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Abstract

Neighbor finding is one of the most important spatial operations in the field of spatial data
structures. A block B is said to be the neighbor of another block A, if block B has the
same property as block A has and covers an equal sized neighbor of block A. Jozef Voros
has proposed a neighbor finding strategy on images represented by quadtrees, in which the
four equal sized neighbors (the east, west, north, and south directions) of block A can be
found. However, based on Voros’s strategy, the case that the nearest neighbor occurs in
the diagonal directions (the northeast, northwest, southeast, and southwest directions) will
be ignored. Therefore, in this paper, we first show the missing case. Next, we show how to
find the missing cases.
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1 Introduction

Recently, spatial database systems [4] are popular and important for public adminis-
tration, science, and business. There are many applications that deal with spatial data,
including Geographic Information Systems (GIS), and multimedia databases. Spatial data
consists of spatial objects made up of points, lines, regions, rectangles, surfaces, volumes,
and even data of higher dimension [2, 5, 12]. High-dimensional datasets are typically
mapped into collections of points in the coordinate space, and the nearest neighbor queries
are the most kinds of queries. Such a query like retrieving objects whose representative
points are closest to the point representing the query point is very common. For example,
the typical queries are “Find the 10 cities that are the nearest to Madison” in a GIS system
and “Ask for images similar to the query image” in the multimedia database. When look-
ing for the nearest neighbors in the spatial database, it can be modeled as finding points
that are close to each other in the image. For those applications mentioned above, the
data volume is extremely high, the spatial objects show a very complex structure and the
computation of spatial operators is time-intensive. The computation of spatial operators
is more difficult than that of the non-spatial counterparts because of no total ordering by
spatial proximity among spatial objects.

Neighbor finding [1, 6, 7, 8, 9, 10] is one of the most important spatial operations about
spatial proximity in the field of spatial data structures. Block B is said to be a neighbor of
block A in one direction if block B is adjacent to block A. Jozef Voros [13] has proposed a
new view on the neighbor finding problem in linear quadtrees [3, 8,9, 11, 13], which focused
on distinguishing between the inner and outer neighbors and searching neighbors in two
main (horizontal and vertical) directions. Block B is an inner neighbor of block A if blocks
A and B belong to the same quadrant. Otherwise, block B is an outer neighbor of block
A.

Take Figure 1 as an example. Given the query point ¢ in block A, the inner neighbors
of block A are block B in the horizontal direction and block C in the vertical direction.
There exist two outer neighbors of block A: one is block I in the horizontal direction and
the other is block G in the vertical direction. The quadtree corresponding to Figure 1,

based on the order defined in Figure 2, is shown in Figure 3.
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Figure 1: Example 1
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Figure 2: Quadrant’s order and directions: (a) the decimal values; (b) the binary codes.

Given the binary locational code of the block in which the query point is located, accord-
ing to Figure 2, the proposed approach uses only simple algebraic operations to generate
equal sized neighbors for the query block. Although blocks B, C', GG, and [ in Figure 1 can
be generated by Voros’s strategy [13], the nearest neighbor to the query point ¢ in block A
is point p in block H. In this case, block H, which is the neighbor in the diagonal direction
to block A is ignored. Similarly, blocks F, F, and J which are in the diagonal directions
can not be obtained based on Voros’s strategy. Therefore, in this paper, we first briefly
describe some formulas used in the neighbor generating method proposed by Jozef Voros

[13]. Then, we give a missing case. Finally, we show how to find the missing cases.
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Figure 3: The corresponding quadtree for example 1

2 Neighbor Generation

Basically, there are two kinds of equal sized neighbors: inner and outer neighbors. Take
Figure 1 for example, it is a (22 x 22)- dimensional binary image. According to Figure
2-(a), the locational code of block A is represented by quaternary digits as (3 0). In order
to simplify the process of neighbor finding, the locational code of block A is represented in

the binary form as (xo, y0,71,y1)=(1,1, 0,0) according to Figure 2-(b).

2.1 Equal Sized Neighbors

For the equal sized inner neighbors of block A in Figure 1, there exists one, block B
in the direction D = [1,0] (left and right) according to Figure 2-(b). Its locational code
is (2o, Y0, 71,%1) = (1,1,1*,0) = (3 1), where * means the changed digit, and it can be
obtained by using equations (7), (8), and (9). In each of these equations, the right part of
the equation means the element (z; or y;) of block A, and the left part means the element
(2; or y.) of its neighbor. Similarly, the inner neighbor in the direction D = [0, 1] (up and
down) is block C' whose locational code is (9, yo,21,%1)=(1,1, 0,1%) = (3 2), and it can be

obtained by using equations (7), (8), and (10).
Equations (7) — (10):

x; = 15, j=0,1,...,n—1 (7)
Y, = Yj» j=01,...,n—1 (8)
z,, = comp(z,), Y = Yn, forD =[1,0] 9)
Z, = Tn, y = comp(yn), forD =1[0,1] (10)

where comp() means the complement and n means the level number, which means the level
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in the corresponding quadtree. The block A and its inner neighbors always differ in one
bit [13].

For the equal sized outer neighbors, it can be classified into two cases: one is along
x axis (in D = [1,0]) and the other is along y axis (in D = [0,1]). Take Figure 1 as
an example, the equal sized outer neighbor of block A in D = [1,0] can be obtained as

(20, Yo, T1,y1) = (0%,1,1%,0) = (2 1) by using equations (11) — (14). That is block I shown

in Figure 1.
Equations (11) — (14):
Let k£ > 0 be such an integer that
Tn =Tp-1=---=Tp—k+1 7& Tpn—k- (11)

Then, if k& < n, there exists one equal sized outer neighbor in the direction D = [1,0] and

its binary locational code {z;,y .} is computed as follows [13]:

z,_; = comp(x, i), i=0,1,...,k (12)
T, = 1y, i=0,1,...,n—k—1 (13)
Y, = Y 1=0,1,...,n (14)

For the equal sized outer neighbor of block A in D = [0, 1], it is block G whose the
locational code is (zg, yo, z1,y1) = (1,0%,0,1*) = (1 2) by using equations (15) — (18).
Equations (15) — (18):

If £ > 0 is an integer such that

YUn = Yn—1 = -+ = Yn—k+1 7£ Yn—k- (15)

Then, if k& < n, there exists one equal sized outer neighbor in the direction D = [0,1] and

its binary locational code {z;,y.} is computed as follows [13]:

y = comp(Yn—i), i=0,1,...,k (16)
Y= i=0,1,....,n—k—1 (17)
T, = 1y, i=0,1,...,n (18)

To obtain the locational code of its outer neighbors, more digits of the locational code
of block A have to be changed. The number of required changes is determined by the

locational code of block A.



2.2 Larger Sized Neighbors

The larger sized neighbor of block A in Figure 1 can be derived from the locational
code of the equal sized outer neighbor, i.e., block V' derived from block G and block W
derived from block I, where block G and I are equal sized outer neighbors of block A in
two directions. The binary locational codes ((go,go,gl,gl, . ,gn_j,gn_j), 1 <j<k)
of the larger sized neighbors are generates from the code ({z;,v;},0 < i < n) of the
corresponding equal sized outer neighbor by successive cancelling the least significant digits
up to the (n — k)th level, where k is given by equation (11) or equation (15). That is, the
locational code of block V' is (g, ) = (1,0) = (1), and the locational code of block W is

(20, 0) = (0,1) = (2).
2.3 Smaller Sized Neighbors

The smaller sized neighbors of node A in Figure 1 are the pairs of contiguous quadrants,
subquadrants, ..., of its equal sized neighbor sharing a common side with A. The inner
and outer smaller sized neighbors can be distinguished in two main directions. They are
derived from the corresponding equal sized inner or outer neighbor whose locational code
is {z;,4:},0 < i < n. The smaller sized neighbors at the (n + k)th level in the direction
D =10,1] are all the nodes *N,i =1,2,...,2F, with the following binary locational codes,

ie.,

TN —
N = (£07g07§17g17 c 'Emgw§n+17gn+17§n+27gn+27 o ‘in-l-k?gnJrk) (23)

T, =d, j=12,..., (24)
where d is 0 or 1, and for all outer neighbors,

=y ; (25)

n-+j n

while for all inner neighbors,

Yoij = comp(y_ ). (26)

Analogously, the locational codes of smaller sized neighbors in the direction D = [1,0] can

be derived by interchanging the role of 2's and y's in equations (24)—(26). Take Figure 4 as
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Figure 4: Another representation of Example 1

an example, it is another representation of Example 1 in Figure 1. The one pair of smaller
sized inner neighbor of block A (3 0) in D = [0, 1] can be obtained as (x, yo, T1, Y1, T2, Y2) =
(Ea%a 0*70*) = (§ 2 Q) and ($0790a$1ay1,$2792) = (Ea%a 1*70*) = (§ 2 l) which

are derived from the equal sized inner neighbor C' by using equations (23), (24), and
(26). The other one pair of smaller sized outer neighbor of block A in D = [0,1] can be
obtained as (2o, Yo, Z1,¥1, 72, 42) = (1,0,0,1,0%,1%) = (1 2 2) and (o, Yo, 71, Y1, T2, Y2) =

(1,0,0,1,1*,1*) = (1 2 3) which are derived from the equal sized outer neighbor GG by using
equations (23), (24), and (25). In the same way, blocks 310, 312, 211, and 213 which are

the smaller sized inner and outer neighbors of block A can be found.

3 A Missing Case

Take Figure 5 as an example: the query point in block 120, based on Voros’s strategy
[13], the binary form of the block whose locational code is represented by quatered digits, 1
20, is (2o, Yo, T1, Y1, T2, ¥2) = (1,0,0,1,0,0). For the first case: equal sized inner neighbors,
it has one in the direction D = [1,0], that is (1 2 1)= (1,0,0, 1, 1%, 0) obtained by changing
the last digit, 2, of the block 120 from 0 to 1 according to equation (9). In D = [0, 1], it
has the other one inner neighbor, that is (1 2 2)= (1,0,0,1,0,1*) obtained by changing the

last digit, s, of block 120 from 0 to 1 according to equation (10).
For the second case: equal sized outer neighbors, block 120 has one in the direction

D =[1,0]. According to equations (11) — (14), the relation between the digits z5, 21, and
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Figure 5: Example 2: (a) casel; (b) case2; (c) case 3; (d) case 4.

xo of the locational code of block 120 is: x9 = x7 # xg. Then, the locational code of the
outer neighbor is obtained from that of block 120 after changing three digits: x5, x;, and
xg, that is (0*,0,1*,1,1*,0) = (0 3 1). Similarly, in the direction D = [0, 1], the relation

between the digits vy, y1, and yo of the locational code of block 120 is: ys # ;. It means
that the locational code of the outer neighbor is obtained from that of block 120 after
changing two digits: v, y1, according to equations (15) — (18). That is, (1,0,0,0%,0,1*) =
(1 0 2). These neighbors are shown in the Figure 5-(a) as the quaternary digits of their
locational code. Based on Voros’s strategy [13], the nearest neighbor finding process is

finished at this point.



However, it shows that some neighbors miss because one of the neighbors which is in the
diagonal directions may be the nearest neighbor. In Figure 5, based on Voros’s strategy
[13], we obtain that the nearest point to the query point ¢ in block 120 is point s in block
122. But the real nearest point to the query point ¢ is point p in block 103 which is in
the shaded area and is ignored. So, in fact, we must also search for the nearest neighbor
in the four or less than four diagonal directions, like the other degenerated cases when the
query point is located in blocks 022, 323, or 222. Besides, the larger and the smaller sized
neighbors in the diagonal directions must be considered, when the data points are stored
in these different sized blocks, instead of the equal sized blocks. To overcome this problem,
we provide an answer. We can find the ignored case by adding some equations to obtain

the locational codes of the neighbors in the diagonal directions.

4 The Improved Version of Neighbor Finding

From the above example, we show that the missing case can occur in the neighbor finding
based on Voros’s strategy [13]. To find this case, we add equations (27) — (37) below to
help looking for the equal sized neighbors in the diagonal directions. Given a query point
with its located block at the nth level and the binary locational code denoted as {z;, y;},
for the equal sized inner neighbors in the diagonal direction, the binary locational code

{z;,y,} is given by equations (7), (8), (27) and (28).

For the equal sized outer neighbors in the diagonal direction, it can be classified into

three cases.
1. z-outer neighbor’s (along z-axis) y-inner neighbor which is along y-axis.

2. y-outer neighbor’s (along y-axis) z-inner neighbor which is along x-axis.



3. z-outer neighbor’s (along z-axis) y-outer neighbor which is along y-axis or y-outer

neighbor’s (along y-axis) z-outer neighbor which is along z-axis.

For example, in Figure 5-(a), for the query point ¢ in block 120, block 123 is point ¢’s
inner neighbor in the diagonal direction. Block 033 is point ¢’s z-outer neighbor’s (block
031 along z-axis) y-inner neighbor (along y-axis). Block 103 is point ¢’s y-outer neighbor’s
(block 102 along y-axis) z-inner neighbor (along z-axis). Block 013 is point ¢’s x-outer
neighbor’s (block 031 along z-axis) y-outer neighbor (along y-axis) and it is also point ¢’s
y-outer neighbor’s (block 102 along y-axis) z-outer neighbor (along z-axis).

First, let’s consider the case of xz-outer neighbor’s (along z-axis, that is in D = [1,0])

y-inner neighbor along y-axis (in D = [0,1]). Let £ > 0 be such an integer that
Tn =Tp-1=---=Tp_k+1 7& Tn—k- (11)

Then, if £ < n, there exists one equal sized z-outer neighbor’s y-inner neighbor, which is
the outer neighbor in the diagonal direction and its binary locational code {z;, gl} is given

by equations (12), (13), (29), and (30).

Z,_; = comp(Ty_;), i=0,1,...,k (12)
x;, =, 1=0,1,...,n—k—1 (13)
Y, =y i=0,1,...,n—1 (29)
y = comp(yn). (30)

Second, let’s consider the case of y-outer neighbor’s (in D = [0, 1]) z-inner neighbor in

D =[1,0]. If £ > 0 is an integer such that

Yn = Yn—1 = .-« = Yn—k+1 7 Yn—k- (15)

Then, if £ < n, there exists one equal sized y-outer neighbor’s x-inner neighbor, which is

the outer neighbor in the diagonal direction and its binary locational code {z;, gi} is given



by equations (16), (17), (31), and (32).

y = comp(Yn—i), i=0,1,...,k (16)
v, = ¥ i=0,1,... n—k—1 (17)
T, = Ty, i=0,1,...,n—1 (31)
x, = comp(z,). (32)

Third, let’s consider the x-outer neighbor’s y-outer neighbor or y-outer neighbor’s x-outer

netghbor. Let h > 0 and k > 0 be integers such that

Ty =Tp 1= ... = Tn ht1 7 Tnh, and Yn =UYn1= -+ = Ynktl 7 Yn—k- (33)

Then, if h < n and k£ < n, there exists another one equal sized outer neighbor’s outer
neighbor, which is the outer neighbor in the diagonal direction and its binary loc ational

code {z;,y.} is given by equations (34), (35), (36), and (37).

x, ;= comp(Tn_;), i=0,1,...,h (34)
x; = T, i=0,1,...,n—h—1 (35)
y = comp(Yn—i), i=0,1,...,k (36)
Y. = Yi, i=0,1,...,n—k—1. (37)

For example, block (1 2 0) = (1,0,0,1,0,0) in Figure 5-(a) has an equal sized inner
neighbor in the diagonal direction that is obtained by changing the last two digits 0,0 of
the locational code to 1,1 according to equations (7), (8), (27), and (28). The locational
code of this neighbor is (1,0,0,1,1*,1*) = (1 2 3). Generally, every block has an inner
neighbor in the diagonal direction, and their locational code in the binary form always
differ in the last two digits.

Next, block (12 0) = (1,0,0,1,0,0) in Figure 5-(a) has an equal sized outer neighbor
in the diagonal direction which is its z-outer neighbor’s (block 031 in D = [1,0]) y-inner
neighbor in D = [0, 1]. By equation (11), the relation between xg, 1, and x5 is: xo = z1 #

xo. Then according to equations (12), (13), (29), and (30), block (03 3) = (0*,0,1*,1,1*,1*)

shown in Figure 5-(a) is obtained as one of the equal sized outer neighbors to block 120 in

the diagonal direction. The other equal sized outer neighbor in the diagonal direction is
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the y-outer neighbor’s (block 102 in D = [0, 1]) a-inner neighbor in D = [1, 0]. By equation
(15), the relation between g, y;, and yy is: y2 # y;. Then, we can obtain the locational
code (1,0,0,0*,1%,1*) =(1 0 3) according to the equations (16), (17), (31), and (32). Block
103 shown in Figure 5-(a) is one of the equal sized outer neighbors to block 120 in the
diagonal direction. According to equation (33), we obtain the equations: xy = z7 # zo;
yo Zyi; h=2and h <n (=2); k=1and k <n (= 2). From equations (34) — (37), block
(013) =(0%0,1%,0% 1* 1%) in Figure 5-(a) is another equal sized outer neighbor to block

120 in the diagonal direction. Finally, we can obtain 8 equal sized neighbors around block
120.

From the above example, we can find the missing case by adding equations from (27)
to (37) to find all the equal sized neighbors around the query block. Besides, we need to
find the different sized neighbors around the query block because the data points may be
stored in these blocks. Based on Voros’s strategy [13], the larger sized neighbors of the
query block 120 are block 10 which is derived from the code of equal sized outer neighbor
102, block 03 which is derived from the code of equal sized outer neighbor 031, and block 0
which is derived from the code of equal sized outer neighbor 031. Block 01 which is derived
from the code of equal sized outer neighbor 013 in the diagonal directions can also be found
by using Voros’s strategy [13].

The smaller sized inner neighbors of block 120 in Figure 5-(a) are shown as follows by

using equations (23), (24), and (26) in Voros’s strategy [13].

e In D = [1,0], blocks 1210 and 1212 in Figure 6-(a) are derived from the equal sized
inner neighbor 121 in Figure 5-(a).

e In D = [0,1], blocks 1220 and 1221 in Figure 6-(a) are derived from the equal sized
inner neighbor 122 in Figure 5-(a).

The smaller sized outer neighbors of block 120 in Figure 5-(a) are shown as follows by using

equations (23), (24), and (25) in Voros’s strategy [13].

e In D = [1,0], blocks 0311 and 0313 in Figure 6-(a) are derived from the equal sized
outer neighbor 031 in Figure 5-(a).
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Figure 6: Another representation of Example 2: (a) casel; (b) case2; (c) case 3; (d) case 4.

e In D = [0,1], blocks 1022 and 1023 in Figure 6-(a) are derived from the equal sized
outer neighbor 102 in Figure 5-(a).

But the smaller sized inner or outer neighbors in the diagonal directions are ignored in
Voros’s strategy [13]. We add some equations to find them which are shown as follows.

The smaller sized inner neighbors at the (n + k)th level in the diagonal direction are all

the nodes ‘N,i = 1,2,...,2*%, with the following binary locational codes derived from the
code (xq, Yo, T1, Y1, - - - > Tn, Yn) Of the equal sized inner neighbors around the query block ,
ie.,

zN = (EO: goa ila gla . -Ena gn’ in—l—l? gn+17 in—l—?’ Qn+27 e §n+k)7 gn+k)7 (23)
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Tpyn = comp(an), y, ., =comp(yn), h=1 (39)

For example, block 120 in Figure 6-(a) has an smaller sized inner neighbor 1230 in the
diagonal direction which is derived from the equal sized inner neighbor 123 in the diagonal
direction (in Figure 5-(a)) by using equations (38) and (39).

For the smaller sized outer neighbors at the (n + k)th level in the diagonal direction, it

can be classified into three cases.

1. z-outer neighbor’s (along x-axis) smaller sized y-inner neighbor which is along y-axis,

e.g., block 0331 in Figure 6-(a).

2. y-outer neighbor’s (along y-axis) smaller sized x-inner neighbor which is along z-axis,

e.g., block 1032 in Figure 6-(a).

3. z-outer neighbor’s (along z-axis) smaller sized y-outer neighbor which is along y-axis
or y-outer neighbor’s (along y-axis) z-outer smaller sized neighbor which is along

z-axis, e.g., block 0133 in Figure 6-(a).

First, let’s consider the case of x-outer neighbor’s (along z-axis) smaller sized y-inner
neighbor which is along y-axis. Its binary locational code ({z;,y.}, 0 < i < n+k) is
derived from the code (29, Yo, Z1,¥1,--. , Tn, Yn) of the equal sized z-outer neighbor around

the query block where

ry=wj Y, =y, 0<j<n-—1 (40)

Ly = Tn, gn = COmp(yn)a Lpth = Tny yn+h = Yn, h > 1. (41)

Second, let’s consider the case of y-outer neighbor’s (along y-axis) smaller sized z-inner
neighbor which is along z-axis. Its binary locational code ({z;,y.}, 0 < i < n+k) is
derived from the code (zg, yo, 1, Y1, - - - , Tn, Yn) of the equal sized y-outer neighbor around

the query block where

13



z, = COmp(xn)a Y =Yn, ZLpip = Tn, QnJrh =Yn, h=>1 (43)

T

Third, let’s consider the case of z-outer neighbor’s (along x-axis) smaller sized y-outer
neighbor which is along y-axis , or y-outer neighbor’s (along y-axis) smaller sized x-outer
neighbor which is along z-axis. Its binary locational code ({z;y}, 0 < i < n+k) is
derived from the code of the equal sized z-outer neighbor’s (along x-axis) y-outer neighbor
which is along y-axis. Its code also can be derived from the code of the equal sized y-
outer neighbor’s (along y-axis) x-outer neighbor which is along z-axis. Assume the code of
equal sized outer neighbor is (xg, yo, T1, Y1, - - - , Tn, Yn), the equations between these code

are shown as follows.

Lpth = Tn, gn_i_h =Yn, h=>1 (45)

For example, block 120 in Figure 6-(a) has three smaller sized outer neighbors, including
block 0331 which is derived from the equal sized outer neighbor 031 by using equations
(40) and (41), block 1032 which is derived from the equal sized outer neighbor 102 by
using equations (42) and (43), and block 0133 which is derived from the equal sized outer
neighbor 013 by using equations (44) and (45).

Next, we illustrate how to use these equations (7) — (45) for different sized neighbors
finding of blo ck 022, block 323, block 222 shown in Figure 5-(b), (c), (d), and Figure 6-(b),

(c), (d), which are the degenerated cases since some neighbors cannot be found.

e Example 1.For neighbor finding of block 022 in Figure 5-(b) and Figure 6-(b), its
binary form of the locational code is: (zo, Yo, 1, Y1, Z2,y2) = (0,0,0,1,0,1).

1. Equal sized inner neighbors in D = [1,0] (along x-azis) and in D = [0,1] (along
Y-aris):
Based on Voros’s strategy [13], we can obtain two inner neighbors: (0,0,0,1,1*, 1)

(023) in D = [1,0] and (0,0,0,1,0,0%) = (020) in D = [0,1].

2. Equal sized outer neighbors in D = [1,0] and in D = [0, 1]:
Based on Voros’s strategy [13], there exists no outer neighbor in D = [1, 0] and
exists one outer neighbor (0,1*,0,0% 0,0*) = (200) in D = [0, 1].

14



3. FEqual sized inner neighbors in the diagonal direction:
According to equations (7), (8), (27), and (28), we can obtain the inner neighbor
(0,0,0,1,1*,0*) = (021) in the diagonal direction.

The inner neighbors of block 022 is summarized as follows

direction binary form quaternary digits
D =1,0] 0,0,0,1,1%,1 023
D =10,1] 0,0,0,1,0,0* 020
Diagonal 0,0,0,1,1%,0* 021

4. Equal sized outer neighbors in the diagonal direction:
According to equation (11), the first outer neighbor does not exist, because k
(= 3) is greater than n (= 2). Following equations (15), (16), (17), (31), and
(32), the second outer neighbor (0,1*, 0,0 1% 0*) = (201) is obtained. But the

third outer neighbor does not exist, because h (= 3) is greater than n (= 2)
according to equation (33).

The outer neighbors of block 022 is summarized as follows

direction binary form quaternary digits
D =1,0] - -

D =10,1] 0,1%0,0%0,0* 200
Diagonal 0,1%,0,0*, 1% 0* 201

There are five equal sized neighbors around block 022 shown in the Figure 5-(b).

5. Larger sized outer neighbors:
Based on Voros’s strategy [13], there exists larger sized outer neighbors (2 0)

and (2) which are derived from the equal sized outer neighbor (2 0 0).

6. Smaller sized neighbors:

Based on Voros’s strategy [13], the smaller sized neighbors are shown as follows.

direction smaller sized neighbor the corresponding
equal sized neighbor
D =1,0] 0230 and 0232 023
D =10,1] 0202 and 0203 022
2000 and 2001 200
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From equations (38)—(45), the smaller sized neighbors in the diagonal direction

are shown as follows.

direction smaller sized neighbor the corresponding
equal sized neighbor
Diagonal 0212 021
2010 200

e Example 2. For neighbor finding of block 323 in Figure 5-(c) and Figure 6-(c), its

binary form of the locational code is (2o, Yo, T1,¥1, T2, 42) = (1,1,0,1,1,1).

1. Equal sized inner neighbors in D = [1,0] and in D = [0,1]:
Based on Voros’s strategy [13], we can obtain two inner neighbors: (1,1,0,1,0%,1) =

(322) in D =[1,0] and (1,1,0,1,1,0*) = (321) in D = [0, 1].

2. Equal sized outer neighbors in D = [1,0] and in D = [0, 1]:
Based on Voros’s strategy [13], there exists no outer neighbor in D = [0, 1] and

exists one outer neighbor (1,1,1*,1,0%,1) = (332) in D = [1,0].

3. Equal sized inner neighbors in the diagonal direction:
According to equations (7), (8), (27), and (28), we can obtain the inner neighbor
(1,1,0,1,0%,0") = (320) in the diagonal direction.

The inner neighbors of block 323 is summarized as follows

direction binary form quaternary digits
D =1,0] 1,1,0,1,0%,1 322
D =10,1] 1,1,0,1,1,0* 321
Diagonal 1,1,0,1,0% 0" 320

4. Equal sized outer neighbors in the diagonal direction:
According to equations (11), (12), (13), (29), and (30), the first outer neighbor
(1,1,1%,1,0%,0%) = (330) is obtained. According to equation (15), the second
outer neighbor does not exist, because k (= 3) is greater than n (= 2). But
the third outer neighbor does not exist, because k& (= 3) is greater than n (= 2)

according to equation (33).

The outer neighbors of block 323 is summarized as follows
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direction binary form quaternary digits

D =11,0] 11,151,071 332
D =0,1] ; _
Diagonal 1,1,1%,1,0%,0* 330

There are five equal sized neighbors around block 323 shown in the Figure 5-(c).

5. Larger sized outer neighbors:
Based on Voros’s strategy [13], there exists larger sized outer neighbors (3 3)

which is derived from the equal sized outer neighbor (3 3 2).

6. Smaller sized neighbors:

Based on Voros’s strategy [13], the smaller sized neighbors are shown as follows.

direction smaller sized neighbor the corresponding
equal sized neighbor
D =1,0] 3221 and 3223 322
3320 and 3322 332
D =10,1] 3212 and 3213 321

From equations (38)—(45), the smaller sized neighbors in the diagonal direction

are shown as follows.

direction smaller sized neighbor the corresponding
equal sized neighbor
Diagonal 3302 332
3203 320

e Example 3. For neighbor finding of block (222) in Figure 5-(d) and Figure 6-(d),
its binary form of the locational code is (o, yo, 1, y1, T2, y2) = (0,1,0,1,0,1).

1. Equal sized inner neighbors in D = [1,0] and in D = [0, 1]:
Based on Voros’s strategy [13], we can obtain two inner neighbors: (0,1,0,1,1*/1) =

(223) in D = [1,0] and (0,1,0,1,0,0%) = (220) in D = [0, 1].

2. Equal sized outer neighbors in D = [1,0] and in D = [0, 1]:
Based on Voros’s strategy [13], there exists no outer neighbors in D = [0, 1] and

in D =[1,0].
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3. FEqual sized inner neighbors in the diagonal direction:
According to equations (7), (8), (27), and (28), we can obtain the inner neighbor
(0,1,0,1,1*,0*) = (221) in the diagonal direction.

The inner neighbors of block 222 is summarized as follows

direction binary form quaternary digits
D =1,0] 0,1,0,1,1%,1 223
D =10,1] 0,1,0,1,0,0* 220
Diagonal 0,1,0,1,1%,0* 221

4. Equal sized outer neighbors in the diagonal direction:
According to equation (11), the first outer neighbor does not exist, because k
(= 3) is greater than n (= 2). According to equation (15), the second outer
neighbor does not exist, because k (= 3) is greater than n (= 2). But the third
outer neighbor does not exist either, because h (= 3) and k£ (= 3) are both
greater than n (= 2) according to equation (33). So, there are three equal sized

neighbors, only the inner neighbors, around block 222 shown in Figure 5-(d).

5. Larger sized outer neighbors:

Based on Voros’s strategy [13], there exists no larger sized outer neighbor.

6. Smaller sized neighbors:

Based on Voros’s strategy [13], the smaller sized neighbors are shown as follows.

direction smaller sized neighbor the corresponding
equal sized neighbor

D =1,0] 2230 and 2232 223

D =10,1] 2202 and 2203 220

From equations (38)—(45), the smaller sized neighbors in the diagonal direction

are shown as follows.

direction smaller sized neighbor the corresponding
equal sized neighbor
Diagonal 2212 221
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5 Conclusion

The strategy of neighbor finding has been proposed by Jozef Voros [13] to obtain the
inner and outer neighbors in the quadtrees. However, missing cases would happen when
the nearest neighbors locate in the diagonal direction and they can not be found by Voros’s
strategy. In this paper, we have shown such a case and have provided an answer to solve

the missing case.
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