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Abstract

Data broadcasting is an effective way to dissemi-
nate information to a large amount of mobile clients in
wireless mobile environments. The k nearest neigh-
bor (kNN) search is one of the important location-
based services. In this paper, we propose kNN search
protocols using data broadcasting. We consider how
the server generates the broadcast schedule with a
Voronoi diagram and how the client can efficiently
execute the query process in terms of latency (time
interval from issuing and terminating a query) and
tuning time (time spent on listening to the broadcast).
Our proposed kNN search protocols will not use
an index. Instead, the proposed protocols use some
additional information for each broadcast data and
consider the locality of data points. The effectiveness
of the proposed protocols will be verified by proofs
and a simulation.

I. Introduction

Emerging technologies on wireless communica-
tion, positioning systems, and networking make it
possible for people to access information ubiqui-
tously. In such a wireless mobile environment, the
bandwidth of the downlink is much larger than
the bandwidth of the uplink [7]. Under such an
asymmetric environment, the traditional one-to-one
client/server communication is not an appropriate
method to provide the information or services be-
cause of the bottleneck of the uplink. Instead, data
broadcasting provides an effective way to disseminate
information to a large pool of mobile clients.

In different information services, the location-
based service (LBS) is one of the important services
and provides the information related to the positions
of the mobile clients. The k nearest neighbors (kNN)
search is one of the query types in the location-
based services. A mobile client can have the query
like ”where is the nearest gas station?” or ” please

give me five nearest book stores”. In this paper, we
consider how to provide the kNN search using data
broadcasting in wireless mobile environments [4],
[10], [16].

When applying data broadcasting to provide in-
formation services, two cost measures are usually
considered. The latency is the time elapsed between
issuing and termination of the query and can be used
as one of the parameters for the Quality of Service
(QoS) provided by the system. The tuning time is the
amount of time spent on listening to the channel and
represents the power consumption of mobile clients.
In general, when the broadcast consists of only data
without an index, these two cost measures are equiv-
alent. The papers about data broadcasting without an
index focus on how to schedule the broadcast in order
to achieve a shorter latency [1], [7], [11], [13]. By
adding an index in the broadcast can reduce the tuning
time; therefore, leading a less power consumption [4],
[5], [6], [7], [10], [16]. A broadcast cycle is one
instance of all the broadcast data. When designing the
data broadcasting protocols, two aspects are generally
considered. From the perspective of a server, how to
organize the data in the broadcast in order that the
clients can access the information efficiently in terms
of the latency and tuning time is challenging. From
the viewpoint of a mobile client, how to receive the
information in an energy-efficient manner (i.e., with
smaller tuning time) raises an important issue since
the energy is a scarce resource for a mobile client.

Our proposed protocol for the kNN search will
consider how the server schedules the broadcast and
how the client efficiently executes the query process-
ing on the corresponding broadcast. In our design, we
will not include an index on the data set. This differ-
entiate our work from [4], [10] Instead, we add some
additional information with each data point to allow
selectively tuning in order to reduce the tuning time
(energy consumption). And, we consider the locality
of the data points in the broadcast schedule to further
reduce the latency and tuning time. For simplicity, we
assume that each data point corresponds to one packet
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in the broadcast. The additional information is derived
from the Voronoi diagram composed by the data set.
More details about the proposed protocols is given
and analyzed in Section III. Besides, we provide the
simulation results in Section IV. Section V concludes
this paper. In the next section, we give the related
works and preliminaries.

II. Preliminaries

The nearest neighbor (NN) search problem has
been studied for many decades and many solutions
have been proposed. One approach to solve the NN
search problem for a given data set is to use an index
structure, like R-trees, k-d-trees, or Quad-trees [14].
The first NN search algorithm on an R-tree [12]
followed the branch-and-bound algorithmic design
pattern and could be generalized to the kNN search
(k > 1). This algorithm searches the R-tree in a
depth-first fashion and prunes the irrelevant nodes
during the traversal. Based on this algorithm, the au-
thors in [4] and [10] proposed different approaches for
the kNN search using broadcast R-trees in wireless
broadcast environments.

The other approach to find the kNN for a given
query point in a data set is to use the Voronoi
diagram [2], [16]. A Voronoi diagram for a given data
set can be constructed by computing the perpendicular
bisectors of the line segments between the pairs of
data points. Each data point is then associated with a
cell in the Voronoi diagram [3]. The nearest data point
of a query point q is the data point whose associated
cell contains q. Hence, one can find the nearest neigh-
bor by examining the cells in the Voronoi diagram.
Figure II illustrates a Voronoi diagram for a data set
with a given query point.

Fig. 1. A Voronoi diagram for a set of data points on the plane
and a query point q.

Using the Voronoi diagram, one can find the NN
for a query point but can not find the kNN for an
arbitrary k > 1. To find the kNN, one can consider the
order-k Voronoi diagram [9]. However, the value of k
is fixed. In [8], the authors proposed an approach for
kNN queries in spatial network databases using order-
1 Voronoi diagram. The search first precomputes the

possible data points around each cell and then filter
the considered cells and the neighboring cells until the
result is done. In wireless broadcast environments, the
authors in [16] discussed some efficient NN search
protocols, including the solution-based and object-
based approaches, and proposed a hybrid one. Their
solutions are mainly for the NN search. Our proposed
approach will use the order-1 Voronoi diagram and
consider the neighbors of each site, when generating
the broadcast schedule.

In the following of this section, we give the ter-
minology and notations used in this paper. Given two
data points p and q in a plane, we denote the distance
between p and q as dist(p, q) and

dist(p, q) =
√

(px − qx)2 + (py − qy)2.

Let P = {p1, p2, · · · , pn} be the set of n distinct
data points in the plane. These points are the sites.
In the remainder of this paper, the data points or
sites are used interchangeably. Each site pi ∈ P , i =
1, 2, · · · , n, has an area, Voronoi cell v(pi),associated
with it. The Voronoi diagram of P is denoted by
V D(P ). Figure II shows a Voronoi diagram for a
data points on the plane and the 3NN of the query
point q is {i, k,m}.

If two sites share the same boundary of the cor-
responding Voronoi cells, these two sites are 1-order
neighbors to each other. For a site pi, if the associated
Voronoi cell has m boundaries, then pi has m 1-order
neighbors, say sites u1, u2, · · · , um. We define the set
of the 1-order neighbors of pi as

Adj(pi) = {u1, u2, · · · , um}.
For instance, in Figure II, the 1-order neighbors of d
are Adj(d) = {a, c, e, g}.

III. Proposed kNN Search Protocols

A straightforward approach for the kNN search in
wireless broadcast environment is to have the server
broadcast all the data points sequentially and the
clients filter all the data points by always tuning into
the broadcast. However, this approach is too naive
and less efficient in terms of latency and tuning time
since all the data points should be examined. So,
some papers use an index in the broadcast to improve
the performance on the latency and tuning time. In
this section, we present our kNN search protocol
which does not use an index but add some additional
information in each site in the broadcast. Using the
proposed approach, the client can perform the selec-
tive tuning to save the energy and will terminate the
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query processing when necessary, thus leading to a
shorter latency. We now describe our approach in two
parts: on the server side, we explore how to generate
the broadcast; on the client side, we design an efficient
query processing for the kNN search.

A. Broadcast Schedules on the Server

Our kNN search protocol for wireless broad-
cast environments is based on the NN search us-
ing a Voronoi diagram. For a given data set P =
{p1, p2, · · · , pn}, the corresponding Voronoi diagram
V D(P ) is first constructed. Note that a broadcast
consists of a sequence of packets. For simplicity, the
packet ID is the position (or address) of that packet
in the broadcast. Each site in the constructed Voronoi
diagram is assigned to one packet in the broadcast.
Hence, each site is associated with a position which is
the packet ID in the broadcast. Recall that a broadcast
cycle is one instance of all the broadcast packets. The
cycle length is n if we use one packet as the metric
unit and we can number the packets from 0 to n-1.

Scheduling the broadcast is to assign all the sites
to the packets in the broadcast in some order. Then
each site has a packet ID associated. We consider
four ways to schedule the broadcast. The first one
is to simply assign the sites to the packet randomly
and we call such a schedule as R-schedule. The R-
schedule does not hold the locality of data points
in the broadcast sequence and may lead to a longer
average latency. In order to have a shorter latency, we
can keep the locality of data points in the broadcast.
We hence refer to some space filling curves, like Z-
curves, G-curves, and Hilbert curves to generate the
broadcast [15]. Due to the space limitation and Hilbert
curve is one of the popular space-filling curves, we
only shortly introduce the Hilbert curve. The readers
can refer to [15] for the others. Hilbert curve which
maps high-dimensional data into 1-dimensional data
and passes all the data point once can keep the locality
of data points. According to the Hilbert curve, the
Hilbert order of each site can be calculated by the
location of that site. We then use the Hilbert order as
the packet ID in the broadcast. Hence, all the sites are
broadcast according to the Hilbert order. We refer to
such a schedule as H-schedule. Figure 2 demonstrates
an H-schedule for a data points using Hilbert curves.

In order to improve the efficiency for searching,
our broadcast schedule will add additional informa-
tion in each packet. The additional information is
derived from the Voronoi diagram V D(P ). For each
site p, we include the information of p’s 1-order
neighbors, Adj(p), into the corresponding packet. A

(a) Data set and a Hilbert curve

(b) The broadcast schedule

Fig. 2. An 8 point data set and a Hilbert curve on a 23 × 23 grid
and the corresponding broadcast schedule by H-schedule

generic approach for generating the broadcast for a
given data set P is shown in Figure 3. Different
broadcast schedules are different in Step 2. The time

Broadcast Schedule(P )

� P = {p1, p2, · · · , pn} is the data set.
1 Create the Voronoi diagram of P , V D(P );
2 Find the associated packet ID for each site pi;
3 Place the sites to the broadcast packet according

to the packet ID;
4 For each site pi, add the additional information

of pi to the corresponding packet;

Fig. 3. A high-level description of the generic schedule for the
broadcast on the server

complexity for generating the broadcast mainly de-
pends on the time for generating the Voronoi diagram
and the policy for the assignment for sites. So far,
the Voronoi diagram can be constructed in O(n log n)
for data set of size n. The time complexity of the
assignment for sites in all the proposed broadcast
schedules is O(n) time. Step 3 and Step 4 are O(n)
respectively by a linear scan on each packet. So, all
the proposed broadcast schedules can be generated in
O(n log n) time.

B. Client Query Processing

With the broadcast schedule in the previous sub-
section, our query processing can start at an arbitrary
time instance. There are two data structures used
during the query execution. D-list is a sorted list, with
the position of a site as the key, to store the positions,
which the query processing can skip, in an increasing
order. C-list is a sorted list with the distance to query
point q as the key and stores the candidate sites in
an non-decreasing order. The high-level description
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Fig. 4. The example of 3NN query process.

of the algorithm for the query processing is shown in
Figure 5.

Initially, all the lists are empty and a packet is
received from the broadcast. The query process will
examine all the information contained in the packet.
Suppose the site in the received packet is p. Then site
p is marked to indicate that p has been examined and
the distance between p and q is also computed. For
each site u in Adj(p), the set of 1-order neighbors of
p, we compute the distance between u and q. All the
sites, including p and the 1-order neighbors of p, are
inserted into C-list and all the sites in C-list are sorted
according to their distances to q in a non-decreasing
order. During the insertion, if a site is already in C-
list, this site is ignored. In C-list, we decide the first
k sites as the candidates for the kNN of q. If there
are more than k sites in C-list, we insert the positions
of the rest sites into D-list and then delete the them
from C-list. If all the k sites in C-list are marked,
the query process stops and these k sites is the kNN
of q. Otherwise, the process continues and the client
needs to access the next packet. The next packet to be
received depends on D-list. If the position of the next
packet is in D-list, the client can be in sleep mode
and skip the next packet.

kNN-Query-VD(q, k)
1 count← 0;

� count: count the number of marked sites.
2 while count �= k
3 do receive a packet which contains site p;
4 mark sitep;
5 count++;
6 for each u in Adj(p) ∪ {p}
7 do compute dist(p, u)
8 insert p and each u into C-list;
9 decide the candidates in C-list;

10 if k < |C-list|
11 then for each of the rest sites, u
12 do insert the position of u

into D-list;
13 if u is marked
14 then count - -;
15 delete u from C-list
16 Use D-list to compute the next

packet to receive

Fig. 5. A high-level description of the kNN query processing on
the client.

Consider the broadcast schedule in Figure 4 and
suppose that we have a 3NN query at the query point
q. Assume that the query starts at the position of
site o. After receiving o, we mark o and increase
the counter for the number of marked nodes by one.
The 1-order neighbors of o are m, l, r, s, and v. We
then insert all these sites, including o, into C-list.
According to their distances to q, the 3 candidate sites
are m, v, and l. The other sites can be deleted but their
positions should be recorded for selective tuning. In
this case, the positions 5 and 6 can be skipped since
sites r and s are impossible to be included in the
final result. Then we check whether all the candidate
sites are marked. Since no candidate site is marked
at this time instance, the process continues to receive
the next packet. The next packet can be determined
by comparing the current position with the positions
stored in D-list. Because position 3 isn’t recorded
in D-list, this position must be examined. When l
(packet 3) is received, we mark l and insert sites j
and f , into C-list only since r, o, and m have been
inserted. Note that, the 1-neighbors of l are f, j,m, o
and r. According to the distance to q, we now keep
m, j, and v in C-list and store positions 4, 5, and 6 in
D-list. Then the next packet to receive is the packet
at position 7. The same process continues until the
packet at 12 which contains site k. After receiving
this site, we mark k and all the sites in C-list are
marked and the process stops. The resulting 3NN is
k,m, i. In this example, the process experiences 6 and
11 packets in tuning time and latency respectively.

C. Correctness

In following, we show the correctness of the
proposed search protocol. Recall that the set of data
points (sites) is P = {p1, p2, · · · , pn} and the cor-
responding Voronoi diagram is V D(P ). We start
with the following two Lemmas. Due to the space
limitation, we skip the proofs of them here.

Lemma 1: Let pi ∈ P be the nearest neighbor of
query point q. Then q is in Voronoi cell v(pi) and the
next nearest neighbor of q is in Adj(pi).

Lemma 2: Suppose the kNN of a query point q is
{p1, p2, · · · , pk} . The (k + 1)th nearest neighbor of
query point q must be in

⋃k
i=1 Adj(pi).

With these two lemmas, we can derive the follow-
ing theorem.

Theorem 3: Given a kNN query at point q. If all
the k sites are marked in C-list, those k sites in C-list
are the kNN of q.

Proof: Let the resulting kNN be {p1, p2, · · · , pk}
and pk be the kth nearest neighbor of q. We suppose
that the query process starts and stops at position x
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and y, respectively. Let F be the set of the sites from
position x to position y on the broadcast and B is the
set of the rest sites from position y + 1 to position z,
where z −x + 1 is the total number of packets in the
broadcast cycle. Our proof consists of two parts:
(1) When the query processing stops, the kNN of q
in set F must be the k sites in C-list; and
(2) For each site pi in B, dist(q, pk) ≤ dist(q, pi).

For part (1), in our algorithm, a site is marked
when it is received and the C-list stores the candidate
sites according to their distances to q and arrange
them in a non-decreasing order. During the execution
of the algorithm, we delete the sites which are impos-
sible in the resulting kNN since their distances to q
are longer than the distance between the current kth
nearest site and q. The algorithm thus will examine
all the possible sites and ignore the sites which are
impossible in the result. Hence, when the algorithm
stops, the k sites kept in C-list is the kNN of q in F .

In order to make sure that no more sites in B
should be examined, we claim part (2). We assume
that dist(q, pk) ≥ dist(q, pi), pi ∈ B, and argue this
by contradiction. Then, pk should be replaced by pi

in the resulting kNN={p1, p2, · · · , pk} of q. Let the 1-
order neighbors of the (k−1)NN is {u1, u2, · · · , um}
for some integer m. Since pi ∈ B, pi does not belong
to the kNN of q in set F and pi �∈ {u1, u2, · · · , um}
according to Lemma 2. We also know that pk ∈
{u1, u2, · · · , um}. Since dist(q, pi) ≤ dist(q, pk),
there exists at least one site uj in {u1, u2, · · · , um}
with dist(q, uj) ≤ dist(q, pk), where j ≤ m. Then,
sites uj and pk are both in {u1, u2, · · · , um} and
dist(q, uj) ≤ dist(q, pk). According to our algo-
rithm, uj should be examined. Then, consider two
cases. If uj comes earlier than pk in the broadcast,
pk will never be in the result. This contradicts to the
conclusion in part (1). On the other hand, if uj comes
later than pk in the broadcast, the process will not stop
at pk. This also contradicts to our process which stops
at pk. Hence, no more sites in B should be examined
further and the algorithm stops correctly. �

IV. Simulation Results

In this section, we present our simulation. To eval-
uate the proposed protocols, we measure the tuning
time and latency. In the simulation, 100,000 data
points are generated uniformly in the area of [0,1000]
× [0,1000]. The query point is generated randomly
in the given area and the value of k varies from 1 to
100. The considered broadcast schedules includes H-
schedule(HS), Z-schedule(ZS), G-schedule(GS), and
Y-schedule(YS), R-schedule(RS), which use-Hilbert

curve, Z-curve, gray-code order, Y-axis order, and
random assignment for assigning packet ID to sites.
The data reported is the average of 100 different
queries for each value of k on a given broadcast.
We use one site (or packet) as a measure unit for
simplicity. The packet is of size 1024 byte which can
contain all the information of an individual site. So,
the broadcast cycle length is 100,000 in number of
packets.

A. Tuning Time

The tuning time indicates the cost spent on listen-
ing to the broadcast by clients and reflects the power
consumption of the mobile clients for the kNN search
in wireless broadcast environments. Our kNN query
process starts at the arbitrary position of a broadcast.
Recall that the proposed protocol uses D-list to record
the positions, so the query processing can skip lis-
tening some packets. Hence, our protocols can avoid
spending energy on receiving the irrelevant sites. The
simulation result shown in Figure 6 indicates that the
proposed query process can explore fewer data points
than the naive approach; thus leading to a smaller
tuning time. Note that the tuning time is on the y-
axis and on the x-axis are the values of k from 1 to
100. Furthermore, all the four schedules using space
filling curves result in a smaller tuning time than R-
schedule because the locality of the data points can
be kept and the query processing thus can converge
to the result by exploring fewer data points.
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Fig. 6. The tuning time of the proposed kNN search protocols
on the data set of size 100,000 with different values of k

B. Access Latency

In our protocol, when the client execute the query
process, we use C-list to store the candidate sites.
Using the candidate sites, we provide a condition to
derive the final result and allow the process can stop
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earlier than the naive kNN search process. Hence, our
proposed protocol can achieve a shorter latency. Fig-
ure 7 demonstrates one of the simulation results about
the latency. All the other simulation results have the
same trend. Because the four schedules using space-
filling curve retains the locality of the data points,
they can lead to a shorter latency in average than RS.
During the query processing, when a nearby site is
approached, all the relevant sites will be checked soon
and then the process will stop. Besides, the latency
increases as the value of k increases. When k is small,
the protocol will experience a shorter latency.
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Fig. 7. The latency of the proposed kNN search protocols on the
data set of size 100,000 with different values of k

V. Conclusions

In this paper, we present a kNN search proto-
col in wireless broadcast environments. The idea
of the proposed protocols is simple but can reduce
the latency and tuning time effectively. Unlike some
other protocols, the protocol does not use an index
in the broadcast and can support the kNN search
for an arbitrary k. Our simulation results show the
performance of our approaches in terms of tuning
time and latency. In the future, we plan to have
more simulation experiments on our protocols using
different space-filling curves and compare it with
the other existing kNN search protocols in wireless
broadcast environments. We will also discuss further
about the constraints on the distribution of the input
data points on the plane. It is possible that a data point
u in some given data point set of size n may have n−1
1-order neighbors. This will hurt the proposed search
protocols due to the limited packet size. However,
this case is rare in general. Besides, we believe that
the proposed approach can be easily adapted to the
traditional environments to save the number of I/O
operations when executing the query process. Recall

that our approaches do not need an index structure.
How to place the data points into the pages in order
to make the search more efficient in terms of number
of I/O operations becomes interesting.
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