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Abstract

With the increasing capabilities of mobile devices, there
hasbeen a growing interest in location-based services. Here
we present MAPLE, a scalable peer-to-peer nearest neigh-
bor (NN) query simulation system for mobile environments.
MAPLE is designed for the efficient sharing of query re-
sults cached in the local storage of mobile peers. The most
innovative aspect of the MAPLE model is its ability to ei-
ther fully or partially compute location-dependent nearest
neighbor objects on each host. Our novel verification al-
gorithms enable a mobile host to locally deter mine whether
the points of interest obtained from its peers are relevant
to its own NN query solution set. Our simulation system
emulates all aspects of the MAPLE model including the
movement of mobile hosts on a road network and the launch
and execution of location-based nearest neighbor queries.
Thesimulationillustrates how cooperative data sharing and
distributed processing among mobile peersresultsin a con-
siderable reduction of the load on remote spatial database
servers. Through its peer-to-peer topology, MAPLE ex-
hibits great scalability: the higher the mobile host density,
the more queries can be answered by peers.

1 Introduction

Ubiquitous and untethered information access is stim-
ulated by the growing capabilities of mobile devices.
L ocation-based services are especialy of interest to many
users. An example query might be to “find the nearest
gas station from my current location.” The combination of
Global Positioning Systems (GPS), wirelesscommunication
technology (e.g., 802.11x), and peer-to-peer overlays (P2P)
offers an exciting environment and opens unigque opportu-
nities to provide location based services. By leveraging
ad-hoc networks, information can be shared in a P2P man-
ner among mobile clients to answer spatial searches (e.g.,
nearest neighbor queries). Importantly, in cases where ac-
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cessto the remote database serversis not always guaranteed
—such asduring anatural disaster — P2P sharing can provide
arobust alternative where fault-resilience is naturally built
into the design.

Recently we designed a novel techniquethat utilizes pre-
vious query results cached in the local storage of mobile
peers to compute nearest neighbor query results of mobile
hosts[3]. Weintroduced asearch algorithm termed Sharing-
based Nearest Neighbor (SN?) to locally verify whether
points of interest (POI) received from peers provide a com-
plete, partia or irrelevant answer to a submitted location-
based nearest neighbor query. If the POI search can befully
satisfied from the peers, no access to any remote spatial
database serversis necessary, resulting in a decreased work-
load. Under some circumstances only a partial result can
be algorithmically verified (details are provided later) and
inthat case, the query must be forwarded to aremote spatial
database server. However, the server load can be diminished
by utilizing the partial result to constrain the search space.

In this simulation system we present MAPLE (Mobile
scAlable Peer-to-peer nearest neighbor query model for
L ocation-based sErvices), a prototype of the design in [3]
that implements a sharing-based NN query model in con-
junction with a road network environment. In particular,
the MAPLE system exhibits the following distinguishing
characteristics:

e Sharing-based nearest neighbor query execution.
The MAPLE system performs and visualizes a novel
sharing-based nearest neighbor (SN2) query algorithm
among peersin a step-by-step manner.

e Scalability. The MAPLE system leverages P2P shar-
ing to achieve scalability in terms of the number of
peers and to reduce the access frequency to remote
spatial database servers. A higher density of peers
improvesits efficiency.

e Realistic movement on road network. The move-
ment of hosts in the MAPLE system is constrained to
real world road networks. Mobile hostsin MAPLE au-
tonomously proceed on road networks and the velocity
of the movement is determined by the speed limit of
underlying road segments.



2 TheMAPLE Infrastructure

Figure lillustrates the infrastructure of MAPLE. We are
focusing on mobilepeers, such ascars, that areinstrumented
with aGPSto provide continuouslocationinformation. Fur-
thermore, we assume that two tiers of wireless connections
are available on future automobiles. Traditional, cellular-
based networks (such as utilized by the OnStar service)
allow medium range connectionsto base-stationsthat inter-
facewith thewired Internet infrastructure. A second type of
short-range networksallows ad-hoc connectionswith neigh-
boring mobile clients. Technologiesthat enable short range
communication include, for example, IEEE 802.11x. Ben-
efiting from the power capacities of vehicles, we assume
that each mobile host has a significant transmission range
and virtualy unlimited lifetime. The architecture can also
support hand-held mobile devices. However, then power
consumption becomes an additional parameter which we
are not currently considering.

In our design, previousquery results can be cached in the
local storage of mobile peers. Such peers move on road net-
works and autonomously launch sharing-based NN queries
or exchange cached query results with adjacent peers. The
SN? algorithm is then applied to verify whether dataitems
received from neighboring peersprovideacomplete, partial,
or irrelevant answer to the posed query. If only partial or
irrelevant dataitems are collected, the query isforwarded to
a gpatial database server [4]. The complete query result is
then also cached in the local memory.
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Figure 1. The MAPLE infrastructure.
3 The MAPLE Components

In this section we describe the modular implementation
of the MAPLE system and the simulation parameter set such
as the points of interest and mobile host density.

3.1 Modules

The MAPLE system consists of three components. (1)
the multiple peer ssimulation module, (2) the server module,

and (3) the sharing-based nearest neighbor query visualiza-
tion module. Sharing-based NN queries are demonstrated
by visualizing the interactions and data exchange processes
among the peers on the road network.

e The multiple peer simulation module concurrently
models a predefined number of mobile hosts. It imple-
ments all the functionality of a single mobile host and
providesthe communication facilitiesamong peersand
from peersto remote spatial database servers.

e The server module is responsible for storing points
of interest indexed by an R-tree structure [2]. It per-
formsNN queriesfrom peerswith pruning boundsand
recordsthe I/O load and access frequency of the spatial
database server.

e The sharing-based nearest neighbor query visual-
ization module providesarendering of the verification
process of a sharing-based NN query in a step-by-step
manner. Users can arbitrarily select amobile host and
launch a location-based NN query within the simula-
tion region.

3.2 Road Network Generation

We generated the underlying road network from the
TIGER/LINE street vector data set available from the
U.S. CensusBureau. The current MAPLE system storesthe
road network of several Southern California counties. The
road segments are differentiated into several road classes,
such as freeways, primary highways, secondary and con-
necting roads, and rural roads. Road segments of differ-
ent road classes are associated with different driving speed
limits. Mobile peers monitor the speed limit on the road
that they are currently traveling on and adjust their veloc-
ity accordingly. One of the challenges when integrating
road segments into a complete road network is to isolate
paths that cross and determine if they indeed represent in-
tersections. For example, freeways generally project many
intersections in two-dimensional space, however, many of
them are over-passesor bridges. Our solutionisto detect in-
tersection pointswith the help of their endpoint coordinates.
In addition, differing road classes allow us to distinguish
over-passes from intersections.

3.3 Interest Objectsand Mobile Peers

MAPLE models the density of POIs (currently gas sta-
tions and restaurants) in the Greater Los Angeles area via
data available from two online sites: GasPriceWatch.com®
and CNN/Money. MAPLE also imports vehicle statistics
of the Greater Los Angeles areafrom the Federa Statistics
web siteto initialize themobilehost density. However, users

http://www.gaspricewatch.com



are not limited to utilizing these density presets. Many pa-
rameters — the density of interest objects and mobile peers
among them — can be changed via the multiple peer smula-
tion module.

3.4 Sharing-based Nearest Neighbor Queriesand
Pruning Bounds

Within the system infrastructure shown in Figure 1, a
mobile host @ collects NN data from peersto harvest these
existing results for completing its own & nearest neighbor
(KNN) search. If data items collected from peers only en-
sure a partial answer, then queries need to be forwarded to
the spatial database server to retrieve the complete result.
However, the partial result can be used to bound and hence
speed up the server search process.

There are two approachesto process NN information ob-
tained from peers. The single peer NN verification process,
aso called kNN qie, attempts to verify whether a point
of interest n; obtained from a peer is a vaid (i.e., top k)
nearest neighbor of amobile host Q. To this end we utilize
the spatial relationship between mobile hosts and their POIs
asfollows.

Theorem 3.1 Let Q and P, betwo mobile hosts, and let P,
have k nearest neighbors, ny, ns, ..., ng, which are sorted
in ascending order according to their distance to P;. For
any nearest neighbor n; of Py, if Dist(Q, n;) + 6 < Dist(Py,
ny) then n; is one of the top k& nearest neighbors of Q.

In Theorem 3.1, Dist(®, n;) is the Euclidean distance be-
tween Q and n;, ¢ isthe Euclidean distance between Q and
Py, and Dist(Py, ny) is the Euclidean distance between P;
and its cached farthest nearest neighbor n,. Anillustration
of Theorem 3.1 is shown in Figure 2. The nearest neighbor
no of mobile host P;, whichisa peer of mobile host @, can
be verified as the nearest neighbor of Q.

Dist (Q, nz) + J < Dist (P1, n3)

Figure 2. Verification of a point of interest.

Under some conditions the kNN ;4. method may not
be able to verify all k£ nearest neighbors. Therefore, we ex-
tend the verification processto include results from multiple
peers smultaneously. The ANN,.ipie Method combines
the area of all the peers, each bounded by the outermost
NN circle, into a certain region R.. The kNN, zipie VEr-
ification technique is executed based on R, similarly to
kNNgingie. Theorem 3.2 provides the rules for verifying
nearest neighbors with multiple peers.

Theorem 3.2 If the nearest neighbor dataset N Np iscom-
posed of data from j peers, the certain region R. can be
represented as:

Rc = Pl—area V) P2—area U---u Pj—area-

For any interest object n; in R, the distance between Q and
n; isused asa radiusto draw a circle C,,;. If C,,; isfully
covered by R, then n; isavalid NN of Q.

There will be cases when neither kENNg;,q nOr
ENN,wieipre Can fulfill a kNN query. Hence a set with
some unverified elements is returned. If the response time
iscritical, a user may agree to accept such a kNN data set,
where the objects are not guaranteed to be the top % nearest
neighbors. Otherwise the kNN query must be forwarded to
aspatial database server. The partial results can be used to
bound — and hence speed up —the server search process[3].

3.5 System Demonstration

MAPLE is implemented in Java and Figure 3 shows its
multiple peer simulator interface. The left window frame
shows the simulated service region of MAPLE visualizing
all mobile hosts and POIs. Mobile hosts move on the road
network autonomously [1] while observing the speed limit
congtraints. On the right pane, the simulator displays the
configuration parameters of current smulation, such as the
service region dimensions, and the number of mobile hosts.
Users are able to select (via mouse click) any mobile host
to launch a kNN query. This action activates the sharing-
based NN query algorithm visualization interface shown in
Figure 4. Each POI retrieved from peers within the com-
munication range is first verified in a step-by-step manner
using the kNN;,, 41 method. In the case that the KNN;y, ze
method cannot verify all k nearest neighbors, the simulator
automatically launches the kNN, i.ip1. Method, illustrated
inFigure5. Figure6 depictsthe server interfaceof MAPLE.
The server module executesthe spatial queriesreceived from
peers. It aso records the page access frequency within the
spatial database server when performing spatial queries.

4 Conclusions

We have described MAPLE, asystem to aid in the study
of scalable peer-to-peer data sharing for location-based ser-
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Figure 3. The multiple peer simulator interface
of MAPLE.
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Figure 4. The sharing-based NN query algo-
rithm visualization interface of MAPLE illus-
trating a single peer verification example.

vices in mobile environments. We implemented localized
verification algorithms to ascertain whether data items re-
ceived from peersprovidearel evant answer to posed queries.
We also implemented a road network with realistic speed
limits to constrain the movement of peersin the mobile en-
vironment. MAPLE isinteractiveand provides step-by-step
visualizationsto understand peer communication and verifi-
cation procedures. The objective of MAPLE isto providea
platform for the evaluation of our ongoing research into the
novel design of P2P sharing techniques for location-based
services. MAPLE demonstratesthe excellent scal ability and
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Figure 5. The sharing-based NN query algo-
rithm visualization interface of MAPLE illus-
trating a multiple peer verification example.
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Figure 6. The server interface of MAPLE.

effectivenessof our current algorithmin high density mobile
environments.
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