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Abstract— This paper approaches energy consumption charac- systems level, example of power management strategies in-
terization in mobile computing platforms by assessing energy con- clude disk spin-down, periodic system hibernation, etc. Power-
sumption of "basic” application-level tasks, such as as processing, efficient network protocols have also been attracting consid-

input/output (disk, display, etc.), communication (transmission . . .
and reception over the network), and combinations thereof. Be- erable attention from the networking research community and

sides providing information on the energy consumption behavior include a variety of techniques such as hibernation of idle
of typical tasks performed by mobile computers, task-level energy nodes, controlling transmission power and/or direction, routing
characterization enables power management decisions, such aspased on remaining energy in nodes, etc.

whether, in a distributed computation, the task at hand can be This paper takes a different approach to energy consump-

executed locally or should be assigned to a different machine . . >0
(given the machine’s current energy budget, the energy cost of tion characterization and focuses on characterizing energy

executing the task locally, and the cost of sending the required CONnsumed by "basic” application-level tasks. Our focus is
information over the network to a peer). We employ a task-level on mobile computing platforms, e.g. laptops. Applications

energy consumption characterization benchmark that accounts executed by multi-purpose mobile devices like laptops can
for basic tasks such as processing, disk access (including readsoe as general as “fixed computing” applications and typically

and writes), terminal usage, and communication (transmission ist of basic task h . . toutout (disk
and reception). Using the benchmark, we perform an energy consist of basic tasks such as processing, input/output (disk,

characterization case study using the Dell Latitude C600 running display, etc.), communication (transmission and reception over
two versions of the Linux operating system. the network), or a combination thereof. Consider reading e-

malil: it includes communication with the email server and thus
. INTRODUCTION network transmission and reception, processing information
Due to a combination of technology advances in fields suesceived, and storing it on disk.
as wireless communications and circuit integration, the lastCharacterizing energy consumption at the task level allows
ten years have witnessed a proliferation of mobile computing to (1) predict whether the energy currently available is
platforms. Examples of such platforms, which vary widelgufficient to execute a given application, and (2) perform
in terms of capability and functionality, include laptops (e.gapplication-level power management. For example, in a dis-
notebooks, tablets, etc.), pocket PCs, personal digital assistanktited computation, given the task at hand and how much
(PDAs), cell phones, wireless single-board computers, sensoiergy there is left, a machine’s task manager decides whether
nodes, etc. Following the general trend in the consumgie task can be executed locally or needs to be shipped else-
electronics market, the cost of these devices has been steagiiere. In order to make that decision, the task manager, given
decreasing while their capacity (i.e., processing, storage, cofile machine’s current energy budget, considers the amount
munication) has been steadily increasing. However, the fagt energy the execution of the task will consume versus
that they are typically powered by non-continuous energlie amount of energy consumed by sending the necessary
sources imposes serious limitations to these devices’ utiliyfformation over the network to another machine.
from the end user’s point-of-view. In this paper, we identify a set of basic tasks representative
As a result, energy consumption in mobile computingf mobile computing workloads. Based on these tasks, we
platforms has been an area of intense research spanriegne a set of benchmarks that consider each task in isolation
many fields such as computer architecture, operating systegrstask combination. To observe the battery discharge behavior
computer networks, and application desfgnn the computer as a benchmark executes, we employ the Advanced Configu-
architecture community, energy characterization is usualiytion and Power Interface (ACPI)[13] to monitor the battery’s
performed at the instruction level. Proposed power savingicharge rate. A brief description of the ACPI is presented in
mechanisms include shutting off parts of the processor r®@éction II.
currently being used, designing machine-level instructions thatAs case studies, we use the benchmark set to characterize
trade generality for power efficiency, etc. At the operatinghe energy consumption of a mobile computing platform (the
Cintia Margi is supported by CNPg/Brazil Dell Latitude C600) under different operating systems, namely

ISection VII reviews related research in areas that are more closely relagﬁpian [21] and Mandr.ake [16] Ijinux' .We used the Dell
to the focus of this paper. Latitude C600 because it was easily available to us (we have



several of them in our lab). As future work, we intend to ruwhen the system is idle and also serves as a reference for all
the benchmark on other mobile computing platforms. other benchmarks. We disable the wireless network interface
In summary, the main contribution of this work is a taskto isolate the effects of this device on energy consumption.
level energy consumption characterization benchmark that ac- b) Processing-intensive: To characterize processing-
counts for basic tasks such as processing, disk access (inciatensive tasks, we use the FFT benchmark [1], which is
ing read and write access), terminal usage, and communicatgant of SPEC’s CPU2000 [20], an industry-standardized CPU-
(transmission and reception). Such characterization is critiégatensive benchmark suite. FFT, short for fast Fourier trans-
to power management decisions. form, is an efficient algorithm to compute the discrete Fourier
The remainder of the paper is organized as follows. Secansform (DFT) and its inverse.
tion Il provides an overview of the ACPI standard. Sections lll  ¢) Storage-intensiveWe chose the 10zone [18] filesys-
and 1V describes the proposed energy consumption benchmigta benchmark to characterize energy consumed by tasks that
and our experimental methodology. Section V presents resudte disk intensive. 10zone can be configured to perform a
from our case studies, while Section VI discusses benchmasiety of disk access operations.
set results application. We summarize related work in Sec-We run I0zone in two different modes, one which performs
tion VII. Section VIII concludes the paper and discusses futuemly read accesses and another that only writes to disk. In
work. both cases, it accesses a 3GB file. We use an option which
[l. BACKGROUND purges the disk cache before each file operation. The write tests

The Advanced Configuration and Power Interface (ACPi cludes writes of new files and re—wri@es of existing files, and
is an open standard developed by a consortium involvitge réad tests reads and re-reads a file. _
Hewlett-Packard, Intel, Microsoft, Phoenix, and Toshiba [13]. d) Communication-intensive: =~ We  characterize
It is a standard that defines power and configuration managémmunication-intensive tasks by using Iperf [23], a
ment interfaces between an operating system and the BIOS [p! designed to measure TCP available bandwidth.

The ACPI provides both static information about the battery Network transmission is implemented using Iperf in client
such as model number, serial number, design voltage, efgode, while the reception task uses Iperf in server mode.
as well as current battery status, e.g., whether the batteryNsboth cases, Iperf is configured to generate UDP traffic at
charging or discharging, current voltage, discharge rate, edfiMbs for all the experiment duration. A 10Mbs rate was
mate of the remaining battery capacity, etc. In Linux, the ACEhosen because this is maximum nominal capacity of the
name space is mapped to thpeoc filesystem. For example, in Wireless card.

Debian, the ACPI name space is mappedpimc/acpi/; and e) Display: When we needed to turn the display off, we
battery related information is ifproc/acpi/battery used therset [19] utility. zset can be run from the command

The ACPI updates battery information (both statifine and allows the setting of several user preference options
and dynamic) every time the corresponding file (i.efor the display, including an option that turns the video card
Iproc/acpi/battery/info  /proc/acpi/battery/statés read 2. and LCD display off.

Therefore the frequency these information is updated depends
on the application doing the battery monitoring.

IV. MEASUREMENTS

While the tasks run, we observe the battery discharge
I1l. ENERGY CONSUMPTION BENCHMARK behavior through measurements provided by the ACPI. In
As previously discussed, our goal is to characterize energrticular, we monitor the battery discharge rate. As mentioned
consumption macroscopically at the task level (instead df Section Il, we can obtain this information by sampling
for example, at the machine instruction level). To this enédproc/acpi/battery/stateWe run the sampling script which
we define a set of "basic” application-level tasks that aferiodic reads the current values of the battery discharge rate,
representative of typical mobile computing workloads. In thehile the benchmark is executing. .
case of laptops, basic tasks include: processing, input/outpu¥Vhen deciding which sampling rate to use, accuracy is
(disk, display, etc.), and network communication (transmissi@f important consideration. However, making sure that the
and reception). Since the focus of this work is mobile node®easurements do not interfere with the observations is also
we consider wireless network interfaces. Often, applicatioggtical. In other words, we want to sample as frequently
consist of a combination of such tasks. as possible without being intrusive. Preliminary experiments
For our benchmarks, we define four main task categorigélowed that a sampling rate of deci-seconds is not intrusive.
namelybaseling processing intensivestorage intensiveand
communication intensivelVe also consider the effect of the _
display by turning it off and on when executing some of the We use our benchmark set to characterize energy consump-
benchmark tasks. tion in the Dell Latitude C600 which has a 750 Mhz Pentium
a) Baseline:The baseline benchmark captures the enerdfy (Coppermine) processor with 256K cache, 256 MB RAM,
consumption behavior of the mobile when no user activig"d 20Gb hard-disk. Its is powered by a Li-ion battery, with
is taking place, i.e., only basic operating system tasks fight cells, design voltage of 14.8 VDC and nominal capacity

running. This benchmark characterizes energy consumpti®h59-0 Wh. As the network interface, we use the Cisco
Aironet 350. As the operating system, we use two of the

2Simon Fowler, maintainer ofsmacpi [12], provided this information. most widely used versions of the Linux operating system,

V. CASE STuDY: DELL LATITUDE C600



namely Debian [21] (Debian kernel 2.6.1) and Mandrake [1&ptop can transfer more data, i.e. do more writes and reads
(Mandrake 10.1 kernel 2.6.8). per experiment.

In the remainder of this section, we present energy con-Next, we do some back-of-the-envelope calculations to
sumption results for this platform when executing the baswalidate the discharge rate results.
benchmarks described in Section Il as well as some combi-According to Intel's 750 Mhz Pentium Il Coppermine
nations thereof. data-sheet, the voltage and current for the processor core is
Icceore = 156A and Veegore = 1.65V and for the processor
in sleep state iSlccgeep = 2.54 and Vecgeep = 5V If

We execute all six tasks described in Section Ill: baselinge calculate the power from these two values, we obtain
processing (FFT), disk writes (I0zone write), disk reads (IQPcc.,.. = 24.75W and Pccgjee, = 12.5W. If we compare
zone reads), network transmission (Iperf client) and receptign.c,,.., and average discharge rate for baseline experiment,
(Iperf server). We run both operating systems using theie notice thatPccy.., is about 20% higher. As foPcceore
default configuration. The script that monitors the batterynd average discharge rate for the FFT experim&at,..,..
discharge rate runs at a one second sampling rate. is about 4% lower.

The discharge rate time series are shown in Figure 1. WeDuring the network transmission experiment, 6.7GB were
summarize these results in Table | which tabulates averagensmitted at an average bandwidth of 5.7Mb/s. In the
discharge rate and the corresponding standard deviation fi@twork reception experiment, 12.1GB were received at an
all tasks under both Debian and Mandrake average bandwidth of 6.6Mb/s. Note that the network reception

From Table I, we note that, for both operating systems, tleperiment runs for a longer time than network transmission
most energy hungry task is FFT (i.e., intensive CPU activitypne because it has lower discharge rate (and thus take longer
followed by disk writes. This is somewhat surprising as we reach the cutoff voltage). Since we are using UDP as the
expected disk write intensive tasks to be more expensive theamnsport layer protocol, packet size is 1472 bytes. Since the
processing intensive tasks in terms of energy consumptiawo laptops are the only two wireless nodes in the lab and
For Debian, network transmission is the next task in energlyey are close to each other, we can assume that in the trans-
consumption descending order, followed by disk reads amission experiment the time spent in the transmission state
network reception, both of which have about the same ener@yg., when compared to the time spent sensing the medium,
cost. For Mandrake, the order is slightly different and has dislacking off, performing the 802.11 [8] handshake) dominates.
reads as the third most expensive task followed by netwoimilarly, for the reception experiment, the time spent in
transmission and then network reception. receiving dominates. Thus, we can do a simple calculation

considering the bandwidth and the power consumed by a

A. Basic Tasks

Opekrating System Eﬂebia” R ma”drakz S wireless card to verify that the results measured are reasonable.
Task ean and St Deviatio Mean and St. Deviatio  according to the measurements done by Feeney et al [10], a
Baseline 10.586 W, 4.285 10525 W, 4.904 WaveLAN wirel dat1Mb 1400 MW whil
Processing 25.111 W, 1.155 24.836 W, 1.189 aveLAN wireless card at 1 Mbps consumes mw while
Disk Write 19.588 W, 5.218 22.429 W, 4.838 transmitting and 1300 mW while receiving. If we consider that
%'(5" Read igéfﬁ w i-%g‘s‘ ig-gg? va i-éig the mean discharge rate for baseline is about 10.5 W, and we
RX 16.041 W, 4.236 16.350 W, 4.201 add to this5.7 x 1.4 = 7.98W, we obtain a total of 18.3W

for the power consumed, which is similar to the 18.48 W
mean discharge rate observed in our experiments. Similarly
for the reception, if we add 10.5 W %6« 0.9 = 5.94W, we

) obtain 16.44 W, comparable to the 16.04 W mean discharge
We should note that we used two laptops, one with Desia ghserved in our experiments.

bian and one with Mandrake. They have exactly the samep gimijar validation for the disk experiments is not as

configuration except for their hard disks. Even though bolsightforward (and is one of our future work items) since
hard disks are manufactured by Hitachi, they have differegiqr tactors such as disk seek times, default power manage-

specifications (e.g., number of heads) and firmware revisiongant techniques as well as the effect of disk caches need to
The configuration parameters are the same for both disks, 3, -counted for.

they use the same file system (EXT3). However, there is one
considerable difference between the disks: the disk on tBe Effect of the Display
Mandrake laptop achieves much higher throughput than the, 4| previous experiments, we had the display off. How-
one in the Debian laptop. We executed a simple test usigger, it is a well-known fact that the display is a major source
IOzone in both platforms, and it took about seven minutgs energy consumption. In this set of experiments, we monitor
(real time) in the Mandrake laptop, while it took about 1Qe energy consumption for some of the basic tasks while the
minutes (real time) in the Debian laptop to write 3GB. Thigjgplay is on. In particular, we show results for baseline and
indicates that the difference in the mean discharge rate @"ocessing. We ran these experiments on the Debian laptop.
both experiments could be due the fact that the Mandrakerhe gischarge rate for the baseline experiment is shown in
3e , , . Figure 2 (a). We notice that during part of the experiment the
Since the discharge rate curves for all six tasks on Mandrake exhibit vﬁﬂ% f the disch d b 9W d thi
similar behavior to the corresponding curves obtained for Debian, we oriPttoM of the discharge rate decreases to about 9 W, and this
the Mandrake curves. is because the display was turned off and then the discharge

TABLE |
MEAN DISCHARGE RATE FOR EACH TASK ONDELL C600
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Fig. 1. Discharge Rate for Dell C600 with Linux Debian: (a) baseline, (b) processing task (c) disk write, (d) disk read, (e) network transmission, (f) network
reception

rate is about the same we obtained for the baseline task. Tigeseric user task consists of a combination of idle, processing,
we observe that the display consumes about as much eneliggk access and network communication. In this section, we
as a disk read or a network reception task. aim at evaluating the energy consumption and the battery
Figure 2 (b) shows the discharge rate for the processidgcharge behavior for different combinations of basic tasks.
experiment. Again we observe that the discharge rate decredsasinstance, we choose the following combinations:
to about 24W, which is the mean discharge rate for the basic, Combo 1: processing (1.2s real time) and disk access:
processing task. This happens because at this point the display write (10MB of data, 2.8s real time) and read (10MB,
was turned off. 0.4s real time);
o Combo 2: processing (1.2s real time) and network trans-
mission (10M o data, 2.3s real time);
o Combo 3: processing (1.2s real time), network transmis-
sion (10M o data, 2.3s real time) and disk reads (10MB,
0.4s real time).
We ran these benchmarks on the same platform, i.e. Dell
C600 running Linux Debian.
Figure 3 presents the battery discharge rate curves for each

@) (b) . .
of the composite tasks, i.e. Combo 1, Combo 2 and Combo
Fig. 2. Battery discharge rate for Dell C600 with Linux Debian and displaé

on: (a) baseline, (b) processing

_ The mean discharge rate and the standard deviation for
Table Il shows the mean discharge rate and standard @gch task are presented in Table Ill. The mean discharge rate

viation for the basic tasks with display on. When comparing, comho 1 is less than the basic processing task (Table I,
this table with Table I, we notice, as expected, an increasedfcond row), but it is more that the disk access (Table 1, third
the mean _discharge rate, since the display increases the engrgy fourth rows), which is the dominating task, i.e. the task
consumption. that takes longer to execute within the combo. For Combo 2,
the mean discharge rate is higher than the discharge rate for

[ Task [ Mean | St. Deviation | . . .
Basoine [ 14516 W 6125 pgtwork transmission (Table' I, fifth row), Whl|el for C.ombo 3
Processing| 28.648 W | 2.147 it is about the same as the discharge rate for disk writes (Table
[, third row). From this results we note that the dominating
TABLE Il task influences the most the discharge rate.

MEAN DISCHARGE RATE FOR BASIC TASKS WITH DISPLAY ON ONDELL
C600wITH LINux DEBIAN

VI. DISCUSSION

o Our premise in this paper is that task-level energy consump-
C. Combining Tasks tion information is key to achieving adequate power-aware
When we were in the process of choosing the tasks ftask distribution in wireless distributed computing environ-
our energy consumption benchmark, we conjectured thatments. Consider, for instance, the case of emergency rescue
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Fig. 3. Battery Discharge Rate for (a) Combo 1, (b) Combo 2 and (c) Combo 3, all on Dell C600.

[Task__ | Mean | St Deviation] face [13], or ACPI. ACPI was used to measure energy con-
Combo 1] 22.455 W | 4.343 : o . :
Combo 2 | 19511 W | 6.754 sumption due to transmission/reception. The resulting energy
Combo 3| 17.486 W | 4.392 consumption model includes two statésgh consumption

state, where the host receives and transmits, &wl con-
TABLE Il sumption state where the node receives or is in idle. While
MEAN DISCHARGE RATE FOR COMBINATION OF TASKS ONDELL C600 thlS approach to model battery discharge empirica"y iS based
RUNNING LINUX DEBIAN on values that laptop power management would see in real

operations needed after a major (e.g., natural) disaster whigtstems, it is platform-dependent.
destroyed (completely or partially) basic infrastructure such asin order to understand the issues on energy consumption of
the power grid and data communication network. Emergengiorage on mobile devices, Zheng et al [27] evaluated three
rescue crews would then use their mobile wireless devicgiferent storage alternatives: a compact flash, a micro-drive
to perform all needed computation to assess damage, fartl a wireless LAN card (which would be used to access
survivors, etc. For example, in collapsed buildings, the rescaeremote storage). By considering these different devices,
crew can use information from seismic sensors embeddedttieir different power management schemes were studied, as
the building to perform structural assessment in order to fingell as the energy cost of their states were measured. Also
portions of the building that have (or not) been affected, whgie read/write latency and bandwidth was measured. Authors
is the probability they will collapse (if they haven't yet), anctonsidered two types of files systems: update-in-place and log-
when that will occur. This computation should be distributestructured. Results show that the energy consumption behavior
among all (or some) of the participating networked nodes tiepends on the device power management scheme, on the
load balance the computational load and the energy spent.distribution of idleness in the workload, and on the file system
do so effectively, information on the current energy budgetrategies.

of the nodes as well as the amount of energy consumed byhempsey [26] extends the Disk-Sim simulator to provide
basic” tasks must be employed. By looking at the typical mi¥ simulation environment that also includes an energy con-
of "basic” tasks to be executed, the "task distribution managegimption. Dempsey considers the power consumed for several

will be able to assess whether some node can take partfiffierent disk tasks, such as seek, rotation, read, write and
the computation and what is the operational lifetime of thgand-by.

network. Displays are a major consumer of energy. lyer et al [14]

VIl. RELATED WORK discuss the use of energy-adaptive displays sub-systems. Au-

In this section, we summarize related work in areas th#tors use OLED displays and propose a software optimization
are more relevant to our work, including energy consumptigi@lled dark windows. Dark windows allows the windowing
measurements for network interfaces and mobile devices, s§gvironment to change colors and brightness of areas that are
tem’s power management, storage energy consumption issuigd, of interest to the user. According to a characterization of
etc. display usage done by authors, users use about 60% of the

Stem et al [22] measures the power consumption of sorgereen available. Thus, by changing the colors and brightness
network interface cards (NICs) when used by different en@f areas not in the window of focus, energy can be saved.
user devices. Authors also report on transport- and applicationEnergy efficiency in mobile devices ranging from phones,
level strategies to reduce energy consumption by NICs. Latlptops or hand-held devices is critical. Monticelli [17]
Feeney et al [10] reported detailed energy consumption mgaesents an scheme using adaptive voltage scaling to control
surements of some commercially-available IEEE 802.11 NI@®wer management on 3G phones, and suggests that this same
operating in ad hoc mode. Along the same lines, Erbert etadproach could be used in RF circuits. Yin et al [25] describe
[9] assessed the impact of transmission rate, transmit powean, power-aware prefetch scheme, which dynamically adjusts
and packet size on energy consumption in a typical wirelesge number of prefetches based on the current energy level.
network interface. Another approach to save energy on mobile devices is the

In [15], energy consumption in ad hoc mobile terminalseemote power control of wireless interface cards [2], where a
is modeled using the Advanced Configuration Power Interemote server uses its knowledge of the workload to perform
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