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Abstract. In this paper we examine the dissemination of labdity reports
about resources in mobile peer-to-peer networkgrevimoving objects com-
municate with each other via short-range wireleassimission. Each dissemi-
nated report represents an observed spatial-tefrpaat, and the relevance of
the report to a moving object decays as the agleeofeported resource and the
distance from its location increase. We proposeggportunistic approach, in
which an object propagates the reports it carnesngly the information that it
has about these resources) to encountered objedtelaains new reports in
exchange. Least relevant reports are discardedeaftdh exchange so as to limit
the communication data volume of future exchan@rs. theoretical and ex-
perimental analysis indicates that the opportunislissemination algorithm
automatically limits the global distribution of eport to a bounded spatial area
and to the duration for which it is of interest. \p@pose two variants of the
opportunistic dissemination algorithm and compdrent with the traditional
client-server architecture in terms of data acourdde proposed system has
the potential to create a completely new infornratizarketplace.

1 Introduction

A mobile peer-to-peer network is a set of movingeots that communicate via short-
range wireless technologies such as IEEE 802.11Hijetooth [2], or Ultra Wide
Band (UWB) [3]. With such communication mechanismsnoving object receives
information from its neighbors, or from remote aftge by multi-hop transmission
relayed by intermediate moving objects. A killephgation of mobile peer-to-peer
networks is resource discovery in transportatiar.@xample, the mobile peer-to-peer
approach can be used to disseminate the informafienailable parking slots, which
enables a vehicle to continuously display on a twaghe driver, at any time, the
available parking spaces around the current logatfdhe vehicle. Or, the driver may
use this approach to get the traffic conditiong.(@verage speed) one mile ahead.
Similarly, a cab driver may use this approachnd fa cab customer, or vice versa.

A mobile peer-to-peer network can also be used atching resource producers
and consumers among pedestrians. For exampl@dandiual wishing to sell a pair
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of tickets for an event (e.g. ball game, concengly use this approach right before the
event, at the event site, to propagate the resonimenation. For another example, a
passenger who arrives at an airport may use thisoaph to find another passenger
for cab-sharing from the airport to downtown, sa@split the cost of the cab. Fur-

thermore, the approach can be used in social ne$wahen two singles whose pro-

files match are in close geographic proximity, tlere can call the other's cell phone
and suggest a short face-to-face meeting.

The approach can also be used for emergency res@oms disaster recovery, in
order to match specific needs with expertise (eugn victim and dermatologist) or to
locate victims. For example, scientists are devatppockroach-sized robots or sen-
sors that are carried by real cockroaches, whietabte to search victims in exploded
or earthquake-damaged buildings [4]. These robosgnsors are equipped with radio
transmitters. When a robot discovers a victimait cse the data dissemination among
mobile sensors to propagate the information to huneacuers. Sensors can also be
installed on wild animals for endangered speciésanassistance. A sensor monitors
its carrier's health condition, and it disseminae&sport when an emergency symptom
is detected. Thus we use the term moving objectefey to all, vehicles, pedestrians,
robots, and animals.

In this paper we propose to examineogportunisticapproach to dissemination of
reports regarding availability of resources (pagksiot, taxi-cab customer, derma-
tologist, etc.). In this approach, a moving objpaipagates the reports it carries to
encountered objects, and obtains new reports ihawmge. For example, a vehicle
finds out about available parking spaces from ottedricles. These spaces may either
have been vacated by these encountered vehickeese vehicles have obtained this
information from other previously encountered origsus the parking space informa-
tion transitively spreads out across vehicles. laityi information about an accident
or a taxi cab customer is propagated transitivielythis paper we explore this infor-
mation propagation paradigm, which we agdportunistic peer-to-pedior OP2P).

With OP2P, a moving object constantly receiveslabdity reports from the peers
it encounters. If not controlled, the number ofaep saved and communicated by a
peer may continuously increase. In order to lilé tlata exchange volume, we em-
ploy a relevance function that prioritizes the &izlity reports. The relevance of a
report to a moving objed is clearly spatio-temporal, namely the relevaneereases
the older the report gets, and the farther thertedaesource is fromn. In this paper,
we introduce a simple spatio-temporal relevancetfan, and assume that each mov-
ing object saves only thd most relevant reports. We call this mett@pportunistic
Report DisseminatiofORD). In this paper we study ORD from three atpec

First, we examine the pattern of report propagationwith ORD. Mathematical
modeling and analysis of the report-distributionnisactable in general. However, it
can be solved for the case in which the relevaasqaurely temporal, i.e., no spatial
component. This is the case for hotspots that lmastdo neighboring moving objects,
for example, the current stock-market average. Wridirst devise differential equa-
tions that model object distribution in case reteeof a report to a moving object is
temporal. We show that a repdRtgenerated at a certain time disappears from the
system after a limited period of time Using the maximum speed of a moving object,
t can be easily translated to a limited geographéa avhere the information aboRt



spreads. This area is a circle around the poispace where the report was gener-
ated, namely its home location.

Then, using simulations we analyze the more gerears¢, where relevance to a
moving object is spatio-temporal. We show that mgaireport only spreads within a
limited geographic area around its home locatiog. (#ne location of a parking space,
or the location of a cab customer). Second, withia limited area, the replication-
density of a report varies with time, in a way whigill be explained. Finally, the
report starts disappearing from the system, urtiine threshold beyond which there
is no copy of the report in the system.

Then we compare ORD with the client/server modeln the client/server model,
a sensor senses the availability of the resourgesands a report to a central database
when the resource becomes available. The movinectbpccess the server through a
cellular network. There are several drawbacks efdlent/server model. First, it is
difficult for the model to scale to a large numlmérmoving objects. One possible
solution to increase the scalability is to dividgeopgraphic area into service regions
(similar to cells in a cellular infrastructure). dre is a server in each service region
that handles resources and moving objects withan tbgion. However, this solution
introduces the complexity of hand-over, which oscwhen a moving object crosses
the border between two service regions. Secondglibwet/server model is vulnerable
to the failure of the central server. Finally, ire tclient/server mode, a moving object
user has to pay for the cellular communication #rel information service. In the
peer-to-peer model a user only needs to pay foinitial installation of the communi-
cation module. The operation of the communicatiadute is virtually free. A back
of the envelope calculation reveals that the ciosterms of fuel) of communicating
with encountered vehicles is less than a cent pgr even if the communication is
continuous throughout the day.

With all the above extra cost, what does clientkseibuy us? We compare the
quality of data received with ORD and client/sen@bserve that at any time instance
an availability report in the local database of aving objecto may be incorrect in
the sense that a resource that shows as avaitdileglly becomes unavailable before
o reaches it. So we propose a set of data qualitgsares that mimic the preci-
sion/recall measures used in information retrie@lr simulations show that with
very reasonable object density and wireless trasson range, the quality of the
ORD method reaches that of client/server. Thisciaigis that OP2P could serve well
as an alternative to the client/server model buah wiuch less operational cost. We
also study the performance of ORD when there aherés in peer-to-peer interac-
tions. In an OP2P environment, interaction failunesy be caused by packet loss,
communication module sleeping for power reservatirthe limited connection time
between highly mobile objects.

Finally, we study a variant of ORD, in which invalidation messages are propa-
gated when a resource becomes unavaildtiies algorithm is calledDpportunistic
Report Dissemination with Invalidation (ORDI). Wemapare ORDI with ORD and
client/server with invalidation. It would appeaatttlearly the invalidation algorithm
will have a higher data quality, but this is misle®y since we compare the algorithms
on the same size of local database; thereforeintta@idation messages may occupy
space of other correct reports. However, our erpantal analysis shows that ORDI is



indeed superior to ORD.

In summary, this paper makes the following contribdions. First, we devise a
mathematical model for dissemination of informataout purely temporal resources
and experimentally analyze the dissemination ofrimfation about spatio-temporal
resources. Then we propose an algorithm for oppistic dissemination of informa-
tion about spatio-temporal resources, and we coenpamwith the tradition cli-
ent/server model. Finally we analyze the perforreaat the algorithm when using
invalidation messages.

Although some concepts employed in this paper inaling gossiping and in-
validation have been analyzed in the past, this pap applies these concepts to a
mobile peer-to-peer environment. Furthermore, it conbines these concepts with
a novel aspect, which is filtering and ranking of gatio-temporal information
based on a relevance function.

The rest of the paper is organized as follows. i8e@ introduces the model and
the ORD algorithm. Section 3 analyzes the reparpagation pattern. Section 4 com-
pares ORD with the client/server model. SectioneScdbes ORDI and compares it
with ORD and the client/server model. Section &ukses relevant work and section
7 concludes the paper.

2 The Model

2.1 Resource Model

In our system, resources may be spatial, temporakpatio-temporal. Information
about the location of a gas station is a spatsduece. Information about the price of
a stock on 11/12/03 at 2pm is temporal. There aréuws types of spatio-temporal
resources, including parking slots, car accidemdrts about such resources provide
traffic-jam information), taxi-cab requests, ridgasing invitations, demands of exper-
tise in disaster situations, and so on. These reseware spatial in the sense that they
are tied to a location, and are temporal in thessehat they are valid or available
only for a limited time-duration.

Formally, in our model there aié resource typedy, T,, ..., Ty . At any point in
time there areM resourcesRy, Ry, ..., Ry, where each resource belongs to a resource
type. We assume that resources are located atspioirttvo-dimensional geospace.
The location of the resource is referred to ashibmeof the resource. This is the
spatial aspect of resources. For example, the ludrae available parking space is the
location of the space, and the home of a cab réques cab-sharing invitation is the
location of the customer. The state of each resoalternates betweevalid (i.e.
available) andnvalid. The period of time during which the resourceatidvis called
the valid duration This is the temporal aspect of resources. Fomele the valid
duration of the cab request resource is the timegsince the request is issued, until
the request is satisfied or canceled.



2.2 Peers and Validity Reports

The system consists of two types of peers, nanmedgl fhotspots and moving objects.
Each peep that senses the validity of resources prodwediglity reports Denote by
a(R) a report for a resourd® For each resourde there is a single peerthat pro-
duces validity reports, called theport producerfor R. A peer may be the report
producer for multiple resources. Each repa(R) contains four attributes, namely
resource-type resource-ig timestamp and home-location Attribute resource-type
indicates the resource type Bf Resource-id is the identification Bfthat is unique
among all the resources in the system. In our mtde is a sequence of discrete
atomic time units, 1, 2, 3, ,.and timestamp is a natural number indicatin¢itne at
which a(R) is transmitted to a peer by its producer.

For each resource type a peeio has avalidity reports databaseor reports data-
base Denote by DE(T) the reports database @for the resource typé.

2.3 Relevance Model

In order to limit the data exchange volume, forreegsource typ&@, a moving object
keeps in the reports database the Kbpelevant reports of typ& that the object
knows at that timeM is referred to as theterest thresholdFor example, a user who
is looking for a resource typehas the reports database that keeps the top é\éarel
validity reports ofT. In other words, the user wants only the 10 melgvant reports
to be saved and displayed. In this paper we us®liosving relevance function:
Rela(R) =¢ @1+ 2°d) (4 p3 ) (1)
wheret is the age o&(R), namely the number of time units sir@@) is transmitted
by its producer, and is the travel distance from the home-locatio®Rab the moving
object.a andb are constants that represent the decay of releuaitls respect to time
and distance respectivelg.and b may vary per resource type. Observe that this-func
tion is always positive, indicating that each repdways has some relevance, and it
decreases asandd increase. We assume that each moving object ipmegh with a
GPS system so that (i) the object knows its locadibany point in time and (ii) the
clock is synchronized among all the objects. Thotk Ithe age and the distance can
be computed by the moving object.

Let us consider the resources that require a masijgct to physically reach them
ahead of other objects in order to occupy or pastesm (e.g. parking slots, cab re-
quests, or highway assistance requests). In dor work ([22]) we have shown that
for such a resourc, under some conditions the relevance of a reg(®} equals to
the probability thaR is valid when the moving object reaches it.

Theorem 1 Assume that the length of the valid duration (selesection 2.1) dR
is a random variable with an exponential distribonthaving mean. Let the speed of
the moving object be. If a =1/u and 6 =1/(u>v) , then the relevance of a repa(R)
is the probability (at report acquisition time) ththe resourceR is valid when the
moving object reache’. ¢



For the proof of Theorem 1 a reader is referre[2®). The theorem motivates our
definition of the relevance function (at least fesources with exponentially distrib-
uted valid-duration).

2.4 The Opportunistic Report Dissemination (ORDAIgorithm

We assume that each peer is capable of commurgcadih the neighboring peers

within a maximum of a few hundred meters. One exangpan 802.11 hotspot or a
PDA with Bluetooth support. The underlying commuation module provides a

mechanism to resolve interference and collisior&hEpeer is also capable of discov-
ering peers that enter into or leave out of itagraission range (see e.g. [13]).

Recall that each moving object keeps a databas&®M for each resource type.
When two moving objectd andB encounter each other (i.e. they come within trans-
mission rangeé) for each resource type A andB exchange their local databases, i.e.
DBA(T) and DB(T), and each one keeps themost relevant reports. Whek en-
counters a hotspd, C transmits toA the reports it produces. Agakeeps thevi
most relevance reports.

In the rest of this paper we will assume that thisra single resource type in the
system. However, most of our results also applynatieere are multiple resource
types, and we will specify when they do not.

3 Pattern of Report Propagation

In subsection 3.1 we study the propagation paéneports for temporal resources
and in 3.2 we study the propagation pattern of msfor spatio-temporal resources.

3.1 Propagation Pattern of Reports for Temporal Rsources

In this subsection we theoretically analyze howort is propagated per time and per
distance with the ORD algorithm. We consider a gperase for the relevance func-
tion, where the decay factor of distanzés zero. Thus the relevance is purely a func-
tion of the age. This relevance function modelsdbeay of the reports that are only
specific to time, e.g. the Dow Jones Industrial ragee at a particular time. In this
section we first introduce the parameters and ssum@ptions, and then we develop a
mathematical model that describes the propagatfoa eeport. Finally we use the
mathematical model to analyze the propagation ménts.

1If A uses broadcast, then the broadcast is used ti agbeer to interact with. After the peer
is selected, the interaction follows the one-to-emehange procedure. Extension of report
exchange to take the advantage of broadcast isjecswf our future work.



3.1.1 Parameters and Assumptions

Let N be the total number of peers in the system. Wenasghat the value dil is 1

for all the peers although our result can be extdnd the general case whéveis
more than 1. Each peer interacts with other pegrs Boisson process with intensity
/ . We assume that the length of the valid duratiom @source is 0, and the wireless
transmission range is small enough such that at oves peer can receive the report
when it is produced. Observe that with this assionpthe age of a report is always 0
when it is acquired. Further observe that the reaty still be relevant even after it is
invalid. For example, although a Dow Jones Indak#iverage report is invalid right
after it is generated, it is still of interest farperiod of time. For another example,
even after occupied, a parking slot report is r@fevecause peers do not always
know whether it is occupied. We consider only thparts that are received by a peer
when they are produced. Such reports are genevatbith the system by a Poisson
process with intensity? . Peers are randomly distributed in the space yapamt in
time, and therefore each peer is equally probabledeive each produced report. A
newly generated report is sent to exactly one pEbBus each peer receives newly
generated reports according a Poisson processthéthate/iN. Finally we assume
that each report exchange is finished instantamgous

3.1.2 A Mathematical Model for Report Propagation
Let us define two variablegyt): The conditional probability that a peer has a repo
for a resourc® at timet (t>0) given thaR is created at time @(t): The probability
that at timet (t>0) a report that is created after O is in the repdatabase of a peer.
Now considem(t+Dt) which is the probability that at tinteDt a reportR that is cre-
ated at time 0O is in the reports database of apdest Dt be small enough such that at
most one report is generated in the system betivaadt+Dt ando can interact with
at most one peer during the same time inteiy@&kDt) is the probability that one of
the following mutually exclusive events happens:

1. 0 hasR at timet, and it does not acquire any new report betwesrdt+Dt, and
it does not interact with any peer betweeandt+Dt. The probability for this to hap-

pen isq(t) (- / *DX) X(L- %th)-

2.0 hasR at timet, and it does not acquire any new report betweserdt+Dt, and
it interacts with one pee' betweent andt+Dt, ando' does not have a report that is
created after 0. The probability for this to hapieg ) «1- 7 xot) x/ x0t x1- g(t)) -
N

3. At timet o has no reports, or has a report that is creatéaeé®, and it does not
acquire any new report betweeandt+Dt, and it interacts with one peer betweert
and t+Dt, and m' has R. The probability for this to happen is

@- q(t)- g(t)) <- %»Dt)x/ DL x(t)
Thus



L+ D) = ) XL / XD XL~ 1900 +(O) XL 300X DAL g(1) +

(L o) - g) <~ 0 ¥ ()
By similar analysis, we obtain the following eqoati
g(t+Dt) =0+ (1- D0 g(1) + (- 300X g(1) ¥ Dg(t)

After simplification of the above difference equeis, we get the following differ-
ential equations:

%:(/ #1070 + 25 ) <L g) - / ()’ @)
%zﬁ' %Xg(t)ﬂ gt - /g0

Since each peer is equally probable to acquiregpert,q(0)=1MN. Finally, g(0)=0.
Let C(t) be the number of copies of a reptitne units after its creation. We have the
following theorem.

Theorem 2: C(t) is a random variable with expected valy@N whereq(t) is
given by the equation group (2).

We used Theorem 2 to compute the expected numbeomés as a function of
time. We used the following set of parameter valis2500, /=0.12, /#10. The
solid line in Figure 1 shows the result. Obsenad the number first increases until a
maximum value is reached. And then it decreasdkdisappearing from the system.
From this figure we can estimate how far away arepan be propagated. Take the
cut-off age beyond which the expected number ofexis below 1, which is about 60
seconds. Assume that the wireless transmissiorerasngero. Multiplying this cut-off
age by the maximum speed of moving objects givesribximum distance the report
can be propagated to. For example, if the maximpeed is 60 miles/hour, then the
maximum distance is 1 mile.

3.1.3 Validation of the Mathematical Model

We conducted a simulation to validate the analyticadel. In this simulation, 2500
objects are initially uniformly distributed withia 5milé 5mile square area and they
randomly move with a constant speed 40 miles/hdbe transmission range is 50
meters. This setup gives on average 0.12 interacper each object per each second.
Reports are generated with intensity 10 and eagbrtrés randomly assigned to an
object. Figure 1 shows the results. The dashedrdipeesents the experimental result.
It can be seen that Theorem 1 accurately desdtigdsehavior of the system.
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Figure 1: Number of copies of a pert as Figure 2: Propagation pattern of reports
function of its age

3.2 Propagation Pattern of Reports for Spatio-teioral Resources

In this subsection we study by simulations the pgaion pattern of reports for spa-
tio-temporal resources. First we describe the sittat method and then we present
the simulation results.

3.2.1 Simulation Method

We synthetically generated and moved objects wighitOmilé 10mile square area.
The objects move in a random-walk model. Specificdbr each object, we ran-
domly chose two points within the square area, asgigned them as the start point
and the first stop aofrespectivelyi moves along line segment between the two points
at a constant speed. When the first stop is reacrexther random point is chosen as
the second stop of andi moves from the first stop to the second stop atséme
constant speed. And so on. The motion speedi®frandomly picked up from the
interval [v-5, v+5] wherev is a parameter.

Hotspots are randomly distributed in the square aiéh density 500 hotspots per
square mile. Resources are generated only at hetsidibeach hotspot, the length of
the valid duration of a resource follows an expaia¢mlistribution with mearnu sec-
onds, and the time length of the invalid duratiotiofvs an exponential distribution
with mean 360 seconds. The home of all the repartunced by a hotspot is the
location of the hotspot. All the hotspots and theving objects have the same wire-
less transmission range. All the moving objectsehdne same interest threshold. The
value of the time decay factaris 1t and the distance decay factors 1/(>s) where
sis the motion speed of a moving object.

There are five parameters for each simulation mamely the interest threshdid,
the wireless transmission rangethe constant speed the objects density (i.e. the
number of objects per square mile), and the measlaf durationu. M is fixed to be
10, v is fixed to be 40 miles/hour, andis fixed to be 120 seconds. The time unit is
second. All the parameters and their values aredli;m Table 1.



Table 1: Simulation parameters and their values.

Parameter Symbol Unit Value
Mean of valid duration u second 120
Interest threshold M 10
Transmission range r meter 50
Motion speed v miles/hour 40
Object density g objects/milé 100

Each simulation run is executed as follows. Atlileginning of the simulation run,
10" 10" g objects are generated and they start to moveeasdme time (time 0). Re-
sources are generated and the status of each cesaliernates between valid and
invalid as described earlier. When the distancevéen two peers is smaller thaim
a time unit, they exchange their reports, re-evaltize relevance, and purge the least
relevant reports if needed. Each exchange is fishstantaneously. The length of
each run is 10 simulated hours.

During a simulation run, we trace the distributmineach repor&(R) at each time
unit. For this purpose, we generate 50 rings cedtat the home dR, each with the
width of 0.05 mile. At each time unit we calculéite density of the copies afR) at
each ring, and average among all the time unigssdfnulation run.

3.2.2 Simulation Results
Figure 2 shows the average density as a functidheofige and the distance to home
for ORD. The density is coded by the gray-levetisthat a deeper gray-level repre-
sents a higher density. The lowest gray-level @hiepresents zero density. We make
the following observations.

Observation 1: At any point in time, there is a spatial boundanythe distribution
of the report, beyond which the density is zeroisTdoundary first expands, until a
maximum value (about 0.9 mile) is reached. Thenbinendary starts to shrink until
finally the report disappears from the system lfat age of 450 seconds or so). The
boundary expands at beginning because of the patipagof the report caused by
opportunistic exchanges. However, as time pashesrelevance decreases, causing
two effects: (i) more objects purge the report @und (i) less objects save it. These
two effects make the number of copies start toetes®, and thus the boundary starts
to shrink. After some time, the relevance beconelew that all the objects that have
carried it have purged it out, and no objects saupon exchange. The report thus
disappears from the system.

Observation 2: The gray-level tends to be deep when the distam¢bet home is
small and it fades as the distance to home incsedseother words, the copies are
more densely distributed in the areas close tdtimee than in the areas farther away.
This is a useful behavior, because it means tleataport has a higher availability in
the area to which it is of interest.

The above propagation pattern shows that, by viemple local decisions made at
each moving object, the opportunistic disseminasilgorithm automatically limits the
global distribution of a report to a bounded spair@a, which is a circle around the
home location of the resource. The algorithm aisitd the distribution to the time-



duration for which the report is of interest. Wendaocted experiments with more
parameter configurations. These experiments shaw time spatial and temporal
boundaries automatically adapt depending on thebeuraf resources in the system,
the traffic density and speed, and other param#tetsdictate the amount of storage,
processing power, and bandwidth that should becaal to each resource. For ex-
ample, if resources are generated less frequethidyy each report will stay in the
system longer, and spread farther.

4 Comparison with Client/Server Model

With the ORD algorithm, a moving objegtmay have validity reports that are incor-
rect, i.e. the resources these reports refer torbednvalid beforeo reaches them.
When the validity reports in an object are used decision making, an important
measure is how many out of them are correct and fmawy are incorrect. In this
section we compare ORD with the client/server masligh this regard. In the cli-
ent/server model, the validity reports are stored central database, and transmitted
to the moving objects as query answers.

In subsection 4.1 we describe the client/serverehdd 4.2 we define the per-
formance measure. In 4.3 we describe the simuladmp, and in 4.4 we present the
simulation results.

4.1 Client/Server Access (CS)

In the client/server model, there is a centralidathbase that stores validity reports.
The database is updated by report producers agdesed by moving objects. A
report producer inserts a validity rep@(R) to the database when a resouRcés
sensed. Each moving objextissues a continuous query to the centralized datab
For example, when approaching the destinatioissues queryacquire the top 10
relevant validity reports about parking slotsAt each time unit the centralized data-
base evaluates each query and transmifse topM reports (top with regard to)
whereM is the interest threshold. The timestamp of eaaghsmitted report is set to
the transmission time replaces the current reports in its local repdetabase with
the received reports. The centralized database kiiogvlocation 06 at any point in
time.

4.2 Performance Measure

Definition 1: A resourceR is correctfor a moving object at timet if R remains valid
wheno reaches it under the condition tlmagoes toR att. OtherwiseR is incorrect
for o att.

According to the above definition, R is invalid att, then it is definitely incorrect
for o att. HoweverR may be incorrect foo att even ifR is valid att. What matters
is whetherR is still valid wheno reaches it.



Definition 2: A validity reporta(R) is correctfor a moving objeco at timet if Ris
correct foro att. Otherwisea(R) isincorrectfor o att.

Notice that in reality, at the time whenreceivesa(R), it usually does not know
whethera(R) is correct or not, because it does not know wdrdgwill remain valid
when o reacheR. In this paper “correctness” and “incorrectnest’teports are de-
fined solely for the purpose of performance evadumat

Definition 3: Let K be the sum of the relevance values of the validiports ino’s
reports database at timhe_etK’ be the sum of the relevance values of validityrep
in 0's reports database that are correctdfatt. Theprecisionof 0's reports database
at timet is KY/K .

We call the above measure “precision” becausedicaies how many of the re-
ports thato know are correct. This mimics the precision meagshat is used in the
information retrieval area. However, in our defimit, precision is not the fraction of
the correct reports known lmyout of all the reports known ly Instead, it is the ratio
between the total relevance of the two sets. Thear for this is that the reports are
unequal in relevance and therefore are differerimiportance for decision making.
Thus when each report is counted for precisioshduld be weighted by the rele-
vance. With the same fraction of the correct repdite higher relevance the correct
reports occupy, the better data quality of the lotzga. Next we define the notion of
recall.

Definition 4: Let R be a resource that is correct tat timet. Therelevanceof R
to o att is the relevance of the repafR) assuming that its timestamptis

Notice that above we define the relevance of auresy as opposed to the rele-
vance of a report defined in section 2.3. Intuliihie relevance oR to o att is the
relevance of the repod(R) that has age 0. In other words, the relevancR tf o
depends only on the distanceodfom the resource.

Definition 5: Let C be the sum of the relevance values of the conaladity re-
ports ino’s reports database at timel_et C¢be the sum of the relevance values of the
M correct resources in the system that are mostaetdoo (i.e. the M closest correct
resources). Theecall of m's reports database at time c/C'.

We call the above measure “recall” because it ggie how many of the correct
resources thab is interested in knowing (i.e. the correct topin the system), are
actually known by it. However, notice that in owefidition, recall is not the fraction
of resources correctly known loyout of the topV resources in the system. Instead, it
is the ratio between the total relevance of thegets.

Definition 6: Let P be the precision af's reports database at tiheandQ the re-
call of the database atTheprecision-recall producof the database ats P:>Q.

In this paper the precision-recall product is ugedhe performance measure.

4.3 Simulation Method

The simulation setup is similar to the one use8.®%) except for the following. First,
the CS algorithm is implemented. With the CS aldponi at each simulated time unit
the system sorts all the resources in the ordéhnedf relevance to and puts the top



M to 0's database. Second, in ORD an exchange betweemtwing objects suc-
ceeds with probabilitp. p is called thesuccessful interaction probability

Let us emphasize that in the simulations for the Mix&lel we assume that the
bandwidth available for the communication betwe®n derver and the clients is infi-
nite, and we ignore the contention/collisions timaty cause transmission failures. In
the simulations for the ORD algorithm, on the othend, we take into considerations
the bandwidth constraint and contention/collisioimsthe following way. First, we
calculate the bandwidth required by the ORD alparmitwith the most bandwidth-
consuming parameter configuration in Table 1. Tuisfiguration is object density
= 2500 per square mile and transmission range200 meters. With this configura-
tion, the bandwidth consumption of the ORD algaritts 40KBytes per second per
object. On the other hand, we estimated, for the abowwank configuration, with
contention and collisions, the effective bandwiditiailable for each object is
56KBytes per second when 802.11g ([6]) is used. ddtenation is extrapolated from
the empirical results of [7] This suggests that even with the most bandwidth-
consuming parameter configuration, the bandwidthsamption of the ORD algo-
rithm does not exceeds the network capacity. Theseiin all the experiments with
ORD, the successful interaction probabilitys set to be 1, except for the group that
study the impact gb.

The above justification assumes a single resouwnge. tif there are multiple re-
source types, then with the above network configomathe bandwidth consumption
of ORD may exceeds the network capacity. In thaecthe successful interaction
probabilityp is lower than 1, which we will also study.

Table 2: Variable simulation parameters.

Parameter Symbo Unit Value
Transmission range r meter 50, 100, 150, 200
Object density g objects/milé 100, 500, 1000, 1500, 2000, 250p

Successful interaction
probability

p 0.05,0.1,0.15,0.2,0.25,0.5,0.79, 1

Finally, let us mention that we repeated the expents for motion in a grid net-
work rather than Euclidean space. The reason tsinhaur traffic applications vehi-
cles move along a road network. We determined ttatnetwork results are very
similar to those reported here for Euclidean sp&ge to space limitations these
network results are omitted. The parameters aedlis Table 2.

4.3 Simulation Results

Impact of object density. Figures 3, 4, and 5 show the precision-recall pcoaf
ORD as functions of the object density and complaese measures with those of CS.

2 Notice that the moving object does not transmyjt @port to a hotspot.
3 The reference analyzes the effective bandwidtliiabla per object for a short-range wireless
technology, with contention and collisions taketoioonsiderations.



For ORD, the performance increases as the objesitgéncreases. Intuitively, as the
object density increases, the interactions amorjgcth become more frequent, and
thus the newly generated reports get propagatee mquickly. These reports purge the
old reports out of the databases of moving objeSiisce the new reports are more
likely to be correct than the old ones, both thecgion and the recall increase. Notice
that the precision-recall product of CS is not fhisTis because the central database
does not know when a resourRewill become invalid, and therefore the repafR)
returned by CS to a moving objertay be incorrect (i.eR is invalid whero reaches
R).
The figures show that the performance of ORD apgres to CS when the trans-
mission range is 50 meters and the object dersiBb00 objects per square mile. In
this situation, the average distance between tvighbering moving objects is about
32 meters, smaller than the transmission rangetHar words, most of the time the
network formed by moving objects is connected.his tase, with ORD the propaga-
tion of a report reaches its maximum spatial bomdémost instantaneously. How-
ever, this is different than a simple flooding ircannected network. In our model
each moving object only transmits tép reports and the spreading of each report is
automatically restricted within a small portiontbé whole network (see the propaga-
tion analysis in section 3).
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Impact of transmission range.Figure 4 shows the precision-recall of ORD as
functions of the transmission range and compark thibse of CS. Intuitively, as the
object density increases, the interactions amoecttbbecome more frequent, which
generates similar effects as when the object deimsiteases.

Impact of successful interaction probability. Figure 5 shows the performance
measures of ORD as functions of the successfulactien probability. Intuitively, as
the successful interaction probability increashs, ¢ffective interactions among ob-
jects become more frequent, which generates simififacts as when the object density
increases. In fact, comparing Figure 5 and Figyre&enotice that reducing the suc-
cessful interaction probability is the same as §mnpducing the object density. For
example, the effect of a successful interactiorbability of 0.25 is the same as reduc-
ing the object density from 2000 to 1000.

Observe that we tested with a long range of prdibabalues, from 0.05 to 1. This
is because the successful interaction probabgitysed to model not only communica-



tion reliability, but also the ORD implementatioinswhich not every encounter gen-
erates an interaction. For example, if a movingeobjproadcasts for every 20 time
units, or the communication module is awake for &4ime, then the successful in-
teraction probability is 0.05.
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5 Opportunistic Report Dissemination with Invalidation (ORDI)

In this section we first present the ORDI algoritiimwhich invalidity reports are
generated and propagated to reduce the fractiamcofrect reports in a moving ob-
ject’s reports database. Then we compare ORD, ORI, the client/server model
with invalidation.

5.1 Description of the ORDI Algorithm

At each report produces, whenever a resourde is detected invalidp creates an
invalidity reporti(R). i(R) contains the following four attributes: (@source-typehe
resource type oR; (ii) resource-idthe id ofR; (iii) timestampthe time when report
i(R) is created; and (iWyome-locatiorthe home oR.

After i(R) is produced, the validity report Bfis removed from the reports database
DB(resource-typg andi(R) is inserted into DEresource-type In order to distin-
guish between validity reports and invalidity regspreach report is given an extra
attributereport-typewhen it is inserted into a reports databaeport-typeindicates
whether the report is a validity report or an indi&y report.

The invalidity report uses the same relevance fancas a validity report, and is
exchanged similarly to a validity report. The oulifference is as follows. When an
invalidity reporti(R) is received by an object, o uses the resource-id attribute to
searcha(R) in o6 reports database.dfR) is found and its timestamp is smaller than
that ofi(R), then the validity report is replaced HR). If the validity report is not
found, theni(R) is either discarded or saved into R{Besource-typg based on its
relevance, in the same way a validity report iated. The reasoi(R) is saved is to
invalidate a validity report that may arrive later.



5.2 Comparison with ORD and the Client/Server Moédl

In this subsection we compare ORDI with two aldoris. One is ORD and another is
client/server with invalidation, o€SI CSI works similarly as CS except the follow-
ing. At each report produce; whenever a resourdeis detected invalidp removes
the reporta(R) from the centralized database. Thus the centdldatabase will not
includea(R) in any query answer since then.
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The simulation setup is the same as described beestion 4.3. The results are
shown in Figures 6, 7, 8. First let us compare ORMd ORD. The precision of ORDI
is higher than that of ORD (Figure 7(a)). This echuse invalidation reports push
incorrect reports out of the reports database hatkfore the fraction of correct re-
ports increases. However, there is little diffeeehetween ORDI and ORD in recall
(Figure 7(b)). This is somehow surprising becaumsalidity reports share the same
database with validity reports and therefore they mccupy spaces that could have
been used to accommodate correct reports. ThelacORDI is as good as ORD in
recall suggests that in most cases invalidity respoccupy the spaces of incorrect
reports, which is a desirable behavior. As a regbk precision-recall product of
ORDI is better than that of ORD (Figure 7(c)).

Now let us compare ORDI and ORD with CSI. The mieci of ORDI approaches
to CSI beyond certain object density (Figure 7¢a)ransmission range (figure omit-



ted due to space limitations). This is similarie bbservation we have in subsection
4.4 when comparing ORD and CS, and the explanéiatso similar. However, nei-
ther ORDI nor ORD ever reaches CSI in recall (Fégib)). ORDI never reaches CSI
in recall, because with ORDI, invalidity reportsash the same database with validity
reports, whereas with CSI there are no invalidigarts in a moving object’s reports
database. In other words, the number of validiports in a reports database with CSI
is higher than that with ORDI. ORD never reache$ i@3ecall, because with ORD
there can be reports that refer to the resourcashiéive become invalid; with CSI
there are no such reports. As the result, ORDI@R® never reach CSI in precision-
recall product (Figures 7, 8).

The effect of the successful interaction probapild ORDI is similar to that to
ORD (see Figure 6).

6 Relevant Work

Resource discovery and publish/subscribe in madmenoc networks are usually
implemented by building a routing structure forawxe information (see e.g. [8, 9,
11, 15]). Most of these works rely on routing stuwes. However, the constructed
routing structure may easily become obsolete ingaly dynamic and partitionable
network environment. Work has also been done oa digsemination in mobile peer-
to-peer networks [10, 12, 14, 16, 18, 20, 21]. Ehesethods use the gossip-
ing/epidemic communication paradigm. However, ttemnsider dissemination of
regular data objects rather than spatio-temposduees, and they do not rank the
resources for determining what to broadcast.

This paper differs from our prior work (e.g. [12]Ron the same topic in multiple
aspects. The theoretical analysis of the propagaiaitern is new. The comparison
with the client/server model is new, and so isitivalidation algorithm.

7 Conclusion

In this paper we devised an algorithm, ORD, foseisination of spatial and temporal
resource-information in a mobile peer-to-peer emvinent, in which the resource-
information database is distributed among the hatéspnd moving objects. We ana-
lyzed ORD theoretically, using differential equao and experimentally, using simu-
lations. We compared ORD with the client/serverdeloby simulations. The per-

formance measures are relevance-weighted precsidrrecall. We determined that
ORD performs better when the object density andwireless transmission range
increase. ORD reaches the client/server modelifopeance when the object density
or the transmission range is high enough. We disdiedd the impact of successful
interaction probability, and determined that redgcihe successful interaction prob-
ability is the same as simply reducing the objesnsity. Thus ORD can perform as
well as the client/server model in low success pbility environment by increasing

the object density. Finally, we studied a variagh©&®D, ORDI, which uses invalidity



reports to increase precision. The experimentalltseshow that ORDI is better than
ORD.
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