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Abstract—In this work we characterize the energy consump-  The use of high—level sensors (e.g., cameras) in battery—
tion of a visual sensor network testbed. Each node in the gperated networks has received relatively little attention so
testbed consists of a "single-board computer”, namely Crossbow's 5y the research community. Unlike simpler sensors, cam-
Stargate, equipped with a wireless network card and a webcam. . . .
We assess energy consumption of activities representative oferas prqduce large Iogds_of data, which require Con_SId_erabIe
the target application (e.g., perimeter surveillance) using a Processing for analysis (in order to extract semantic infor-
benchmark that runs (individual and combinations of) “basic” mation) and/or compression. In addition, sensing itself can
tasks such as processing, flash memory access, image acquisitiorhe highly power consuming. In “traditional” camera-based
and (_:ommunicat_ion over the network. In our characte_zrization, we  networks (e.g., for surveillance), nodes are wired and plugged
cor_15|der the various hardware states thg system sv_wtches through to continuous power sources: thus, power and bandwidth are
as it executes these benchmarks, e.g., different radio modes (sleep, = !
idle, transmission, reception), and webcam modes (off, on, and NOt @ concern. However, in wireless camera networks, both
acquiring image). We report both steady-state and transient bandwidth and power are premium resources. They must
energy consumption behavior obtained by direct measurements of pe efficiently managed to maximize the system’s operational
current with a digital _multlme_ter. We validate qur measurements  |ifatime. Therefore, one of the main challenges posed by
against results obtained using the Stargate’s on-board energy . . . .
consumption measuring capabilities. wireless visual sensor networks is the constant tension betW(_een

power conservation and performance (e.g., event detection
probability in surveillance applications).

| INTRODUCTION Addressjng this tradeoff_between power efficiency a.nd per-
formance is one of the main goals of the Meerkats project [3].

Most wireless sensor networks to date employ nodes witle study this tradeoff in a real testbed, we have been devel-
limited power, processing, storage, and communication capging a wireless network of battery-operated camera-equipped
bilities. Additionally, they typically include relatively simple nodes that can be used for monitoring and surveillance of arbi-
sensors (e.g., light, temperature, pressure, magnetometer, ett@jily large (indoor or outdoor) areas. Because efficient energy
In these deployments, energy consumed by sensing-relate@hagement is so critical, we have conducted a thorough
tasks is relatively low, which means that the communicatianergy consumption characterization of the Meerkats testbed
subsystem (i.e., the radio) dominates energy consumption.which is based on the Crossbow Stargate platform [5]. In this

However, an increasing number of current and upcoming gpaper, we present results from this study. Our approach was
plications can benefit considerably from “media-rich” sensolmsed on assessing energy consumption of activities represen-
such as cameras and microphones as they typically providéve of the target application (e.g., perimeter surveillance)
wider coverage and richer information. Such applicationgsing a benchmark that runs (individual and combinations
which often have considerable scientific, social, and strategif) “basic” tasks such as processing, flash memory access,
relevance, typically require monitoring events in wide areasiage acquisition, and communication over the network. In
over long periods of time. Examples include: a geologicalur characterization, we consider the various hardware states
survey documenting the time, duration and height of hot watdre system switches through as it executes these benchmarks,
eruption from all the geyser at Yellowstone National Park overg., different radio modes (sleep, idle, transmission, recep-
a period of several months; estimating the number and roamiingn), and webcam modes (off, on, and acquiring image). We
patterns of mountain lions in the Santa Cruz mountains ieport both steady-state and transient (i.e., when switching
order to determine guidelines for human/predator co-existenstgtes) energy consumption behavior. Besides results obtained
keeping a large airport under continuous surveillance Bsom direct measurement using a digital multimeter, we also
detecting movement of humans in open areas. This diverse getsent results obtained using the Stargate’s on-board energy
of applications require a possibly large number of networkensumption measuring capabilities.
sensors for continuous and pervasive monitoring. Wiring the The remainder of the paper is organized as follows. Section
sensor network for power and communication is, in mo#tdescribes the Meerkats testbed, while Section Il describes
outdoor cases, too expensive and not practical. Hence, battettye- methodology used on the energy consumption charac-
operated, wireless deployments are required. terization, including the benchmark and measurement setup



used. Results for steady state and transition costs (delay and I1l. M ETHODOLOGY

additional charge) are presented in Section IV. Then weThe pasis for our energy consumption characterization study

present the in-system energy consumption monitoring togi the Meerkats testbed is to define a benchmark representa-
in Section V. We summarize related work in Section Ve of typical activities performed by wireless visual sensor
Section VII concludes the paper and discusses future workaetworks. Such activities include acquiring, processing, and

transmitting images. We then decompose these activities into

Il. THE MEERKATS TESTBED “pbasic” tasks such as processing, input/output (flash memory,

Currently, our Meerkats testbed consists of eight visulebcam), and communication (transmission and reception
sensor nodes and one information sink. A Dell Inspiron 4000/er the network). Running benchmarks consisting of these
laptop with PIll CPU, 512M memory, and 20G hard disk ighdividual tasks and a combination thereof takes the system
used as the sink. It runs Linux (kernel 2.4.20) and uses #iough different hardware states, i.e. different radio modes
Orinoco Gold 802.11b wireless card for communication. ~ (sleep, idle, rx, tx) and webcam modes (off, on and acquir-

The Meerkats visual sensor nodes use Crossbow's St&g images). To better characterize these different states, let
gates [5]. The Stargate model we employ is based on ths review the Meerkats node’s major hardware subsystems,
XScale PXA255 CPU (400 MHz), has 32MB flash memorf)amely:
and 64MB SDRAM, and provides PCMCIA and Compact « Processor core consists of the processor itself, memory
Flash connectors on the main board. It also has a daughter (RAM and flash), and associated hardware;
board with Ethernet, USB and serial connectors. As shown ine Sensor core includes the sensing devices, i.e. the web-
Figure 1, we equipped each Stargate with an Orinoco Gold cam, together with the USB interface;
802.11b PCMCIA wireless card and a Logitech QuickCam « Communication core consists of the wireless commu-
Pro 4000 webcam connected through the USB. The QuickCam nication card, and associated PCMCIA modules.
can capture video with resolution of up to 640x480 pixels. The These different components can be in different states. For in-
operating system is Stargate version 7.3 which is an embeddgghce, the processor can be sleeping, idle, active (processing),
Linux system (kernel 2.4.19). writing data or reading data; the sensor can be sleeping, idle,
or active (i.e., acquiring image/video); while the radio can be
sleeping, idle, receiving or transmitting. However, instead of
exploring the whole state space, i.e., ALL state combinations,
we only consider the physically possible ones. For example,
it does not make sense to have the processor sleeping and
radio and/or sensors idle or active, since the latter need to be
controlled by the processor.

Switching the Meerkats node through its state space requires
executing specific utilities made available by the operating
system. More specifically, to put the processor in sleep mode,
one must execute the utilisyssuspendproving as parameter
the sleep intervalcardctl suspendputs the wireless card in
sleep mode, whileardctl resumeswitches the wireless card

The Stargate can be powered through a 5V DC adaptorfgm sleep to idle. The mechanism we use to put the webcam
through a battery. Both the main- and daughter boards hdQeleep mode is to remove the corresponding modutempd
battery input, but only the daughter board has a DC inpitsP-ohci-sal11)jifrom the kernel, while changing the webcam
Since we use the USB connector on the daughter board, {i@m sleep to idle requires inserting back the corresponding
need to power the Stargate through the daughter board witdules (hsmod usb-ohci-sall)l
5V. To achieve this, we use a customized 7.4 Volt, 1000mAh, It should be noted that, in the Stargate platform, when
2 cell Lithium-lon (Li-lon) battery, manufactured by Energythe timer for thesyssuspendccommand expires and the node
Sales, Inc. and an external DC-DC (with efficiency of abouwakes up”, the wireless card goes to idle no matter what
80%) switching regulator. The current battery has a small fori§ Previous state was. This is not the case for the webcam
factor (67 x 60 x 9 mm), which makes it ideal for encasingdecause of the way theyssuspendscript is implemented. In
the system in a small container. A number of such batteri@gf measurements, we unplugged the wireless card as well as
can be connected in parallel for increased capacity. the webcam to obtain the different combinations of hardware

An important feature provided by the Stargate is its battefpbsystems.
monitoring capability. This is achieved through a specialized
chip (DS2438) on the main board. Two kernel modulesy,. Measurement Setup
namely onewire and batmon provide access to the battery for our direct measurements, we use the HP E3631A
monitor chip a_nd retrieve information on the battery’s currelower configured to provide 5.4V to power the Stargate. The
state. information. HP34401A digital multimeter (DMM) is used to measure the

1Other projects that use the Stargate as a sensing node include Sen@Vt{enF rovy as the d'ﬁer?nt hardware subsystems become
[8l. active/inactive while the different benchmarks are executed.

Fig. 1. Visual sensing node in the Meerkats testbed



Figure 2 shows a block diagram describing to our measuigequiring image, communication, etc.) characterizes steady-
ment setup. state, while transients are captured when state changes occur,
e.g., node goes to sleep and wakes up, or webcam is sus-
pended.

HP E3631A
Power Supply
T I+ .

)

Measurements setup

A. Steady state

Using the setup described in Section IlI-A, we executed
each of the benchmarks described in Section IlI-B activat-
ing different combinations of Meerkats node components
(i.e., processor core, processor/sensor core, processor/radio
core, and processor/radio/sensor core). Table | shows aver-
age current (over five runs) in milli-Amperes drawn from
the Meerkats node when running the different benchmarks

As shown in Figure 2, a GPIB cable is used to connedith different combinations of active hardware subsystems.
the HP 34401A DMM to a computer to collect and recorétandard deviations are also presented.

Stargate

GPIB cable

HP 34401A
Multimeter

Fig. 2.

measurement samples. The DMM was configured to provid

. . Task Processor | Proc./Sensor| Proc./Radio| Proc./Sensor/

a reading rate of 60 Hz. This setup allows us to measure steagdy Core Core Core Radio Core
state currents (via time integration) as well as transients. idle 139 £1.57 | 324+£233 | 300 £2.92 | 487 £2.51

fft 291 +1.21 | 4744+9.70 | 457+1.23 | 642 +9.20

read | 248+212 | 434+558 | 414+2.89 | 604+ 1.94
B. Energy Consumption Characterization Benchmark write | 2484+ 1.33 | 436£6.90 | 413+1.05 | 60442.16

image - 341 +£24.17 - 515 £ 2.04

As previously discussed, we define an energy consump-TX - 3834+0.92 | 559 +8.39

; At o I RX - - 361+2.72 | 537409.10
tion charactenzatlon benchmark conS|st|r_19_ _of a set of basmsleep 34 0.0 34 0.02 10+ 0.96 04011
operations that are representative of activities performed by ABLE |

visual sensor nodes. Our benchmark consists of five main
task categories, namelydle, processing intensivestorage
intensive communication intensivand visual sensing The
descriptions of these tasks follow.

a) Idle: The idle- or baseline benchmark captures the
energy consumption behavior of the node when only basicThese measurements highlight a number of interesting
operating system tasks are running. This benchmark chargbservations. For instance, the considerable difference in

terizes energy consumption when the system is idle and aR@ver consumption when comparing results from the “sleep”
serves as baseline for all other tasks. and “idle” benchmarks. It is also interesting to note that

b) Processing-intensive: The characterization  of communication-related tasks (i.e., RX and TX) are less expen-
processing-intensive tasks is performed using the FiSive than intensive processipg and flash access vyhep the r.adio
benchmark [2], which is part of SPEC’s CPU2000 [14], afhodules are Ioadeq. Addlt!onally: the procesgmg—mtenswe
industry-standardized CPU-intensive benchmark suite. benchmark results in the highest current requirement; flash

c) Storage-intensiveThe storage media available on théeads and writes cost about the same; and TX is only about

Stargates is flash memory. In order to understand its energsp MOreé expensive than RX.
he relatively small difference between RX and TX modes

consumption behavior, we use a program that reads and write ; )
files with random data. has been observed before, e.g., in [7] which reported the

d) Communication-intensiveTo characterize the energypOWer consumptlon of a WaveLAN er_eless Ca“?' at 2 Mbps.
consumed by communication-related tasks, we use a setT reported difference, ho_wgver, c_on5|derably higher than the
UDP client/server programs. The client program transmits erence we see h(_are. This is partially due to the fact that the
certain amount of random bytes (provided as a argument) erence reporte_d in 7] was computed based on the current

fained by the wireless card only. In our measurements, we

the server. To obtain the energy cost of transmission, we r : . : :
the client program on the Stargate being monitored. Then \ngnsmerthe overall system, which also includes the processing

monitor the Stargate running the server program to obtain tﬂaspciated with communication. . L
energy cost of r(gception 9 prog Figure 3 plots the results shown in Table 1, highlighting

e) Visual sensing:Power consumed by the webcam iSother interesting results. For instance, we observe that the

characterized using theideotimeprogram available on the W?bcam adds about 185mA tBrocessor Core Wh”e the
. wireless card adds about 165mA Rwocessor Corgi.e., the
Stargate 7.3, to acquire a sequence of frames.

additional current consumed by activating a system component
is constant over all tasks.

AVERAGE CURRENT(OVER FIVE RUNS) IN MILLI -~AMPERES AND
STANDARD DEVIATION DRAWN BY THE MEERKATS NODE.

IV. RESULTS

This section reports steady-state (Section IV-A) and traR- Transients
sient (Section IV-B) energy consumption behavior for the To characterize transient power consumption behavior when
Meerkats visual sensing node. Task execution (e.g. processihg, Meerkats node switches between operational states, we



0700 Shoard the board active, and that some application running on the
' 5 B board-+weam node requests an image to be taken. Th is request will require
0,600 — oSl turning the camera on, taking the picture, writing to flash, and
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Fig. 3. Steady-state current draw in the Meerkats node
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added and removed the corresponding operating system mod-
ules/drivers controlling each subsystem (e.g., webcam, ngly. 5. Tasks involved when acquiring an image.

work card) being activated/deactivated. In some cases, switch-

ing states involves powering on/off electronic components|t is clear from Figures 4 and 5 that transients are not
(USB/webcam, network card). This typically causes shost all negligible in the Stargate (and likely in other sensor
transients with possibly high currents. The length of a transiemétwork platforms). For accuracy, energy characterization for
depends both on the electrical characteristics of the subsystgwsse platforms must account for both the additional power
being powered on/off and the processing/response time @hsumed by transients as well as the associated delay.

the operating system when executing the task(s) required taJsing our measurements, we are able to calculate the delay
switch states. The graph in Figure 4 gives an example @hd the additional energy consumption due state transitions.
power consumption transients for the Meerkats node. Thige transitions considered are;

particular run starts with the node fully operational, i.e., with , syspend/resume webcama script that removes/reloads
both the network card and webcam activated. The first transient g|ated kernel modules is used:

corresponds to deactivating the network card followed by , Suspend/resume wireless cardthis is achieved using

deactivating the webcam, and switching the boardsleep the command line utilitycardct! suspend/resume

mode. Then, at time 6.5 sec, the poard wakes up, and thg pyt node to sleep the scriptsyssuspendperforms the

webcam and network card are reactivated, respectively. necessary tasks to put the processor and the whole board
in sleep mode for a given amount of time;

« Wake up node the node wakes up to service an interrupt.
The default for the Meerkats node is to wake up when
the time interval given as a parameter to fyssuspend
script expires.

Transient delay is defined as the interval between the time
the corresponding command to activate/deactivate a specific
device is issued and the time current consumption becomes
stationary, i.e., when all operations associated with the tran-
sient have been completed. Table Il presents the delay associ-
ated with each transition considered.

As previously pointed out, transients are not at all negligible
neither in terms of power consumed nor in terms of delay
0 - ‘ - ‘ incurred. For instance, as shown in Table I, resuming webcam

Tine Caec? activities is the transition that takes the longest (about 1.2

i ) o seconds). Clearly, this has direct impact on node duty-cycling.
Fig. 4. ‘ Transients from complete system to suspend wifi, suspend webc . - .

and switch board to sleep state; then, wake up board, reload webcam, resg?'llépend'ng the webcam takes about 300 milli-seconds, which

wifi and start tx is about the same for the wireless card. But resuming the

wireless card takes about 500 milli-seconds, which is less than

Another example of power consumption transients for tHelf the time necessary to resume the webcam. This happens
Meerkats node is shown in Figure 5. This particular exampleecause the operating system has support to suspend the
considers that the Meerkats node is in idle mode with onRCMCIA modules, which makes this process more efficient.

e.7

8.6 -

idle (boardhwifitwebeam)
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suspend webcam
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—ideal —=real

Task Processor | Proc./Sensor| Proc./Radio | Proc./Sensor|
Core Core Core /Radio Core Ziz
Resume cam - 1272 £+ 32 - 1294 + 13
Suspend cam - 303 424 - 322414 0407
Resume wifi - - 485 + 19 487 + 21 %% 1 I
Suspend wifi - - 313+ 11 204+ 7 < 0801 I
Gotosleep | 372413 397 4+ 29 444 4+ 74 456 + 43 g 0251
Wake up 484 + 114 1288 + 24 2844 4+ 210 3684 + 48 3 020+
0.15 4
TABLE I 0.10 4 |
TRANSITION DURATIONS IN MILLI-SECONDS(AVERAGE AND STANDARD 005 J‘-
DEVIATION CALCULATED OVER FIVE DIFFERENT RUNS). 000

0.00
0.66
1.25
1.86
2.45
3.06
3.66
4.25
4.86
5.45
6.06
6.66
7.27
7.86
8.45
9.06
9.66
10.27
10.86
11.47
12.06

time (s)

Fig. 6. Charge consumed by transitions from idle to sleep and back to idle
On the other hand, to suspend the webcam we need to reme@\uge Processor/Sensor Care

both the webcam and USB kernel modules, which takes longer.

We also notice that when the node wakes up with the wirelesgask Processor| Proc./Sensor] Proc/Radio| Proc./Sensor]
card on, the process will take longer since the node must Core Core Core Radio Core
first have the board operational, and then power the PCMCI@esume cam - 12234 - 126 £ 5
. . uspend cam - 74+ 14 - 69+ 4
hardware so that the wireless card can become operational.resume wifi . _ 92+ 2 95 + 3
In order to verify the delays reported in Table Il, we usge Suspend wifi 47+ 4 4742

the operating system utilityime to obtain the time necessary S0l j:fep NSy I b Il
to execute the programs that trigger the transitions. Table tt
shows these results which are consistently smaller than the TABLE IV
corresponding results in Table II. This confirms that the timesCARCE IN MILLI-COULOMBS (AVERAGE AND STANDARD DEVIATION
reported in Table Il correspond to the times it takes for CALCULATED OVER FIVE RUNS) REQUIRED FOR TRANSITIONS
the operating system to execute the corresponding software
modules (as reported in Table IIl) plus the time for the
corresponding hardware sub-system to become active/inactive.

The results presented in Tables Il and IV show that both

Program Time (s) the hardware and software involved in the transition play a
Remove wecam|  0.21 significant role in determining the delay and charge of each
Suspend wcam  0.259 transition
Remove wifi 0.06 ' . . .
Suspend wifi 1.92 We should again emphasize that delay and additional
TABLE Il amount of charge due to transitions are an important consid-
TIME TO EXECUTE SOFTWARE ASSOCIATED WITH TRANSITIONS eration when scheduling duty cycles for visual sensing nodes.

For example, in some cases, it may be more energy efficient
to keep radio and webcam modules loaded rather than loading

- and unloading them very frequently.
The amount of charge consumed by a transition can be

obtained by integrating over time the difference in current \; |N.sysTEMENERGY CONSUMPTION MONITORING
between the ideal and actual transient behavior. For exampleAs we mentioned before. an important feature provided b
Figure 6 shows a transition from idle to sleep and then age%iﬂr']e Stargate is its built-in b,atter %onitorin ca rfbilit Thisy
to idle for the Processor/Sensor Card’he gray area in the . chie\g/]ed throuah @ s ecializgd chi thg DS%438 yilocated
figure represents the amount of additional charge consundd® . 9 P ) P, . '
: : on the main board. In this section, we describe how on-board
due to transitory current fluctuations. o
. battery monitoring works on the Stargate, how we extended
Table IV summarizes the charge needed for the state tratn— . . .
. . it, zand the power consumption measurements we obtain using
sitions mentioned above. The results presented are average
over five different runs. Some of the results are noteworthy.
For instance, for théroc/Sensor Corsub-system, resuming )
the webcam consumes about the same charge as goindtd?S2438 Battery Monitor
sleep, although the delay is about three times larger. AnotheiCrossbow's Stargate smart battery monitoring capability,
interesting result is that there is no correlation between delaging the DS2438 chip, is normally found permanently mated
and charge, e.g., transitions with the same delay may ndeda rechargeable battery in a battery pack. The DS2438 8-
different charge. For instance, switching to sleep mode fpm chip has the capability to measure the voltage across the
the Processor Coregakes 372 milli-seconds and requires 65targate’s power source and the current flowing out of the
milli-Coulombs on average, while for teroc/Sensor Coré  battery and into the Stargate. Measuring current is achieved
takes 397 milli-seconds and requires 119 milli-Coulombs dsy measuring the voltage at the ends of a low-value shunt
average. resistor, as shown in Figure 7.



Stargate
power

return the current across the shunt resistor as well, using the
p— following equation:I = CurrentRegister /(4096 x Rgpunt)-
- - Since floating point operations are not supported in the
Stargate Linux kernel, the output fropet_battery_status()
L datalin contains both the kernel space calculated current and the raw

1 vap 0o value of the current register, so that user space programs can
DS2438 % Shunt vesistor calculate the value exactly.

' Additionally, a new function batmon_sscanf(char x
VBENS+ NC = buf,int x value) was added to handle the conversion of a
VSENS- Ne s string representation of a hexadecimal number to an integer
representation. The reason for this is that the kessain f()
100k % GND implementation presented a problem which prevented it from

e
+

0.1uF ——

low-pass filter

parsing the hexadecimal string correctly. Accordingly, the
get_value() function was also modified.
e Another issue with the current measurement is that the
DS2438 chip has an offset register (intended to cancel small
Fig. 7. Battery monitor connection diagram. Voltage across the shunt resisgfffset errors in the current ADC), which is added to the current
}S;n}e%asured B sens aNdVsens—. Current can be determined usig=" o ister after every reading is taken. The offset register needs
' to be calibrated to avoid introducing errdtdn order to obtain
the value currently stored in the offset register, we powered

The DS2438 chip [12] takes current measurements at a rteé Meerkats node through the DC jack, and then tsgtghon
of 36.41 times per second. These measurements are stdfeneasure the current. The reasoning for this is that when the
in the Chip’s RAM and can be acquired through the onéloard is powered straight from the DC JaCk no current flows
wire interface (DQ pin). The readings are stored in unit§rough the shunt resistor and the reading should be OmA.
of 0.2441mV (/4096) and the maximum voltage differencelnstead the initial result was -14mA. We account for this offset
between thd/,.,,, pins is 300mV. in a user-level progranbgatread that monitorsdbatmonresults.

The Stargate is equipped with5anQ shunt resistor. Since batreadis a simple program that polliev/platx/batmon
voltage readings are stored in units of 0.2441mV, this wouftNd records the current reading. As parameters it uses the
allow a granularity of 48.82mA (obtained using = R x i) humber of samples, the interval (in seconds) between them,
for the current readings. Additionally, the DS2438 chip capnd the output filename. It is implemented as loop that
introduce an error of=2 LSb (least significant bits), which sleeps in between readmg§ (to minimize interference with the
could result in as much as97.64mA of error. system’s energy consumption).

Considering the current range for the activities we define as
_representative of visual sensor network activities (see Table), Battery Monitoring Performance Validation
it is clear that the granularity of 48.82mA does not allow

accurate readings. Thus we replaced the exisiing? shunt !N order to validate the current readings provided bay
resistor with a270mQ one. By doing this, we achieve atread, we use the same setup described in Section IlI-A and

granularity of 0.904mA with+1.803mA error. followed the same methodology described in Section Il to
conduct direct current measurements, while usbajread
to record the current being drained by the system every
B. Kernel Modules and Interface second. Table V presents the results obtainedaiyead while

As described in Section 1, the Meerkats node runs a LinuXable VI presents the current measured by the multimeter.
based operating system, namely the Stargate 7.3 operating

system which provides two kernel modules that interface with Task Prggfzsor Progésr:nsor Proégsead'o Pégg‘igsgr;srgr/
the battery monitoring hardware, namely: tbeewire and idle 1435 3314 304.4 495.7
batmonmodules?. onewireimplements the one-wire protocol | fft 250.9 434.2 454.0 633.4
used to communicate with the DS2438 chip, and provides \r,sr‘?t‘i gggg ﬁéjg gég:g gég:;
wrapper functions for reading from and writing to the DS2348 | image - 352.2 - 509.8
through the one-wire data bufatmonis a higher level tx - - 421.3 592.8
module, that uses the functions made availablebhgwireto X . . 324.4 526.0
read the voltage from the chip and make it available for reading TABLE V

in user-space through a device (i.e.,/dev/platx/batmon). CURRENT (IN MILLI -AMPERES) OBTAINED WITH batread

The originalbatmonprovides only voltage readings, there-
fore we had to modify it to obtain current readings as well. The
function get_battery_status() in the batmonmodule, which e do not present results for sleep in Table V since the
previously only returned the battery voltage, was modified to

SAccording to the DS2438 data-sheet [12], a calibration is done before
2Both modules were implemented by Trevor Pering shipment, but the system should be calibrated altogether.



system will not be able to keep track of the current readingmergy consumption monitoring interference with respect to

if the processor is sleeping. readings of current drawn.
Task Processor| Proc./Sensor| Proc./Radio| Proc./Sensor/ 04
Core Core Core Radio Core
idle 134 +£3 317+ 1 294+ 1 479+ 1 0.35 | ]
fft 287+ 1 476 + 1 455 + 1 642 + 1
read | 24941 440 £1 417 +1 600 % 5 03 |
write 246 + 1 436 + 1 41340 599 + 1
image - 358 +3 - 513+ 3 oz | |
tx - - 390+ 1 564 + 10 o
rx - - 369+ 1 545 + 11 %
sleep 3+0 3+0 940.1 10£0.1 g 0z 1
o
TABLE VI 015 | 7
CURRENT, IN MILLI -AMPERES MEASURED WITH DMM WHILE batread
WAS RUNNING (AVERAGE AND STANDARD DEVIATION CALCULATED OVER 01} <
FIVE RUNS).
0.05 - q

0 50 100 150 200 250 300 350 400
Comparing the results in Tables VI and V, we can quantify Time (59
the interference of on-board battery monitoring. For €XaMfy. 9. Current being drained Wrocessor Coravhen fit is being executed.
ple, for tasks that are more power-demanding (e.g., fft), the
average current readings obtained fravatread are smaller
than the corresponding DMM readings. This is expected since
the processor needs to switch between tasks (e.g., fft and
batread to execute the in-system current measurements and
becausdatreadis less power-demanding, the average current .,
consumed is lower that when just fft runs. For less power-
consuming tasks, the interference may happen in the opposite° il

o

.4

0.35 1

direction, i.e., the current readings bgptreadmay be higher. < " ]
Figure 8 summarizes the results from Tables VI, V and §
for the Proc/Sensor/Radio Corsubsystem. 015 1
0.65 o |
I = I 0.05 [ g
R | | | | | | |
I I I I I 0 0 50 100 150 200 250 300 350 400
2 = = I = = I Time (sec)
% I I I I I I dritm - o batread Fig. 10. Current being drained Brocessor Corevhenbatreadis monitoring
£ I 1 nn o - betresd the system at 1 Hertz and fft is being executed.
Q
By NE R 1
TR R 1 In-system energy consumption monitoring is important in
N S R PR PR order to track battery discharge and be able to make decisions
I I I I I I influencing the trade-off between power conservation (and thus
operation lifetime of the system) and performance. Although
idle fit read write image o (24

in-system monitoring interferes slightly with energy consump-
tion, we were still able to cross-validate on-board monitoring
Fig. 8. Current (in Amperes) measured with DMM with and withbatread measurements against DMM readings_
running, andbatread results. The results apply to theroc/Sensor/Radio
Core).
) V1. RELATED WORK

We also have to keep in mind that the DS2438 chip haslin this section, we summarize related work in areas relevant
an error of+2 LSb (+1.808mA in the current Meerkats nodeto our work, including energy consumption measurements
configuration). Another issue is the rate at whishtreadis for network interfaces, sensor networks platforms and mobile
recording current readings, which is one reading every secodevices.
When compared to the multimeter reading frequency (60 Hz),Stem et al. [15] measures the power consumption of
this is very low and therefore may cause loss of informatiosome network interface cards (NICs) when used by different
On the other hand, the higher the reading ratebfiread the end-user devices. The work also report on transport— and
more interference it will cause. application—level strategies to reduce energy consumption by

Figures 9 and 10 illustrates the effect of Stargate’s in-systéMiCs. Later, in Feeney et al. [7], detailed energy consumption



measurements of some commercially-available IEEE 802.4tlll able to cross-validate on-board monitoring measurements
NICs operating in ad hoc mode are provided. Along the saragainst DMM readings.
lines, Erbert et al. [6] assesses the impact of transmissiorAs future work, we intend to use the characterization
rate, transmit power, and packet size on energy consumptimesented here to develop a probabilistic energy consumption
in a typical wireless network interface. Pering et al. [9nodel to predict energy consumption behavior of the Meerkats
presents a mechanism to exploit radio hierarchies for wirelessde. This energy prediction model will then be used to
devices, and reports energy consumption on Bluetooth aingplement a resource manager that will be able to predict
IEEE 802.11 NICs. the node energy consumption, verify its current state (using
The Panoptes sensor hardware [4] is similar to the Starg#te on-board energy consumption measuring capabilities), and
hardware, but has higher power requirements. When we codecide the node’s actions optimizing the energy consumption—
pare the power requirements of both platforms, we obsemerformance trade-off.
that the Stargate provides energy savings of up to 25%.
Another widely used platform in sensor networks are the VIIl. A CKNOWLEDGEMENTS
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