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Abstract

As mobile devices becomeincreasingly pervasiveand
commonlyequippedwith short-range radio capabilities,we
observethat it might be possibleto build a networkbased
only on pair-wise contactof users. By using user mobility
asa networktransportmechanism,devicescan intelligently
routelatency-insensitivepacketsusingpower-ef�cient short-
range radio. Such a networkcould provide communication
capabilitywhere no networkinfrastructure exists,or extend
thereach of establishedinfrastructure. To collectusermobil-
ity data,werantwouserstudiesbygivinginstrumentedPDA
devicesto groupsof studentsto carry for several weeks.We
evaluateour work by providing empiricaldatathat suggests
that it is possibleto make intelligentroutingdecisionsbased
ononlypair-wisecontact,withoutpreviousknowledgeof the
mobilitymodelor locationinformation.

1. Intr oduction

Mobile devices continue to increasein popularity and
pervasiveness.With eachnew generation,the capabilities
of thesedevices continue to grow. In particular, devices
are now more commonlyequippedwith short-rangeradio
communicationcapabilities.Theseshort-rangeradios,such
as Bluetooth,are ideal for mobile devices becauseof the
relatively light power requirements.

As the number of radio-equippedmobile devices in-
creases,we observe that it might be possibleto build a
network basedon the pair-wise contactof usersand their
devices.Thusinsteadof extendingradio signalcoverageto
connectnodesand form links, we utilize usermobility to
transportpackets betweennodes.Mobile ad-hocnetworks
(MANETs) formed by these devices could be used for
sendingandrouting latency-insensitive packets.Potentially,
sucha network could give mobile devices rich communi-
cation capabilitiesfor longer periodsof time, using low-
power radiosasa supplementto heavier-weightestablished
infrastructure.Not only could such a network provide a

supplementallowercostmediumto devices,but it couldalso
extend establishedinfrastructure.For example, this could
effectively extend the reachof wirelesshot-spotswithout
resortingto cellularnetworks.

We observe that peopleusually do not move randomly
[10], andin facthave organizedmovementpatterns;further-
more,thisorganizedmovementcanpossiblyresultin regular
and predictablemeetingpatternsbetweenindividuals. For
example, Bob takes the subway every weekdaymorning
at 8:30am.While waiting for the subway, he often stands
next to or walks by the same group of strangers.The
patternscan also be less serendipitous,for example Bob
mighthaveregularandpredictablemeetingswith co-workers
andfriends.

If mobility and contactpatternscan be exploited, then
user mobility can be used for packet transport,allowing
devices to make betterpacket routing and radio operation
decisions.Thoughepidemicpropagation[2] guaranteesthe
shortestlatency, a smarterroutingandreplicationalgorithm
could signi�cantly improve memory and power ef�ciency
with minimalperformanceimpact.

In this paper, we presentan empirical study to deter-
minewhetherpair-wisecontactbetweenusersequippedwith
short-rangewireless mobile devices can form an ad-hoc
network, and whetherthe contactinformation can be used
to potentiallymake betterrouting decisions.We performed
our study by enlisting volunteerstudentsto carry instru-
mentedBluetooth-enabledPDA devices for several weeks.
Wi-Fi (802.11)wasnot chosenbecauseof its heavier power
consumption.

Ourstudymakesthreemaincontributions.First,weshow
that networks can be formed using usermobility, and that
thereis potentiallyexploitableregularity in thepatterns.This
could allow for routing and radio operationdecisionsthat
would bemoreef�cient thanepidemicpropagation.Second,
we shareour experiencesin conductinga usermobility data
collection experiment.Unlike previous studies,our work
does not rely on basestations, location tracking, prede-
�ned mobility patterns,or active user input. Furthermore,
we instrumentour experiment using consumerelectronic



devices,potentially allowing any radio-equippeddevice to
participatein this network. Finally, we identify limitations
in power managementmechanismsin currently available
mobiledevices,particularlyin radiomanagement.

The rest of this paper is organized as follows. Sec-
tion 2 provides a descriptionof the experimentaldesign,
implementation,and deployment. Section3 describesour
analysisandexperimentalresults.Section4 re�ects on our
experiencegatheringtracesof pair-wise contactsbetween
users.Section5 examinesrelatedwork, and�nally Section6
concludesour work.

2. Experiment and UserStudy

Weinvestigatewhetherrealusermobility andopportunis-
tic pair-wise interactionsbetweenuserscanbe exploited to
providedatacommunication.

Deploying datacollection devices to real usersrequires
careful design considerations.The following section de-
scribesthe designrequirementsof the experimentin terms
of data collection and user impact. We then describethe
implementationconcernsanddecisionswith respectto the
design requirements,followed by the deployment of the
experimentin two separateuserstudies.

2.1. DesignRequirements

Theexperiment'sprimaryobjectiveis to collecttracedata
of pair-wisecontactover thedurationof a working day. For
thepurposesof this experiment,we do not strive to transfer
real data,detectconnectionquality, measurebandwidth,or
trackuser1 location.

To addressthe issueof real user mobility, we needto
provide userswith an instrumenteddevice to carry. The
instrumentationmustsatisfythreerequirements:thereshould
besomemotivationfor theuserto carrythedeviceasoftenas
possible,thedatacollectionshouldwork independentof the
user's activities, andthedevice shouldlastat leastaneight-
hourwork-day.

We provided userswith a device that provides useful
functionality to encouragethem to carry the device. The
instrumentationsoftware runs invisibly in the background
with minimal impacton theusabilityof thedevices.Though
we could have usedspecializeddevices designedfor this
experiment, we felt that using commodity devices helps
highlight our motivation of networking consumermobile
devicesin interestingways.

Our aim is to detectopportunisticpair-wisecontact,even
when usersmight not be aware of it. Contactcould take
place while at a meeting,waiting at an elevator, or even
walking by anotherparticipant.Users may not be aware

1 Wereferto participantsof theuserstudiesas“users”.

of who may or may not be a participant,and they may
not be using their devices during that momentof contact.
Nevertheless,it is desirableto recordsuchcontactsinceit
presentsacommunicationopportunity. It is highly likely that
mostof the time thesedeviceswill be carriedin pocketsor
bags.Thereforeweoptedto useradio,asopposedto infrared,
which is omni-directionalanddoesnot requireline-of-sight.

Powermanagementis animportantissuewith mobilede-
vices.Inadequatepower managementcanrenderthe device
unusableand prevent it from gatheringdata. Since many
mobiledevicesrely on disk-lessstorage,anextendedpower
outagecanresult in lost userandexperimentdata.Because
userscarry thesedevices every day, they might not have
time to charge the devices until they get home.Requiring
usersto recharge the devices mid-day would be disruptive
to their daily routine and increasesthe likelinessof the
device being forgottenor left behind.To cover a working
day, we estimatedthat the devicesshouldlast at leasteight
hours,includingstandardusageaswell asbackgroundradio
operationanddatagathering.

It shouldbenotedthatsecurityandprivacy arenot issues
asfarastheexperimentis concerned.Devicesdonottrackor
shareuserinformation,andthemappingof devicesto users
is keptcon�dential.Thedatausedfor analysisis anonymized
beforeuse.At this time,wealsodonot considerthesecurity
andprivacy concernsof actuallyimplementinga functioning
network usingthismethod.Thiswork is primarily concerned
with determiningwhethersuchanetwork is feasible.

2.2. Implementation

We choseto usePDA (personaldigital assistant)devices,
in particular Palm TungstenT handhelds(herein referred
to as Palm devices) running the Palm OperatingSystem
(PalmOS). Becausesuf�cient batterylife is a majorconcern,
the PocketPCplatform was not a viable option. Similarly,
due to power concerns,we choseto use Bluetooth radio
insteadof Wi-Fi, thoughWi-Fi is currentlymorecommonly
available.Wi-Fi canconsumebetween10 to 50 timesmore
powerthanBluetoothin low-usagemodes2 [6]. TheTungsten
T deviceshave a built-in Bluetoothradio, which is slightly
morepower ef�cient thanusingan add-oncard.They also
can be updatedwith any numberof available third-party
applications,which helpedincreaseits appealto the users.
To gatherdata, we developeda customPalm application
[19,20] to run in the backgroundand periodically usethe
radioto searchfor otherusers.BecausePalmOSis a single-
threadedevent-driven platform, we usea self-settingalarm
timer to grabbackgroundprocessingtime.Whenthetimer is
triggered,we asynchronouslyoperatethe radio to listen for
nearbydevicesandannounceour presence.The application

2 On average,90%of time in sleepmode,and10%in RX andTX.



then setsanothertimer and sleeps.For most applications,
this techniqueproducesno observablehindranceto theuser
experience.

The frequency at which the devicesannounceandlisten
on their radiosaffectsbatterylongevity. However, because
we aim to captureserendipitouscontact,longersleeptimes
may result in the device missingbrief contacts.We madea
best-effort attemptto have theprotocolcapturewhatwe call
the“walk-by”. Assuminga 10-meterradiusof theBluetooth
antenna,andan averagewalking speedof 2 m/s, thereis a
10-secondwindow of opportunityto detecta userwalking
pasta stationaryuser.

After several implementationiterations,we developeda
minimal protocol to stretch the battery life to the target
range.At the startof eachuserstudy, all Palm devicesare
NTP (Network Time Protocol) time synchronizedso that
radio usagecan be minimized and the odds of successful
communicationincreased[12]. The Bluetoothradio on the
Palm devicesarehalf-duplex, which requireda schemefor
allowing eachdevice to announcetheir presenceaswell as
listenfor othernearbydevices.At anestablishedtimeepoch,
all devices power their radio simultaneously. Each device
will thenlistenon their radiosfor a random1 to 3 seconds.
Immediatelyafter therandomlisten interval, thedevice will
broadcastits presencefor 3 seconds,followed by another
random1 to 3 secondsof listening.Thedevicewill thenplace
its Bluetoothradio in a low power non-listeningsleepstate,
andwait until thenext epochto repeatthecycle.

The randomizedsleepintervals provide a crudemedium
accessmechanism,while minimizingtheamountof timethat
the Bluetoothradio mustbe powered.Thoughit' s possible
that a pair of Palm devices that meetmight pick the same
randomintervalsandnot �nd eachother, we expectit to be
uncommon.

We experimentallyfoundthatundernormaluseractivity,
a 16-secondperiodfor this protocolachievesapproximately
8 to 10 hoursof batterylife. Thoughthis periodmeanswe
fall shortof catchingthe “walk-by” window, increasingthe
frequency resultedin unacceptablesacri�ce in batterylife.
Conversely, decreasingthefrequency resultedin thedevices
failing to capturebrief serendipitouscontact.

Technicalissueson platform limitations andpower con-
servation,which led to usingsucha conservative andcare-
fully managedcommunicationprotocol, are discussedin
Section4.1.

2.3. User Study

We conductedtwo separateuserstudiesfor our experi-
ment.Eachstudyinvolvedapproximately20studentsin total
from two separateclassesin different departments:Com-
puterScience(CS)andElectricalandComputerEngineering
(ECE). We madesure that participantswere not enrolled

in both classessimultaneously, aswe wish to examinehow
muchinteractivity thereis betweenstudentsin thoseclasses.

We acknowledgethe inherentlimitations in the sizeand
selectionof our userpool. Twentyparticipantsis not a large
number, consideringhow the studentscanbe anywhereon
or off campus.At the very least,they areexpectedto meet
onceper weekduring classtimes,predisposingthemto an
a priori pattern.Despitetheselimitations, theseinitial user
studieshelpedexaminesomeinterestingquestionsregarding
thefeasibilityof usingusermobility for packet transport.Do
the usersmeet more often than just during classtime? Is
therea bias in which intermediatenodeis mostsuccessful
at delivering packets to a particular destination?Is there
robustnessin thenetwork or is packet transportreliant on a
few nodes?Canthis tracedatabeusedto begin formulating
betterroutingdecisionsthat resultin moreef�cient network
usagewith minimal latency impactscomparedto epidemic?

Our�rst userstudyinvolvedonlygraduatestudentsduring
the autumnof 2003 and lastedfor two-and-a-halfweeks.
Nine studentswerein a CS graduatecourse,eight students
were in a graduateECE course,andonestudentwasunre-
lated to eitherof thosetwo courses.The seconduserstudy
involved only undergraduatestudentsduring the spring of
2004 and lastedfor eight weeks.Ten studentswere in an
undergraduateCS classand ten in an undergraduateECE
class.

In addition, we deployed three Palm m125 handheld
devices3 which we hid throughout the computerscience
building. Thesedevices are not basestationsand play no
specialrole in theexperimentor network. Onecanthink of
them as userswith very little mobility. The m125 devices
were included in the study to help examine the following
questions.If we assumedthe m125deviceswere basesta-
tions or stationarypeople,how often would userspassby
one? Do they play a critical role in distributing packets
through the network? For the �rst user study, the m125
deviceswerehiddennearlocationsfrequentedby graduate
students.For theseconduserstudy, thedeviceswerehidden
nearundergraduatelabs.

3. Experimental Results

Our analysisfocuseson examiningthe connectivity, ab-
stractcapacity, andpatternof contactfor thedatacollectedin
theuserstudies.In thefollowing sectionswewill discussthe
contactinformation seenfrom the collecteddata,followed
by themethodsusedfor determiningothercharacteristicsof
thenetwork.

3 For bothuserstudies,04,05,and09arem125devices.



node adjacentto
01 0307111617
02 030405070911141516172023
03 0102050607111415161720
04 02071114151617
05 020307111415172023
06 03070810111213141516171819
07 01020304050608091011121314151617182023
08 060709101213151819
09 020708111415172023
10 060708111213141819
11 01020304050607091012131415161718192023
12 0607081011131819
13 0607081011121819
14 0203040506070910111516172023
15 0203040506070809111416172023
16 0102030406071114151720
17 010203040506070911141516
18 0607081011121319
19 06081011121318
20 02030507091114151623
23 0205070911141520

Table 1. User Stud y 1, Adjacenc y

3.1. Data and De�nitions

The collecteddata containslists of tuples of the form
(timestamp; node;node), where nodes are Palm device
IDs. This list is createdby merging the datalogs from all
of the devices,andthensortingtheminto timestamporder.
Becausethe logs aresimply a recordof detectedpair-wise
contact,thereis no inherentorderingin the two node�elds.
The �elds only indicate a pair that detectedone another
duringthatinstanceof time.

The�rst userstudycollected64,160tuplesandthesecond
userstudycollected14,796.In Section3.5,we discusssome
of the reasonsfor the smaller trace size from the second
userstudy. Note that the size of the log is not necessarily
indicative of the amountof diversity in user contact.The
logs containan entry for every pair-wise contactdetected
after every periodic searchcycle of 16 seconds.Thus two
individualssitting togetherfor extendedperiodsof time can
generatemany log records,but this communicationpattern
doesnot result in a very dynamicnetwork. Conversely, a
groupof peoplemay make frequentbut shortvisits to each
other, resultingin a shortbut diversetrace.

3.2. Connectivity

In this section,we examinethe directcontactandreach-
ability of the nodes.Reachabilityrefersto a node's ability
to senda packet, via somepathof intermediarynodes,to a
selecteddestinationnode.The pathtraversedby the packet
mustobey thechronologicalorderingof nodecontactsfound
in thetracedata.

Table1 shows the direct contact(adjacency) for eachof
thenodesin userstudy1. For any givennode,thetablelists
thesetof all nodesdirectlycontactedover thelifetime of the
datatrace.The tablefor theseconduserstudyis not shown
dueto spacelimitations.Overall, theseconduserstudyhad
adjacency patternsvery similar to thoseshown in Table1–
somenodeswith very low adjacency andothersveryhigh.

node orig noclass nom125s noclass,nom125 only m125
01 20 19 17 16 0
02 20 19 17 16 12
03 20 19 17 16 1
04 20 19 0 0 12
05 20 19 0 0 12
06 20 19 17 16 0
07 19 17 16 14 11
08 20 19 17 16 13
09 20 19 0 0 13
10 20 19 17 16 0
11 20 19 17 16 12
12 20 19 17 16 0
13 20 19 17 16 0
14 20 19 17 16 13
15 20 19 17 16 13
16 20 19 17 16 12
17 20 19 17 16 12
18 20 19 17 16 0
19 20 0 17 0 0
20 19 17 16 14 10
23 19 17 16 14 12

Table 2. User Stud y 1, Reachability

node orig noclass nom125s noclass,nom125 only m125
01 21 21 18 18 0
02 19 19 17 16 7
03 19 19 17 17 4
04 19 19 0 0 9
05 20 20 0 0 9
06 21 21 18 18 0
07 21 21 18 17 0
08 21 20 18 16 0
09 20 20 0 0 9
10 19 19 17 17 8
11 21 21 18 17 0
12 21 19 18 17 7
13 21 19 18 16 8
14 19 19 17 17 8
15 21 20 18 16 0
16 21 21 18 17 0
17 20 20 18 18 0
18 17 16 7 6 0
19 21 21 18 17 0
20 20 20 18 18 9
21 21 21 18 17 0
22 21 21 18 17 9
23 21 21 18 17 0

Table 3. User Stud y 2, Reachability

Tables2 and3 show thenumberof othernodesreachable
from any givennodevia directcontactor throughintermedi-
atenodes.We calculatedthe reachabilityby exhaustive and
completesearchover the lifetime of the trace.The column
orig shows the reachabilitygiven the original trace data,
with no �ltering. In no class, we remove all traceswhich
take place15-minutesbefore,during, and15-minutesafter
class times for eachof the nodes.The column no m125
shows the reachabilitywith all entriesinvolving the three
staticnodes(Palm m125)removed.Thecombinedeffect of
removingclasstimesandm125nodesis shown in columnno
class,m125. Finally, onlym125shows thereachabilityfor an
infrastructuresetup,wherenodesonly communicatedwith
them125nodes.

Thenoclassandnom125columnsshow thattheconnec-
tivity is not reliantuponclasstimeor thethreehiddennodes.
We also examined the effects of independentlyremoving
eachof thenodes,in turn,from thetraces,and�nd thatthere
is nosigni�cant dropin reachability.

Theseresultssuggestthat nodeshave signi�cant contact
andreachabilitybetweenoneanother, andthat the network
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Figure 1. CDF of multi-hop packet deliver y latenc y

doesnot necessarilydependon speci�c “hub” nodesfor
connectivity. Instead, there are multiple redundantpaths
available for reachingany particular node.Moreover, this
suggeststhereis ameasurableamountof interactionbetween
thedevices,whichmaybesuf�cient for networking.

Columnonlym125of Tables2 and3,comparedto column
orig, shows the potentialfor increasedreachabilityif pair-
wisecommunicationis utilized.This suggeststhat therecan
bepotentialnetworking gainsif pair-wisecommunicationis
utilized to extendthereachof wirelesshot-spots.

Surprisingly, the only m125column for the seconduser
study producedmuch lower reachabilitynumbersthan ex-
pected.This might suggestthatnot asmany undergraduates
utilized the labsasanticipated,or that thereis a signi�cant
impactfrom thepower lossproblemsdiscussedin Section4.

3.3. Capacity

In this sectionwe examinethe potentialcapacityof the
network, focusingon the �rst userstudy. The resultsof the
seconduserstudywill bediscussedin Sections3.5and4.

3.3.1. Epidemic Propagation To examinethepotentialca-
pacityof thenetwork, we developeda softwaresuiteto take
our datatracesasinput, andsimulateepidemicpropagation
acrossthetraces.Thusthesimulatoroutputprovidesuswith
an abstractview of a potential network and its topology.
The simulatorassumesthat all nodeshave in�nite amounts
of memoryandhave in�nite instantaneousbandwidthwhen
radiocontactis made.

As the simulatorrunsover the tracedata,it keepstrack
of who eachnodelastsaw. Whenever a nodemeetsanother
nodethat is different from the one it last saw, an event is
triggeredfor the nodesin question.Conceptuallythe event
simply representsa point in the trace where there is an
interestingchangein thenetwork andinterestingpacket �o w
cantake place.

The simulatorusestheseeventsto trigger packet gener-
ation at eachof the nodes.Eachparticipatingnode in the
event generatesa single broadcastpacket. The participants
then exchangepackets until their queuesare synchronized
(i.e. they all havecopiesof thesamepackets).

While events are occasionsof new direct contact,we
de�ne multi-hop meetingsas occasionsof new contactbe-
tweenpairs of source-destinationnodesvia more than one
hop.Duringaneventbetweenaparticularpairof destination
and intermediarynodes,we say that a multi-hop meeting
occursbetweenaparticularsource(notpartof theevent)and
the destinationif the destinationreceives at leastone new
packet from thesource.Recallthatin epidemicpropagation,
nodesneveracceptduplicates.Thusthenew packetsfrom the
sourcerepresenta new contactoccasion.Becausethe inter-
mediarynodecanpotentiallybe the facilitator for multiple
sourcenodesto thedestination,therecanbemultiple multi-
hop meetingsfor a given event.However, thereis only one
multi-hop meetingper sourceimmaterialof the numberof
new packetsfrom thatsource.

Our primaryinterestin this investigationis thefeasibility
of forming a MANET usingusermobility. In particularwe
focus our efforts on exploring the characteristicsof multi-
hop routes.However, it is quite possiblethat a group of
nodesmight be closeenoughtogetherthat their radioshave
suf�cient coverageto form a connectedad-hocnetwork. For
example,a groupof threeusersworking on a groupproject,
shuf�ing amongsteachotherarounda labarea,might trigger
many simulatedeventsand packet transfers.However, this
scenariois notof interestto ourstudysinceit doesnotexploit
realusermobility.

To remove theseinteractionsfrom the simulatoroutput,
we ignoreany packetsdelivered(from any nodeto any other
node)with an end-to-endlatency of lessthantwo minutes.
Figures1(a) and 1(b) show the cumulative packet delivery
latency for all multi-hop packets. Betweenthe 1 and 10
minute interval, the rate of successfulpacket deliveries is



to
from 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 23
01 0 5 3 3 8 3 2 2 4 2 4 2 2 6 6 4 14 2 1 4 2
02 5 0 10 3 12 3 7 4 9 3 14 3 2 10 18 6 5 3 1 16 5
03 3 10 0 3 12 3 6 3 6 3 10 3 2 10 11 1 10 3 1 7 3
04 2 4 2 0 4 2 2 2 6 2 2 2 2 2 4 2 2 2 1 3 2
05 7 10 10 3 0 4 10 3 11 3 14 3 2 11 10 10 3 3 1 4 5
06 4 5 5 3 5 0 2 4 5 9 6 2 3 6 4 4 10 6 4 2 1
07 0 9 7 1 9 0 0 0 6 0 5 0 0 17 6 8 6 0 0 11 3
08 4 5 4 2 4 9 2 0 3 14 4 2 12 4 3 3 4 6 2 2 1
09 6 11 10 4 9 3 6 4 0 3 7 3 2 11 8 7 9 3 1 4 4
10 3 4 3 2 4 8 2 7 3 0 3 3 6 3 3 3 4 4 4 2 1
11 3 11 9 2 12 5 9 5 6 1 0 3 1 11 10 6 6 1 1 7 8
12 3 3 3 2 3 11 1 2 3 16 3 0 14 3 3 3 3 4 3 2 1
13 4 4 4 2 4 6 2 6 4 7 3 5 0 4 4 3 4 5 3 2 1
14 6 10 14 5 15 3 9 4 11 3 9 3 2 0 9 10 17 3 1 8 1
15 6 23 11 2 9 2 4 2 10 3 11 3 2 22 0 8 16 3 1 10 4
16 5 10 1 2 10 2 5 3 5 3 7 3 2 8 9 0 11 3 1 8 3
17 8 7 7 3 4 4 7 3 6 3 10 3 2 9 12 9 0 3 1 6 3
18 3 3 3 2 3 9 2 25 3 14 3 5 13 3 3 3 3 0 4 2 1
19 3 3 3 2 3 1 2 2 3 2 2 1 1 3 3 3 3 2 0 2 1
20 2 6 5 1 2 1 6 1 5 1 4 1 1 5 6 7 6 1 0 0 3
23 2 5 4 1 5 1 5 1 2 1 13 1 1 2 6 3 3 1 0 4 0

Table 4. User Stud y 1, Number of multi-hop meetings between node pair s
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Figure 2. User Stud y 1, CDF of multi-hop packet arriv als for selected pair s of nodes

relatively �at. We chosethe2-minutecut-off asaneducated
guess.This thresholdhopefullyremovespacketsthatarede-
liveredwithoutusingsigni�cant usermobility, while keeping
packetsthataredeliveredquickly via usermobility.

For the remainderof this paper, unlessotherwisenoted,
we discussonly multi-hop packets. We focus on multi-
hop packets to study the feasibility of using mobility and
multiple hand-off to provide effective networking. Overall,
the packetsdeliveredusinga single-hopaccountedfor less
than18%of thetotalnumberdelivered.Thismeansthatover
82% of packetsweredeliveredfasterusingsomemulti-hop
path.

3.3.2. Simulation Results Table 4 shows the numberof
multi-hop meetingsover which packets sent from a given
sourcewerereceivedatagivendestination.Thoughthenum-
ber of multi-hop meetingsis small, recall that our network

is very sparse.We highlight six pairsof nodes(underlined)
to examinein closerdetail.Thesepairsarechosenbecause
they have the highest multi-hop meeting activity spread
evenly (roughly speaking)over the lifetime of the trace.In
our very sparsenetwork, it is understandableto have many
pessimisticcases.Wehypothesizethatwith adensernetwork
of devices, communicationopportunitieswill increaseand
providebetternumbers.

We choosethreepairsof nodes,12 ! 10, 15 ! 02, and
18 ! 08, thatcouldhave metdirectly, but have packetsthat
are delivered in less time using user mobility and multi-
hop paths.We also choosethreepairs of nodes,08 ! 14,
12 ! 14, and18 ! 15, thatcouldonly deliverpacketsusing
multi-hoppaths.Thatis, thesepairsnevermeetdirectly.

Figure2 shows cumulative distribution frequency (CDF)
plotsfor thesix selectedpairsof nodes.Thepacketsthatare
plottedarethe�rst copy of eachpacket to arrive.
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Figure 3. User Stud y 1, Hop count propor tion

The threenodepairs in Figure 2(a) are pairs that have
adjacency but areableto deliversomepacketsfasterusinga
multi-hoppath.In particular,betweenthenodepair18 ! 08,
user mobility is able to deliver over 50% of the packets
within lessthanonehour, despiteour very sparsenetwork.
Figure2(b) shows threepairsthathave no adjacency – that
is, thenodesof eachpair nevermeetdirectly in thetraces.

Finally, we show thedistribution of hopcountsfor these
selectedpairs of nodesin Figure 3. Theseplots show the
diverserangeof hopcountsthatexist for traversingbetween
pairsof nodes.Figure3(a) shows the contribution of direct
communicationrelative to other multi-hop communication
paths.This graph includes all packets, single and multi-
hop, from all nodes in the trace. Figure 3(b) shows the
hopcountdistribution for nodepairswhich have adjacency,
but found fastercommunicationusingmulti-hop.The pairs
shown in Figure3(c) have no adjacency, and thereforecan
only communicatevia multi-hop.

3.4. First-Hand-Off Nodes

As an initial step toward �nding patternsthat would
allow usto makebetterroutingandreplicationdecisions,we
examinetheproportionof �rst arrival packetsdeliveredfrom
a givensourceto destination,basedon the�rst intermediary
nodethesourcehandedthepacket to. Notethatadestination
nodemay receive more thanonecopy of any given packet
due to replication in the network. Here we only consider
the �rst arrival of any given packet, ignoring subsequent
duplicates.We call the �rst intermediarynode the �r st-
hand-off node. If a largeproportionof thesuccessfulpacket
deliveriesaredoneby asmallnumberof �rst-hand-off nodes,
thenthesourcenodemight be ableto achieve high ratesof
successfuldeliverywhile minimizing thenumberof replicas
it sendsinto thenetwork.

In Table5, we seetheproportionsof packetshandledby
eachrespective�rst-hand-off node.Thenodecolumnlistsall
of thenodesthat thesourcemetdirectly, which contributed
in deliveringa packet to thedestination.Thesecondcolumn
shows the proportionof all packets successfullydelivered

from sourceto destination,via the respective �rst-hand-off
node.Notethata packetmight takeseveralhopsto reachthe
destination,but herewearefocusingontheeffectsof the�rst
hop.

Table 5 illustratespossiblerouting and replicationopti-
mizationsthesourcenodecanmake.For example,basedon
thebiasshown in Table5(a),node15couldreplicateto nodes
14and11, in hopesof successfullyreachingnode02.

Table6 shows a similar setof nodepairsandtheir �rst-
hand-off nodeproportions,exceptnoneof thesenodepairs
makedirectcontactwith oneanotherin thetracesatall. Thus
in theprevioustablewe �lter out tracesof directcontact,but
in this tabletheselectednodepairsnever directly meet(i.e.
noadjacency).

We found that mostnodepairs that directly meethave a
strong�rst-hand-off bias.Mostnodepairsthatdonotdirectly
meethaveamoreevendistributionof proportions,asseenin
Tables6(a)and6(d). For nodeswith anevendistribution of
proportions,thesourcedoesnot have a clear�rst choicefor
decidingwhich other nodeto prefer. However, subsequent
hand-offs can have a strongerbias for the next hand-off.
For example,in Table 6(a), node08 hasa 41% proportion
using node 10 as a second-hand-off4, and node 11 has a
100%proportionusingnode05asasecond-hand-off. A more
sophisticatedroutingprotocolwhich includessomeform of
feedbackwouldallow theoriginalsourcenodeto makebetter
decisions.

3.5. Discussion

Dueto thesparsenatureof our network from the limited
number of participantsand potentially large ground area
covered,it canbeexpectedthatmostnodeswill requirelong
periodsof time to communicate.

However, as network density increases,we expect the
number of nodes able to �nd quick multi-hop paths to
destinationnodeswill increase,andtheneedfor high-latency
pathswill decrease.

4 Not shown in tablesdueto spacelimitation.



node %
14 62.9
11 14.3
07 10.8
06 6.0
23 3.9
16 0.6
05 0.6
17 0.5
03 0.3
20 0.1
09 0.1

(a)15 to 02

node %
18 50.7
08 23.5
11 11.9
13 8.5
06 5.1
19 0.2
07 0.0

(b) 12 to 10

node %
12 38.4
10 33.6
11 10.9
06 10.7
13 6.2
19 0.2

(c) 18 to 08

node %
02 45.4
06 18.4
14 16.9
17 9.6
07 8.1
20 0.6
11 0.6
15 0.2

(d) 03 to 16

Table 5. User Stud y 1, Packet deliver y propor -
tion by �r st-hand-off node

node %
08 29.1
11 27.5
12 20.6
10 16.2
06 3.4
13 3.0
19 0.2
07 0.0

(a) 18 to 15

node %
15 54.9
10 27.8
18 9.3
12 7.6
13 0.2
06 0.1
09 0.1
07 0.1

(b)
08 to 14

node %
08 46.5
18 16.6
11 14.5
10 13.1
13 6.4
06 2.7
19 0.1
07 0.0

(c)
12 to 14

node %
18 21.2
13 16.6
08 15.7
14 15.0
11 15.0
12 12.8
06 3.7
07 0.1

(d) 10 to 15

Table 6. User Stud y 1, Packet deliver y propor -
tion by �r st-hand-off node (no adjacenc y)

As discussedin Section3.2,thenumberof directcontacts
thatanodemakesis notnecessarilyanindicatorof its ability
to reachothernodes,or beanintermediarymessagecarrier.
If the numberof participantsin the network increased,we
expect the magnitudeof adjacency for nodesto decrease
relative to the total numberof nodes.However, the data
trends suggestthat nodeswill continue to maintain high
reachability.

4. Experiences

In hindsight,we �nd that our original estimateof an 8
to 10 hour work-dayis insuf�cient for our user-base.After
the �rst userstudywith graduatestudents,we believed our
estimateworkedwell. However, theseconduserstudyproved
to requireevenmoreworkingbatterylife. In post-experiment
interviews,we foundthatgraduatestudentskeptchargersat
theirof�ce, andwouldregularlyrechargethedeviceswhile at
theirdesk.Thusmostgraduatestudentsdid notfully exercise
theeight-hourbatterylife.

Most undergraduatestudentscannot recharge their de-
vices mid-day. Indeed,from the onsetof the seconduser
study, a signi�cant number of the userscould not �nish
their work-day without draining their devices. Thoughwe
establisheda strict regimenof collecting dataon a weekly
basisfrom thestudents,they oftensufferedcatastrophicdata
loss from batteryexhaustion,losing several daysworth of
data.

Furthermore,we also found that graduatestudentswere
farmoreconservativewith thePalmdevices.Few usedmore
thanthebasicfeatures,andmostonly carriedthedevicesdili-
gentlywithout muchusage.After the�rst experiment,many
participantsmentionedthatthey understoodtheexperimental
natureof the softwareandobjective, andtreatedthe device
with delicatecare.

In contrast,the undergraduatestudentsusedthe devices
quite liberally. Within two weeksof the seconduserstudy,
we found that most of the participantshad downloaded
signi�cant numbersof third-party software to use on the
Palm devices,includingnumerousgames.Clearlytheusage
patternsof the undergraduateswere signi�cantly more de-
mandingthanwe hadanticipated.

4.1. TechnicalLimitations

Themostfundamentalandimportantimplementationde-
tail of theexperimentis power managementon thePalmOS
platform. Thoughthereare numerousother odditiesof the
platformthatwe work around,powermanagementprovesto
bethemostcritical.

Previous researchhas shown that power consumption
on mobile devices is dominatedby the radio and display
[3]. The fundamentalproblem with the PalmOS API is
that it is designedto be useractivity driven, and doesnot
provide interfacesfor managingspeci�c resourcesusedin
backgroundtasks. Furthermorethe API only provides a
limited setof commonoperationsavailableto applications,
andreservesfull controloverresourcemanagement.In order
for oursoftwareto usetheBluetoothradio,it mustwakeand
power thewholePalmdevice, includingthedisplay.

This posesa signi�cant challengefor uswhenattempting
to periodicallyusetheBluetoothradio.Our softwarecannot
initializeandutilize theradiowithout�rst askingthePalmOS
to power the restof the device, including the display. Thus
evenwhenthedeviceis in auser'sbag,periodicallyusingthe
Bluetoothradioto searchfor otherdevicesalsomeanspaying
for theactivationof thedisplayfor thedurationof theradio
communication.SincetheTungstenT devicesprovideback-
lit displays,thepower costis quitesigni�cant. We searched
for a methodto disablethe back-lightingwhile performing
the periodic radio communication.Unfortunately, the Pal-
mOS API only provides a methodfor toggling the back-
lighting, but no method for querying the current setting.



Again, theAPI assumestheuserwill call thetogglethrough
theapplicationuntil thedesiredsettingis reached.

ThePalm TungstenT deviceskeepa reserve of power in
the batteries,in casethe power levels run too low. Should
this happen,thedevicesrefuseto power on, andutilizes the
remainingpower to maintainmemorystate.At the start of
every communicationcycle,our softwarechecksthebattery
statusof the device, anddisablesfurther radio usageif the
power level runs too low. Thoughwe have the detectorset
to trigger well beforethe critical low-batterylevel, we still
experiencednumeroustotalpowerfailuresin theseconduser
study. In thesecases,wesuspectthatthereserveamountwas
insuf�cient to lastthemany hoursbetweenpowerfailureand
whenthestudents�nally gethometo recharge.

Finally, dueto extremepower limitations,weuseaclock-
synchronizedradio protocol for datagathering.To ensure
thattheclocksdonotdrift too far, wevisit eachPalmdevice
at leastonceper week with a NTP-synchronizedlaptop to
re-synchronizethetime.

5. RelatedWork

Previous work has looked into epidemicalgorithmsfor
datapropagation[2] usingnodemobility. Mobility is used
to increasethechanceof nodes�nding intermediarycarriers
and help relieve medium contention [4, 5, 7, 14, 22, 23].
Epidemicpropagationplacesno boundson power, storage
space,or time; the data can be propagatedthrough an
environmentby usingmobiledevicesascarriersfor storing
andforwardingdata[5]. In thesenetworks,nodescarrydata
until it meetsa basestationwherethe datais of�oaded for
analysis.Examplesof suchmobilead-hocnetworks include
ZebraNet[13,18] andSWIM [22] which have beencreated
andphysicallydeployed in real environments,usingzebras
and whales for nodes,respectively. Zhao et al. [23] use
mobility for datadeliveryin MANETS,similarto [21]. How-
ever, thesesystemsusea tieredsystemfor datacollection.
FurthermoreZhao et al. have control over the mobility of
thenodes.In our work, we try to determinepatternsof node
mobility, without any control over their movement.Though
our systemcouldbeusedfor datagathering,our objective is
to build towardsa supplementalnetworking platform.

Most studiesof MANETs, whether for data retrieval,
distribution, or networking, use simulatedmovementand
theoreticalmobility models[8,9,16,17].Ourwork is unique
in thatweusetracedatainvolving realusercontactto analyze
ourwork.

A morerealisticapproachis to obtaintracesfrom a real
environmentandusethesetracesasa modelfor simulation.
Jetchevaetal. [11] useda �eet of city busesasmobilenodes
to obtainmobility tracedata.They thensimulatedpotential
latency and routing characteristics,assumingvariousradio
coveragemodels, using the collected data. Our work is

uniquein thatwemakenoassumptionsaboutradiocoverage
or mobility model.We studytheusageof realusermobility
(and only mobility) for the formation of networks. Our
collectionof datatracesis novel in that we collect contact
informationof people,andwehavenopredeterminedmodel
of mobility.

Kotz et al. [15] provide an extensive study of large
wirelessnetwork environments.Their work provides sup-
plementalresearchon wirelessactivity andmetricsthatour
study does not address.However, their work focuseson
tracesof peers(usingWi-Fi) interactingwith infrastructure.
Our work expandson their efforts by focusingon detecting
usermobility and peer-to-peercontactpatterns.Insteadof
studying infrastructure,we aim to study user interaction
patterns,to potentiallyform asupplementalnetworkingplat-
form basedonusermobility andcontact.

Finally, ourexperiencessupporttheneedfor betterhinting
mechanismsand OS awarenessin power managementfor
mobiledevicesasdescribedin [1].

6. Conclusion

We presentan experimentalstudy to test the feasibility
of usingusermobility andopportunisticpair-wisecontactto
form an ad-hocnetwork. Using commoditymobiledevices,
we instrumentedtwo userstudiesfor experimentallycollect-
ing tracedataof usercontact.Ourapproachis uniquein that
we do not have a predeterminedmodelof usermobility, and
striveto provideanetworkingmodelbasedonly onpair-wise
contact.

Theresultsof theexperimentarepromising,showing that
user mobility can potentially be usedto form a network.
Usingthistracedata,wesimulateanidealizednetwork using
epidemicpropagation,andobserve that nodesexhibit signs
of regularity and af�nity of contact.Furthermore,in many
cases,successof messagedelivery from any sourceto des-
tination is not evenly distributed amongstthe intermediary
nodes.Thussourcenodescanpotentiallyusethisinformation
for betterroutingdecisions.

We alsodescribeour experiencesdevelopinganddeploy-
ing instrumenteddevicesto realusers.Ourexperiencesshow
thatpower managementis still an areawith muchroom for
improvement,especiallyfor backgroundambientoperation.
Many power conservationresearchprojectsfocuson energy
managementfor devices in use. But power management
methodsanddevice peripheraldesignwill needto take into
accounthow devicesmight be usedin two differentmodes:
activeuseandbackgroundoperation.

As futurework, we planto instrumentanotheruserstudy,
with improved device batterylongevity, and collect longer
traces.We believe a morefocusedusergroup,for example
nursesin ahospitalor eldercarefacility. Fromthemessaging
characteristics,we plan to develop a routing protocol, and



compareits effectivenessandef�ciency with protocolssuch
asdirecteddiffusion[9]. Asaninitial step,wewill implement
the �rst-hand-off-node heuristic to examine its impact on
replicationand latency. Finally, we plan to apply machine
learningtechniquesto the contactpatternsbetweennodes.
We hopeto discover regularity modelsin the nodecontact
patterns,andusethis information to provide betterrouting
decisions,estimatenetwork quality and con�dence levels,
andbetterradiopowermanagementmethods.
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