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ABSTRACT

We observethat the modularity of current power manage-
ment algorithms often leads to poor results. We propose two
new interfaces that pierce the abstraction barrier that in-
hibits device power management. First, an OS power man-
ager allows applications to query the current power mode of
I/0 devices to evaluate the performance and energy cost of
alternative strategies for reading and writing data. Second,
we allow applications to disclose ghost hints that enable bet-
ter power managementin the presene of multiple devices.
Adaptive applications issue ghosthints to device power man-
agerswhen they are forced to use a poor I/O path because a
device is not in an ideal power mode; such hints allow devices
to implement proactive power managementstrategies that do
not depend upon passive load observation. Using these new
interfaces, we implement a middleware layer that supports
adaptive disk cache management. On an iPAQ handheld
running Linux, our cache manager reduces interactive re-
sponse time for a Web browser by 27% and decreases total
energy usageby 9%. For a mail reader, the cache manager
decreasesresmnse time by 42% and enemy use by 5%.

Categoriesand Subject Descriptors

D.4.2 [Op erating Systems ]. Storage Managemert| stor-
age hierarchies; D.4.4 [Op erating Systems ]: Communica-
tions Managemert| network communication; D.4.8 [Op er-
ating Systems ]: Performance

General Terms
Managemert, Performance

Keywords
Power managemen, energy-avareness,adaptive cacing

1. INTRODUCTION

Most I/O devicescurrently implement power managemen
algorithms that do not consider the context in which they
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are operating. Each device attempts to optimize its own
energy usage,not that of the entire mobile computer. Simi-
larly, applications rarely take the power mode of I/O devices
into accourt when deciding when and where to read or store
data. This modularit y leadsto simplicity of implementation

for both parties, but sacri ces both performance and energy
consenation.

The goal of our work is to enable better power manage-
ment by exposing additional context to applications and
devices. For applications, we add an OS power manager
that preserts a common interface for querying device per-
formance and energy characteristics. The power manager
also exposesdynamic information that includes the power
mode that is currently employed by eact device. Using this
context, adaptive applications can modify when and where
they read and write data in order to save power.

For power managemer algorithms, we add a ghosthint in-
terface that exposes\accessesthat might have been." When
an adaptiv e application choosesto not use a device because
it is in an inappropriate power mode, it disclosesto the de-
vice's power manager a ghost hint that quanti es the lost
opportunit y. The power manager usesghost hints to proac-
tiv ely transition the deviceto power modesthat better meet
application needs. We show that such hints are often a vital
part of an adaptive power managemert strategy; without
ghost hints, some applications achieve much poorer perfor-
mance or energy consenation.

To explore the e ectiv enessof these new interfaces, we
have built a middleware layer that provides energy-avare
data caching. We obsere that remote accessto data is fun-
damental to mobile computing. To guard against periods of
disconnection or poor wireless network coverage, many mo-
bile applications cache data on local disk. For this reason,
local and remote copies of data will often exist simultane-
ously, implying that an adaptive application has an oppor-
tunit y to save time and energy by dynamically deciding from
which location it will read data. We have modied a Web
browser and e-mail reader to use this cache | our results
show substantial reduction in interactiv e response time for
both applications, along with moderate energy savings.

A secondary goal of our work is to provide the user with
a more intuitiv e power managemer interface. Currently,
eath device exposesa separate set of custom controls for
tuning power managemen. These controls are typically not
expressedin terms that are meaningful to the average user.
We remedy this problem by providing a single, global knob
that controls the power managemen of multiple /O de-
vices. This knob expressesthe user's relativ e priorities for



Hitachi Microdrive Cisco 350
Mode Power || Mode Power
Performance Idle | 760mW || CAM | 1410mW
Low-Power Idle 340mW || PSM 390mwW
Standby 80mwW

This gure shows the power usageof the Hitachi 1GB micro-
drive and Cisco 350 802.11 wirelessnetwork interface in each
supported power mode. Measurementswere taken during idle
periods when no reads or writes were occurring. We report
the mean of ve measurements| the standard deviation of
all measurementsis within 4%.

Figure 1: Power usage of two I/O devices

performance and energy consenation. We show that it is
possibleto translate this global value into speci c strategies
for dynamically tuning custom device power managemen
controls by inserting a self-tuning software layer.

We begin in the next section by describing current power
managemen and its limitations in more detail. Section 3
outlines our design goals and Section 4 discussesour im-
plementation. Section 5 describes out experimental results.
We conclude with a discussion of related and future work.

2. BACKGROUND AND MOTIVATION

2.1 Dynamic power management

In the absenceof power managemen, the energy used by
1/0 devices can be prohibitiv e for small, mobile comput-
ers. For example, Figure 1 details the power usage of the
Cisco 350 802.11 wireless network interface and the 1GB
Hitachi microdrive. Without power managemern (in CAM
and performance idle modes, respectively), these devices
draw a combined 2.17Watts of power without any 1/O ac-
tivit y. Given that the rest of the iIPAQ handheld draws
only 1.44Watts when idle, a back-of-the-envelope calcula-
tion shows that using thesetwo deviceswithout power man-
agemen decreaseshattery lifetime by 60%.

For this reason,most I/O devicesintended for mobile com-
puters support one or more power managemer modes. The
microdrive's low-power idle mode reduces its power con-
sumption by 55% by shutting down many electronic com-
ponents. However, the next accessincurs a performance
penalty of approximately 300ms becausethe drive must
transition back to performanceidle beforeaccessingthe disk.
Similarly, the microdrive's standby mode decreasespower
consumption by almost 90%, but the next accessincurs a
transition cost of approximately 800ms. The Cisco 802.11
card supports a power-saving mode (PSM) that disables
the network interface if no incoming packets are waiting
for transmission at the wireless accesspoint. The inter-
face wakes up periodically (typically every 100ms) to poll
the basestation for new packet arrivals. This mode reduces
power consumption by 72%; however, incoming packets may
incur a delay proportional to the polling period, leading to
high latency and reduced throughput for network communi-
cation. Figure 2 further details the transition cost of chang-
ing power modes.

Both devicesimplement dynamic power managemert al-
gorithms that adaptiv ely switch betweenthe supported power
modes. Such algorithms obserwe device accesspatterns to
determine when to change modes. They attempt to use

Hitachi Microdrive
From Mode To Mode Time | Energy
Low Power Idle | Perf. Idle 300ms | 310mJ
Standby Perf. Idle 820ms | 900mJ
Perf. Idle Low Power Idle | 160ms | 150mJ
Perf. Idle Standby 320ms | 300mJ
Cisco 350
From Mode To Mode Time | Energy
PSM CAM 400ms | 510mJ
CAM PSM 410ms | 530mJ

This gure shows the cost of power mode transitions for the
Hitachi 1GB microdrive and Cisco 350 802.11 wirelessnetwork
interface. We report the mean of ve measurements| the
standard deviation of all measurementsis within 7%.

Figure 2: Device transition costs

high-p erformance modesduring periods of high activit y and
power-saving modes during idle periods.

2.2 Impact of power management

It seemsintuitiv e that fetching data from local storage
should belesscostly than fetching data from a remote server.
In the absenceof power managemer, this is usually true.
However, as Figure 3 shows, the time and energy needed
to read data from network and storage devicesis sewerely
impacted by the power modes being employed. To generate
these results, we ran the Dillo Web browser [6] on an HP
iPAQ handheld with a Cisco 350 wireless interface and and
a 1GB Hitachi microdrive. Dillo doesnot natively provide
disk caching, sowe usedthe wwwo e disk caching proxy [3]
to read and write to local storage. We used NISTnet [4]
to emulate a high-speed cable modem connection; we added
a 20ms latency betweenthe client and Web server, as well
as an upstream cap on bandwidth of 250Kb/s and a down-
stream cap of 3Mb/s.

The results show that reading data from local storage is
best from atime and energy perspectiveif the local disk is in
a high-power mode. However, if the microdrive is currently
in a power-saving mode, it takeslesstime and energyto fetch
a small object from the network server. Reading a 32KB
le from the microdrive takes 820ms and 2.3Joules if the
driveis in standby mode, but reading the le from the server
requires only 250ms and 0.9 Joulesif the network is in CAM.
For large objects, the most e cien t method of reading data
is to pay the transition cost of spinning up the microdrive
and then read the object o disk. Readinga512KB le from
the drive in standby mode takes 320ms less than reading
it from the network in CAM. While variation in available
network bandwidth and latency will change the break-even
point for these results, a network connection must be quite
poor to exceedthe 800ms cost of spinning up the hard driv e.

2.3 Thebene t (andlimitations) of adaptation

Many applications cache data on mobile computers to
guard against disconnection or poor wireless connectivity.
Examples include Web browsers [3, 6, 22], e-mail applica-
tions [7], and distributed le systems[16]. Further, many
mobile computers have multiple storage or network options;
for example Blueto oth and 802.11. An adaptiv e application
can improve both performance and energy consenation by
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The top graph shows the time to read Web data from a 1GB Hitachi microdrive and from a Web server using a Cisco 350
wirelessnetwork interface. The bottom graph shows energy usage. The standby, low-power idle and active lines show time and
energy used to fetch data from disk with the drive initially in each mode. The CAM and PSM lines showv time and energy to
fetch data from the network with the network interface in each mode. Each data point is the mean of three trials; the error bars

show the minimum and maximum ftrials.

Figure 3: Eect of network and storage power modes on Web fetch time and energy

observing the power modes of its network and storage de-
vices and dynamically deciding from which device it will
fetch eac data object. Such an application could, for in-
stance, fetch small items from the network when the disk
is in standby mode. In contrast, current mobile application
embeda xed cache hierarchy|they fetch anitem from disk
even if it is cheaper to obtain the data over the network.

One relevant question is whether mobile devices in the
future will eshew disk drivesertirely for reasonsof energy-
e ciency . Currently, disk technology o ers greater capac-
ity and is generally more cost e ectiv e than ash memory.
While prices change rapidly, as of November, 2003, a 4GB
Hitachi microdrive was priced at $489, a 1GB microdrive
was$185,and a 1 GB SanDisk Compact Flash card was $249
(we could nd no 4GB ash product o ered) [27]. Further,
this work shows that it is possible to achieve reasonable
performance using disk technology with minimal impact on
battery lifetime.

Finally, a careful study of the results in Figure 3 reveals
that adaptation, by itself, is insu cien t to achieve the best
possible performance improvemert. Consider a Web appli-
cation that fetches many small images stored in the disk
cache. If the disk is in standby mode, the adaptiv e applica-
tion would fetch ead image from the network server since
the cost of network accessfor eadt item is smaller than the

time and energy cost of spinning up the hard drive. For
ead individual access,this decision is correct. Yet, if the
drive were to transition to a high-power mode, the transi-
tion cost would be amortized acrossmany reads, leading to
signi cant energy and performance savings. Unfortunately ,
such behavior is infeasible with current power managemert
strategies that base their decision upon obsered accesses
| sincethe drive is never accessedthe power managemen
algorithm will never transition to a high-performance mode.

Our approach to solving this problem is the addition of
ghost hints that describe \accessesthat might have been".
The adaptive application rst calculates the best possible
method for accessingdata given each device's current power
state. It fetchesthe data using this method. However, the
application also computes what method would have been
best if all devices had beenin the ideal power mode. If
this ideal method diers from the method actually used,
the application issuesa ghost hint to the power managemert
layer that describesthe opportunit y lost due to a device not
being in the ideal power mode.

In the above example, the disk power manager would re-
ceive sewral ghost hints and respond by spinning up the
disk. Thus, the application would fetch the rst few les
from the network until the disk has completed its transi-
tion; once the disk is spinning, subsequen accessesvould



DataAccess  cache
Applications Decision M anager
Ghost Hints.~~~ Device - ... Ghost Hints
Network L Characteristics & ™
Hints Current State
a’ "
STPM Network Device Power Disk Device STPM
Network  [Characterisics | Manager | Characterisiics Disk
Mode Mode
Transitions Transitions
Notify Network Notify Disk
State Change State Change -

Network

Device Driver

Operating System

Disk

Device Driver

Figure 4: Energy-a ware arc hitecture

go to disk, saving both time and energy. Further, since the
network device would no longer be used by the application,
the network power manager would transition to a low-power
mode. No ghost hints are issuedto the network at this point
becausethe disk o ers the best possible performance while
it is spinning.

3. DESIGN GOALS

Our primary design goal is to provide simple interfaces
that enable better power managemen by piercing the ab-
straction barrier that currently separates applications and
the power managemen layer. In essence,this barrier is
yet another instance of the familiar tension between per-
formance and modularity in system design [19]. Our belief
is that current power managemen algorithms sacri ce too
much to achieve modularity | by exposing a small amount
of additional context, we gain substantial improvemert in
performance and energy consenation.

Currently, almost all mobile computing devices imple-
ment a custom power managemert algorithm in isolation.
For example, the Hitachi microdrive decides when to en-
ter power-saving modes by observing the pattern of recen
disk accesseq14], and the Cisco 350 802.11 network inter-
face adaptiv ely switchesbhetweenPSM and CAM depending
upontrac load [5]. These algorithms do not consider con-
text such asthe basepower of the mobile computer or appli-
cation intent. This often leadsto decisionsthat are inferior
to those that could be made by a more informed power man-
agemert algorithm. Further, ead devicetypically exports a
custom set of controls for tuning its custom power manage-
ment algorithm. This leads to an explosion of complexity:
Windows XP on a typical laptop has over 25 separate knobs
that can be usedto adjust power managemen behavior. A
secondary goal of our work is to reduce this complexity by
providing a global control that tunes the power managemen

of all devicessimultaneously. While more work, including a
human factors study, is neededto evaluate this control, the
interfaces developed here represert a necessary rst step in
this direction.

4. IMPLEMENT ATION

Figure 4 shows our energy-avare caciing architecture.
The power manager, described in the next section, is the
certral repository for static and dynamic data describing
device power modes and their assaiated performance and
energy characteristics. The power manager is currently im-
plemented as a Linux loadable kernel module.

The second component of our architecture is self-tuning
power managemert (STPM), describedin Section4.2. STPM
algorithms consider more than just device accesspatterns:
they dynamically adjust their behavior to the basepower of
the mobile computer aswell asthe relativ e priorit y of perfor-
mance and energy consenation. We implement self-tuning
power managemer in the kernel at a layer above individual
device drivers. All STPM modules expose a simple com-
mon interface. This enablesusersto adjust the behavior of
all devicessimultaneously using a global knob. Each STPM
module translates the knob setting into a device-speci c pol-
icy for dynamically adjusting the custom controls exported
by the particular device that it is managing.

An adaptive cache manager, described in Section 4.3, dy-
namically determines the best source from which to read
data by querying the current power mode of available devices
and predicting the performance and energy cost of reading
from ead source. The cache manager also provides delayed
write mechanisms that amortize the cost of I/O access.We
have modi ed an e-mail reader and a Web browser to use
our cache manager.

The nal componert is an interface for ghost hints that is
described in section 4.4. The cache manager usesghost hints



RegisterDevice (IN device, IN modedata, IN transition

_costs, OUThandle);

QueryTransitionCost

Notify (IN handle, IN newmode);
DeregisterDevice (IN handle);

QueryNumModes (IN device, OUTnummodes);
QueryModelnfo (IN device, IN mode, OUTmodeinfo);

(IN device, IN from_mode, IN to _-mode, OUTcost);
QueryCurrentMode (IN device, OUTmode);
RegisterCallback (IN device, IN mode);

Figure 5: Power manager interface

to inform STPM modules that it would have used a partic-
ular device if only that device had been in another power
mode. Ghost hints enable devicesto proactively transition
to high-performance modes.

4.1 The OS power manager

The power manager provides a common interface that
enables applications to query the performance and energy
characteristics of 1/0 devices. Such information is a vital
rst step in the implementation of energy-avare strategies
at user level. Without such an interface, applications would
be unable to tune their behavior to the specic /0O devices
presert on a mobile computer. Further, applications would
be unable to adjust their behavior in responseto dynamic
power managemeri.

We considered an alternativ e strategy of having eac de-
vice export a custom interface. While this strategy could
potentially o er more exibilit y, wefeelthat the power man-
ager adds a useful layer of indirection. Implementation of
energy-awvare strategies is simplied becausedata about all
1/0 devicesis obtained through a single interface. Device
driv er implementation is simplied becausethe power man-
ager provides common functionalit y for notifying applica-
tions when power modes change.

Figure 5 shows the power manager interface. The rst
three functions are exported to device driv ers;the next v e
are exported to applications. When a device is loaded, its
driver calls RegisterDevice and disclosesthe device's sup-
ported power modes, as well as performance and energy
characteristics in each mode. Whenever the device changes
to a new power mode, the driver calls Notify to inform the
power manager.

We have currently modied two Linux device drivers to
use this interface: the wireless network driver used by the
Cisco 350 802.11 network card, and the IDE driver used by
the Hitachi microdrive. We derived the performance and
energy characterization for eac device, shown in Figures 1
and 2, by running a benchmark suite. This characteriza-
tion must be performed only once for eat type of device.
Eventually, we hope that manufacturers and device driver
developers can make such information a standard part of the
driv er interface since much of the necessaryinformation is
already provided aspart of the device speci cations. For our
characterization, we used actual measuremerts, further de-
scribedin [1], rather than the stated speci cations (although
we found few signi cant discrepancies).

The application interface allows user level programs to ob-
tain static and dynamic data about the power modes sup-
ported by eac device. QueryModelnfo returns attributes of
a speci ed power mode such asthe power drawn by the de-
vice and whether the device is capable of reading or writing

data in that mode. Further, if the device can read or write
data in the queried power mode, QueryModelnfo alsoreturns
a model of the performance and energy costs of /0 oper-
ations. QueryTransitionCost returns the cost of changing
modes| this is expressedin terms of both time and energy.

QueryCurrentMode returns the power mode of a speci ed
device. Applications may also use RegisterCallback to
block until a device enters a specic mode. The callback
interface is useful for applications that can delay activity
and wish to avoid polling. For example, a Web browser
might wish to delay writing to its disk cache until the disk
is already spinning.

4.2 Self-tuning power management

STPM modules make better power managemert decisions
becausethey consider more context than just device access
patterns. Each module explicitly considersthe base power
of the mobile computer and exports an interface that allows
the user to adjust the relativ e priorit y of performance and
energy consenation.

When a device is inserted into a laptop with high base
power, its power managemen algorithm should be conser-
vative. When it is inserted into a handheld with low base
power, its power managemert algorithm should be more ag-
gressive. The reason for this dierence is that the benet
of power managemer, i.e. the relative percertage of en-
ergy saved, is much greater on the handheld. Further, the
performance cost of power managemern is constant on both
devices, but the laptop will expend more total energy wait-
ing for 1/0 accessesinceits basepower is higher. In previ-
ouswork [1], we have found that using default (i.e. untuned)
wirelessnetwork power managemert on laptops can actually
increase the energy usedto perform common workloads.

The priorit y of performance and energy consenation is
exported to the user as a global knob that rangesin value
between0 and 100. Each STPM module considersthe value
of this knob in its power managemen decisions. When
the knob is set to 0, eadh STPM module implements the
power managemert policy that maximizes energy consena-
tion. When the knob is set to 100, eadh module maximizes
performance. Intermediary values represert dierent rela-
tive weightings of these two goals. This knob re ects the
obsenation that the priorit y of these goals varies according
to usage context. If a user expects to operate on battery
power for only a few minutes, performance is the primary
concern. The longer the user needsthe battery to last, the
more important energy consenation becomes.

The primary intent of this knob is to make power man-
agemern more intuitiv e for the user. The user can control
the activit y of many deviceswith one simple interface. Fur-
ther, this control is expressedin terms that are meaningful



to the user, i.e. performance and energy consenation. In
contrast, current devices export custom controls, meaning
that a user must adjust many di eren t knobs when greater
performance or extended battery lifetime is needed. Addi-
tionally , these controls are often expressedin terms such as
CAM, low-power idle, etc. that are unclear to the average
user. It is non-trivial to predict how adjusting these controls
will aect performance and energy consenation.

Finally, STPM modules allow applications to supply ad-
ditional context about device accessesFor instance, an ap-
plication may hint that a particular accessis a background
request for which performance is not critical. A distributed
le system might use such hints to specify that prefetch re-
quests and delayed write operations are background tra c.

4.2.1 Networkpowermanaement

As our network self-tuning power managemert module has
been described in detail elsewhere[1], we review here only
the relevant properties of this module. Our STPM network
module preserts a hinting interface that enables applica-
tions to disclose how groups of packets sert and received
by the network interface are mapped to logical data trans-
fers. For applications that do not disclose such hints, the
module observes network trac and usesheuristics to per-
form the mapping. The module groups transfers into runs
that represert sets of transfers that are closely correlated
together in time. It maintains histograms of run length and
inter-arriv al time betweenruns. Considering both the base
power of the computer and the current relativ e priorit y of
performance and energy consenation, it performs a cost-
benet analysis to calculate the best predicted policy for
power managemen. This policy describes when the net-
work device should transition to ead power mode; for ex-
ample, the STPM module might transition from PSM to
CAM after it observesthree consecutive transfers in a run.
Our results show that STPM improvesperformance and re-
duces energy usagefor applications such as distributed le
systems, streaming audio, and remote X window display.

4.2.2 Diskpowermanajement

The disk STPM module decideswhen to transition to a
low-power mode (e.g. low-power idle or standby for the
microdrive) and when to transition back (e.g. to the per-
formance idle mode). A common practice in disk power
managemer is to usethe break-eventime as a heuristic for
determining when to transition to a low-power mode [21,
28]. We adopt this heuristic as a starting point and then
apply the STPM principles to improve it.

The break-even time is the amount of time that a disk
must remain idle in order to save energyby transitioning to a
low-power mode. As can be seenin Figure 2, the microdrive
expends considerableenergy during power mode transitions.
Further, if the next disk request that is made after entering
the low-power mode is a foreground activity (as is likely
for most interactiv e applications), the mobile computer will
expend additional energy while waiting for the requestto be
serviced. Thus, by knowing the amount of energy expended
by the mobile computer during transitions, Ey, and Egown ,
aswell asthe amount of power used while in the high-power
and low-power modes, Py, and Py, we can calculate the
break-even time, Tye, as:

Toe = (Eup + Edown):(Php Plp) Q)

The break-even heuristic assumesthat the disk is more
likely to remain idle after it hasalready beenidle for a period
of time. It therefore transitions to a low-power mode after
the disk has already beenidle for the break-even time.

In our STPM module, we modify this heuristic to take
into accourt the basepower of the mobile computer and the
relative priorit y for performance and energy consenation.
First, we usebasepower to calculate energy expenditure for
the entire computer, not just the disk device. Second, we
consider both performance and energy consenation when
deciding when to transition the disk and usethe knob value
to assigna relativ e weighting to ead goal.

Speci cally, the time cost of using a low-power mode is
Tup , the performance hit we incur on the next request while
waiting for the disk to transition to the high-power state.
The energy cost, Ce, is calculated as:

Ce = Edown (Php Tdown) + Eup + (Poase Tuwp) (2)

During a transition to the low-power state, the mobile com-
puter is idle, so we must consider only the extra energy
expended by the disk to make the mode transition. Dur-
ing the reversetransition at the end of the idle period, the
next requestis delayed, forcing the entire mobile computer
to waste power. We must therefore consider base power in
this cost.

We weight time and energy cost according to the knob
value, i.e. we treat K as the utilit y of reducing interactiv e
delay by one second,and we treat 100 K asthe utilit y of
saving a Joule. We calculate break-even time as:

_ (T K)+(Ce (100 K))
~ (Pp Pp) (100 K)

The time and energy parameters, knob value, and base
power for these calculations are provided by the OS power
manager. Currently, the user setsthe global knob value us-
ing acommand-line tool. For the microdriv e, the disk STPM
module calculates the break-even point for low-power idle
and standby transitions. During idle periods, it rst transi-
tions to low-power idle and then transitions to standby.

In general, current disk power managemer algorithms
transition back to the high-power mode when the next re-
quest arrives. In our work, we considertwo additional cases.
First, background trac o ers the opportunit y to delay the
disk accessuntil a more opportune time in the future. We
explore this idea further in the next section. Second, a
proactiv e disk power managemern policy may decideto tran-
sition to a high-power state even if no application is cur-
rently accessingthe device. In section 4.4, we describe how
the STPM module usesghost hints to proactively transi-
tion the drive and provide adaptive applications with the
opportunit y for further power savings.

Tbe
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4.3 Middlewar e for enemgy-aware caching

Mobile applications such asWeb browsersand e-mail clients
often proactively cache les on local media to make data
available during future periods of disconnection from the
network or poor network connectivity. Such applications
typically usea xed cade hierarchy in which local storage
is always considered cheaper to accessthan remote storage.
However, asthe results in Figure 3 show, device power man-
agemer substantially impacts the cost of accessingdata and
can often make remote accesscheaper than local storage.



CacheStatus  (IN

name, OUTstatus,
name, OUTdata);
name, OUTmetadata);
name, IN data);

name, IN metadata);
newname, IN old _-name);

GetData (IN
GetMetadata  (IN
PutData (IN
PutMetadata  (IN
Rename (IN
Delete (IN name);

OUTsize);

Figure 6: Cache manager interface

We chose energy-avare cading as the rst implementa-
tion of our ideasbecauseit allows us to restrict the problem
domain to the simpler caseof read-only data. In contrast,
supporting a distributed le system such as Coda that mod-
ies data locally requires careful handling to ensure data
consistency In this work, we further restrict our implemen-
tation to usea single network interface and a single storage
device. Section 7 discussesour plans to extend our work
into lessrestricted domains.

We chosea middleware approach to amortize the develop-
ment cost of adding energy-avarenessacrossmultiple appli-
cations. While the development complexity of the caching
layer is non-trivial, it exports a simple interface that can be
easily added to existing applications.

The cache manager API is shown in Figure 6. When read-
ing data, applications rst call CacheStatus to determine
whether a le is stored in the cache. This function returns
one of three results: the le is not presen, the le is presen,
or the le is presert but it would be preferable to fetch the
le from the network. This last result is advisory: the appli-
cation may fetch the requested le from the cache if desired.
The cache status also returns the size of the cadched le.

The cadhe manager maintains an in-memory hash table
with the name and the size of eacth item | this allows it
to answer status queries without generating disk accesses.
When an item is presert, it calculates the most e cien t
manner of reading the data. At startup, it queriesthe OS
power manager to determine the static performance and en-
ergy characteristics of network and storage devices. When
it receives a status query for a cached item, it retrievesthe
current power mode of eac device from the power manager.
Given this data and the item size, it calculates the expected
time and energy neededto read the item from network and
from disk. It usesthe knob value, K, to weigh these costs:

K + Exp_energy (100 K) (4)

Depending upon the returned status code, an application
either reads an item from disk using GetData or fetchesthe
item from a network server. After fetching an item from the
network, the application may call PutData to store the item
in the cadhe. Since this is a background request, the cache
manager defers the write when the disk is in a low-power
state by placing the request on its write queue. A sepa-
rate writeback thread registers for an OS power manager
callback to be delivered when the disk next enters the per-
formance idle state. After receiving the callback, it ushes
the write queue to disk. We currently cap the maximum
amount of data stored in the queue at 4MB to alleviate
memory concerns. This cap may be unnecessary however,
since memory pressure will lead to paging, and the assai-
ated disk activity will trigger a write queue ush. Queued
data will be lost in the event of system crash | however,

Costa = Exp_time

given that this is only a cache, we feel this disadvantage is
more than outweighed by the potential energy savings. Al-
ternativ ely, we could have used Weissel's Cooperative 1/O
interface [28] were it presert on our machine. However, our
user level implementation has the advantage of simplicit y.

The PutMetadata call storesapplication-sp eci c metadata
for each object. Metadata items are kept in the in-memory
hash table and are also written to disk using the deferred
write mechanism. The Web browser usesthis functionalit y
to store HTTP headerinformation. The remaining calls al-
low applications to rename and delete cached objects. These
operations are also deferred in the write queue.

We have modied an e-mail client and Web browser to
use our cache manager. In addition, we have changed these
applications to disclosethe start and end of network trans-
fers to the network STPM module. These network hints
enable better network power managemen and also provide
the ability to implement simple estimation of network band-
width and latency.

4.4 Ghosthints

Adaptivit y alone may be insucien t to realize substan-
tial performance or energy benet acrossmultiple devices.
Although the adaptive cache may choose the best device
at any given momernt, it may lose considerable opportunit y
becauseone or more devices are not in their best possible
power modes. For example, in Figure 3, if the disk is in
standby mode and the network in CAM, an adaptive Web
browser will ignore the disk cache and fetch a 32KB item
from the network saving 570ms and 1,400mJ. However, if
the microdriv e had beenin performanceidle mode, the Web
browser would have read the cached copy, saving an addi-
tional 160ms and 580mJ. For a single object, it does not
make senseto transition to a high-power mode, but if the
Web browser is fetching many such items in short succes-
sion, the transition costwill be amortized acrossmany reads,
leading to overall performance and energy savings. Unfor-
tunately, the disk power manager will never transition the
device becauseit observesno accesses.

How can this dilemma be resolved? We seethree possible
solutions. The rst is to implement a gray-box strategy [2]
at user level that predicts future accessesand issuesa fore-
ground read to force the disk into a high-power mode. Were-
jected this approach becauseit is requires the user level pro-
cessto have explicit knowledge of device power managemen
strategies | this sacri ces far more modularit y than we are
currently proposing. Also, it is dicult to support multiple
processesthat use the same device with this approach. A
secondpossibility is to implement a global operating system
component that implements power managemert for all de-
viceson a mobile computer. Global knowledge may certainly
enable better power managemert, but may be too complex
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Figure 7: Comparison

to implement. Further, this approach sacri ces even more
modularit y than the gray-box solution. Without application
support, it might prove di cult
could be performed on which devices.

We call the solution we chose ghost hints. A ghost hint
allows applications such as our cache manager to expose
\accessesthat might have been" to device power managers.
When the adaptiv e cache manager choosesthe device it will
access,t alsocomputesthe time and energythat would have
been neededto accessalternativ e devices had they beenin
their highest power modes. If a device could have o ered a
better alternativ e for reading or writing data than the al-
ternativ e actually chosen,the cache manager issuesa ghost
hint to the device power manager. In the above example,
the Web browser will issue a ghost hint to the disk power
manager for each 32KB item that it fetches from the net-
work. After receiving a few such hints in a short time period,
the disk power managertransitions the driveto performance
idle. During the transition, the Web browser contin ues to
accesshe network, but subsequen accesseseap the bene t
of the disk transition. Once the disk is in performanceidle,
the network may transition to PSM sinceit is no longer be-
ing used. Sincethe network cannot o er better performance
in any power mode, no ghost hints are issued.

In each ghost hint, the cache manager speci es the poten-
tial time and energy that would have been saved had the
device beenin the ideal power mode. The disk STPM mod-
ule usesthis information to calculate the weighted benet
that would have beenderived from being in the performance
idle mode. It maintains a running total of such benets.
The total is increasedevery time a ghost hint is received |
it is also decremerted by the energy cost that would have
occurred by remaining in the performance idle mode since
the last ghost hint was issued. When this total exceedsthe
break-even threshold, calculated in Equation 3, the module
transitions the microdrive to performance idle.

When the network STPM module receivesa ghost hint, it
increments the count of transfers in the current run. Seweral
successie ghost hints causea transition to CAM.

to determine which accesses

of static and dynamic strategies

5. EVALUATION

We validate our power managemert architecture by an-
swering the following questions:

Can adaptiv e, cross-devicestrategies deliver substan-
tial performance improvemerts without sacri cing en-
ergy consenation?

Can a global knob allow the user to adjust system
behavior to meet dierent relative priorities for per-
formance and energy consenation?

How important are ghost hints for realizing the full
bene ts of cross-devicepower managemen?

5.1 Methodology

We use a HP iPAQ 3870 running the Linux 2.4.18-rmk3
kernel as the client platform in our evaluation. This hand-
held hasa 206 MHz StrongArm processor,64MB of DRAM,
and 32MB of ash memory. We measure the base power
usage of the iIPAQ (with the display lit and the processor
idle) at 1.44Watts. We add a Cisco 350 802.11b network
interface and a 1 GB Hitachi microdriv e with power charac-
teristics shown in Figures 1 and 2. The client communicates
with a Cisco Aironet 350 wireless network accesspoint.

The server in our experiments is a Dell Precision 350 desk-
top with 3.06GHz Pentium 4 processorand 1GB DRAM
running the Linux 2.4.18-19.8.0 kernel. Packets sert be-
tweenthe client and server are routed through an identical
Dell desktop running the NISTnet [4] network emulator. We
emulate a typical high-speed broadband connection in our
area by adding a 20ms delay to all packets (i.e. a 40ms
round-trip time), and by capping the upstream bandwidth
at 256Kb/s and the download bandwidth at 3Mb/s.

For each experiment, we report average interactive re-
sponsetime and total energy usage. Responsetime is mea-
sured by instrumenting applications with the gettimeofday
system call. Energy usage is measured with an Agilent
34401A digital multimeter. We remove the batteries from
the iPAQ and its expansionsleewe and sample current drawn
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Figure 8: Performance/Energy tradeo for e-malil

through the iPAQ's external power supply approximately 50
times per second. We calculate system power usageby mul-
tiplying ead current sample by the mean voltage drawn by
the iPAQ|separate voltage samplesare not necessarysince
the variation in voltage drawn through the external power
supply is very small. We calculate total energy usage by
multiplying the averagepower drawn during benchmark ex-
ecution by the time neededto complete execution.

We rst tested our cache with an e-mail reader that is
basedupon the email-sync [7] program that reads les from
an IMAP server and cachesthem on local disk. We modi ed
the program to useour cadche to adaptiv ely decidewhether to
read cached mail from disk or from the network. To generate
a represertativ e workload, we instrumented our mail reader
(exmh) to record the time, le name, and size of any malil
that we sert or received. We recorded activit y over a one
week period and then selecteda 15 minute period of heavy
e-mail activit y to replay. The selectedsegmern corresponds
to a user coming in at the beginning of the day and reading
accumulated mail | there are 41 messagesead in the trace.

When replaying the trace, we assumethat the handheld
has already contacted the IMAP server and cadched mail lo-
cally to provide disconnected access. Thus, the cache may
chooseto read e-mail from disk or from the server. We re-
play the trace, preserving the interactiv e think-time between
eath event. When atrace event shows that the user has sert
an e-mail, we send a messageof the samesizeto the senr.

For Web experiments, we usedthe Dillo Web browser [6].
Since Dillo doesnot nativ ely support a disk cache, we used
the wwwo e disk caching proxy [3] to accesslocal storage.
Unlik e, the e-mail client, we cannot reasonably expect the
disk cache to contain all data that we accessduring the trace.
Since recent studies [29] have shown that the maximum hit
rate of a Web cache is approximately 50{60%, we only cache
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This graph shows averageresponsetime and total energyused
by the Web browser for sevendi erent STPM knob values.
Knob valuesfrom 0 to 90 yield equivalent results. For refer-
ence, the static disk cachestrategy is also shovn. The dotted
line on the bottom graph is a lower bound on the minimum
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Figure 9: Performance/Energy tradeo for Web

half of the les that we will accesson disk before beginning
the trace. The subset that is omitted is chosenrandomly,
but is the samefor all experiments. For uncached les, the
Web browser must contact the server to retrieve the data;
it then writes the data to the disk cache. For locally cached
les, our adaptive cache may chooseto fetch the les o
disk or o the network. We selecteda 20 minute trace from
the set of 1996 Berkley Web traces [11]. This trace accesses
116 unique Web objects. We chosethe client trace that had
le sizedistribution closestto averageand usedthe rst 20
minutes of the trace. When replaying the trace, we preserve
the recorded inter-arriv al time of Web requests.

5.2 Effectivenessof energy-aware caching

We rst compared our adaptiv e cache to the existing static
disk cache implementation for ead application. For the
static case,the application always readsdata from disk if it
is cached locally. The static disk experiments usethe default
device power managemen mechanisms; e.g. PSM (default
802.11b power managemen) for the network interface, and
the microdrive's ABLE adaptive power manager. For our
adaptive cache, we use STPM | the global knob is set to
50 to specify that energy consenation and performance are
to be given equal priorit y.

As Figure 7 shows, our adaptive cache delivers substan-
tial performanceimprovemert and someenergy savings com-
pared to the default caching strategy. The left graph shows
the average interactiv e response time for each application
| this represerts the averagetime neededto fetch a le.
The right graph shows the total amount of energy used by
the handheld during trace execution. For the e-mail ap-
plication, our power managemert strategy reduces average
response time by 42% and total energy usage by 5%. For
the Web application, our strategy reducesaverageresponse
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Figure 10: Eect of ghost hints for e-mail

time by 27% and total energy usage by 9%. One reason
why the relative bene t of our cacing strategy is lower for
the Web trace is that seweral of the accessesit in the Web
browser's memory cache and thus receive no bene t.

5.3 Adjusting the knob

We next examined how changing the relativ e priorit y of
performance and energy consenation a ects the behavior of
our system. We specied dierent knob values between 0
(maximum energy consenation) and 100 (maximum perfor-
mance). Figure 8 shows results for the e-mail reader. The
solid line shows the behavior of our systemfor di eren t knob
values; the box to the far right shows the static disk strat-
egy asa comparison point. The dashedline at the bottom of
the graph shows a looselower bound on the minim um energy
usagethat could possibly be achieved while running this ex-
periment. We calculated this value by multiplying the power
consumedby the iPAQ when idle (with disk in standby and
network in PSM) by the total time taken to execute the
trace when no power managemert is employed. Thus, this
lower bound shows the energy that would be neededif disk
and network accessesould be performed at no energy cost.

Changing the knob value allows the user to improve per-
formance at the cost of increased energy usage. For the e-
mail reader, there appearsto be a kneein the curve. Knob
values between 0 and 70 yield results similar to the default
value of 50. At a knob value of 95, interactiv e responsetime
is reduced by 67% compared to the static disk cache, while
energy usageis increased by only 4%. At a knob value of
99, interactiv e response time is reduced by 89% compared
to the static cache, while energy usageis increased18%. At
a knob value of 100, no power managemert is employed.

For the Web application in Figure 9, tuning the knob has
lesse ect. In addition, the curve doesnot exhibit much of a
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This graph shows averageresponsetime and total energyused
by the Web browser for sevendi erent STPM knob values.
The solid line shows results with ghost hints; the dashedline
shows results without. Knob values lower than those labeled
yield roughly similar results. The dotted line on the bottom
graph is a lower bound on the minimum energy needed to
executethe trace.

Figure 11: Eect of ghost hints for Web

knee. Knob valuesof 0{90 have similar behavior. Compared
to the default value of 50, using a knob value of 95 reduces
interactiv e responsetime by an additional 9% at an energy
cost of 7%. Using a knob value of 99 reducesresponsetime
by 45% at an energy cost of 44%.

One reasonwhy marginal changesin the knob value create
little dierence in system behavior for low knob values is
that there is little room for further energy improvemert. At
the default knob of 50, our lower bound calculation tells us
that the Web application could decreaseits energy usageby
no more than 9% and the e-mail application could reduce
energy usageby no more than 5%.

From theseresults, we conclude that the knob value gives
the userthe potential to enact substartial tradeo s between
performance and energy consenation. Further, increasing
the knob value never substantially increasesenergy usage
and decreasingthe knob value never substantially hurts per-
formance. However, we are disappointed that the impact of
this control seemsapplication-dependernt. Our next step
is therefore to implement feedbadk control that automat-
ically adjusts the knob value to meet specic energy and
response-time goals. For example, we could use feedbad to
dynamically adjust the knob to maximize energy consena-
tion while ensuring that average interactiv e response time
is lessthan 200ms. Alternativ ely, we could meet specic
battery-lifetime goals asis done in Odyssey [10].

5.4 Theimportance of ghosthints

We next examine the importance of issuing ghost hints.
For this purpose, we built a version of our cache manager
that does not issue ghost hints; all other elemerts of our
architecture remain the same. The dashedline in Figure 10
shows results without ghost hints for the e-mail application.
The solid line shows results with ghost hints enabled. For
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this application, it is clear that ghost hints yield a substan-
tial benet, especially when performance is a high priorit y.
Without ghost hints, a knob value of 99 yields results clearly
inferior to those that can be achieved with ghost hints (sev-
eral points on the solid line yield better energy consenation
and performance). For small knob values, the e ect is less
clear, yet the version with ghost hints appears to slightly
outp erform the version without ghost hints.

For the Web application in Figure 11, ghost hints appear
to have no real e ect on system behavior. In our examina-
tion of the results, we found that the STPM disk module
was not being aggressiwe enoughin spinning up the disk for
low knob values. Becauseonly half of the accessedit in the
cache, we were lesslikely to seea run of accesse<lustered
together; thus, ghost hints tended to be issuedfarther apart
in time. Consequerly, the STPM disk module rarely spins
up the disk.

To validate this theory, we constructed an (admittedly
articial) bendchmark in which all Web objects are in the
disk cadhe and reran the trace. The results of this new
benchmark are shown in Figure 12. Here, we seethat ghost
hints do exhibit a substantial positive e ect on the system,
giving someevidenceto support our theory.

From these results, we conclude that ghost hints are a
valuable addition to our system. Ghost hints yield substan-
tial benet for someworkloads, and do no harm in the situ-
ations where they seemine ectiv e. We also believe that the
break-even heuristic we are currently employing for ghost
hints may be insu cien tly aggressie. We therefore plan to
investigate whether other heuristics will allow ghost hints to
yield more consistert improvemert acrossapplications.

6. RELATED WORK

To the best of our knowledge, our system is the rst
to allow applications to e cien tly accessdata on multiple

1/0 devices by explicitly considering device-speci ¢ power
managemert policies. We have also shown that is possible
to gracefully manage multiple devices that export custom
power managemen interfaces by using a self-tuning power
managemert layer to translate a global priorit y for perfor-
mance and energy consenation into device-speci ¢ policies.

Zheng et al. [32] performed a detailed characterization of
the energy neededto read and write data to seweral network
and storage devices. Their study helps motiv ate our work by
showing that the cost of accessingmany I/O devicesvaries
substantially depending upon power mode.

Weissel's cooperative 1/0 interface [28] helps coordinate
application activit y with device power managemen. Appli-
cations specify accesseghat can be deferred until the disk
is spun up by another access. We could have used this in-
terface to implement the write queuein our cache manager,
although an explicit userlevel queuewould still be neededto
avoid creating a thread for each cache write. More generally,
Papathanasiou and Scott [23, 24] explore how aggregation
of disk accessesan improve energy-e ciency , and Heath et
al. [12, 13] investigate the use of compiler transformations
to produce such aggregation.

ACPI [15] allows applications to query device power modes.
Unlik e our power manager, ACPI does not disclose perfor-
mance and energy characteristics. Further, the complexity
of the ACPI standard has hindered deployment of ACPI
on many operating systems. Our approach, in contrast, at-
tempts to exposea minimal interface to applications.

Shih et al. [25] propose wake-on-wireless,a system which
usesa low-power network to signal packet arriv als and guide
the power managemert of a high-power 802.11bnetwork in-
terface. This system can logically be viewed as a single net-
work interface since the low-power network is not intended
for data transmission. When multiple wireless networks are
available for data transmission, we believe that our system
could guide power managemern decisionsfor both interfaces.

ECOSystem [30] enforcesapplication-speci ¢ energy allo-
cations by desdeduling processesthat exceedtheir energy
budgets. Their currentcy abstraction [31] extends alloca-
tion decisionsto 1/0O devicessud as the network and disk.
Thus, currentcy can be used to describe allocation policies
that spanmultiple devices. Weview allocation asorthogonal
to our goals: self-tuning power managemer tries to achieve
the best combination of performance and energy consena-
tion given a speci ¢ application workload, but doesnot limit
which requestsare serviced by devices.

Odyssey [10] also uses adaptation to reduce energy, but
focuseson a di eren t issue. Odysseyapplications usequality
adaptation to conserwe energy. In our system, applications
adaptively change when and where they read data in order
to save energy and improve performance.

There is arich body of existing work in both network [17,
18, 26] and disk [8, 9, 20] power managemer. In contrast
to our work, this prior researt focusesonly on the manage-
ment of a single device. Additionally , our work shows how
power managemen policies can be improved by consider-
ing additional context such as base power and the current
priorit y of performance and energy consenation.

7. CONCLUSIONS AND FUTURE WORK

The goal of self-tuning power managemern is to provide
the mobile userwith better performance, longer battery life-
time, and more intuitiv e control over existing power man-



agemen mechanisms. We believe that the researd reported
here is an important step in this direction.

Adaptiv e caching has proven to be a good choice for the
rst prototype of our power managemert interfaces. The
read-only nature of the application and our choice to limit
adaptation to one network and one storage device have pro-
vided a restricted domain in which we could develop our
ideas. In the future, we plan to move beyond this domain
to lessrestricted arenas.

One exciting opportunit y is distributed le systems. Since
clients in this domain may modify as well as read data,
the cadhing infrastructure must provide energy-e ciency for
both the read and write paths. One possibility along these
lines is to userelaxed cache consistencyto delay and aggre-
gate writes to network and storage devices. Further, since
many mobile computers now sport seweral types of storage,
including mobile hard drives, ash memory, and USB sticks,
we can expand our decision spaceto include the possibility
of reading from and writing to multiple storage devices. One
challenge that this suggestsis deciding when to issue ghost
hints in the presenceof many 1/0 devices: should hints be
issued only to the single device that might o er the most
ideal performance or energy consenation, or should hints
beissuedto all devicesthat could do better than the device
currently being used?

Another area of planned researd is an investigation into
the use of feedbad in setting the global tradeo between
performance and energy consenation. We also plan to ex-
plore alternativ es to the threshold-based strategy that we
are using for power managemert. The end result, we hope,
will be better operating system control over power manage-
ment and a more enjoyable experience for mobile users.
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