after 5s of inactivity, which is a good com-
promise between energy consumption and re-
sponse time [5, 13]. Simulations using the flash
card were done with the card 80% full.

Based solely on the input parameters from
the datasheets, one may conclude that the In-
tel flash card consumes significantly less en-
ergy than either the Caviar Ultralite cu140
or the SunDisk spDP5. It provides better read
performance than either of the other devices,
and better write performance than the Sun-
Disk sppbH, but much worse write performance
than a Caviar Ultralite cu140 or KH with an
SRAM write buffer. This latter discrepancy
suggests that an SRAM write buffer is ap-
propriate for flash memory as well, something
that we have not explored so far but that is an
integral part of the eNVy architecture [24].

When using the numbers for measured per-
formance as input to the simulator, the flash
card does not perform as well as the flash disk.
In particular, its write performance is worse
than the simulated write performance based
on the SunDisk sppP10, across all three traces.
This discrepancy suggests that when choosing
between a flash disk emulator and a flash mem-
ory card, one must consider both the hard-
ware and software characteristics of the envi-
ronment.

We verified the simulator by running a 6-
Mbyte synthetic trace both through the sim-
ulator and on the OmniBook, using each of
the devices. The trace was smaller than the
ones described above, in order to fit on the
10-Mbyte flash devices. We used the mea-
sured micro-benchmark performance to drive
the simulator and then compared against ac-
tual performance. All simulated performance
numbers were within a few percent of mea-
sured performance, with the exception of flash

card reads and Caviar Ultralite cu140 writes.
The measured mean performance for flash card
reads was four times worse than the simulated
performance; we believe this is due to over-
head from cleaning and from decompression,
which are more severe in practice than during
the controlled experiments described in Sec-
tion 3. Measured write performance for the
cU140 was about twice as slow in practice as
in simulation; we believe this is due to our op-
timistic assumption about avoiding seeks.

5.2 Flash Storage Utilization

For the Intel flash card, there is a substan-
tial interaction between the storage utilization
of flash memory and the behavior of the flash
when the flash is frequently written. To ex-
amine this behavior, we simulated each trace
with 40% to 95% of flash memory occupied by
useful data. To do this, we set the size of the
flash to be large relative to the size of the trace,
then filled the flash with extra data blocks that
reduced the amount of free space by an ap-
propriate amount. Under low utilization, en-
ergy consumption and performance are fairly
constant, but as the flash fills the behavior of
the flash degrades, resulting in much greater
energy consumption, worse performance, and
more erasures per unit time (thus affecting
flash endurance). This is because the system
must copy “live” data from one erasure unit to
another to free up an entire erasure unit. By
comparison, the flash disk is unaffected by uti-
lization because it does not copy data within
the flash.

Figure 2 graphs simulated energy consump-
tion and write response time as a function
of storage utilization for each trace, using
the specifications from the Intel flash card
datasheet and a 2-Mbyte DRAM cache (no
DRAM cache for the HP trace). At a utiliza-
tion of 95%, compared to 40% utilization, the
energy consumption rises by up to 150%, while
the average write time increases up to 30%.
For the MAC trace, the maximum number of
erasures for any one segment over the course
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of the simulation increases from 7 to 34, while
the mean erasure count goes up from 0.9to 1.9
(110%). For the HP trace the erasure count
tripled. Thus higher storage utilizations can
result in “burning out” the flash two to three
times faster under this workload.

In addition, experiments on the OmniBook
demonstrated significant reductions in write
throughput as flash memory was increasingly
full. Figure 3 graphs instantaneous through-
put as a function of cumulative data writ-
ten, with three amounts of “live” data in
the file system: 1 Mbyte, 9 Mbytes, and
9.5 Mbytes. Each data point corresponds
to 1 Mbyte of data being overwritten, ran-
domly selected within the total amount of live
data. The flash card was erased completely
prior to each experiment, so that any clean-
ing overhead would be due only to writes from
the current experiment and the experiments
would not interfere with each other. The drop
in throughput over the course of the experi-
ment is apparent for all three configurations,
even the one with only 10% space utilization,
presumably because of MFFS 2.00 overhead.
However, throughput decreased much faster
with increased space utilization.

5.3 Asynchronous Cleaning
The next generation of SunDisk flash prod-
ucts, the sSDP5A, will have the ability to erase
blocks prior to writing them, in order to get
higher bandwidth during the write [3]. Era-
sure bandwidth is 150 Kbytes/s regardless of
whether new data are written to the location
being erased; however, if an area has been
pre-erased, it can be written at 400 Kbytes/s.
We simulated to compare the spDpba with
and without asynchronous cleaning. Asyn-
chronous cleaning has minimal impact on en-
ergy consumption, but it decreases the average
write time for each of the traces by 56-61%.
The improvement experienced by asyn-
chronous erasure on the SunDisk demonstrates
the effect of small erasure units on perfor-
mance. Considering again the simulated write

response of the SunDisk spDP5 and Intel flash
card shown in Tables 4(a)-(c), if the Sun-
Disk spp5 write response decreased by 60% it
would be comparable to the flash card. But as
storage utilization increases, flash card write
performance will degrade although the perfor-
mance of the flash disk will remain constant.

5.4 DRAM Caching

Since flash provides better read performance
than disk, the dynamics of using DRAM for
caching file data change. DRAM provides bet-
ter performance than flash but requires more
power and is volatile. Unlike flash memory,
DRAM consumes significant energy even when
not being accessed. Thus, while extremely
“hot” read-only data should be kept in DRAM
to get the best read performance possible,
other data can remain in flash rather than
DRAM. One may therefore ask whether it is
better to spend money on additional DRAM
or additional flash. In order to evaluate these
trade-offs, we simulated configurations with
varying amounts of DRAM buffer cache and
flash memory. (As is the case with all our
simulations, they do not take into account
DRAM that is used for other purposes such
as program execution.) We began with the
premise that a system stored 32 Mbytes of
data, not all of which necessarily would be
accessed, and considered hypothetical flash
devices storing from 34-38 Mbytes of data.
(Thus total storage utilization ranged from
94% with 34 Mbytes of storage down to 84%
with 38 Mbytes.) In addition, the system
could have from 0-4 Mbytes of DRAM for
caching.

Figure 4 shows the results of these simula-
tions, run against the DOS trace using specifi-
cations from the datasheets. For the Intel flash
card, increasing the amount of flash available
by 1 Mbyte, thereby decreasing storage uti-
lization from 94.1% to 91.4%, reduces energy
consumption by 25% and average over-all re-
sponse time by 18%. The incremental bene-
fit on energy consumption of additional flash
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beyond the first Mbyte is minimal, though
adding flash does help to reduce response time.
Adding DRAM to the Intel flash card increases
the energy used for DRAM without any appre-
ciable benefits: the time to read a block from
flash is barely more than the time to read it
from DRAM.

Only one curve is shown for the SunDisk
SDPH because increasing the size of the flash
disk has minimal effect on energy consumption
or performance. In fact, for this trace, even a
500-Kbyte DRAM cache increases energy con-
sumption for the SunDisk sppb without im-
proving performance. With the MaAcC trace,
which has a greater fraction of reads, a small
DRAM cache improves energy consumption
and performance for the SunDisk spp5, while
the Intel flash card shows a less pronounced
benefit from lower utilization. Thus the trade-
off between DRAM and flash size is dependent
both on execution characteristics (read/write
ratio) and hardware characteristics (the differ-
ence in performance between DRAM and the

flash device).

5.5 NVRAM Caching
So far we have assumed that magnetic disks
are configured with an SRAM write buffer
that allows the disk to stay spun down if a
small write is issued. In practice, SRAM write
buffers for magnetic disks are relatively com-
monplace, though we are unaware of products
other than the Quantum Daytona that use the
write buffer to avoid spinning up an idle disk.
Here we examine the impact of nonvolatile
memory on write performance, the effects of
deferring spin-up, and the cost-effectiveness of
the write buffer. We base our results on a NEC
32Kx8-bit SRAM chip, part pPD43256B, with
a 55ns access time [18]. We assume that writes
to SRAM can be recovered after a crash, so
synchronous writes that fit in SRAM are made
asynchronous with respect to the disk.

A 32-Kbyte SRAM write buffer costs only
a few dollars, which is a small part of the to-
tal cost of a disk system. Under light load,

this buffer can make a significant difference in
the average write response time, compared to
a system that writes all data synchronously to
disk. Although SRAM consumes significant
energy itself, by reducing the number of times
the disk spins up, the SRAM buffer can poten-
tially conserve energy. However, if writes are
large or are clustered in time, such that the
write buffer frequently fills, then many writes
will be delayed as they wait for the disk. In
this case, a larger SRAM buffer will be neces-
sary to improve performance, and it will cost
more money and consume more energy.

Figure 5 graphs normalized energy con-
sumption and write response time as a func-
tion of SRAM size for each of the traces. The
values are normalized to the case without an
SRAM buffer. As with the other experiments,
DRAM was fixed at 2 Mbytes for MAC and DOS
and not used for HP;® the spin-down threshold
was fixed at 5s. For the first two traces, using a
32-Kbyte SRAM buffer improves average write
response by a factor of 20 or more, with no dif-
ference from larger buffers; for the HP trace a
32-Kbyte buffer only halves the average write
response time, but a 512-Kbyte buffer reduces
it by another 20%. A small SRAM buffer re-
duces energy by a much less dramatic amount:
21% for the mac trace, 15% for Dos, and just
4% for uP, with another 4% reduction with
512 Kbytes of SRAM.

6 Related Work

In addition to the specific work on flash file
systems mentioned previously, the research
community has begun to explore the use of
flash memory as a substitute for, or an ad-
dition to, magnetic disks. Céceres et al. pro-

3For this experiment, one should discount the re-
sult from the HP trace by comparison to the other
two traces. This is because the HP simulation has no
DRAM cache, so reads cause the disk to spin up more
than with the other simulations (except those reads
that are serviced from recent writes to SRAM). The
effect of SRAM on energy and response time in the HP
environment bears further study.
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posed operating system techniques for exploit-
ing the superior read performance of flash
memory while hiding its poor write perfor-
mance, particularly in a portable computer
where all of DRAM is battery-backed [2]. Wu
and Zwaenepoel discussed how to implement
and manage a large non-volatile storage sys-
tem, called eNVy, composed of NVRAM and
flash memory for high-performance transac-
tion processing. They simulated a system
with Gbytes of flash memory and Mbytes of
battery-backed SRAM, showing it could sup-
port the I/O corresponding to 30,000 trans-
actions per second using the TPC-A database
benchmark [23]. They found that at a utiliza-
tion of 80%, 45% of the time is spent eras-
ing or copying data within flash, while per-
formance was severely degraded at higher uti-
lizations [24]. Marsh et al. examined the use
of flash memory as a cache for disk blocks
to avoid accessing the magnetic disk, thus al-
lowing the disk to be spun down more of the
time [15]. SunDisk recently performed a com-
petitive analysis of several types of flash mem-
ory on an HP Omnibook 300 and found that
the SunDisk SDP5-10 flash disk emulator was
nearly an order of magnitude faster than an
Intel Flash card using version 2 of the Flash
Files System [22]. They also found that perfor-
mance of the Intel Flash card degraded by 40%
as it filled with data, with the most noticeable
degradation between 95% and 99% storage uti-
lization.

Other researchers have explored the idea
of using non-volatile memory to reduce write
traffic to disk. Baker et al. found that some
78% of blocks written to disk were done so for
reliability. They found that a small amount
of NVRAM on each client was able to re-
duce client-server file write traffic by half, and
NVRAM on the file server could reduce writes
to disk by 20% [1]. However, the benefits of
NVRAM for workstation clients did not jus-
tify its additional cost, which would be better
applied toward additional DRAM. This con-
trasts with our results for a mobile environ-

ment, in which larger amounts of DRAM are
not so cost effective, but a small amount of
NVRAM helps energy consumption and per-
formance. Ruemmler and Wilkes also studied
how well NVRAM could absorb write traffic,
finding that 4 Mbytes of NVRAM was suffi-
cient to absorb 95% of all write traffic in the
systems they traced [20].

Finally, segment cleaning in Rosenblum
and Ousterhout’s Log-Structured File System
(LFS) [19] has a number of similarities to flash
cleaning when the flash segment size is a large
multiple of the smallest block size. The pur-
pose of Sprite LFS is to amortize write over-
head by writing large amounts of data at once;
to do so requires that large amounts of con-
tiguous disk space be emptied prior to a write.
However, cleaning in LFS is intended to amor-
tize the cost of seeking between segments any-
where on the disk, while flash cleaning is a
requirement of the hardware. Kawaguchi et
al. [10] recently designed a flash memory file
system for UNIX based on LFS, with perfor-
mance comparable to the 4.4BSD Pageable
Memory based File System [16]. They found
that cleaning overhead did not significantly af-
fect performance, but they need more experi-
ence with cleaning under heavier loads.

7 Conclusions

In this paper we have examined three alter-
natives for file storage on mobile computers:
a magnetic disk, a flash disk emulator, and a
flash memory card. We have shown that either
form of flash memory is an attractive alterna-
tive to magnetic disk for file storage on mobile
computers. Flash offers low energy consump-
tion, good read performance, and acceptable
write performance.

The main disadvantage of using magnetic
disk for file storage on mobile computers is its
great energy consumption. To extend battery
life, the power management of a disk file sys-
tem spins down the disk when it is idle. But
even with power management, a disk file sys-
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tem can consume an order of magnitude more
energy than a file system using flash memory.

Our trace simulation results, using a Sun-
Disk spprH and a Caviar Ultralite cu140, show
that the flash disk file system can save 59-86%
of the energy of the disk file system. It is 3—
6 times faster for reads, but its mean write
response is a minimum of four times worse.
Adding a nonvolatile SRAM write buffer to
a flash disk should enable it to compete with
newer magnetic disks that are coupled with
SRAM buffers.

The flash memory file system (using the In-
tel flash card) has the most attractive quali-
ties with respect to energy and performance,
though its price and capacity limitations are
still drawbacks. Even in the presence of disk
power management, the flash memory file sys-
tem can save 90% of the energy of the disk
file system, extending battery life by 20-100%.
Furthermore, in theory the flash memory file
system can provide mean read response time
that is up to two orders of magnitude faster
than the disk file system. However, its mean
write response time varies from 50% to an or-
der of magnitude worse than a cul40 mag-
netic disk with an SRAM write buffer. Again,
adding SRAM to flash should dramatically im-
prove performance, except in situations where
flash performance is dominated by cleaning
costs.

In practice, hardware measurements showed
that there is a great discrepancy between the
rated performance of each of the storage me-
dia and their performance in practice under
DOS. This is especially true with the flash
card using MFFS 2.00, whose write perfor-
mance degrades linearly with the size of the
file. Some of the differences in performance
can be reduced with new technologies, in both
hardware and software. One new technique
is to separate the write and erase operations
on a flash disk emulator, as the next genera-
tion of the SunDisk flash disk will allow. An-
other hardware technique is to allow erasure
of more of a flash memory card in parallel, as

the newer 16-Mbit Intel flash devices allow [9].
Newer versions of the Microsoft Flash File Sys-
tem should address the degradation imposed
by large files, and in order to take advantage
of asynchronous flash disk erasure, file systems
for mobile computers must treat the flash disk
more like a flash card than like a magnetic

disk.

Finally, in our simulation study, we found
that the erasure unit of flash memory, which
is fixed by the hardware manufacturer, can
significantly influence file system performance.
Large erasure units require a low space utiliza-
tion. At 90% utilization or above, an erasure
unit that is much larger than the file system
block size will result in unnecessary copying,
degrading performance, wasting energy, and
wearing out the flash device. In our simula-
tions, energy consumption rose by as much as
190%, the average write response increased up
to 30%, and the rate of erasure as much as
tripled. Flash memory that is more like the
flash disk emulator, with small erasure units
that are immune to storage utilization effects,
will likely grow in popularity despite being at a
disadvantage in basic power and performance.
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Figure 1: Measured latency and instantaneous throughput for 4-Kbyte writes to a 1-Mbyte file. To
smooth the latency when writing via DoubleSpace or Stacker, points were taken by averaging across
32-Kbytes of writes. Latency for an Intel flash card running the Microsoft Flash File System, as a
function of cumulative data written, increases linearly. Though writes to the first part of the file are
faster for the flash card than for the flash disk, the average throughput across the entire 1-Mbyte write
is slightly worse for the flash card. The flash card was erased prior to each experiment. Also, because
the cu140 was continuously accessed, the disk spun throughout the experiment.
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Figure 2: Energy and write response time as a function of flash storage utilization, simulated based

on the datasheet for the Intel flash card, with a segment size of 128 Kbytes. Each of the traces is shown.

Energy consumption increases steadily for each of the traces, due to increased cleaning overhead, but

the energy consumed by the HP trace increases the most dramatically with high utilization. Write

response time holds steady until utilization is high enough for writes to be deferred while waiting for

a clean segment; even so, the MAC trace has constant mean write response. It has a higher fraction

of reads, so the cleaner keeps up with writes more easily. The size of the DRAM buffer cache was
2 Mbytes for MAC and DOS and no DRAM was used for HP.
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Figure 3: Measured throughput on an OmniBook using a 10-Mbyte Intel flash card, for each of 20
1-Mbyte writes (4 Kbytes at a time). Different curves show varying amounts of live data. Throughput
drops both with more cumulative data and with more storage consumed.
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Figure 4: Energy consumption and average over-all response time as a function of DRAM size and
flash size, simulated for the DOS trace. We simulated multiple flash sizes for the Intel flash card, which
shows a benefit once it gets below 80% utilization. Each line represents a 1-Mbyte differential in flash
card size, similar to moving along the x-axis by 1 Mbyte of DRAM. Increasing the DRAM buffer size
has no benefit for the Intel card. The SunDisk has no benefit due to increased flash size (not shown),

and here for this trace it shows no benefit from a larger buffer cache either.
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Figure 5: Normalized energy and write response time as a function of SRAM size for each trace.
Results are normalized to the value corresponding to no SRAM. While a 32-Kbyte SRAM write buffer
improves energy and response time for each of the traces, the improvement is more significant for
MAC and DOS than for HP. Only the HP trace significantly benefits from an SRAM cache larger than
32 Kbytes. Disks were spun down after 5s of inactivity. The size of the DRAM buffer cache was
2 Mbytes for MAC and DOS and and no DRAM was used for HP.
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