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ABSTRACT. In order to solve the problem that the existing research results cannot ef-
fectively deal with the problem of the nearest region query of spatial line segment in the
spatial database, the query method for the nearest region of spatial line segment based on
Hilbert curve grids (HLNR) is proposed. The query method is mainly used to find the
region which is the nearest neighbor of the line segment. We determine whether there are
obstacles between the query line segment and the region set, and two HLNR query meth-
ods are proposed. One is the nearest region query method of spatial line segment based
on Hilbert curve grid (HLNR query) in the barrier free environment, and the other is the
HLNR query method in the obstacle environment (OHLNR query). The query method
for HLNR is based on the Hilbert curve and grids characteristics. The query method
for OHLNR can filter out a large number of non-candidates and non-effect obstacles in
the pruning process. Theoretical research and experimental results show that the query
method for nearest region of spatial line segment based on Hilbert curve grids has higher
performance in searching.

Keywords: Spatial database, Hilbert curve, The nearest neighbor query method, Spa-
tial line segment

1. Introduction. The nearest neighbor query [1] is one of the most important opera-
tions in spatial database, and the nearest neighbor query in spatial database is widely
used. Nearest neighbor queries are classified into many types: k nearest neighbor query
2], reverse k nearest neighbor query [3], line nearest neighbor query [4], group nearest
neighbor query [5], continuous visual nearest neighbor query [6], the nearest neighbor
query of mobile object [7], probability moving nearest neighbor query [8] and fuzzy data
nearest neighbor query [9], etc.

In recent years, many researchers have studied the nearest neighbor query methods. In
[10], the aggregate nearest neighbor (ANN) query method in the network environment is
proposed, which is mainly divided into two stages: searching and pruning. Firstly, the
NNs of each query point are calculated in a particular order, until all the query points find
the common POI, then it can get the candidate POlIs; secondly, according to the given
aggregation function, the method can select the unqualified POIs based on the pruning
strategy. These two processes are repeated until the remaining candidate points are used
as final results. In [11], the method of Voronoi graph based on space grid is studied in
order to efficiently query and update the nearest neighbor, and the related algorithms are
proposed. In [12], a new query type maintenance k diversity nearest neighbor (MADNN)
algorithm is proposed which considers the availability of query results, also the incremental
maintenance k diversity nearest neighbor (IMADNN) algorithm is proposed, it can reduce
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the query cost. In [13], the whole data space is divided into the grids of equal size,
and there is no overlap between grids, points are arranged linearly in grids. Points and
adjacent points in grids are accessed by the query point, and then we can get the final
nearest neighbor result. In [14], a continuous nearest neighbor algorithm based on proxy
is proposed. The algorithm uses distributed index to query the windows on Hilbert curve.
In [15], the kNN queries based on Voronoi graph are proposed and it can enhance search
efficiency. The above methods are mainly based on the spatial data points; however,
when solving the query problem, many spatial objects which are abstracted into points
will affect the accuracy of the query results in real life. For example, rivers, roads and so on
are not suitable for abstracting into points in the process of research. In order to improve
the accuracy of the query results, it can be abstracted into spatial line segments. For
example, in [16], the line segment reverse k nearest neighbor in the network environment
is proposed. It is mainly used to evaluate the influence scope of query object. In [17], the
segment nearest neighbor query based on R*S tree is proposed, according to the creation
of R*S tree to sort the distance between target line segment and the boundary rectangle,
and then the line segment nearest neighbor query results are obtained. In [18], the nearest
neighbor query of the plane segment and line segment is proposed. The method can solve
the problem that some spatial objects cannot be abstracted into points.

However, not all objects can be abstracted as points or line segments in reality. For
example, mountains and lakes are not suitable for abstracting into points or line segments;
it can be abstracted into irregular shapes to ensure the accuracy of query results. In this
paper, the query method for line segment nearest neighbor based on Hilbert curve grid is
proposed for the first time. For example, tourists go on vacation (mostly for the seaside
or mountain, etc.) and choose the nearest place of playing according to the location of
the tourists (motorway or rail). Again, the earthquakes generally occur in mountains,
and the mountains are not suitable for abstracting into lines, so it can be abstracted into
irregular shapes; moreover, the supply station can be abstracted into lines. As a result,
the location of nearest disaster can be located according to the supply station site that
the survivors can get the rapid rescue and supply.

The existing methods cannot deal with the nearest neighbor problem that the query
object is abstracted as a spatial line segment, and the target object is abstracted as the
spatial region. The query for the nearest region of the spatial line segment is a new
problem. According to whether there are obstacles between the query line segments and
the region set, two cases of query method for HLNR are proposed. One is the query
method for the nearest region of the spatial line segment based on the Hilbert curve grid
(HLNR query) in the barrier free environment, and the other is the query method for
HLNR in the obstacle environment (OHLNR query). Among them, it mainly includes
three parts in the query method for HLNR: pre calculation, filtering and refining. The
query method for HLNR is based on the Hilbert curve and grid characteristics, the pre
calculation process can store the set of line segments and regions, and it can reduce the
query time and optimize the scanning process. Then, the filtering process can cut out a
large number of non-candidate regions, and it can optimize query process and decrease
the running time. The refining process can refine the set of candidates in the filtering
process, and the set of candidates is obtained. The query method for OHLNR can filter
out a large number of non-candidates and non-effect obstacles in the pruning process.
Then, the set of candidates is refined to obtain the more accurate candidates. Finally,
the final result is obtained through filtering out the candidates.

Due to the poor effect of existing results on the nearest neighbor query in high-
dimensional space, this paper proposes a query method of line segment nearest region
based on Hilbert curve meshing. This method has high accuracy in processing line-based
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nearest region query in high-dimensional space. The main contributions of this paper are
as follows.

(1) The Hilbert curve and meshing method are introduced. The concepts and properties
of adjacent regions are proposed.

(2) In the barrier-free environment, H value and region set Ry are cached in the pre-
calculation process, and the algorithm HLNR_Pre_Cal is proposed. In the filtering process,
the query line segments are filtered, and the relevant theorems and HLNR_Filter algorithm
are proposed. Finally, the results of the filtering process are refined in the refining process,
and the algorithm HLNR_Fine_Filter is proposed.

(3) Finally, this paper proposes a method of line segment nearest region query in obsta-
cle environment. This method first determines whether the obstacle object has an impact
on the query results. If it has an impact, it directly calls HLNR algorithm, and vice versa,
it calls OHLNR algorithm.

2. Basic Definition and Properties.

Definition 2.1. [19,20] Let H: Rd — I be a one-to-one mapping between D dimensional
space and one dimensional space.

Let line segment L € R {H,(L), Hy(L),...,H;(L)} € I, and the {H,(L), Hy(L),...,
H;(L)} is the set of H value by line segment L.

Let region R € RY, {H,(R), Hy(R), ..., H;(R)} € I, and the {H,(R), Hy(R), ..., H;(R)}
is the set of H value by region R.

According to the definition of Hilbert curve, we show the first and second order of
Hilbert curves examples in Figure 1.

1
Gl G2 5 6 9 10
! 10
4 7 8 11
01
3 2 13 12
o . ' 00
G0 G3 0o 1 14 s
00 01 10 1
0 1
(a) 1™ order (b) 2™ order

FIGURE 1. The 15t and 29 order of Hilbert curves

Definition 2.2. [21] The data space is divided into equal size grids, and there is no overlap
between grids, the space filling curve passes through each grid, and then these grids are
numbered in sequence. Fach grid is accessed once and uncrossed. Finally, the spatial data
points in the space filling curve are mapped into one-dimensional.

In this paper, the concept of adjacent region is proposed, and the related properties
and proofs are given.
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Definition 2.3. Given a Hilbert curves grid which is generated by a group of lines L and
regions R. And the first layer element is constructed with the adjacent elements of the
grid where the line segment l; is located, that is the adjacent region of the line segment [;.

Lemma 2.1. Given any line segment l; in line L and region r; in adjacent region, let
dist(l;,r;) be the distance between l; and r;, then, dist(l;,r;) < r. r is the farthest distance
from l; to adjacent region called a range threshold parameter.

Proof: Assume there is a region r; in the adjacent region of the line [;. r is distance
threshold. Then, dist(l;, ;) < r. Proof finished.

Definition 2.4. The region away from the k™ (k > 1) unit in the grid of the line segment
l; in any direction is the k levels adjacent region of the line segment [;.

Lemma 2.2. Given any line segment l; of L and region r; of R, let dist(l;,r;) > r, and
then the region r; is in the k levels adjacent region.

Proof: By Lemma 2.1, r; exits in the adjacent region of [;, so dist(l;,r;) < r. If
dist(l;,r;) > r, then r; exits in the k (k > 1) levels adjacent region of I; by Definition 2.4.
Proof finished.

Definition 2.5. Given the line l € L, the region r € Ry and obstacle set O. L and R are
visible only if the irregular graph formed by the L and R connection which do not intersect
with any of the obstacles in the O, that is any o € O, [l,r] N O = (.

Definition 2.6. [17] Given the line K and the point p, the points k., k;, k; € K, dist(p, k)
indicates the distance from p to k, let the nearest distance between the point p and the line
segment K be dist(p, K), then dist(p, K) = {dist(p, k)|dist(p, k;) < dist(p, k;)}.

Definition 2.7. Given the line L and the region R, the points l,1;,l; € L, the points
r,ri,v; € R, let dist(l,r) be the distance from point | to point r. Let the nearest distance
between the line L and the region R be dist(L, R), which amount to compute the smallest
distance between a point on the line L and a point on the region R, then dist(L, R) =
{dist(l;,r;)|dist(l;, ;) < dist(l;,r;)}. If the line segment intersects with the region, their
nearest distance is 0.

Definition 2.8. Given the obstacle set O, the line | and the region r, let dist,(l,7) be
the obstacle distance between | and r. The dist,(l,r) is the length of the shortest obstacle
path between | and r. When | and r are visible, the obstacle distance between | and r is
their Fuclidean distance, which is expressed as dist,(l,r).

The query for the nearest region of spatial line segment is defined in Definition 2.9.

Definition 2.9. Given a set of disjoint regions R, the region r; is found in R, the dis-
tance from r; to l; is less than any other line segment in L, and thus, r; is the nearest
neighbor of the line segment of the l;. The specific definition is as follows: HLNR(R, L) =
{37“1‘ S R, Elll € L‘q € HLNR(?”Z,ll)}

Figure 2 shows an example of the HLNR query. Inside, l; € L, R = {ry,rs,r3}, the solid
line segments indicate the Euclidean distance from the line segment to the region r;, and
the dotted line segments indicate the parallel segment [y; of the /;. Through translation
or extension line [y, and [; intersects with the regions ry, ro, r3 respectively at points py,
P2, p3, there are hy < hy < hg. Obviously, the query line [; has the nearest regions. And
r1 is the nearest region of the query line [;.
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FiGURE 2. Example of HLNR query

3. Nearest Region of Spatial Line Segment Based on the Hilbert Curve. De-
pending on whether there are obstacles between the set of query line segments and region-
s, we divided the query for nearest region of spatial line segment based on Hilbert curve
grid into the query for nearest region of spatial line segment in barrier free environment
(namely HLNR query) and in the obstacle environment (namely OHLNR query). In this
section, we filter the region set in filtering process. Discussing on whether the intersec-
tion of query lines and regions, we propose the algorithm HLNR _Filter and the theorems.
Then according to the location between lines and regions, the refining process algorithm
HLNR _Fine_Filter is proposed. Finally, HLNR Query in Obstacle Environment algorithm
is proposed which includes pruning process and refining process.

3.1. HLNR query in barrier free environment. In the HLNR query process, a lot
of data is useless, so we propose three steps, namely pre calculation, filtering and refining.
According to the Hilbert curve grid characteristics, it can store the value of H of query line
segments and the set of regions R, in the pre calculation process. The process can reduce
computation and decrease the running time, and then the HLNR_Pre_Cal algorithm of the
pre calculation is proposed. In the filtering process, the set of regions is selected by the
query line segment, and the related theorems are given. And the filter algorithm namely
HLNR Filter is proposed. In the refining process, the set of query results in filtering
process is refined. And the refining algorithm namely HLNR_Fine_Filter is proposed.
Finally, the set of accurate results is obtained.

3.1.1. Pre-calculation process. Firstly, the set of H values by the query line [; is calculated,
and then the set of H values and the adjacent region of the query line [; are stored. Then,
the set of the grid by the regions R; is calculated. The process of the pre-calculation can
greatly reduce the computation when there is a large amount of data.

Based on the above discussion, the algorithm of pre-calculation is given.

Firstly, the algorithm HLNR_Pre_Cal creates a line region Hilbert curve grid for the
generated data of the region set R, and query line ;. And the endpoint coordinates of
line [; are stored in the Hilbert curve grid. At the same time, three arrays A;, Ay, A3 are
initialized. According to the Hilbert curve grid characteristics, the H value is calculated
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Algorithm 3.1. HLNR Pre Cal(L, R, X, Y)
Input: query line set L, Region set R;, the coordinate of query line segment (X,Y).
Output: A;, As, As.
Begin:
1: Create LRHC; /* Creating Hilbert curves grids of line segments. */
2: Let ((Xi,Y:), (Xj,Y;)) be the coordinate of query line segment /;;
3: Let Ay, As, Az be three arrays;
4: for © = 0 to L.length do

5 if (X; == X; &&Y; ==Y])) then
6: (X;,Y;) is the coordinate of I;;
7 Calculate the H value of [;.
9: Calculate the adjacent region of I;.
11:  end if
12:  else
13: (X3,Y:), (X;,Y;)) is the coordinate of I;;
14: (X, Yo) = (X + X;)/2, (Y; + Y;)/2) is the midpoint coordinate of ;;
15: if (X; ==X, &&Y; ==Y, ||X; == X,, &&Y; ==Y,,) then
16: H(,) = {Hy, Hy}:
17: end if
18: else
20: Ay« H(ly);
21: end for

22: for j = 0 to R,.length do

23:  Calculate the set of grids by the region r; namely H(r;);
24: Az« H(ry);

25: end for

26: return Aq, As, Ags;

End

by the coordinate of the line segment [;, and the results are stored in the A;. Then, the
adjacent region of [; is calculated according to the H value, and the results are stored in
As. Finally, the set of the H values by region R, is calculated, and the results are stored
in A3. Thus, Ay, Ay, A3 are obtained. The algorithm creates the Hilbert curve grid which
time complexity is O(nd), and the total time complexity of the both for loops are O(2n),
so the algorithm time complexity is O(n).

3.1.2. Filter process. The process can filter out a large number of non-candidates, and
the more accurate set of nearest regions of segments is obtained. Firstly, the location
of the query line /; is determined. Then, the adjacent regions of the query line [; are
determined. Finally, we determine whether there are regions r; in the adjacent regions.
According to the characteristics of Hilbert curves and the query for nearest region of line
segment algorithm, we can discuss it in two cases.

(1) Intersection of Query Line Segment and Regions ;.

Theorem 3.1. Given the set of query line segments L and the regions R, the line segment
l; € L, the region r; € Rs. If the line segment [; and the region r; are intersected, the
nearest neighbor region of the query line l; is r;.
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Proof: Because the line segment [; and the region r; are intersected, the shortest
distance between the line segment [; and the region r; is 0, that is, the region r; is the
nearest region of line /;. As shown in Figure 3, the query line /; and the region r; are
intersected at point m, the shortest distance between the line segment [; and the region
ry is 0, and the nearest region of the query line [y is r. Proof finished.

%)
AT
~ X i
4 / | T
W /__
(ZZA ]1
N Vi
. —F
- oo IR
I
W
[38] 12 1 1\ T3
g I
~L \
— | 7 N
\! \ p.!

0O 1 2 3 4

wh
(@)
~1
[o2e]

Ficure 3. Example diagram based on Theorem 3.1

(2) Disjoint of Query Line Segment and Regions ;.

Theorem 3.2. In the Hilbert curve grid, if any query line l; has the nearest region, the
region will be in k (k > 1) levels adjacent regions of l;.

Proof: Suppose the query line [; has the nearest neighbor region. By Lemma 2.1, there
must be a region r; in the k levels adjacent regions of the line /; and the distance between
l; and r; is r. Thus, if the query line [; has the nearest region, the region will be in k
(k > 1) levels adjacent regions of line ;. Proof finished.

If the query line [; and the region r; are not intersected, it is also necessary to determine
the location of the region r;, so it is discussed in two cases.

1) r; in Adjacent Region. By Algorithm 3.1, the H value of the query line [; and
the set of adjacent regions are obtained, and the set of regions r; is also obtained. By the
location of the query line segment [;, the set of nearest neighbor region can be determined,
and many non-candidates are removed and the running time is shortened. As shown in
Figure 3, the set of H of query line segment [y is {24,29}, then the adjacent regions of the
line segment Iy are {17, 18, 22, 23, 25, 26, 27, 28, 30, 31}, and the regions that intersect with
the adjacent regions are {10, 11, 30,31}, {18, 19,20, 23,24}, r3{26,27, 28, 35, 36, 37}.
The region r4 does not intersect with the adjacent regions of l5, so r4 is removed. Finally,
the candidate results set of the nearest neighbor regions of line Iy is {rq, e, r3}.

2) r; not in Adjacent Region. From Theorem 3.2, we can know that if there is no
region r; in the adjacent region of the line segment [;, then r; must exist in the k& (k > 1)
levels adjacent regions of the line [;. The nearest neighbor regions of the line segment [;
are obtained by looking for the k levels adjacent regions.

The core idea of the filtering process algorithm: Firstly, by the result of Algorithm 3.1,
the location of the query line [; is determined. If the region r; is in the adjacent regions
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of the line segment [;, then r; is one of the candidate results of nearest neighbor regions
of the line segment ;. If the region r; is not in the adjacent regions of the line segment
l;, then search the k (k > 1) levels adjacent regions of the line segment [;, by Theorem
3.2, we can cut all regions in greater than k levels adjacent regions, and thus, a large
number of non-candidates can be filtered out. If there is no such step, it is necessary to
calculate the distances between the query line segment and all the regions in the data set,
which not only increases the amount of query computation, but also reduces the query
efficiency. In short, we can get the more precise candidate results, and the efficiency of
query algorithm can be improved by Theorem 3.2.
Based on the above discussion, the filtering algorithm is given.

Algorithm 3.2. HLNR Filter(l;, Rs)
Input: query line segment /;, Region set R;.
Output: the set of the nearest neighbor region R;.
Begin:
1. Ry «+ @;
2: Call HLNR_Pre_Cal(); /* To import all the relevant data of line segments [; and
region r; */

3: for m =1 to R,.length do
4:  if [; intersects with R,,, then
5: Ry < R,,; /* Ry, is the nearest neighbor region of the query line [; */
6: end if
7:  else if [; does not intersect R,, then
8: if R,, is in the adjacent region of /; then
9: R+ R,,;
10: end if
11: else if R,, is in the k levels adjacent region of I; then
12: for j=2tok+1do
13: Ry + Rj;
14: end if
15: end if
16: end for

17: if the query results have only one then

18:  return R; /* R is the final query result */
19: end if

20: return Ry;

End

Firstly, by Theorem 3.1, the set of regions R, is filtered. Then, the candidate results
are filtered again from Theorem 3.2. The process is discussed in two cases. Firstly, r; is
in adjacent area, and then the set of regions R; is updated. Secondly, the r; is not in the
adjacent region, then the k levels adjacent regions of [; are detected until the region r;
is found, and finally, r; is added into the R;. The R; is a set of candidate results that
excludes non-candidates. Moreover, the time complexity of the algorithm is O(n).

3.1.3. Refine process. The refining algorithm is proposed for dealing with the set of can-
didates R;. Firstly, we calculate the shortest distances between the query line segment
and R;, then the shortest distances are compared, and finally the nearest neighbor query
result of the line segment is obtained.
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Theorem 3.3. Give a query line l; and the adjacent regions r; of ;. Translating l; and
intersecting with adjacent region at point p;, then dist(p;,l;) < dist(p;,l;), pj € ;.

Proof: Let the line segment I3 be in the Hilbert curve grid in Figure 4, so the nearest
region of line I3 is r4. Let the nearest region of line I3 be not r4, but be r5. Translating
I3 to I} and [§ intersects with region r, at point p4, the line segment I3 is extended to
r5 at point ps. Let the endpoints of line segment I3 be a and b. Then, dist(ry,l3) =
dist(py,l3); dist(rs,ls) = dist(b,ps). We can connect py to ps, connect py to the point
b, and dist(py,ps) + dist(ps,b) > dist(b,ps) is obtained. By the Hilbert curve grids
characteristics, dist(py, ps) > dist(ps,r4) is obtained. The reason is that the nearest region
of line l3 is 75, then dist(b, ps) < dist(ps,r4). By the nature of a triangle, Za > 90°, the
dist(ps,b) is the longest side of a triangle. Contradicted with the above conclusions, the
r4 is closer to the line I3 than the r5. On the whole, r4 is the nearest region of line I3,
which is inconsistent with the hypothesis. Proof finished.
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FIGURE 4. Schematic diagram of region r; in different directions of line segment

Theorem 3.4. In the Hilbert curve grids, the distances from the query line l; to its k
levels adjacent regions are less than the distances from the k41 levels adjacent regions to

the lz

Proof: By the Hilbert curve grids characteristics, the distances from the query line [;
to its k 4 1 levels adjacent regions must be passed through the k levels adjacent regions.
Thus, the distances from the [; to its k levels adjacent regions are less than the distances
from the k£ + 1 levels adjacent regions to the ;.

The line segments have four directions which are up, down, right and left. When region
r; is in different directions of line segments [;, the translation method is different. The
above discussion is divided into two cases.

(1) When the region r; is on the left (right) side of the query line. When
the region r; is on the left (right) side of the query line, by the nature and structure of
line segments, we translate left (right) line segment, and the line after translating that
intersects with the region at point p, and then passes the point p to do the vertical line
of the query line, and lastly the distance between the region and the query line segment
is calculated.
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(2) When the region r; is on the upper (lower) side of the query line. When
the region 7; is on the upper (lower) side of the query line, then, the line segment is ex-
tended up (down), and translating left (right) and the line after translating that intersects
with region at the point p, and the upper (lower) endpoint of the query line is connected
with p, which is the nearest distance between the region and the query line segment.

According to Theorems 3.3, 3.4, the core idea of refining algorithm is proposed. Firstly,
the set of query results is initialized, and it calls the filtering algorithm. Then, the set of
candidates R; is obtained. Thirdly, the shortest distance is calculated by Definition 2.7.
Finally, the set of candidates R; is refined. Moreover, the final result is obtained.

Based on the above discussion, the refining algorithm is given.

Algorithm 3.3. HLNR Fine Filter(l;, R,, R;)
Input: query line segment [;, region set R, the nearest regions candidate R;.
Output: the nearest region R.
Begin:
1: Rl — @;
2: dist(r,1) < 0;
3: R; «~HLNR_Filter(l;, R;);
4: while (R;.length > 0) do

5 Let the end points of the [; be a, b;
6: if the region r; is between a and b then
T Translating [; and intersects with the region r; at point p;;
8: dist(r;, ;) = dist(p;, l;);
9: end if
10: else if the region r; is on top of a then
11: Reverses extension [;;
12: if reverses extension of [; to r; at point p; then
13: dist(l;, ;) = dist(a, p;);
14: end if
15: end if
16:  else if the region r; is below b then
17: extends [;;
18: if [; and r; are intersected at point p; then
19: dist(l;,r;) = dist(b, p;);
20: end if
21: else if I; does not intersect with r; then
22: Translating [; and intersects with r; at point p;;
23: dist(l;,r;) = dist(b, p;);
24: end if
25:  end if
26: dist(l,r) < dist(l;,r;);
27.  Compare distance between query line segment and each region r and then
compute the minimum distance
28: R« r;
29: Rjlength +— Rj.length — 1;
30: end while
31: return R;

End
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Firstly, the HLNR_Fine_Filter algorithm initializes the results set and calls Algorithm
3.2 to obtain the set of candidate regions R;. By the nature of the line segment, the
shortest distance can be calculated in two cases. The first is the region between the ends
of the line; the second is the region beyond the ends of the line. Suppose that the two
endpoints of the line segment are a, b, and the line /; and the region r; are intersected
at point p;. If the region exists in between a and b, then dist(r;,l;) = dist(p;, ;). If the
region does not exist in between a and b, then dist(r;, ;) = min(dist(a, p;), dist(b,p;)). In
that case, the shortest distance from the nearest region and the query line [; is obtained.
Finally, the accurate query result is obtained. And the time complexity is O(n).

3.2. HLNR query in obstacle environment. In Section 3.1, it studies the method for
HLNR query in the barrier free environment, but there are many obstacles between two
objects in real life. The query methods in obstacles environments are given in this section,
which is divided into two steps: the pruning process and the refining process. Firstly, the
pruning process can filter out a large number of non-candidates and the obstacles which
not affect the query results. Then, we refine the set of candidates. Finally, the set of the
results is obtained.

3.2.1. Pruning process. The main work of the pruning process is to optimize the query
line segments, and then prune a large number of non-candidates and no affected obstacles,
and the set of candidates is obtained. The obstacles are abstracted into line segments.
Firstly, Algorithm 3.2 which can filter out a large number of non-candidates is called. By
the Hilbert curve grids characteristics, an efficient pruning strategy is obtained. Then,
the set of regions is determined by the pruning strategy. If the condition is not satisfied,
then it is pruned. The remaining regions are constituting as the set of candidates. The
pruning process can filter out a large number of non-candidates which greatly reduces the
scope of query and improves the query speed.
In this section, the pruning strategy theorems and relevant proofs are given firstly.

Theorem 3.5. The nearest region NR(l;) of the query line l; exists in the k levels of
adjacent regions, so the adjacent regions of NR(l;) which are larger than k levels and
obstacles are pruned.

Proof: By Theorem 3.3, any line segments [; is in the Hilbert curve grids. Suppose the
nearest region of [; is r, the k levels adjacent regions 7y, of [; that r, € NRy(l;)...UN Rk (1;)
(k is an integer, k > 1), there is an r in the k level adjacent of [;. Therefore, k 4+ 1 and
higher than k + 1 levels adjacent regions of [; may not exist in the nearest region of [;.
r; € NR,(l;) (n > k), that is, r; exists in the k levels adjacent regions of /;. When there
are obstacles, the distance between r; and [; must be greater than the Euclidean distance
of them, so the nearest region of /; is not r;. In conclusion, in obstacle environments,
the nearest region of [; exists in the k levels adjacent regions, so we prune regions and
obstacles beyond the £ levels. Proof finished.

The main idea of the pruning algorithm is proposed: by Theorem 3.2 and Theorem
3.3, a large number of non-candidates and obstacles are pruned, and the candidate set
Ry is obtained. Firstly, call Algorithm 3.2, and then the set of obstacles is put into the
Hilbert curve grids, then, by Theorem 3.3, the regions in the k levels adjacent regions
of the NR(l;) are putted into the candidate set R, and the regions in higher than the k
levels adjacent regions are pruned. Finally, the set of candidates and the new obstacles
are obtained, as shown in Figure 5.

Based on the above discussion, the pruning algorithm is given.

Firstly, to get the nearest region R; of the query line /;, the OHLNR _Filter algorithm
initializes the set of candidates and calls Algorithm 3.2. Then, we must determine whether
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FIGURE 5. A schematic diagram based on Theorem 3.5

Algorithm 3.4. OHLNR Filter(L, Ry, O)
Input: query line segment set L, region set R, obstacle set O.
Output: the nearest region set R;, the set of obstacles after pruning O,,,,.
Begin:

1: R+ (Z);
l € L;
o€ 0,
Let coordinate of query line segment be (X,Y);
NR(l;) <+~ HLNR_Pre_Cal(L, Rs, X,Y); /* record the adjacent region of I; */
R, < HLNR _Filter(l;, Rs);
for each o € O then

if o € NR(l;) then

9: Onew — Onew =+ 0;
10: end if
11: end for
12: return Ry, O,
End

there is an obstacle in the obstacle set O which exists in the adjacent region of the query
line segment. If there is an obstacle between them, the algorithm updates the O, as
a new set of obstacles. The set of nearest regions R; and the new obstacles O, are
obtained. And the time complexity is O(n).

3.2.2. Refining process. In refining algorithm, the set of regions R; in the nearest regions
is refined. And then, the more accurate nearest neighbor region is obtained. In this
section, Theorem 3.6 and Theorem 3.7 are presented.

Theorem 3.6. Given a query line segment l;, a region r;, and we connect the endpoints
of l; with the vertices of the region r; to form an irreqular graph D. There is an obstacle
set O, o; € O. Let dist,(l;,r;) be the shortest visible distance between l; and r;, then
diStU(li, ’l“i) < diStO(li, 7"1').
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Proof: As shown in Figure 6, given a query line segment [y, a region r3, there is an
obstacle O between [y and r3. According to Definition 2.5, the visual distance between
lo and r3 is expressed as dist,(ly,r3) = dist(a,d). By Definition 2.8, dist,(ly,73) =
dist(b,c) + dist(c,e). To get quadrilateral adbe, we connect b and e, then dist(a,d) <
dist(b,e). By the characteristics of the triangle, there is dist(b, e) < dist(b, c) + dist(c,e).
Therefore, it is concluded that dist,(ls,r3) < dist,(la, r3). Proof finished.
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FIGURE 6. Schematic diagram of the refining process

Theorem 3.7. In the adjacent regions NR of the query line l;, the shortest visual distance
does not exist in between the query line segment l; and the set of nearest regions r;, r;.
The number of grids from r; to l; is denoted as P, and the number of grids from r; to l;
is denoted as Q. If P < @, then dist,(l;,r;) < dist(l;, ;).

Proof: Given a query line segment [y, the nearest region set is {71, 79, 73}. As shown
from Figure 6, it is not visible between {ry,r} and ly. The obstacle distance from Iy to
o is dist,(lg, 7o) = dist(b, h) 4+ dist(h, j), the number of grids that is passed from Iy to ro
is 2. The obstacle distance from Iy to 1y is dist,(le,r1) = dist(b, f) + dist(f,g), and the
number of grids is 3. According to Algorithm 3.1, dist(b, j) < dist(b, g). By the triangle
characteristic, dist(b,j) < dist(j,h) + dist(h,b), dist(b,g) < dist(b, f) + dist(f,g). In
summary, dist(ly,m9) < dist(ly,r1). Proof finished.

By Theorem 3.6 and Theorem 3.7, the refining algorithm is proposed. Firstly, the
scopes of querying by the candidate regions of R; and the candidate obstacles of O,
are determined. Then we determine both the region of R; and the query line /; which are
affected by obstacles. Then the set of R; is refined. Finally, the exact query results R is
obtained.

Based on the above discussion, the refining algorithm is given, such as Algorithm 3.5.

Firstly, the query results R is initialized in the algorithm OHLNR_Refine. We call
Algorithm 3.4 and the scope of searching are determined by R; and O,,,. The locations
between each region in the nearest region and the query line [; that are affected by
obstacles are determined. If the shortest visible distance between query the line segment
l; and the region r;, the obstacle distance from [; to r; is the shortest visual distance from
l; to r;, and the obstacle distance is added into the set of final query results R. If there
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Algorithm 3.5. OHLNR Refine(R;, Opew, ;)
Input: the nearest region set R;, new obstacle set O,,.,, query line segment ;.
Output: the nearest region in an obstacle environment R,.
Begin:
1: R+« 0
Pl =0;
count = 0;
Ry, Opnew < OHLNR _Filter(L, R, O);
Determines the scope of searching by R; and O,y ;
for each r; € R;
if it is visible between [; and r; then
disto(l;,r;) = dist, (15, 13);
9: R+ R+
10: end if
11: else if it is not visible between [; and r; then
12: Calculates the grids from [; to r;;
13: Pli] = count + 1;
14:  end if
15: if P[i] < P[i+ 1] then
16: disto(li, ;) < disto(liyTit1);
17: R+ R+ 1;
18: end if
19: end for
20: return R,;
End

is no visible distance between the query line [; and the region r;, we compare the number
grids from [; to ;. And the relatively short distances are added into the set of results R.
Finally, the accurate result set R is obtained. And the time complexity is O(n).

4. Experiments and Analysis. In this section, the performances of the algorithms are
analyzed by experiments. The query for nearest region of spatial line segments is a new
kind of spatial query problem. To solve this problem, the query algorithm for nearest re-
gion based on Hilbert curve grids is proposed for the first time in this paper. The exiting
algorithms for nearest neighbors are based on the points as the query objects. In this pa-
per, the algorithms for nearest region query based on Hilbert curve grids are proposed for
the first time which use line segments as query objects. There are a great deal of different
methods for the nearest neighbors that use points as query objects; therefore, the exiting
methods cannot be compared directly with the method in this paper. In order to get the
comparison algorithms, we use the Sl-tree LNN algorithm proposed in [4], the R*S-tree
based on LNN algorithm proposed in [17] and the LNN_Search based on R-tree algorithm
proposed in [18] respectively, and then the three algorithms are appropriately adjusted.
The sets of regions and obstacles are added into the three algorithms. We named these
three LNN algorithms as HLNR_SI_.LNN, HLNR_R*S_LNN and HLNR_R_LNN respec-
tively. Their main idea is that the region sets Ry and the obstacle sets O are added in
the Hilbert curve grids, and the LNN algorithm is called the query method for nearest
region of the line segment. Firstly, we determine whether there are obstacles between the
line segments and the regions. If there are not obstacles between the segments and the
regions, the LNN algorithm is called for a line segment in the query lines, and the nearest
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region of the query line segment is obtained. Query results are added to the set of query
results. If there are obstacles between the line segments and the regions, the obstacle
distance is expressed by the definition of the line segment obstacle distance, and then the
query for nearest region of line segments in the obstacle environment is obtained. These
three algorithms are compared with the algorithms in this paper.

Experimental environment configuration is 2.5GHz, CPU, 8G memory, 500G hard disk,
Windows 7 operating system. The experimental data set uses road network information
from San Francisco and California [22]. During the experiment, the data distribution is
adjusted appropriately, two endpoints (a,b) of the line segment are randomly selected in
the grid, and the length of the line segment is length (1). Let [.,;, be the shortest allowable
distance between the query line segment and its adjacent area, and [,,, the maximum al-
lowable distance between the query line segment and its adjacent area. Random variables
are used as the distance between lines and regions called dist and the angle 6 between
line segments and regions, and the distributions of dist and 6 are uniform. The H values
of line segments and regions in the grid can be obtained by multiple sampling of random
vector groups {dist, 0} (lnin = 0, lnax = 1.6 pm). The experimental targets are CPU time
and I/0 cost, and then the average query time of the 200 times is calculated. Firstly, the
experiment tests the influence of the number of query segments and region sets on the
CPU time and the cost of /O of the HLNR query algorithm (HLNR) in the barrier free
environment. Then we test the impact of the number of query lines, the number of regions
and the number of obstacles on the CPU time of the HLNR query algorithm (OHLNR)
in an obstacle environment. Finally, the accuracy of the four algorithms is tested in an
obstacle environment.

Firstly, the effect on the number of query segments on the CPU time is analyzed. The
numbers of regions are 5000, as shown in Figure 7, the CPU time of the four algorithms
is increasing as the number of query segments is increasing. Among them, the rising
trend of CPU time in HLNR_R_LNN algorithm and HLNR_R*S_LNN algorithm are the
most significant, and the rising trends in HLNR_SI_LNN and HLNR algorithm are rela-
tively gentle, but the CPU time of the HLNR_SI_LNN algorithm is still higher than the
HLNR algorithm in general. Because the HLNR_SI_LNN algorithm does not have the
pre-calculation process, the subsequent process needs to calculate the query line and the
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FiGURE 7. Effect of the number of query lines on CPU time



1302 L. ZHANG, L. REN, X. HAO AND S. LI

coordinates of the region, and it wastes a lot of time. The nearest regions of each query
segment are calculated in the HLNR_R_LNN algorithm and the HLNR_R*S_LNN algorith-
m, and both of them cause overlapping search regions and slowing down the query speed.
Pre-calculation on the query segments and regions set is proposed in the HLNR algorithm,
it can reduce the range of searching and improve the speed, so the algorithm’s time com-
plexity is slightly lower than the three comparison algorithms. From the above discussion,
we can conclude that the HLNR algorithm is superior to HLNR_R_LNN, HLNR_R*S_LNN
and HLNR_SI_LNN algorithms in general.

Figure 8 shows the impact of the number of line segments on the costs of the I/O. With
the increasing of the number of the line segments, the costs of 1/O of four algorithms are
increasing. Because the algorithm HLNR includes pre calculation, filtering and refining
algorithms, it can reduce the amount of computation and a large amount of irrelevant
data. Therefore, the growth trend of I/O cost is slow, and obviously lower than the three
groups of comparison algorithms.

Il HLNR R*S INN HLNR_R_INN
[] HLNR SI INN @ HLNR

2500

2000 [~

1500 [

1000

/O

500

The number of Query lines

FIGURE 8. Effect of the number of query lines on I/O costs

Figure 9 shows the influence of the number of the regions on the CPU time in the four
algorithms. The number of query lines is 50. The CPU time of these four algorithms is
rising as the number of regions becomes larger. Among them, the CPU time of three com-
parison algorithms is raising obviously, but HLNR algorithm trend is gentler. The HLNR
algorithm reduces the regions in the filtering process, and then filters the nearest regions
again in the refining process which reduces the query time effectively. The HLNR_R_LNN
algorithm and the HLNR_R*S_LNN algorithm waste a lot of time on searching regions.
Although HLNR_SI_LNN algorithm has a pruning process, there is no pre-calculation for
the regions. When the number of regions becomes larger, the running time is increasing
obviously in the algorithm HLNR_SI_LNN. Above all, the HLNR algorithm is better.

Figure 10 shows the influence of the number of the regions on the costs of 1/O in the
four algorithms. With the increasing of the number of regions, the 1/O costs of these
four algorithms are raising. However, the trend of the HLNR algorithm is slower than the
other three algorithms. Because the HLNR algorithm stores the data into the cache in
the pre-calculation process which can reduce a large amount of calculation time, and then
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the algorithm filters out a large number of unrelated region sets in the filtering process,
the running time is reduced. As a result, the HLNR algorithm is better than the other
three algorithms.

Furthermore, the influence of the number of query segments on CPU time is analyzed.
The number of the set of regions is 5000, and the number of obstacles is 1000. As shown in
Figure 11, the four algorithms are rising. However, the CPU time of the HLNR algorith-
m is increasing slowly. Because the HLNR_R_LNN algorithm and the HLNR_R*S_LNN
algorithm cause regions overlapped when searching the nearest regions of each query line
segment, it wastes a large amount of querying time and reduces the performance of the
algorithms. The HLNR_SI_LNN algorithm cannot process the data sets in advance, so
that the account of calculation is too large and wastes a lot of time. The HLNR algorithm
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can reduce the amount of computation time in the pre-calculation process. By the prun-
ing process, we remove a large number of the non-candidate regions. Then, the refining
process filters the candidates set and improves the algorithm performance.

Figure 12 shows the influence of the set of regions on the CPU time in the obstacle
environment. The number of line segments is 50, and the number of obstacles is 1000.
As we can see from the figure, the CPU time of the three comparison algorithms is rising
obviously. However, the trend of the OHLNR algorithm is gentler. This is because the
HLNR_R_LNN algorithm and HLNR_R*S_LNN algorithm need to calculate each region
segment. With the number of regions increasing, the regions that need to store and
access also increase in the query process, so the CPU time is rising rapidly. And the
HLNR _SI_LNN algorithm filters out a large amount of irrelevant data according to pruning
rules. However, the algorithm does not store data in advance, so it wastes a lot of time.
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For the OHLNR algorithm, the number of queries is reduced and the query performance
is greatly improved because a large number of non-candidate regions are filtered out in
the pruning and refining process. Therefore, the OHLNR algorithm is better.

Then, the influence of the number of the obstacle lines on CPU time is analyzed. In
the obstacle environment, the number of query lines is 20, and the regions are 1000. As
shown in Figure 13, with the increasing number of obstacles, CPU time is increasing faster.
The HLNR_R_LNN algorithm and the HLNR_R*S_LNN algorithm need to calculate the
nearest region of each query line segment, which is more expensive to calculate the distance
of obstacles, and the data sets cannot be processed in advance in the HLNR_SI_LNN
algorithm, so that amounts of calculation of the subsequent process is too large to reduce
a lot of time. The OHLNR algorithm prunes the obstacles, and the obstacles have no
effect in pruning process. Therefore, as the number of obstacles is increasing, the CPU
time of the algorithm is increasing slowly. Thus, the OHLNR algorithm is slightly better
than the other three algorithms in dealing with obstacles.
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FIGURE 13. Effect of the number of obstacle lines on CPU time in obstacle environment

Finally, the accuracy of the algorithm is tested. Other conditions remain unchanged, the
number of regions is 5000, the query line segments are 50, and the number of obstacles is
1000. The accuracy of the four algorithms was tested 20 times respectively in the obstacle
environment, and the average of the results is obtained. As shown in Figure 14, it is the
effect of query times on accuracy. From the figure, the accuracy of the four algorithms is
increasing as the number of query times is increasing, but the OHLNR algorithms in this
paper are faster achieving high accuracy than the other three algorithms.

Through this experiment, we can see that both of algorithms OHLNR in the obstacle
environment and the HLNR in the barrier free environment are proposed which are better
than the other three algorithms.

5. Conclusions. In this paper, to solve the problem for nearest neighbor from line seg-
ment to regions in obstacle or barrier free environment, and then the method of nearest
region of spatial line segment based on Hilbert curve grid is proposed. This paper is
divided into two parts: the query for nearest region of line segment in the barrier free
environment and in the obstacle environment. In a barrier free environment, the process
of solving the query for nearest region of a line segment includes pre-calculation, filtering
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and refining. By using the Hilbert curve grids characteristics, the pre-calculation process
can store the line segments and the set of the regions, and the query time is shortened.
The filtering process can cut out a large number of non-candidate regions, and it can
optimize query process and reduce the running time. The refining process is based on the
filtering process, the set of query results in the filtering process is refined, and the nearest
region results of the line segment are obtained. Next, the OHLNR query method is given,
including pruning process and refining process. The pruning process can filter out a large
number of non-candidates, it also prunes many obstacles that have no impact on the query
process, then the candidates are refined and the more accurate candidates are obtained.
Finally, the candidates are refined to get the set of accurate results. Experimental results
show that the algorithms have higher efficiency in this paper. Future research focuses on
the query method for reverse nearest region of spatial line segments.
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