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Due to the recent popularization of the Geographic Information System (GIS), spatial
network environments that can display the changes of spatial axes on mobile devices are
receiving great attention. In spatial network environments, since a query object that
seeks location information selects several candidate target objects based on the search
conditions, we often use a k-nearest neighbor (kNN) search, which seeks several target
objects near the query object. However, since a kNN search needs to find the kNN by
calculating the distance from the query to all the objects, the computational complexity
might become too large based on the number of objects. To reduce this computation
time in a kNN search, many researchers have proposed a search method that divides
regions using a Voronoi diagram. However, since conventional methods generate Voronoi
diagrams for objects in order, the processing time for generating Voronoi diagrams might
become too large when the number of objects is increased. In this paper, we propose
a generation method of the Voronoi diagram by parallelizing the generation of Voronoi
regions using a contact zone. Our proposed method can reduce the processing time
of generating the Voronoi diagram by generating Voronoi regions in parallel based on
the number of targets. Our evaluation confirmed that the processing time under the
proposed method was reduced about 15.9% more than conventional methods that are
not parallelized.
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1. Introduction

Due to the recent popularization of the Geographic Information System (GIS) [1], spatial
network environments are receiving great attention because they can display the changes
of spatial axes on mobile phones. In spatial network environments, since a query object
that seeks location information selects several candidate target objects based on the search
conditions, we often use a k-nearest neighbor (kNN) search, which seeks several target objects
near the query object. However, since a kNN search needs to locate the kNN by calculating
the distance from the query to all the objects, the computational complexity might become
too large, depending on the number of objects. To reduce this computational complexity in
a kNN search, many researchers have proposed a search method that divides regions using a
Voronoi diagram [2, 3, 4] and accesses the spatial query using data structure [5, 6, 7.
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In a search method that divides the regions using a Voronoi diagram, when there are several
objects in a spatial network, the Voronoi diagram is divided into several Voronoi regions that
are generated by the target object that is the closest to each object. In this method, the
computational complexity is reduced for generating Voronoi regions for each object based on
the positional relationships between objects. In addition, a generation method of the Voronoi
diagram was proposed that reduces the processing time using the contact zone [8, 9]. However,
since this method generates a Voronoi diagram for objects in order, the processing time for
generating Voronoi diagrams becomes large when the number of objects is increased.

In this paper, we propose a generation method of Voronoi diagrams to reduce the process-
ing time. In our proposed method, the processing time can be reduced by parallelizing the
generation of Voronoi regions using the contact zone.

Our major contributions are:

o We describe conventional methods in generating the Voronoi diagram. In addition, we
analyze the cause that increases the computational complexity in generating Voronoi
diagram.

e We propose a efficient method reduces the processing time by setting the number of
targets and generating Voronoi regions in parallel using a contact zone without an
initial region.

e We confirm that the processing time under the proposed method is reduced more than
the conventional method that is not parallelized.

The rest of the paper is organized as follows. We explain the basic Voronoi diagram in
Section 2. In Section 3, we describe conventional generating methods of Voronoi diagram.
We explain the conventional generation method of Voronoi diagrams using a contact zone in
Section 4. Related works are introduced in Section 5. In Section 6, we describe the generation
process of Voronoi regions in parallel. Our proposed method is explained in Section 7. We
evaluate our proposed system in Section 8, and conclude our paper in Section 9.

2. Voronoi Diagram

2.1. How to Generate Voronoti Diagram

When a spatial network has several objects, the Voronoi diagram is divided into several
Voronoi regions that are generated by the target objects that are the closest to each object.
By generating a Voronoi diagram, the query reduces the processing time to search for its
kNN. We defined the sides and vertices that compose the Voronoi region as a Voronoi side
and a Voronoi vertex, respectively.

An example of generating a Voronoi diagram is shown in Figure 1. This procedure of
generating a Voronoi diagram is called a simple method. When the spatial network has
objects pg, - - -, p7, a Voronoi diagram is generated by dividing it into multiple Voronoi regions
based on the perpendicular bisector obtained by any two objects. When query ¢ has a kNN
search based on the generated Voronoi diagram, first randomly it selects an object. If ¢ selects
Do, it selects p7, which is the closest to itself for several objects in the Voronoi region adjacent
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Fig. 1. Example of generating Voronoi diagram.

to pg. Next, since ¢ is inside the Voronoi region of p7, the closest object to ¢ becomes p7, and
our search for kNN is finished.

2.2. Procedure for Generating Voronoi Diagram

We can generate the Voronoi diagram based on a Voronoi region that is generated by drawing
a perpendicular bisector between the target and each object. When the spatial network has
objects pg, - - -, p7, an example of generating Voronoi regions for pg is shown in Figure 2. First,
a vertical bisector is drawn between pg and objects p1, - - -, p7. Next, the region of the polygon,
which is the common part of the half plane including pg, is set as the Voronoi region. Here,
the Voronoi region of pg is a square region surrounded by four perpendicular bisects with pg
and p1, pa, ps, and pr.

When we make the Voronoi regions that are generated by drawing the perpendicular
bisectors between the target for all objects, the computational complexity for generating a
Voronoi diagram is proportional to the cube of the number of objects in a spatial network.

Therefore, we need to propose a generating method of a Voronoi diagram to reduce this
computational complexity.

3. Generating Methods of Voronoi Diagram

3.1. Outline

In spatial networks, researchers have proposed several generating methods. In this section,
we explain the 2* farthest vertex method [8], the incremental method [10], and the divide-
and-conquer method [11].

3.2. 2* farthest vertex method
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Fig. 2. Example of generating Voronoi region under simple method.

The 2* farthest vertex method [8] first draws a vertical bisector between the target and
the object that is close to the target in the space network. When an initial region can be
generated, the 2* farthest vertex method sets the vertices constituting the initial region and

selects one vertex that is the furthest from the target. On the other hand, the Voronoi region
is generated by the same procedure as the simple method.

Next, the 2* farthest vertex method generates a circle whose center is the position of the
target, and the radius is twice the distance between the target and the selected vertex. A

vertical bisector is drawn between the object inside the circle and the target, and the Voronoi
region is updated.

An example of generating Voronoi regions using the 2* farthest vertex method is shown
in Figure 3. The target is pg, and there are seven objects p1, ---, p7 in the spatial network.
First, three perpendicular bisectors with py are drawn in the order of ps, p1, and p; that are
close to target py, and a triangle is generated, which is the initial region of py. Next, the
2* farthest vertex method generates a circle whose center is pgy, and its radius is twice the
distance between pg and selected vertex v. A vertical bisector is drawn between ps that is the
shortest from the pg inside the circle and pgy, and the Voronoi region is updated. On the other
hand, we excluded po that exists outside the circle since it is not affected by generating the

Voronoi diagram. Therefore, the 2* farthest vertex method reduces the amount of calculation
for generating a Voronoi diagram more than the simple method.

3.3. Incremental Method
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Fig. 3. Example of generating Voronoi region under 2* farthest vertex method.

The incremental method [10] first selects a certain number from a plurality of objects in a
spatial network. Next, a Voronoi diagram is generated using the simple method for its selected
objects. After the Voronoi regions are sequentially updated using the remaining unselected
objects, the Voronoi diagram for all the objects is generated.

An example of generating Voronoi regions under the incremental method is shown in Figure
4. A Voronoi diagram is generated for its selected four objects p1, p2, ps, and py. After the
Voronoi regions are sequentially updated using the remaining unselected four objects pg, ps,
p4, and pg, the Voronoi diagram for all the objects is generated. When pq is selected, a
vertical bisector is drawn between py and ps, and the Voronoi region is updated. Finally,
a Voronoi diagram is generated for ps, ps, and pg. Since all Voronoi sides with ps do not
intersect three perpendicular bisectors with pg are drawn in the order of ps, p1, and py, they
do not affect updating the Voronoi region. Therefore, the incremental method reduces the
amount of calculation for generating a Voronoi diagram more than the simple method.

3.4. Divide-and-conquer Method

In the divide-and-conquer method [11], first, a Voronoi region is divided by drawing an arbi-
trary number of straight lines perpendicular to the x axis in a spatial network, and a Voronoi
diagram is generated by applying the incremental method to each divided region. Next,
Voronoi diagrams in the spatial network are generated by updating them based on the several
Voronoi diagrams generated in each region.

An example of generating a Voronoi diagram in the divide-and-conquer method is shown
in Figure 5. When there are seven objects p;,---,p7 in a spatial network, the divide-and-
conquer method draws a straight line perpendicular to the x axis and divides the space into
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Pe,

Fig. 4. Example of generating Voronoi region under incremental method.

two.

In the divide-and-conquer method, a Voronoi diagram is generated by applying the incre-
mental method for both divided regions. Next, it is updated by combining both types of them
generated in each region. The computational complexity of the divide-and-conquer method
is O(nlogn) in both the worst and average cases.

4. Contact Zone

4.1. Owutline

We explain the generating method of Voronoi diagrams to reduce the computational com-
plexity using contact zone (CZ) [8, 9]. A CZ is a circle whose radius is the distance from
the point that was initially set to the target. The method of setting the center point of the
circle differs whether to consider a polygonal region (initial region) that is composed of the
perpendicular bisectors drawn between the target object and other objects.

In the next subsections, we explain our procedure for generating a Voronoi diagram using
CZ for cases where the initial region is considered and also not considered. The computational
complexity in the generation method using CZ is O(n?) in the worst case.

4.2. Generating Method of Voronot Diagram with Initial Region

First, similar to the simple method, a perpendicular bisector is drawn between objects on the
spatial network and targets that are near the target. When an initial region can be generated
with several perpendicular bisectors, the CZs whose centers are the vertex of the polygon with
the initial region and whose radii are the distance from the vertex to the target are generated
for each vertex. Next, a perpendicular bisector is drawn between the target and each object
inside these CZs. Since the objects, which are not inside CZ, do not affect the generation
of the Voronoi region, they can be excluded from the calculation for generating the Voronoi
diagram. On the other hand, if the initial region can not be generated, a Voronoi region is



Yuuhi Okahana and Yusuke Gothoh 165

Fig. 5. Example of generating Voronoi region under divide-and-conquer method.

created by the same procedure as in the simple method.

In Figure 6, we explain the example that generates the Voronoi regions using CZ with
the initial region. In a spatial network, the target is py and seven objects pi,---,p7. First,
a perpendicular bisector with py is drawn in order of the objects that are closer to py. In
Figure 6, a triangle composed of three perpendicular bisectors drawn from pg to ps and p1,
and pr is set as an initial region. Next, we generated three CZs whose centers are each vertex
of the triangle in the initial region, and whose radii are the distance from each vertex to py.
Since objects p2, p3, and pg are outside of the three CZs, they are excluded. Therefore, this
method can generate the Voronoi regions for pg.

4.3. Generating Method of Voronot Diagram without Initial Region

We explain the generating method for a Voronoi diagram using CZ without an initial region.
First, the perpendicular bisectors are drawn in order of objects for the target close to each
object. When two of the perpendicular bisectors can generate intersection point C', a region,
which includes C' among two regions divided by perpendicular lines drawn from the target to
two perpendicular bisectors, is set as a Pruning Region (PR). Next, a circle CZ is generated
centered on C with a radius as the distance from the target to C. The Voronoi region is
generated by drawing a vertical bisector between the target and the object in the area that
satisfies outside of PR or inside of PR and inside of CZ. On the other hand, objects within
an area satisfying inside of PR and outside of CZ are excluded because they do not affect the
generation of the Voronoi region.

In Figure 7, we explain the example that generates the Voronoi region using PR and CZ
without the initial region. In a spatial network, the target is pg and seven objects pq, - - -, pr.
First, two perpendicular bisectors between py and p; and between py and ps are drawn in
order of objects for py close to each object. When two of the perpendicular bisectors can
generate intersection point C, a region, which includes C' among two regions divided by
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3

Fig. 6. Example of generating Voronoi region under method using CZ with initial region.

perpendicular lines drawn from p; to two perpendicular bisectors, is set as a PR. Next, two
CZs centered on the C whose radius is the distance from C to p; and p; are generated. Since
p4 is inside the region of inside of PR and inside of CZ, the Voronoi region is updated by
drawing a perpendicular bisector between py and ps. In addition, p; is selected that has the
shortest distance from the target among the objects outside the PR. A perpendicular bisector
is drawn between the target and p7, and the Voronoi region is updated. Since objects po and
ps are inside of PR and outside of CZ, they are excluded. Therefore, this method reduces the
calculation amount for generating a Voronoi diagram more than the simple method.

5. Related Works

5.1. Searching Method of Nearest Neighbor using Voronoi Diagram

The Voronoi diagram can obtain the nearest object using the spatial network represented
by the Delaunay diagram [12] based on the adjacency relation of the Voronoi region. In the
nearest neighbor search using Voronoi diagrams, the amount of calculation required for this
search changes greatly according to the distance from one candidate object randomly selected
to the query. For example, when a query takes as candidates the objects closer to itself,
since the number of calculating the distance between the objects decreases, the amount of
calculation required for the search also decreases.

5.2. Method for Generating Highest Voronoi Diagram
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Fig. 7. Example of generating Voronoi region under method using CZ without initial region.

Highest order Voronoi diagram (HSVD) is a Voronoi diagram where every Voronoi cells have
the sequence of distance order to all generator points. A searching method based on a single
pre-computed HSVD has advantage in supporting multiple variations of region-based nearest
neighbor problems. However, since the construction cost to makes pre-computation of HSVD
is very high, this method is limited to a very small number of facility points.

By solving this problem, Christianto et. al. proposed a searching method [13] to improve
the processing method of region-based Nearest Neighbor. In the experiment, their method
shows that HSVD will boost the query performance for most of the common Nearest Neighbor
problems in spatial queries. Therefore, their proposed method can change how the region-
based Nearest Neighbor is processed.

6. Parallelizing Generation Process of Voronoi Regions

As explained in Section 4, in conventional generating methods of Voronoi diagrams, the
processing time is lengthened as the number of objects is increased. In this paper, we consider
the generation process of Voronoi regions in parallel for several targets.

First, we consider whether parallel processing for generating the Voronoi regions is possible.
In the simple method, in the processing method using CZ with the initial region, in that using
CZ without the initial region, and in the 2* farthest vertex method [8], since the algorithm
for generating the Voronoi regions is independent of each target, these processes can be
parallelized. In addition, the divide-and-conquer method can be parallelized for each divided
region [11]. On the other hand, the incremental method can not be parallelized to sequentially
update the Voronoi diagram.

Next, we compared the computational complexity of four conventional methods that can
parallelize the process for generating Voronoi diagrams. Since their parallelization process is
independent for each target, we can reduce the processing time by selecting a method with
low computational complexity. In this case, the computational complexity in the processing
method using CZ without the initial region is the lowest. Therefore, we use it without the
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initial region to parallelize the process for generating a Voronoi diagram.

7. Proposed Method

7.1. Parallel Calculation using Multi-threading

We propose a method that reduces the processing time in a Voronoi diagram by parallelizing
the process for generating the Voronoi region of each target. Our proposed method reduces
the processing time by setting the number of target objects (parallel number) for generating
the Voronoi regions in parallel based on a processing method using CZ without an initial
region.

A parallel calculation method using MapReduce [14] must construct an environment with
multiple computers. Therefore, we implement parallel calculation using multi-threading on a
single computer.

7.2. Procedure of Generating Voronot Region

We show the procedure that generates the Voronoi region for each target. The procedure in
the proposed method is the same as that using CZ without an initial region:

1. Select the unchosen object that is the closest to the target that is selected.

2. Draw a perpendicular bisector between the target and the object that is selected in step
1.

3. If an intersection can be created with the perpendicular bisector in step 2, go to step 4.
Otherwise, go to step 1.

4. Generate CZ and PR based on the intersection generated in step 2.

5. If there is an object outside of PR or inside PR and CZ, select one that is the closest
to the target, and go to step 2. Otherwise, end the process.

7.3. Procedure of Generating Voronot Diagram
In this subsection, we show the procedure that generates a Voronoi diagram using the Voronoi

region.

1. In a spatial network, as the target randomly select the number of objects that is the
same as the parallel number.

2. Based on the procedure for generating Voronoi regions (Subsection 7.2), generate a
Voronoi region in parallel for each target selected in step 1. In addition, wait until the
Voronoi regions have ended for all the selected targets.

3. Repeat steps 1 to 3 until all objects generate Voronoi regions as targets.
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Fig. 8. Example of generating Voronoi region under proposed method.

7.4. Implementation of Proposed Method

Based on the procedure of parallel processing in the proposed method (Subsections 7.2 and
7.3), an example of generating a Voronoi region in parallel is shown when the parallel number
is two (Figure 8). There are eight objects pg, - -+, pr in a spatial network. The proposed
method selects py and pg as targets, and simultaneously generates Voronoi regions. In the
proposed method, Voronoi regions are generated using CZ without an initial region. ps and p;
are selected in order of decreasing distance from pg, and two perpendicular bisectors between
these objects and py are drawn. The intersection point of two perpendicular bisectors between
po and ps and between pg and p; is set to Cq, and CZ and PR are generated.

Similarly, p; and ps are selected in order of decreasing distance from pg, and two per-
pendicular bisectors are drawn between these objects and pg. The intersection points of two
perpendicular bisectors between pg and p7, and between pg and ps are set to Cs, and CZ and
PR are generated.

In Figure 8, PR is shown in a gray region. After generating the Voronoi regions of py and
Pg, two targets are chosen from the unselected objects, and the Voronoi region is updated.
Finally, a Voronoi diagram is generated by repeating the above processing procedure until
there are no unselected objects.

8. Evaluation

8.1. Outline

To confirm the availability of our proposed method, we evaluated it in a simulation environ-
ment. We implemented the programs of the proposed and conventional methods in C++.
The performance of the computers in our evaluation is shown in Table 1.

8.2. Ewvaluation Environment
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Table 1. Computer spec.

Ttem \ Explanation
(O8N Ubuntu 14.04 LTS
CPU Intel Core i3-2367M Processor

Number of CPU cores | 2
Number of threads 4
Memory 4 GBytes
HDD 120 GBytes
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Incremental method
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Fig. 9. Processing time for generating Voronoi diagram.

The evaluation environment of our proposed method is shown below.

1. The distance between objects is set by the Euclidean distance.

2. Based on conventional research [9], we set ten amounts of objects: 50, 100, 150, 200,
250, 300, 350, 400, 450, and 500.

3. The size of the spatial network is a two-dimensional region: 1,000 by 1,000.

4. There are five parallel numbers: four threads used in the evaluation and one for switching
in the process.

Proposed method indicates the proposed method. Simple method indicates the simple
method. CZ without IR indicates the conventional method for using a contact zone without
the initial region. Incremental method indicates the incremental method.

8.3. Number of Objects and Processing Time

We evaluated the processing time under several number of objects. The result is shown
in Figure 9. The horizontal axis is the number of objects in a spatial network, and the
vertical axis is the average processing time for generating a Voronoi diagram. We used our
proposed method, the simple method, the method using CZ without the initial region, and
the incremental method. In our evaluation, we measured the processing time ten times for
generating a Voronoi diagram and calculated the average value.
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Fig. 10. Average processing time for generating Voronoi diagram (number of objects: 10,000).

In Figure 9, the processing time for generating the Voronoi diagram was reduced more than
the other methods. In our proposed method, the processing time was reduced by parallelizing
the generation of the Voronoi regions using CZ without an initial region. When the number
of objects was 100, the processing time under the proposed method was 0.562 sec. and 0.669
sec. under the conventional method using CZ without an initial region. The processing time
under the proposed method was reduced by 15.9% more than the conventional method.

Next, we evaluated the processing time for generating a Voronoi diagram under a different
number of objects (Figure 10). The horizontal axis is the average processing time for generat-
ing a Voronoi diagram. We used Proposed and CZ without IR methods. In our evaluation, we
measured the processing time ten times for generating a Voronoi diagram when the number
of objects was 10,000 and calculated the average value.

In Figure 10, compared with the case where the number of objects was 500 or fewer, the
effect of parallelization by the proposed method increased. When the number of objects was
10,000, the processing time under the proposed method was 1635.2 sec. and 2338.5 sec. under
the conventional method using CZ without an initial region. Therefore, the processing time
under the proposed method was reduced 30.0% more than the conventional method.

8.4. Parallel Number and Average Processing Time

We calculated the average processing time for generating a Voronoi diagram under a parallel
number (Figure 11). The horizontal axis is a parallel number, and the vertical axis is the
average processing time for generating it. In our evaluation, when the number of objects was
500, we calculated the average values ten times.

In Figure 11, the average processing time was reduced by increasing the parallel number.
In our evaluation, the computer generated a Voronoi diagram using four threads. Therefore,
when the parallel number was 4 or less, the processing time was reduced by increasing of
the parallel number. When the parallel number was 5 or more, since the processing of each
thread did not end at the same time, the waiting time described in Subsection was reduced.
When the parallel number is 5 or more, the processing was reduced by increasing it.
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Fig. 11. Average processing time for generating Voronoi diagram.
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Fig. 12. Distribution of processing time for generating Voronoi region.

8.5. Distribution of Processing Time for Objects

In the conventional method using CZ without an initial region, when the Voronoi region has
a side that reaches infinity, the processing time is lengthened. When the number of objects in
a spatial network is 100, we evaluated the distribution of the processing time for generating
a Voronoi diagram. The result is shown in Figure 12. The horizontal axis is the average
processing time, and the vertical axis is the number of objects.

In Figure 12, the proposed method has bias in the number of objects based on the pro-
cessing time for generating the Voronoi region. In parallel processing, when a thread occurs
that increases the processing time to generate the Voronoi region, waiting time also occurs
because the processing of other threads waits until the processing of this thread is completed.
Therefore, the efficiency of parallel processing decreases.

Next, we confirmed the waiting time of each thread in a parallel process. When the
proposed methods used five threads, we evaluated the processing time of the Voronoi diagram
of each thread (Figure 13). In the horizontal axis, thread 1, - - -, thread 5 is the processing time
of the Voronoi diagram. Total is the processing time until all the threads have been processed.
The vertical axis is all of the threads. The number of objects on the spatial networks was
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Fig. 13. Processing time of each thread for generating Voronoi region.
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Fig. 14. Average processing time for generating Voronoi region.

100.

In Figure 13, the processing time of thread 5 was lengthened. In addition, since the
processing time using all of the threads was 0.339 sec. and 0.333 sec. under thread 5, the
processing time in thread 5 was more lengthened than the other threads; waiting time occurred
with threads 1 to 4.

8.6. Processing Time of Generating Voronoi Region Considering Multi-threads

In evaluation environment, we use the simulation computer in parallel with six threads,
such as one main thread for generating other threads, and five sub-threads for generating the
Voronoi regions.

We evaluate the average processing time for generating the Voronoi region. The result is
shown in Figure 14. The vertical axis is generating methods such as the proposed method and
the method using CZ without the initial region. The horizontal axis is the average processing
time. The number of objects in spatial network is 100.

In Figure 14, the processing time under the proposed method is more lengthened than
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the generating method using CZ without the initial region. In generating the Voronoi region,
the average processing time for generating the Voronoi region is also lengthened due to the
processing time occurs by generation of the thread, destruction of it, and switching with two
threads. The average processing time under the proposed method is 9.37 msec., 6.36 msec.
under the method using CZ without initial region.

However, the effect for increasing of processing time in Section is small. Therefore, the
total processing time under the proposed method is more reduced totally than conventional
methods.

9. Conclusion

In this paper, we proposed a method to reduce the processing time of Voronoi diagrams
by parallelizing the process for generating the Voronoi region of each target. The proposed
method reduces the processing time by setting the number of targets and generating Voronoi
regions in parallel using a contact zone without an initial region. In our evaluation, when the
number of objects was 100 and the parallel number was five, we confirmed that the processing
time under the proposed method was reduced by about 15.9% more than the conventional
method that is not parallelized.
In the future, we will evaluate increasing the parallel number and using MapReduce.
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