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Transport Optimized Nearest Neighbor Query for

Abstract

Location Based Services are increasingly becoming
popular due to increased usage of mobile devices
by citizens seeking information on points-of-interest,
travel routes, ftraffic conditions etc. We consider
practical variants of the nearest neighbor problem on
road networks, wherein the goal is to find the nearest
point-of-interest from a query location. Here the notion
of proximity is determined by the ease of reaching
the point of interest via public transport. Using graphs
modeling the road network and transport conneciivity,
efficient algorithms are presented.

Keywords: Nearest Neighbor Search, Computational
Geometry, Road Networks, Shortest Path Problem,
Location Based Services

Introduction

Location Based Services (LBS) [4][54][55] are
increasingly becoming popular due to increased usage
of mobile devices by citizens seeking information on
points-of-interest, travel routes, traffic conditions etc.
LBS aim at providing customized information keeping
location as an important factor. Location-based Services
include emergency services, navigation and information
services, advertising services and tracking services to
name a few. Due to rapid urbanization and smart city
projects in various countries including India, interest in
LBS has further increased. According to market research,
the global LBS market is poised to grow significantly in
the next few years. This has created several challenges
leading to research in new technologies, architectures and
algorithms [4].

Nearest Neighbor Search [41][43][48][52] and its
variants have been well studied in areas as diverse

Location Based Services

Debajyoti Ghosh’, Prosenjit Gupta”

as Computational Geometry, Pattern Recognition,
Interpolation, Probability Theory, Data Mining, Machine
Learning and Geographical Information Systems. The
basic problem is defined as follows: Given a set of point S
and a query point q, the goal is to find a point in S nearest
to q. In Computational Geometry [1], this is usually
studied as a repetitive mode query problem wherein the
goal is to preprocess S into a data structure so that given
g, we can find p € S nearest to q efficiently. Knuth [2]
christened this as the “Post Office Problem” in reference
to the age-old problem of locating the nearest post-office
to a query user. In the 2-dimensional Euclidean plane, the
solution to the post-office problem is the Voronoi diagram
along with an accompanying planar point location data
structure [3].

In this paper, we consider a variant of the nearest neighbor
problem which is relevant in the context of Location
Based Services and smart cities. We consider a road
network, serviced by public transport (e.g. bus, train,
metro, auto-rickshaw etc.). There are several points-of-
interest (POI’s) spread on the road network. There are
also bus stops (or train stations) located at various points
on the road network. We are given a set of bus routes
serving the road network, each route being an ordered
sequence of bus stops. A mobile user, currently at a
query location q on this road network wishes to travel
to the nearest POI. The user is interested in using public
transport (say buses) to reach his/her destination. Given
that bus transfers are often inconvenient, lead to delays or
increased cost of travel, the user wishes to minimize the
number of transfers. However since number of paths to
reach a POI using the minimum number of bus transfers
may often not be unique, the user may wish to reach the
POI using that route that is the shortest among all routes
using the minimum number of transfers. We assume that
the user will walk to the nearest bus stop from q and also
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walk from the destination bus top to the POI concerned.
We also assume that such transfers are short and ignore
these in our computation.

Our goal is to preprocess all information related to the
road network, POI, bus stops and bus routes into a data
structure so that given any query point g, we can return
the nearest POI reachable from q by the minimum number
of bus transfers. We denote this as the transport route
optimized nearest neighbor problem (TRNN). Given q,
our algorithm will return the POI which we call TRNN(q).
In another variant of the problem, we wish to preprocess
all information related to the road network, POI, bus stops
and bus routes into a data structure so that given any query
point g, we can return the nearest POI reachable from q
by the minimum number of bus transfers and in case of
multiple such solutions, by the shortest one. We denote
this as the transport route distance optimized nearest
neighbor problem (TRDNN). Given q, our algorithm will
return the POI which we call TRDNN(q).

The paper is organized as follows: Section II defines some
graphs we create to model our problem appropriately.
Section III reviews the past literature on nearest neighbor
problems. Section IV lists a few properties of these
graphs which form the basis of the algorithms. Section V
provides the preprocessing and query algorithms for the
transport route optimized nearest neighbor problem. The
concluding remarks and directions for future research are
given in Section VI.

Preliminaries
Road Network Graph RNG

We model the underlying road network as a weighted and
connected undirected graph, the Road Network Graph
(RNG) as G (V, E, W), where V is the set of vertices
denoting the intersections of the road segments, E is
the set of undirected edges in the road network and W is
the (non-negative) weight function defined on the edges,
W(e) being the road network distance along the length of
the corresponding road segment. We define the shortest
path distance or the road network distance, between any
two vertices u, v € V as d(u, v), the minimum sum of
weights of edges connecting u and v. P is a set of POI’s
located on edges and vertices. V, P, q are all points but
with different semantics with respect to the network. If
e = (u, v) is an edge, d(u, v) = W(e). If either a or b is
not on the road network, d(a, b) = co. We assume that all

query points and POI’s are on the edges (i.e. either in the
interior of edges or vertices).

Transit Map Graph TMG

As part of the input, besides the RNG we are also given a
list of bus routes. Each bus route is an ordered sequence of
bus stops with a designated start and end stops. We define
the Transit Map Graph (TMG) = G(V, E) as follows. The
vertex set V is the set of bus stops. Two vertices u and v
are connected by a directed edge (u, v) iff there is a bus
route connecting u and v with no other bus

stops in between. Associated with each bus stop b € V,
we have two inverted lists: RR(Db) is the list of bus routes
that include b. RP(b) is the list of POI’s for which b is the
nearest bus stop.

Bus Route Intersection Graph RIG

We define the Bus Route Intersection Graph (RIG) = G(V,
E) as follows. The vertex set V is a set of bus routes. Two
vertices u and v are connected by an undirected edge (u,
v) if there is a bus stop at which routes u and v intersect.

Past Work

The classical problem shortest path computation on
general graphs or over a network has well studied by
lots of researchers over the years [35]. The best known
algorithm to find single source shortest paths (SSSP) is
the Dijkstra’s algorithm. A survey paper by Zhan and
Noon [36] studies the relative performance of many of the
classical shortest path algorithms when applied on a road-
network dataset. Wagner and Willhalm [37] suggested a
geometric approach for speed-up techniques for shortest
path computations in a spatial network. There are extended
versions of Dijkstra’s such as A* search [31] with various
expansion heuristics, that also find the shortest distance
path starting from a node s to a goal node d.

Inrecent years, many researchers have focused on efficient
computation of Nearest neighbor (NN) on road networks.
It is closely related to the single-source shortest path
problem, which has been extensively studied. It forms
the heart of all queries, where a location is given and
one seeks to find the nearest object(s) (e.g., petrol pump,
ATM, hotel, restaurant, shopping mall, hospital, etc.). The
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nearest neighbor query is a key operation in geographic
information systems (GIS), spatial network databases,
and location-based services, many other disciplines of
computer science including computer vision, machine
learning, pattern recognition, information retrieval,
etc. and also in other interdisciplinary areas like coding
theory, robotics, recommendation systems, etc. Many of
these algorithms are based on techniques of computational
geometry. A number of approaches exist for computing
nearest neighbor queries in spatial networks. Existing
approaches are either based on Dijkstra’s method where
distances are pre-computed [41][47][48][49][50][51] or
many algorithms assume an indexing structure, e.g., an
R-tree, kd tree, and search in a branch-and-bound manner
[42][43][45]. Kolahdouzan and Shahabi [46] proposed
Voronoi diagram based Nearest Neighbor approach,
which can handle sparse datasets but is inappropriate for
medium and dense datasets due to its high preprocessing
and storage overhead. Samet et al. [38][39] proposed
Best First Search(BFS) method to compute the nearest
neighbors to a query point on a spatial network. In
many applications, a rough answer is sufficient, so
that algorithms have been developed that return an
approximate result [40][44]. The problem of finding the
In-Route Nearest Neighbor (IRNN) for a query object is
first proposed by Shekhar et al. [53] to search a facility
instance with the smallest detour distance from the query
route on the way to the destination, given route with a
destination and a current location on it.

Properties

In this section, we list a few properties of the graphs
defined earlier. These properties enable us to solve the
transport route optimized nearest neighbor problem
efficiently.

(a) Query points can assumed to be at bus stops

Because of our assumption that the user will walk to the
nearest bus stop from the query point q, and that such
distance walked is negligible, without loss of generality,
we can assume that all query points will be bus stop
points. Given any arbitrary query point g, the solution is
equivalent to the one obtained by assuming q to be at the
nearest bus stop instead.

(b) POI’s can be mapped to nearest bus stops

Since our query user will also walk from the destination
bus top to the POI concerned, effectively the problem at
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hand reduces to one wherein we can assume that all POI’s
are mapped to the nearest bus stop.

In our model, POI’s are located on the edges of the RNG.
Consider a POI p located on an edge e = (u, v) of the
RNG. We assume that a POI p could be on either side
of the 2-way road e and an incoming user interested in
visiting the POI p could approach it via a bus either from
the direction of u or from the direction of v. Thus during
preprocessing, we can map p to two nearest bus stops,
pn(u) and pn(v), assuming the user will be approaching p
from the direction of u (respectively v).

(c) If TRNN(q) =x and x € RP(b), then for any y € RP(b),
X £y, Yy is also a solution to TRNN(q). Clearly any of the
POI’s in RP(b) could suffice. Also the same result holds
true for TRDNN as well.

(d) Let bl be the bus stop closest to a query point q and
POI p € RP(b2). Then if for x € RP(bl) and y € RP(b2),
if there is a path of length J in the RIG, the nearest POI
from q is reachable in 6 or fewer bus transfers.

Consider an edge e = (u, v) in the RNG. We color as red
each bus stop on ewhich is either a start or end bus top for
a bus route. We also color as red bus stops nearest to u and
v. All other bus stops are colored blue. We repeat this for
all edges. These colors are carried over to the TMG.

(e) If two bus routes intersect, they must do so at a red
bus stop.

Thus it is sufficient to consider the red vertices to
determine the RIG. If the input consists of a RNG with n
vertices, e edges and a sequence of k bus routes, clearly
the number of red vertices in the TMG is 2(e+k).

The Algorithms

Using the properties enumerated in the previous section,
we can outline the algorithms for solving the TRNN and
TRDNN problems.

(a) Input: RNG and list of bus route. We assume that
the RNG is presented as an adjacency list of vertices. For
each edge e of the RNG, we maintain a list of POIs and
bus stops in the order that they occur on the edge. Each
bus route is represented as an ordered list of bus stops.

(b) Generate the TMG from the list of bus routes. In
the TMG, each bus stop is a vertex. For each bus route
r, we go through the list of vertices in order. If a vertex
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v does not exist in the TMG, we create v. For each pair
of consecutive bus stops on route r, corresponding to
vertices u and v created in the TMG, we add an edge
(u, v). For the vertices corresponding to the first and last
stops on route r, we ensure the stops are colored red.
Also if a bus stop is located as the first or last stop of an
edge on the RNG, we color the corresponding vertex in
the TMG as red. All other vertices are colored blue. Also
while processing a bus route 1, if r passes through a POI,
it is labeled white. All other bus routes are labeled black.
White bus routes pass through bus stops near POI’s.
Black bus routes connect white bus routes but do not pass
through bus stops near POI’s.

(c)For each vertex b in the TMG, generate RR(b). This
can also be ensured during creation of the TMG. While
iterating through bus stops for a bus route r, the route r is
added to the list RR(b) for each bus stop b on route r.

(d) For each vertex b in the TMG, generate RP(b). We
walk through each edge of the RNG, mapping each POI
p to the nearest bus stop b (which could be in either
direction). The POI p is added to the list RP(b) for the
corresponding vertex b in the TMG.

(e) Generate the RIG from the TMG. Recall that the
RIG consists of vertices corresponding to bus routes.
We consider RR(b) for each red vertex b in the TMG.
As discussed in the previous section, this information
is sufficient to construct the RIG. For any ue RR(b), ve
RR(b), u # v, (u, v) is an edge in the RIG. The weight of
each edge on the RIG is assumed to be unity.

(f) Computing TRNN : Given a query point q on the
RNG, we wish to reach the POI which is reachable by a
route with the fewest number of bus transfers. We identify
the nearest bus stop b. Then we look up the list RR(b) for
the node b in the TMG. To compute the TRNN(q), we run
a modified version of Dijkstra’s shortest path algorithm
[35] on the RIG. In the initialization step instead of setting
d(s) = 0 for a single source node in Djikstra’s algorithm,
we set d(s) = 0 for all nodes s € RR(b). We terminate the
algorithm as soon as a node r is extracted from the priority
queue in Dijkstra’s algorithm, such that r is white. We
then walk through the bus route r and return the first POI
reached.

(g) Computing TRDNN: Given a query point q on the
RNG, we wish to reach the POI which is reachable by
a route with the fewest number of bus transfers and in
case of a tie by one of those routes which is shortest. To

compute TRDNN(q), we run a Depth First Branch and
Bound (DFBAB) algorithm on the RIG from each node
s € RR(b). The d(.) value at a node v is a 2-tuple (f, g)
where f is the minimum number of bus transfers between
the starting bus stop and the boarding point for the route
corresponding to node v while arriving via the minimum
transfer route. The value g is the actual road network
distance to arrive at the boarding point for the route
corresponding to node v while arriving from the starting
bus stop via the minimum transfer route. The comparison
operator for comparing d values is also redefined. Let
d(u) = (f,, g, and d(v) = (f, g,). Then d(u) < d(v) iff
(f,<t,) or ((f, = f,) and (g,<g,)). The weight of an edge
(u, v) is taken as (1, w) where w is the road network
distance traversed between the bus stop where a bus on
bus route corresponding to node u is boarded and the bus
stop where the transfer to the bus on route v takes place.
Suppose during the execution of the algorithm we reach a
white node corresponding to bus route r, we note the edge
(u, r) via we reach r. Let b be the bus stop at which routes
u and r intersect. We then walk through the bus route r
and find the first POI p reached from the bus stop b along
route r. The distance between b and p must be added to the
second component of the d value of node r. If the d value
at any node exceeds the d value of the best solution found
so far, we do not explore ahead of that node.

Conclusion

We have considered a pragmatic variant of the nearest
neighbor problem on road networks which is motivated by
applications in Advanced Traveler Information Systems
and Location Based Services wherein the querying
user travels only using public transport. We have given
two algorithms for the problem in two cases where the
proximity is defined in different ways. In future, we will
consider other practical definitions of proximity and also
test the algorithm on real data sets.
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