† ‡

Abstract system

intersect adjacent contain s s join and select.

B^+

k nk k-

intersect and contain intersection

k-dimensional k I_{0 1} I_{k-1} I_i i kdirections.

and examples:

and .

k-

follows:

(1) : n k nk 1 1 2,

y_2 k k- nk-

dimensionality.

B^{+ +} k (2) k

(3)

*

. . . . . . . . . . . binary-trees . . . . . . . . . . . B-trees . . . . . . . . . . . Hashing . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . .

kd-trees [Ben75]

k-d-b-trees [Rob81] Quad-tree

EXCELL [Tam82a]

-1983

. . . . . . . . . . . . . . . . .

mkdtrees [MHN84]

R-trees [Gut84]

Grid-files [NHS84] Packed R-trees [RoL84]

1984

. . . . . . . . . . . . . . . .

multi

[WhK85]

4d-trees [Ros85]

1985

. . . . . . . . . . . . . . . . .

4d-trees [BaK85]

Z-ordering [Ore86]

1986

. . . . . . . . . . . . . . . . . . skd-trees [OMS87]

R^+-trees [SRF87]

1987

BANG files [Fre87]

. . . . . . . . . . . . . . . . .

Cell-trees [Gun88]

PLOP Hashing [SeK88]

Multi

[SiW88]

[HSW88a]

1988

. . . . . . . . . . . . . . . . .

Greene’s [Gre89]

LSD-trees [HSW89b]

1989

. . . . . . . . . . . . . . . . . . .

GBD-trees [OhS90] hB-trees [LoB90]

BD-trees [OhS83]

R^*- trees [BKS90]

Buddytrees [SeK90]

R-files [HSW90] GGF [BIM90]

1990

. . . . . . . . . . . . . . . . . . . . . . DOT [FaR91]

1991

Overlapping

Non-Overlapping Transformation

Indexing

efficiency.

The kd-tree

k P LOSON(P) HISON(P) P jth jth LOSON(P) jth P jth HISON(P) P

x-axis) discriminator

B y-axis)

C D x-axis)

(a)

(100,100)

(0,0)

•A(40,60)

• B(10,75)

•C(25,15)

•D(30,90)

• E(70,20)

•F(80,70)

(b)

Q Q replace Q i Q ith ith

11 12 13 1

• • • • • •

•

• •

• • • •

• • • •

• •

• • •

s_{21}

s_{22} s_1 s_2

s_{11}

s_{12} s_{13}

12 (s_{13 13} (s_{12 11 12 13}.

2k coordinates. k m m*kcomparisons.

The m m k

(a)

(b)

3 1 and 3 2

ext

NIL

1 2 1 2

1 2 1 2

1 ≤ qx_{2 2} ≥ qx_{1 1} ≤ qy_{2 2} ≥ qy_1,

a

b c d e query region l

disc = x1 disc-value = l

1 1 1 discriminator value_1

2

1, x_{2 1 2} disc_value_{2 1 2 2}

2

k HISON and LOSON

LOSON HISON

LOSON HISON

discriminator LOSON (max_{LOSON} the LOSON HISON(min_{HISON} HISONsubspace.

min-range and max-range_{LOSON} and min_{HISON} bound k

marginal.

min_{HISON} or max_{LOSON}

within and contain

necessary.

(x, x x5)

(y, y y y y,y y y12)

(x, x x x x, x x y, y y y x, x x8]

[y, y y y, y y x x

r5 r6 p5 r7 p6 p7 r1 r3 p1 p4

(a)

r1 • p1 r2

p2 •

• p3

• p4 r3 r4

p11 •

r5

p5 • r6 r7

• p6 r8 • p7

• p8

• p9

• p10 r9 x=x6_. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

x=x7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

x=x5

y=y8 y=y9

. . . . . . . . . . . . .

x=x1

y=y7

x=x3

. . . . . . . . . . . . . . . . . . . . . x=x2 y=y6

y=y1

. . . . . . . . . . . . . . . . . . . . . x=x4 y=y11

y=y10 y=y12

. . . . . .

x=x8

y=y3 y=y4 y=y5

y=y2

(b)

(DZ) expression < "≥

+

+ 1 2 1 2

k- nk

B^+ +

+-trees.

object-identifier

child-pointer

ith ith

R1 R2

R3 R4 R5 R6 R7 R8

r1 p1 p4 r5 r6 p5 r7 p7 p6 r2 r3 p2 p3 r4 p11 r9 r8 p8 p9 p10

(a)

r1 • p1 r2 p2 •

• p3

• p4 r3 r4 p11 •

r5

p5 • r6 r7

• p6 r8 • p7

• p8

• p9 • p10 r9

R3 R6

R7

R4 R5 R8

R1 R2

(b)

2 +

*-Tree

*-tree. *

*

≤ k ≤ M–2m+2)

p

*

*

efficiency.

M M

M nearest because:

A and B

b a b rectangle a

node BR a b

+-Tree +

+

+

R1 R2

R3 R4 R5 R6 R7 R8 R9R10

r1 p1 p4 r3 r5 p6 p5 r7 r8 p6 p7 r2 r3 p2 p3 p11 r4 r8 r9 r8 p8 p9 p10

(a)^+-tree

r1 • p1 r2 p2 •

• p3

• p4 r3 r4 p11 •

r5

p5 • r6 r7

• p6 r8 • p7

• p8

• p9 • p10 r9

R3

R4

R7 R8

R5 R6 R9

R10

R1 R2

(b) +-tree p7 + r8. R5 and R8 + through R6, R9 R10

(a)

(b)

Notation:

+-trees

+-tree

+-tree M

+ + +

X

X +

[Ooi90].

cell

tree +

h g_2 g_1 f e d c b_2 b_1 a

+

k

The k linear scales k-dimensional directory

k kk one-dimensional k k k .

• • •

• • • •

• •

•

• scales

, m

array, dir

3 × y_1 × z_2 dir

k-1 k-1)-dimensional

z_2 z_1 x_1 x_2 x_3 s y_1 y_2 y_3

the neighbor buddy

A

k

boundary s y_1 and y_2 s

k k nk

), cx,cy

x=y x_1, x_2, y_1, y_2 ),

cx- dx≤ qcx+ qdxand cx+ dx≥ qcx- qdxand cy- dy≤ qcy+ qdyand cy+ dy≥ qcy- qdy.

udx

). udx and udy )

MAX( 2 qx1 < x < MIN( 2 gx+qx2

MAX( 2 qy1 < y < MIN( 2 gy+qy2

k k-dimensional k

y

x a b c d

e f

g h q qcy

qcx

dx

cx qcx • a_• b • c^• d

• e_• f^• g

• h

qcx-qdx qdx

qcx+qdx udx dy

cy qcy • a • b_• c^• d • e • f • g • h

qcy-qdy qcy-qdy

qcy+qdy udy query region

qx1 qx2

0 gx qx1/2 qy1 qy2

0 gy

qx1-udx qx2+udx

region

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

nk

(GGF) +

. . . . . . . . . . . . . .

. . . . . . .

. . . . . . . . . . . . . .

. . . . . . . • 1 • 2

• 3 (a)

• •

o o

7 •

(b)

• •

o o

•

(c) • o

efficient.

r1 • p1_. . . . r2 p2 •

• p3

• p4 r3 r4 p11 •

r5 p5 • r6 r7

• p6 r8 • p7

• p8

• p9 • p10

. . . . . . r9

PLOP-Hashing

k k k k k i k

k k

k h ( > k’

k ≡ k 4*5^{m− h} k 3*5^{m− h} k 2*5^{m− h} k 5^{m− h}

if if if if

Here m than h^m

49

+

+

k k m × 2^m

1 2 1 2

element

n_i dimension i n_x n_y n_x and n_y k

native space parameter k k-dimensional n nk linearized.

k a nk k r, l r l

r l l + r r +2^{l − 1} r, l

S R_1 R_1 R_2,

R_2 R_1 R_2 being nested or enclosed within R_1 R_1 S – S_2 S_2 R_2

R_2

R_1

(1)

(2)

1,2 3,2 2,2 0,2 0,0 r,l r+2^0 r

56

(3)

+

experiments. * +

+ * +

objects.

R_{+ *}

* +-trees + * +

+

Spatial systems.

systems, (1990).

system. (1986).

indices.

Organisation

Data *

(1990).

searching. ACM

applications.

Engineering

(1984).

,

,

(1983).

Computing

(1979).

Proc.

,

methods.

(1987).

(1989).

ACM

objects.

(1989).

balancing. ,

(1891).

(1983).

experience.

Technology ,

,

Engineering [Jag90a]

Engineering

systems.

Optimizing

retrieval.

Databases

Proc.

Engineering , (1991).

systems. ,

Proc.

Engineering

Systems

Processing

,

, data.

structures. ± structures.

bases.

Congress

.

1990).

,

Systems

system. ,

Data

14

,

(1982).

Databases (1993).

trees.

(1995). ,

systems.

,

CAD-4 ,

Data

ACM .

Bases

+ ,

data.

BIT 22 organisations. 24

Proc.

Systems