Evaluation of context distribution methods via Bluetooth
and WLAN: Insights gained while examining Battery
Power Consumption

Alisa Devlic Alan Graf Paolo Barone
Appear Networks Systems AB & Ericsson AB HP Innovation Center
Royal Institute of Technology (KTH) Tellusborgsvagen 83-87 Via Grande 4
Stockholm, Sweden Stockholm, Sweden Milan, Italy

devlic@kth.se

ABSTRACT

In atraditiond context-aware system, most context information is
locd to a device However, we may need access to context
information from outside the device Inaeasingy mobile
eledronic devices are equipped with Bluetoath and/or WLAN
network interfaces. Both of these techndoges enable ad hoc
discovery & neworking. In this pape we evaluae the use of
these tedindoges for context distribution within a locd area
(i.e., limited to a singe hop). Using Bluetoath, we begin by
discovering devices using Bluetooth’s discovery protocol, colled
ther context information, creae an XML file containing this
information, and distribute this file to all discovered devices,
such tha every device now has the same context information.
Next we peform the same discovery, colled, and distribute
fundions but usng WLAN. In eat case we have performed the
cycle of opeations starting with a fully charged batery and
continuing until the device was nat able to utilize the seleded
wireless interface any longer. Findly we compare bah
approaches to context distribution in terms of batery power
consumption. We observe tha Bluetoath consumes 2-6 times
more energy for transmisdon of a 1MB file to two devices than
to discover these two devices. Furthermore, the trander of this
file is two times slower than WLAN, and we mug unicast this
file to ead device Multicesting via WLAN proved to be less
energy consuming than the Bluetoath tranamisson, if daa is to
be sent to more than three users. In addition, the energy to
discover 2 devices along with thdr services usng Bluetooth
consumed 52 times more energy than to recdve the same amount
of daa viaa WLAN multicast. Thus this pape shows tha it is
more energy efficient to distribute context knowiedge to other
devices, than having ead device lean this information itself.
Findly, we give equdions for cdculating the batery power
consumption of tranamitting data usng any protocol tha runs
over Bluetoath or over WLAN.
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1. INTRODUCTION

In a context-aware system, devices are frequently mobile
and geographicdly distributed, thus devices need to timely
discover, colled, and adapt based upm context information from
its surroundings. Here, context is used to describe the situaion of
an entity [1]. Alterndively, a device can shae its context
knowledge (which it has discovered and aquired) with other
geographicdly distant devices (which have done the same) in
order to lean about patentiadl new contexts, in advance of
ariving a a new locaion. Advance knowedge of context is
powerful, because it can patentialy reduce the dday or energy
required by a device tha needsto adept to a new environment. If
this context information is distributed in advance, then the quay
can be answered locdly. Thereis a cost related to distribution of
context tha will never be used by ancther peer (in terms of
communicdions, storage, and batery power consumption), but as
much of this information changes slowly and this information can
indude other context, such the available projedors, scannes,
printers, access paints, power outlets, etc. in the same
environment, the probability tha none of this information is used
decreases. Thusthere will beatrade-off between how far context
information should propagate and how useful this information is
in advance (for adgptation by bath the device and the user).

In order to undestand this trade-off between the distribution of
context daa over a set of devices and the costs of this
distribution versus its time-dependent value — we examined the
batery power consumed by context discovery vs. context
distribution.



Due to the limited power available, hardware sensors such as
mobile phmes, spot sensors, medicd sensors, wireless
keyboerds, mice etc. are typicdly equipped with short range
radios, quite often Bluegtoath class 2 or 3 radios. While more
powerful devices, such as handhed devices, tablet PCs, laptops,
etc. are equipped with bath Bluetocth and WLAN network
interfaces. As bath techndoges enable ad-hoc discovery &
networking between heterogeneous devices, we evaluated the use
of these techndogies for context distribution within a locd area
(in this pape we condder asinge hop).

The context distribution methods that we describe in this pape
are based on a simple idea: eath device discovers other nearby
devices, colleds context information from these discovered
devices, and distributes this information to al the discovered
devices, such tha they al share the same (most recent) context
information. We have performed these operations in cycles and
measured the batery power consumption starting with a fully
charged batery and continuing until the remaining batery power
is too low to continue and the application is shut down by the
operating system.

In this pape we present our preliminary results and experiences
from performing these measurements over Bluetoath and WLAN
on two different handhdd devices: HP iPAQ 4150and 6915.1In
order to evaluate the cost of sending small vs. big chunksof data,
we append the context information ead time it is colleded to a
file, which isin turn trangmitted to all the discovered devices. As
thefile grows in size, we are able to collea daafor different file
sizes; hene we can use this data to estimate the amount of
batery power required for any specific file size. Fitting this data
to a formula for the cost of trandferring data in terms of Jbit
enables us to estimate the power consumption for any given
protocol that will run over Blugoath or WLAN. Therefore we
can cdculate the optimum frequency (with respect to the battery
power consumption) to distribute and retrieve relevant context
information.

This pape is organized in seven sedions Sedion 2 presents our
propasals for context distribution usng Bluetoath and WLAN.
Sedion 3 explainsthe hardware and software used for measuring
batery power consumption. Sedions 4 and 5 describe how
measurements were performed; discuss the results obtained usng
two different handhdd devices, compare bath wireless link
techndoges, and describe the indghts gained by performing
these measurements. Sedion 6 provides a brief overview of the
related work. We condudein sedion 7 with a recaitulation of
theresults and future plans

2. CONTEXT DISTRIBUTION

2.1 Bluetooth Context Distribution

Context distribution usng Bluetoath, as ill ugrated in Figure 1,
works as follows. a device with a Bluetoath interface and a
context distribution applicaion initiates discovery of nearby
devices aong with the context information which ead can
provide and addsthis information to a fil e, then sendsthis file to
all discovered devices — in order to propagate this information.

As context information we are specificdly interested in thelist of
services provided by a device By propagating the complete list
of al the discovered services we can quickly generate a list of
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all services tha al devices which are currently or soon could be
in range have available. It is the distribution of the aggregated
information which enzbles the discovery of devices and services
beyond the single hop limit. Note tha Bluetoath limits this
distribution of context to seven or fewer simultaneous devices
that are within arange of ten meters.

Bluetooth

application PAN

Figure 1. Bluetooth context distribution

Blugtoath service discovery can be done in two ways: by
seaching for a paticular service or by browsing for available
services using Bluetooth’s Service Discovery Protocol (SDP) [2].
We utilize the latter (i.e., the browsing method), in order to lean
about all avail able services off ered by discovered devices [3].

File transfer is performed using Bluetooth’s file transfer profile
[4]. This file trandfer profile depads on several undelying
profiles and piotocols. Two profiles handle discoverability and
connection establishment. To trander files the objed exchange
(OBEX) protocol is used. OBEX [4] alows a client to initiate a
file trander operation and push, pull, browse, or manipulate
objeds (files) on the server. The server needs to be avail able to
other devices, accgt incoming connections and alow basic file
trander operations The OBEX PUT operation is used to transfer
objedsto the server.

2.2 WLAN Context Distribution

In WLAN context distribution we assume that ead devicewith a
WLAN interfacehas aready discovered some context and stored
it in a locd file. Distribution, as shown in Figure 2, works as
follows: a device first enters a listening state, where it starts a
timer with a randam timeout value (initialy seleaed between 6
to 9 semnds and inaeasing by 3 semnds ead time the size of
the merged file inareases by an additiond 150kB). Note tha we
have chasen these initial timeout values after experimenting with
the protocol. This time is longenoudh to all ow a server device to
recave files from two other clients, but short enoudh to keep all
devices synchronized for the entire measurement period.

When the timeout ocaurs, the device will check if it has recaved
a discover Peers message. If this message has been receved, then
the device ads as a client, sending a peer Reply message foll owed
by the current fil e containing the discovered context information.
After sending the reply and file, the client will listen for a
multicast of a merged file to arrive from the server. After
recaving the merged file, the client returns to listening (in the
discover Peers state).

If the device determines after the timeout, tha it has nat receved
a discoverPeers message, then it will itself multicast this
message, thusading as a server. After multicasting this message,
the server starts a timer and waits for peerReply messages and
files from clients. Note that the client sends peerReply message



prior to the file trander, thus there are two separate receve
operations on the server side. When the timer expires, the server
checks if peerReply messages and files have arrived and if so, it
merges the recaved files into its existing file and multicasts the
resulting merged file to al clients. Othewise, it will multicast
the existing file (generated in the previous round). After
multicasting the file, the server returns to the discoverPeers
state. For the next round, a new server will berandamly seleded.
In this way, context knowledge is shared among devices which
are connected to the same wireless access point. However, this
protocol could also be used on ad hoc WLAN networks.

Start

%(Listen to discoverPeers messages]

End

Timeout -

Message(s) No
arrived? Multicast discoverPeers message]

Yes

{Sends peerReply message and a filej [Waits for peerReply and a file]

Client Server

Waits for merged file

Timeout -
Message(s)
arrived?

[Merges received file into existing one

i No

4(Send merged file to clientsj (Send merged file to cIientsJ

Figure 2. WLAN service discovery and file transfer protocol

3. MEASURING BATTERY POWER
CONSUMPTION

3.1 Bluetooth and WLAN

Bluetoath in mobile devices generally uses one of two staks:
WidoomnvBroadoom stad [6] or Microsoft stadk [7]. These APIs
provide fundions such as. device discovery, service discovery,
and transfer of files between devices. We use High Point
Software’s BtAccess library [8], as the devices chosen bath use
the Widoomm Bluetoath stak. On top of this library we
implemented our own context distribution applicdion. To
implement our WLAN context distribution we have used the
System.Net.Sockets package (a part of the .NET Compact
Framework).

3.2 Retrieval of battery power status

Most of today’s mobile devices utilize a Smart Battery System
[5]- Using Microsoft’s coredll.dll library we developed for
Microsoft Windows Mobile devices a P/invoke fundion to
retrieve the device’s battery power status. The class
SYSTEM_POWER_STATUS EX2 is passd to the fundion as
thefirst parameter.
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To measure batery power consumption, we require the batery
current and voltage values (as specified in this clasg. We aso
aquire the (remaining) battery life percentage values to provide
information about the amount of batery life remaining as a
percentage of the battery’s initial full life time (capacity). We
have developed a C# applicaion tha uses this library to log
these valuesto afile.

3.3 Hardware

Measurements have been performed on two different types of
devices (ead of which has a separate internd backup battery to
maintain daa integrity during main batery replacement;
additiondly ead has an integrated 802.11bWLAN interface).
Table 1 shows chaaderistics of these devices. These devices
were chosen because of ther availability and differences in
processng power, versions of the Blueoath stak, and the
batery cgpacity. Also bath have the same type of Bluetoath stadk
and an integrated WLAN interface

Table 1. Types of devices used in measur ements

Device | Battery CPU Bluetooth stack
iPAQ | Lithiumion, 400MHz Intel | Widcomm
4150 | 1000nAh, 3.7V | PXA255 Bluetoath v1.4
iPAQ | Lithiumion, 416MHz Intel | Widcomm
6915 | 1200mAh, 3.7V | PXA270 Bluetoath v1.7

4. BLUETOOTH MEASUREMENTS

4.1 Measurements Description

During our measurements we have used 3 devices, ead equipped
with a Bluetoath interface One device initiates device and
service discovery, appends results to a file, and distributes this
file to the other two discovered devices (eah one ads as a
remote device), responding to discovery inquiries, and retrieving
the file. An application was developed and deployed that
continuaudy peforms and repeats Bluetoath device discovery,
service discovery, and file tranger, as well asloggng the batery
current, voltage, and the remaining battery life (percentage) to a
file for ead of the adivities (i.e., device discovery, service
discovery, and file trangmisson). All phases were time stamped
with bath a start time and an end time.

In order to determine the batery power consumed for ead
operation, we have subtraded batery power values obtained in a
measurement when the Bluetoath radio was turned off from the
batery power values of eat particular phase (seeequdion (1)).
These measurements (with the Bluetoath interface turned off)
were separately performed on eat device The values subtraded
were chasen to match (in time) the battery power values in ead
phase of the series of Blugtoath operations. Note tha device
discovery is denated as DD, service discovery as SD, and file
trander as FT.

P =Y Uy * 1y ~Ugs * I ) X = {DD,SD,FT} (9
i=1

Theoverall measurement sequence isill ugtrated in Figure 3. The
application was launched when the device was fully charged and
continued until the batery level was toolow to continue



DD SD FT DD sb FT DD sb FT

* )

IMEASUREMENT START/ T

BATTERY FULLY MEASUREMENT STOP/
CHARGED BATTERY RAN OUT

Figure 3. M easurement sequence

We append new discovery data and information about the battery
power consumption to the file in ead round. Therefore, the file
sizeinaeases following ead fil e trander round. Theinformation
in the file is encoded in XML. In order to avoid reading and
pasing the file when we need to append new information, the
applicaion simply seeks to the end of thefile minusthelength of
the string of the last end tag, appends new daa, and writes an
end tag. This operation is congant in time and it takes lessthan
1ms to append new daato thefile. Aswe could nat measure this
very brief operation usng our applicaion; we donat separate out
the power required for this operation.

In our test environment we have three isolated devices: one
master and two slaves. Their names were hard-coded in the
application’s discovery source code. They were initialized and
configured to alow device discovery, service discovery, and file
trander operations initiated by the master device The two
different master devices used to peform measurements utilize
two different versions of the Widocomm Bluetoath stad (as noted
in Table 1).

4.2 Measurements Results

4.2.1 HPiPAQ 4150 Device

The measurements lasted for 8 hours, 6 minutes, and 14semnds
While measurements peaformed on the same device in an idle
state with the Blugoath interfaceturned off lasted for 12 hours,
27 minutes, and 30 seamnds whereas when the Blugoah was
adivated, but the device was idle, they took 11 hours, 26
minutes, and 32semnds

Figure 4 shows the batery consumption as a fundion of time
cdculated as P(t)=U(t)*I (t) from the values obtained from the
measurements, where U(t) and I(t) represent the battery voltage
and current values. The uppe curve shows the batery
consumption for al the adivities peformed during the
measurements: discovery of two devices, discovery of services on
asinge device and file transfer to a singe device. It can be seen
that batery power consumption (rate) is rouchly congant. The
lower curve shows the “corrected” battery power consumption,
which is adudly the batery power required during ead phase of
the measurement process reduced by the batery power values
aligned in time when the Bluetoath interfacewas turned off and
when the device was idle. This “corrected” battery power
consumption for eat Bluetoath phese is specified by equaion
(1). The average batery power consumed in the measurements
was 335mN before and 109mW after subtrading the power
when the Bluetoath interfacewas off .

Since the phases were nat equdly long (i.e., they todk different
amounts of time), one can na diredly compare ther batery
power consumption; ingead, we multiplied the average batery

power (i.e.,|5x) consumed in each round with the average
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duration of ead operation (i.e., '|TX) to obtain the average energy
consumed from thebattery (i.e., E, ) dueto eadh operation.

Zn:[(uxi * Ixi _Uofin * Ioffx‘ )* Txi]

1 25 49 73 97 121145169 193 217 241 265 289 313 337 361 385 409 433 457 481 505 529
Measurement round

—e— Device discovery —=— Service discovery File transfer

"Corrected" device discovery —— "Corrected" service discovery —8— "Corrected" file transfer

Figure 4. Comparison of battery power consumption for all
three activities before (above) and after subtracting the
power consumed when the BT interface was off (below).

Details about batery power consumption pe adivity are
summarized in Table 2.

Table 2. Battery power consumed by all Bluetooth activities
with a HP IPAQ 4150

A Device Savice File
verage discovery discovery | trandfer

power consumed:

beforecorrection | 4397w | s2amw | 340.3mw

after correction 114.6mwW 98.6mw 114.9mW

duration 10.3 sec 1.6 sec 19.9 sec

energy consumed 1.183 0.16J 2.35J

Note tha the size of the file tha was transferred was 2.7kB at
the beginning and 1.29MB at the end of the measurement period.
The file size increases linearly in time, filesize(t)=2.34t +0.24,
where thefile sizeis expressed in kB and time in seconds

Based upm the power consumed for thefil e transmisgon and the
file trander daa rate we can estimate how many joules are
consumed per tranderred user daa bit. The result is 3.9YMB
(i.e. 481.7nJbit) as obtained from the foll owing equation:

P W]
file _transfer _data_rate [bit/s]

Energy_per _transferred _user _data_bit [J/bit] =

n n (3)
= (Urr‘ e ’Uofﬂ»‘ri *oter )/Z(file_sizq/Tq‘)
Comparing the cost of device discovery (i.e., 1.18) with the cost
to trander a1 MB file (i.e., 3.9J) we can observe tha the device
consumes threetimes less energy to discover two devices than to
trander a 1 MB file to a sinde device This is an important



result, showing tha Bluetoath file trander is not an energy
efficient methad to trander daa (as compaed to WLAN).
However, it iswell suited for discovery of nearby devices.

Figure 5 shows the file trander rate vs. file size A logarithmic
incesse of the file trander rate with the file size can be
observed. Thus the file trander rate initialy inceases with
inaeasing file size up to a certain pant; after which thefile size
does na significantly influen@ the file trander rate. The
maximum OBEX packet length is 255 bytes; therefore the file
trander always requires multiple OBEX packets. This means
tha more than one PUT request needs to be sent to and
adknowedged by the server. The last PUT request will have the
find bits set, thusindicating to the server tha client is finished
sending packets. There are no timeouts between OBEX packets.
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Figure5. Filetransfer ratevs. file size

Using a maximum trangmisgon unit of 255bytes, the daarate at
afile size of 5203kB was 31.5kB/s and 339kB/s at a file size of
1MB. This MTU is too small to efficiently send large files,
because sending more packets means waiting for more
confirmation packets, which limits the trander rate. We asume
that the propagation time of responses is significantly lessthan
the time required for procesgng packets of the file on the server
side

HP iPAQ 4150uses a BRF6100[9] Bluetoath singe-chip which
integrates Bluetoath baseband, RF, memory (ROM and RAM),
and power management to enhance performance, reduce cost, and
minimize board space In its lowest power mode this Bluetoath
transceiver requires 25mA in tranamit modeand 37mA in receve
mode at a supply voltage of 1.8V. Based upa this we can
cdculate the power, as 45mW in tranamit mode and 666mW in
recéve mode Acoording to [10] the energy required to tranamit a
singe burst of data from an initialy powered-down trangmitter
can be expressd as foll ows:

N
Etx(N’ RC’ Parrp) = Pstart * Tstart +ﬁ(Rerc + Parrp) (4)

The two terms in the expression represent the energies for
startup and transmisgon, respectively. Where Psar and Tsar
represent the power and latency of radio startup, Pugec IS the
adive trangmisson power, Panp the disdpaed amplifier power,
N the nunber of bits before FEC, R theradio bit rate, and R¢ the
convdutiond rate. Asauming tha the energy consumed for the
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startup was significantly lower than the energy consumed for
trangmisgon (as thetime needed for trangmitter startup isin the
orde of hundeds of milli seandsversus semndsof trangmisson
time and Psar<<Pixeeg), We assume values for the lowest power
consumption where Panp=0dBm, Rc=0.5, and use a radio
trangmit data rate as R=721kbps this results in an energy
consumption per trangmitted bit of:

Ex ~Pax +12541073/bit =125 /bit ()
N(bit) R.*R

When comparing this result with the value cdculated from our
measurements udang (3) (i.e.,, 481.7nJ), we can seethd they are
of the same magnitude with this cdculated value being small er,
since this computation assumed the lowest power consumption
case. Becaise our measured value indudes al the other
operations required to acdudly get the bits to transer in addition
to effedively trandferring the user daa bits we expect it to be
higher. It is important to nate that we are computing in equaion
(5) the energy consumed to send a singe bit from a tranamitter,
while the ealier cdculations concerned thetotal energyto send a
singe user daa bit, nat induding the coding of the user bits (or
the header bits) nor the extra overhead bits which are set for the
lower layer protocol (for example framing, addressng,
synchronization, pdling'response, link layer management, etc.),
or the time (and energy) listening to be pdled, waiting for an
adknowledgement, and the protocol overhead at the higher layers.
We nae tha the ratio beween the energy consumed per
tranderred user data bit and the energy consumed to transfer a
singe bit from thetrangmitter is 3.9.

4.2.2 HPiPAQ 6915 Device

For this device the measurements lasted for 9 hours, 2 minutes,
and 49semndsuntil the remaining batery power was 12% of the
full batery capacity®. If the measurement would have run until
the batery was at zero cgpacity, the estimated duration of these
measurements would be 10 hours, 23 minutes, and 22 se@mnds
For comparison, the measurements on the same devicein an idle
state with Bluetoath interface turned off lasted for 23 haours, 1
minute, and 14 seomnds whereas when the Blugoah was
adivated, but the device was idle, they took 19 hours, 23
minutes, and 4 seonds

Figure 6 shows the battery consumption for all adivities
performed during the measurements. The lower curve shows the
batery power consumption after corredion (in the same way as
described in 84.2). The average battery power consumed during
the measurement was 4055mW before and 2319mW after
corredion. The lower curve also shows several power values
close to zero - these are errors dueto the simple way in which the
measurement values were correded.

! TheBT device in theiPAQ 6915could nolonger be used once
the battery voltage dropped bdow 3.664V. At this time we are
nat certain why thisis true but suspect tha the OS in purposely
turning off the device to save some remaining batery power.
Note that in our ealier measurements with HP iPAQ 5550 he
operating system turned off the WLAN interfaceat some pant to
preserve some operating time without the WLAN.
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Figure 6. Comparison of battery power consumption for all
three activities before and after correction

Details about batery power consumption per adivity are
summarized in Table 3.

Table 3. Battery power consumed by all Bluetooth activities
for aHP iPAQ 6915

Average Device Service File

9 discovery | discovery trander
power consumed:
before reduction 425.7mW | 388.4mW 402.5mwW
after reduction 251mwW 215.3mW 229.3mW
duration 11.7 sec 2.1 sec 10.9 sec
energy consumed 2.93) 0.43J 2.49J

Applying the same equaions used ealier for the HP iPAQ 4150,
we cdculate tha the energy consumed (until the pant when the
remaining battery power was 12%) for ead Bluetoath phase. As
shown in Table 4, these results are 2-3 times higher for the
device and service discovery, and amost the same for file
trander. Table 4 summarizes the energy consumption results for
bath devices: average energy consumed for device (DD) and
service discovery (SD), energy consumed pe tranderred user
daabit (FT), aswell asthetotal energy consumed for al rounds

Table 4. Comparison of energy consumptions

HP DD SD FT (per user | Tota energy

iPAQ daabit) consumed

4150 | 1.18) | 0.16] | 4817nJbit | 33834J

6915 | 2.93] | 043] | 4015nJhit | 620353 (88%)
73347J (estimated
for 100%

HP iPAQ 6915 uses a BRF6150 [11] Bluetoath singe-chip
solution. In its lowest power mode, its Bluetooth transceiver
utilizes 25mA in transmit mode and 37mA in recéve mode at a
supply voltage rangng from 1.8V to 3.6V. Caculating the
power, we obtain 675mW (usng the mean voltage value) in
trangmit mode and 999mW in recéve mode When cdculating
the energy consumed per transmitted bit, we get:

Digital Object Identifier: 10.4108/ICST.MOBIQUITOUS2008.3613
http://dx.doi.org/10.4108/ICST.MOBIQUITOUS2008.3613

B 18724107 3/bit=187203 /bt ()
N (dbit)

Figure 7 shows the file trander rate vs. file size, which foll ows
the same trend as in Figure 5, but with significantly higher data
rates. It can be seen tha the daa rate of this deviceis 2.4 times
faster than the rate of the other modd. The size of thefile that
was transferred was 2.7kB at the beginning and 1.48MB at the
end of themeasurement period. Thedatarate at afile size 519kB
was 7595kB/s and 82kB/s at a fil e size of 1MB.
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Figure 7. Filetransfer ratevs. filesize

Moreover, the total energy consumed by the iPAQ 6915 for all
roundswas 62035J. The estimated total energy consumed (given
the ability to fully utilize the battery capacity) is estimated to be
733477, while the total energy consumed by 4150 device was
3383J Thus we observe tha iPAQ 6915 consumed twice as
much energy from the battery as the iPAQ 4150.Possble reasons
for this are tha iPAQ 6915 has a faster processor than iPAQ
4150(Intel PXA270at 416 Mhzvs. Intel PXA255at 400Mh2), a
newer Blugoath stadk (version 1.7 vs. 1.4), thus waiting for
Bluetoath input consumes significantly more batery power
because the processor is nat beng put into a low power mode,
despite the fad tha it is to perform the same operations as the
iPAQ 4150. Another reason is that the set of measurements ran
(11%) longer on theiPAQ 6915 han on the iPAQ 4150,thuswe
would alrealy sugpect tha unlessthe iPAQ 6915 consumed less
energy on average per operation than the iPAQ 4150 — tha its
total energy consumption would be greaer — however it is more
then propationdly greaer.

Note that in order to estimate the total energy consumed for the
full batery capadty, we first cdculated the sum of the estimated
durations of al phases for the rest of the (estimated) time (tha
the measurements would run if we were able to continue to
operate until there was no batery power left), multiplied by the
average batery power of ead phase, and add them to the alrealy
cdculated energies.

5. WLAN MEASUREMENTS

5.1 Measurements Description

In the WLAN measurement we have also used 3 devices, eah
equippad with a WLAN 802.11binterface in conjundion with a
D-Link DI-524 high speed IEEE 80211g wirelessrouter, which
is 802.11bcompdible. As explained in 82.1, after listening for a
randam period, a device which times out attempts to assume the



role of beng a server, while the other (two) devices ad as
clients.

A randamly seleded measurement sequence is shown in Figure
8. The client’s and server’s activities are also illustrated as a
fundion of time. First we measure the duration of ead adivity
which a device peforms, and determine the corresponding
batery power consumed for this operation, these results can be
correlated and compared with the results from the ealier
Bluetoath measurements.
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Figure 8. WLAN measurement sequence

In order to determine the batery power consumed for ead of the
client and server opeations we have subtraded the batery
power values obtained when the WLAN interfacewas turned off.
These measurements (with the WLAN interfaceturned off) were
performed sepaately on the same device and the values were
used to corred the power consumed in eat of the phases of the
WLAN operations.

Bluetoath generated files tha contain context information on
ead client were sent to a server, which merges them into a
singe file and sendsthis fil e back to other clients. A merged file
is compased at the beginning of the measurement period and the
batery information for eah adivity a device peforms is
appendd in eat roundto this file. Thereason for dang soisto
simulate the inareasing file size in order to be comparable to the
ealier Blugoath measurement, while avoiding the exponential
incease in file size caused by appending a newly generated
merged fileto theexistingone

5.2 Measurements Results

5.2.1 HPIiPAQ 4150

The measurements lasted until the device could nolonger operate
the WLAN interface — which took 2 hours, 14 minutes, and 42
semnds i.e. four times shorter than the measurement period of
the Bluegoath measurements. After andyzing this daa, we
eliminae the power consumed in foll owing pheses (because they
were too shot to be conddered in the energy consumption
calculation): the server’s multicast of the DiscoverPeers
message, the client’s sending of the PeerReply message, and the
client’s sending of the Bluetooth generated file.

Figure 9 shows the batery power consumption for adivities that
a device paforms in the server role: listening to DiscoverPeers
message, waiting to receve peer replies & files from clients, and
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sending a merged file to discovered clients. Note that the first
opedtion relates to the blocking receving fundion on a UDP
multicast socket, while the other two adivities are recaving and
sending afil e over a TCP socket, respectively.
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Figure 9. Comparison of battery power consumption for all
server activities after subtracting the power consumed when
the WL AN interface was off

It can be seen tha listening to DiscoverPeers is the most power
conuming operation, which varies beween 912mWV and
1325mW. Note tha a device in this phase does nat receve any
Discover Peers message after the timeout expires, because it ads
as a server and multicasts this message. Note also that the device
had the automatic power save mode’ turned on during the
measurement period, meaning that the WLAN card enters a Seep
state [12] (where a mgjority of the circuitry is switched off,
except for some criticd parts) after a certain elapsed period of
inactivity. It wakes up after a preset interval to check for the
traffic queued for it at the access point. The batery power
conaumption of a WLAN device in theidle (after it was reduced
by the values when WLAN was off) is shown in Figure 10.

Since listening for DiscoverPeers adivity is redized by the
blocking socket receving fundion, we asume tha the mgority
of the time the deviceis in the Listen state [12] and tha it does
nat go to the Seep state. In the Listen state a device listens for
the (multicast) traffic, but does nat passany daato the host. We
also asume that ingantaneous power consumption, ill ugrated by
periodic pesks, correspondsto short periodswhen the devicewas
recaving an annauncement frame from the access paoint. The
annaunement period (DTIM (Delivery Traffic Indicaion
Message) interval) was set to 300 ms.

The waiting for PeerReplies & files and sending a merged file
have very similar power consumptions in the first hdf of the
measurement period. The reason for this similarity is that they
bath receve and send daa via a TCP socket. The difference is
that the waiting for PeerReplies and fil es operation is terminaed
after the preset timeout value, which increases with the merged
file sizeinaease (as explained in 82.2), while the sending of a

2 The automatic power save mode is by default set by the device
manufadurer because it achieves the maximum power saving
without degradation of performance.



merged file opeation finishes immediately after the daa
trangmisgon completes. Note tha the receve operation is non—
blocking, meaning tha if there is no data to receve, the device
will beidle, and will goto the Seep state. This could explain the
ocaurrence of the ingantaneous drops of the batery power to the
same low values as when the WLAN was idle (see Figure 10). A
drop in batery power consumption also hgppened during the
send merged file operation jugt before the end of the
measurement period. This can be seen in Figure 11, and a
possble explandion is that the device briefly disconnected from
theaccesspaint.
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Figure 10. Battery power consumption plot for WLAN idle
measur ement after correction

Figure 11 shows the batery power consumption for adivities tha
a device peaforms as a client: listening for the DiscoverPeers
message and recaving a merged file from the server. In the
listening for DiscoverPeers, the client acudly gets the message,
but this retrieval is too shart to be captured in the log files
because the whde message fits into a singe packet of 1024
bytes. Thus its batery power consumption is the same as in the
server role.
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Figure 11. Comparison of battery power consumption for all
client activities after correction

It can be nadticed tha the power consumption of receving the
merged file is the same as the sending of the merged file. Three
decreases in batery power consumption can be observed in
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Fig.11, which can be explained as the client device nat recaving
the file because of a temporary disconnection from the access
paint.

Tables 5 and 6 summarize the detail s of the average power and
energy consumption per adivity in the server and client role. We
can observe that the most energy was consumed during blocking
recave operations when listening for a Discover Peers message,
while the least energy was spent to adudly send and receve
data. In waiting for PeerReplies and files operation the device
conumed less energy than in the listening adivity, due to the
nontblocking recaving operation.

Table 5. Battery power consumed by WLAN server activities
for aHP iPAQ 4150

Listen to | Wait for Send

Average DiscoverPeers | PeerReplies | merged file
andfiles

power
consumed:
before
reduction 1312.7mW 959.3mW 1151.8mW
after 1083.4mW 728.4mW 920.7mW
reduction
duration 15sec 15sec 13sec
energy 16.67J 9.96J 11.5J
consumed

Table 6 Battery power consumed by WLAN client activities
for aHP iPAQ 4150

Listen to
DiscoverPeers

Receve a merged

Average .
9 file from a server

power consumed:

before reduction 1316.5mW 1144.5mW
after reduction 1089.8mW 919.2mwW
Duration 14.9 sec 4.5 sec
energy consumed 16.6J 4.1

To compare the cost of WLAN to discover two devices with the
Bluetoath device discovery, we needed to compare the energy
consumptions of the corresponding Bluetooth and WLAN
adivities. Bluetoath device discovery corresponds to the
WLAN’s listen for DiscoverPeers and receéving PeerReplies.
However, sending and receving of a PeerReply message takes a
very short time and can be ignaed in the energy consumption
cdculation. Thus we can condude tha Blueooth device
discovery consumed significantly less energy than its WLAN
counterpart (1.18Jvs. 16.6J). Lodking at ther average durations,
it also took less time to discover two devices via Bluetoath
(1039 than in WLAN (159. However, one should nate that the
duration of the listen for DiscoverPeers phase was set
progammaticdly by the randam timeout value tha increases
with themerged file size (see§2.2).



Figure 12 shows the trandfer rate vs. fil e size of multicasting this
file to two devices and the results of fitting this to a four degree
pdynomia fundion. The size of the merged file was 16 8kB at
the beginningand 7517kB at the end of the measurement period.
The daarate at afile size 520kB (per device) was 57 8kB/s and
572kBl/s at afile size of 7436kB. These values are lower than
expeded, since sending of the merged file was performed by
writing data to the socket while reading from thefile in parall el.
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Figure 12. Filetransfer ratevs. filesize

After cdculating the energy consumed to trander a singe user
data bit using our formula, we got 1.56pJ/bit, meaning that 3.2
times more energy was consumed per bit by sending daa over
WLAN than over Bluetoath. Additiondly, WLAN is 1.8 times
faster than the Blugoath (2*16sin Bluetoath and 18sin WLAN
to trandfer a 500kB file to two devices). Becaise we can send
data over multicast to multiple users at once, this result tells us
tha distributing data over WLAN is more power efficient
method than usng Blugoah when the number of redpients
exceadsthree

We showed by now tha context discovery should be done by
Bluetoath and context distribution usng the WLAN multicast. In
order to answer the question if it is better to perform context
discovery or context distribution, we will compute how many
joules are consumed by a client to recéve a singe user bit over
the WLAN multicast:

Eqe [9]

Energy _per _received _user _data _bit[J /bit]:m @

=S e * Ve, Ui * o )* T 3 received _file _size, =133 /bit

i=1 i-1

Note tha Ervr in the equédion (7) is thetotal energy consumed
by a device to receve a merged file. Comparing this result of
1.33pJbit with the average energy consumed by Bluetoath to
discover two devices alongwith their services (i.e., 1.5J), we can
observe tha a device would spend significantly less energy to
discover 2 other devices and ther services (approx. 2.7kB of
daa) then to receve afil e of the same size over WLAN multicast
(i.e., 28.7mJ). Note that to consume 1.5J, a device could recave
thefile of 140kB over WLAN multicast. Moreover, the energy to
discover context would inaease with the nunmber of nearby
devices. Therefore, it is more energy efficient to distribute
(once discovered) context information to other devices in
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advance (usng WLAN multicest), rather than having al devices
lean this information themsel ves.

6. RELATED WORK

In the literature there are many context-aware frameworks for
enabling mobile devices to adgpt ther configuration to
environmental conditions. All of these frameworks need to
employ some context discovery and distribution mechanism in
order to provide the right context anywhere, anytime. Some of
the most popular frameworks are the Context Todkit [16], the
Service-Oriented Context-Aware Middleware (SOCAM) [17],
and the Context Broker Architedure (CoBrA) [18]. However, all
of them are based on a centralized discovery medanism where
distributed entities tha provide context information (i.e. sensors,
context providers) have to register in order to be discovered. A
pure peer-to-peer context-aware system such as Hydrogen [19]
uses the device’s local context, i.e. context aauired by locd
built-in sensors. Due to its limited capabilities a device cannd
sense dl the context information itself, Hydrogen provides a
mechanism to share sensed context with other nearby devices.
Context sharingis based on a peer-to-peer connection over LAN,
WLAN, or Blugoah. However, authors do na mention
distributing the “aggregated context”, i.e., context originaing
from two or more devices, which can be exchanged with a newly
enoountered device in order to lean about context beyond a
sinde hop. In [20], authors designed a ubiquitous-oriented peer-
to-peer context sharing modd (PCSM) tha congruds channds
for remote registration of Context Database Agents throuch a
Registration Query. Althoudh this modd is well designed for
disconnected operations by usng lightweight messages, the
authars did nat investigate the communication and battery power
costs of exchanging small vs. big chunksof context daa.

A lot of reseach has studied battery power measurements for
mobile devices, in paticular for optimization. However, only a
small amount of work targeted context. In [14], the authors
propcse a system for enabling applicaions running on mobile
devices to adgpt their behaior in order to reduce their energy
consumption, by optimizing the collaboration beween
applications and the undelying operating system. A similar gaal
drives the reseach ill ugrated in [13], where the authors propcose
an energy-aware QoS modd (e-QoS) providing QoS guaranteein
terms of energy consumption of network-centric applications
running on mobile devices. This is acomplished by dynamicaly
seleding and adapting application protocols. Findly, the work
described in [15] introduces a system for context aware batery
management, based on prediction algoarithms, which hdps a
moabile device user to prevent a complete batery discharge.

7. CONCLUSION AND FUTURE WORK

In this pape, we introduced and evaluated context distribution
methads in mobile systems environments usng Bluetoath and
WLAN tecdndoges. The evaludion of the proposed methods
was peformed by colleding and compaing batery power
consumption measurements. Such measurements were performed
sepaately on two different modds of Bluetoath and WLAN
enabled mobile devices. We have seen tha the HP iPAQ 6915
device consumed twice the energy of the HP iPAQ 4150 b
perform the same Bluetoath operations (i.e., device discovery,
service discovery, and fil e trandfer). The possble reasons for this



are tha iPAQ 6915has a faster processor than iPAQ 415Q and a
newer Blugtoath stad, al of which lead to more battery power
beng consumed to perform the same operations. We found out
that Bluetoath consumes 2-6 times more energy to send a fil e of
1MB size to two devices than to discover them — hene
distributing this information via Bluetooth is more expensve
than diredly learning it! Additiondly, the file transfer by the
modd 6915 was 2.4 times faster, however we do nat know
whether thisis dueto the newer BT stad or the faster CPU.

The WLAN measurements were performed (at the time of
writing) only on iPAQ 4150. The results showed tha the energy
consumed per tranderred user daa bit was 1.56pJ/bit for WLAN
vs. 4817nJbit for the Blugoath file trander (a ratio of 3.2).
Additiondly, the WLAN trander is faster than the Bluetoath,
taking a hdf of the time to trander the same amount of daa
between two devices. Therefore, if datais sent to more than three
devices a once via WLAN multicast this is more energy
efficient than usng Bluetooth.

By comparing the energy used to discover two devices and their
services (i.e., 1.5 with the energy tha would be consumed to
recave thefile of thesame size (i.e., 28.7mJ), we conduded tha
it is more energy efficient to distribute (once discovered)
context information to other devices in advance, rather than
havingal devices need to lean this information themselves.

We also found out that the main reason tha WLAN consumed
more energy than the Bluetoath was a long timer value set
proggammaticdly on the WLAN to discover devices. The
blocking receve operation in the WLAN discovery phase did nat
let the processor go into its low power mode Therefore, we plan
to shoten this timeout value in the WLAN protocol
implementation and modify the measurement applicaion to
include the periods of a processor’s activity and inactivity, in
order to be able to estimate the difference between the energy
conaumption of a device performing vs. waiti ng for an operation.

Note tha this pape did nat explicitly address the isaue of the
time waiting for link layer adknowledgements. However,
meauring the details of the effeds of waiting would require
additiond experiments and might be subjed for afuture pape.
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