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ABSTRACT

We propose a new index mechanism called Ladex ( Lattice index) that supports all kinds of spatial object
retrieval efficiently. Ladex organizes spatial objects with respect to their position and extension in’'the data
space, it is an innovative spatial index structure that can be utilized in rapidly retrieving objects in a region
with arbitrary shape or on certain focation. In a sense, Ladex outperforms R-tree and its variants, it has a
lot of extra advantages of which the other index structures lack. Ladex is a promising index structure for
the future. In this paper, the structure of Ladex is described in detail. The search,insertion, deletion and
modification algorithms of Ladex are presented, some implementation issues are also discussed in detail.
Finally, the performance analyses and experimental results of Ladex are provided.

1

Introduction

Modern database management systems have been
widely used in many applications, including: Geo-
graphic Information System (GIS) [Monehouse,
1992; Medeiros, 1994 ]; Cartography [ White,
19817]; Computer-Aided Design (CAD) [Ouster-
hout, 1984 7]; City planning [ Monehouse, 1992;
Medeiros,19947]; Real estate managing[Medeiros,
19947, etc. In the aforementioned applications,
there exist a large quantity of graphic/image enti-
ties,each of them has its own geometric form and
size, that is to say, every one of them has position
and extension in data space. In this paper,we call
these entities spatial objects. A lot of spatial
queries may arise in the above applications. The
best way improving spatial search/retrieval speed
is to construct an efficient index mechanism suit-
able for spatial operations. In the past decade sev-
eral spatial access approaches have been proposed.
A resent survey can be found in[Lu, 19937, Quad-
tree[Aref, 19917, Grid-file[Hinrichs,1983] and R-
tree [ Guttman, 19847 are typical spatial index
structures. The structure of quad-tree is simple, it
lacks flexibility in partition operation on itself
[Aref, 1991 ], however it suits the needs of de-
scribing the single object’s extension in space,
though it does not support the search of objects in
a specific area. The Grid-file structure is originally
established for point query [ Hinrichs, 1983]. R-
tree [ Guttman, 1984 7] and its variants (Rt-tree
[Faloutsos, 1987 ], R *-tree [ Bechmann, 1990] and
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Hilbert R-tree [ Ibrahim, 19947 , etc. ) support
spatial range query, they are based on multidimen-
sional non-linear index techniques. However, R-
tree-based index mechanisms have a lot of draw-
backs. First,as the structure of R-tree-based index
modified dynamically, the performance would de-
crease significantly, and reorganization of the in-
dex structure is indispensable. Second, R-tree-
based index structures do not adapt to irregular
range quety. Another disadvantage is that they
support no control of query precision level.

The main idea in this paper is to present an innova-
tive index method called Ladex (stands for lattice
index) , which supports spatial query efficiently,
especially irregular range query at various preci-
sion levels. The remainder of the paper is orga-
nized as follows. Section 2 gives the structure of
Ladex. Section 3 describes fundamental operations
and algorithms for Ladex. Section 4 presents per-
formance analyses and experimental results. Sec-
tion 5 discusses the advantages of Ladex in detail.
Section 6 gives the conclusions and directions for
future research.

2 Structure of Ladex
2. 1 Basic Concepts

Ahead of description of the structure of lLadex,
some prerequisite concepts should be introduced.

* Spatial Index (Spldx):This is a carefully man-
aged data structure with the position and extension
features of spatial obje ts,and with object identi-
fiers and information used to locate the underlying
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objects in database.

+ Spatial Search/Query/Retrieval: This is a kind
of operation on spatial database, which return the
objects that satisfy a given query condition QC.
Usually,this operation is supported by Spatial In-
dex ( SpIdx) . A Spatial search operation can be
represent as OP(DB,QC,Spldx) , where DB is a
spatial object database.

* Point Search: This type of operation is to search
the objects that locate at or are near to a given
point in a specific data space[Ibrahim,1994]. This
type of operation is expressed by PointQ (DB,
PointC,Spldx).

* Line Search:. This type of operation is to search
the objects that locate at or are near to a given line
(such as straight line, polyline or even curve) in a
specific data space. This can be described as LineQ
(DB, LineC, Spldx).

* Region Search: This type of operation is to
search the objects that fall into or intersect with a
given area in a specific data space[ Ibrahim, 19947,
it can be denoted as RegionQ (DB, RegionC,
Spldx).

2. 2 Description of Ladex

The Ladex index mechanism we present here can
support point search, line search and region
search. The maijn idea for Ladex is to partition a
map into a lot of small blocks with equivalent size,
each small block can be used as a bucket,and every
object on a certain small block is stored in the cor-
responding bucket. In order to reach higher preci-
sion, each small block could be subdivided fur-
ther, this procedure could proceed until the small
block can not be partitioned any more. Different
partition levels correspond to different precision
levels. First level small block corresponds to first
level precision,and second to second, and so on.
Figure | is a map of MxN first level small blocks.
Suppose the origin of the coordinates is at the bot-
tom-left corner, a first level small block could be
represented as Block [k,j], 0<Ck <N, 0<(j<<M. A
lattice of MxN first level blocks on a map has
MxN buckets, the i-th bucket is represented as BK
[i],the relationship between a bucket and a block
is described as:

BK [i]«>Block[i div M ,i mod M ]
where 0<li{(MxN, <>/ is a symbol of one to one
relationship. Figure 2 demonstrates the case that a
point-shaped object,a line-shaped object and a re-
gion-shaped object take spaces on a lattice struc-
ture. Suppose the set of geographic objects in
bucket BK[i]is S BK[i]( 0<{i<CMxN). Ladex has
following characteristics :
(1) For any point-shaped object P Obj,,if it is in
bucket BK[i], then we have P Obj, €S BK[i];
(2) For any line-shaped object L Obj,, suppose the
set of buckets occupied by L Obj, is {kyskss...,
Ko} sif Vi€ {kyskss. .- skn), then we have L Obj,
€5 BK[i];
(3) For any region-shaped object R Obj,, suppose
the set of buckets overlapped by R Obj. is {ry,
Tyyevo st} yif Vi€ {r{s15,..., 1.} , then we have
R Obj, €S BK[i].
The data structure of Ladex is composed of an ar-
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ray of buckets and their corresponding linked
nodes ,this has been shown in figure 3.

In general, blocks can be subdivided at different
levels, in our inplementation, Ladex supports
three levels of subdivision which corresponds to
three levels of precision. At the second level,any
first level block Block[i,j] (0<{i<M, 0<(j<<N)can
be subdivided into M,xN, sub-blocks: Block, [i,,
12 104, <M, 0<{j,<IN,), where ‘2’ denotes sec-
ond level subdivision. At the third level, every
second level block

0 M—1

Figure ]:The lattice on a map
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Figure 2: The position and extensjon of
objects on a lattice

Block 2[i2yjz](0<iz<M2;O<jz<N2) , can be subdi-
vided into M;xN, points, further partition is for-
bidden. In consideration of efficiency,second and
third level blocks should not be organized as buck-
et structures. The spatial information of an object
in a second or third level block can be expressed by
a feature information field in a node of Ladex
structure. Following is the discussion of represen-
tation of feature information field.

A point-shaped object at the second level must be
on a second level small block which has a relative
block number within its first level block, so the
relative block number can be used as feature infor-
mation; and at the third level, that is the same
case. Therefore, the feature information of a
point-shaped object can be represented as "Second
fevel block number-+Third level block number”.

As for line-shaped objects, the feature information
is more complicated than that of point-shaped ob-
jects. Suppose a line-shaped object pass through m
secand level blocks (in a first level block of number
i),the blocks are in the set {L;,L;,...,L,} repre-
sented by Set,’. For V¥ jESet,?,Set,® represents the
set of third level blocks that the object overlaps in
the j-th second level t ock. Hence, in the i-th
bucket,the feature information of a line-shaped ob-
ject Obj, can be expressed by {L,.Set},,L;. Set,,
=+, Lm. Set},}, the above set is represent as Ob-
jx INFOy, including feature information of Obj, in
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the i-th bucket:

As for region-shaped objects,the blocks they over-
lap fall into two classes. The first class of blocks
are completely overlapped by the objects, we call
this class of blocks inner blocks. Another class of
blocks are partly occupied by the objects, we call
them edge blocks. In figure 4, the shaded blocks
are inner blocks. Obviously, there is no need to
subdivide inner blocks further. No feature infor-
mation are needed for inner objects. However,we
have to subdivide edge blocks further. The parti-
tion method of edge blocks and the extraction ap-
proach of feature information of the objects are the
same as that of line-shaped objects.

[obi- [4]

Bk[0] Objs
_Ek[-lj e a e

- G- 3o ]
«—«Lom’slﬁ Obj, ]q“'

Bk[i]
Bk[j]

-]

Figure 3:The basic structure of Ladex
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Figure 4:Inner and edge blocks of a
region-shaped object
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3 Operations and Algorithms for Ladex

Insertion, deletion, modification and search are
typical operations for Ladex, each of these opera-
tion can be discussed in three cases: Point case,
line case and region case. Every operation case has
a relevant algorithm.

3. 1 Insertion

This operation is to insert a new spatial object's in-
dex information in the Ladex structure. Let M xN,
be the i-th level partition (i€ {1,2,3}), and a,, b,
are the length and width of the i-th level block re-
spectively.

Point Insertion Algorithm .

Input: Point(x,y) and Spldx.

Output: Spldx with object identifier and feature
information of the point-shaped object inserted.
PIl. B;<=(y div by) * M|+ (x div a,);

X,<=x mod a;;

Y2 <=y mod by;

B,<=(y,div by) ¥ M+ (x, div a,);

X3<X, mod ass;

Y3y mod by;

PI2.
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B;<y; * a,+x33 (A third level block can not
be partitioned further)

If the identifier of Point (x,y)has been in the
bucket BK[B;] , then step to PI6,otherwise
allocate a new node and insert the identifier
and the feature information of Point(x,y) in-
to it ‘

Put the new node into the node list in the cor-
responding bucket.BK [B,] with feature infor-
mation "B,-+B,".

Return.

PI3.

PI4.

PI5.

PI16.

Line Insertion Algorithm :

Input: Line {(x;,¥;)s (Xg5¥2)s-++ s (Xns¥a)} and
Spldx.

Output: Spldx with the index information of the
line-shaped object inserted.

Suppose the points on the inputted line is not dis-
tributed sparsely, i.e., for ¥ i€ {1,2,...,n—1},
we have ‘X1“X1+1|<1 and |yi—yu |1

LIl. i<=l; :

LI2. If i=n-+1,then step to LI5;

LI3. Call the Point Insertion Algorithm with the
parameter Point (x;,y,);

i<i+1,g0 to step L12;

Return.

L14.
LI5.

Region Insertion Algorithm:

Input: Region {(xy,¥1) s (X3s¥2) 5.+
Spldx.

Output: Spldx with the index information of the
region-shaped object inserted.

A region can be described by its edge. Suppose the
points on the edge is dense, i. e., for Vi€ {1,

y (X,5¥,) ) and

2,...,n—2}, we have {x;—xy|<<land | yy—yi
|1, in addition,x,=x, and y;=y,, it is a closed
edge.

RIl. i<1;

RI2. If i=n, then step to RI5;

RI3. Call the Point Insertion Algorithm with the

parameter Point (x;,y,);

RI4. i<i+1, go to step RIZ;

RI5. Compute the set of inner blocks: {B,
Bzs... sB,}, represented as IN SET ;

RI6. If IN SET =, then go to step RI9;

RI7. Fetch an element B, in IN SET, insert its i-
dentifier and feature information in a new
node, and then put the node in the list relat-
ed to bucket BK[B,];

RIS8. IN_SETcIN_SET—~{B,) » jump to RIB;

RIY. Return.

3. 2 Deletion

In spatial databases, if an object has been deleted,
its information in spatial index should also be
deleted, so we can keep the consistency between
database and index structure.

Deletion Algorithm .

Suppose the object to be deleted is Obj,, and the
set of first level lattice blocks is B Set(Obj,).
Input. Obj, and Spldx.

Output: Spldx.

D1. Compute the set B Set(Obj,);
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D2.
D3.

If B Set(Obj,) =(7, then step to D5;

Fetch an element B,in B Set(Obj,) ,release the
node in the node list of the corresponding
bucket, i.e. , S BK[B,]<S BK[B,]— {Obj};

D4. B Set (Obj,) <=B Set (0bj,) — {B,}, jump to
D2;
Db5. Return.

3. 3 Modification

Modification is very simple, it comprises two suc-
cessive steps: Deletion and Insertion. In consider
of space, we omit its algorithm.

3. 4 Search

The search operations report the set of objects that
satisfy a given query condition or predicate with
the help of spatial index.

Point Search Algorithm .

Description: Retrieve objects near a given point in

space.

Input: Point(x,y),Spldx and query precision level

PL,, note PL, corresponds to the i-th level blocks (i

€{1,2,3}).

Output: The set R Set which contains all objects

that satisfy the ngen spatial condition.

PR1. Compute the block number B, according to
Point(x,y), and then get the feature infor-
mation B, and Bs(depends on PL;),R Set<=

o
If SBK[B,]J=(J, then step to PR5;

Fetch an object Obj. in S BK [B; ], compare
the feature information of Obj, with that of
Point (x,y) according to PL,, if they match,
then we do R Set<=R Set U {Obj,} ;

SBK [B,]<SBK [B,]— {Obj,}, jump to
PR2;

PR5. Return.

Line Search Algorithm .

PR 2.
PR 3.

PRA4.

Description: Retrieve objects on or near a given
line. .
Input: Line-shaped object Obj,, Spldx and preci-
sion level PL,GGi€ {1,2,3}).

Output: The set R_ Set which contains objects that
satisfy the given spatlal condition.

LR1. Compute block numbers and feature infor-
mation (according to PL,) of those blocks
overlapped by Obj,, and put the results in
the set B Set (Obj,),which has the format .
{B, INFO,, B, INFO,,..., B, INFO,},
where B, is the bucket number, and INFO,
stasnds for relevant feature information,
and then we do R Set<(J;

If B Set (Obj,)=(F, then step to LR8;
Fetch an element B, in B Set(0bj,);

If S BK[B,]=¢, then go to LR7;

Fetch an element Obj, in S BK [B, ],compare
the feature information of Obj, with that of
Obj, according to PL;, if they match, then
we do R Set<=R Set J{Obj,};

SBK [B,]<SBK [B,]— {Obj,}, jump to
LR4;

LR2.
LR3.
LRA4.
LR5.

LRS.
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LR7. BSet(0Obj,) <B Set (Obj,) — {B,}, jump to
LR2;
LR8. Return.

Region Search Algorithm .

Description: Retrieve objects contained in or inter-
sect with a given region.

Input. Region-shaped object Obj,,Spldx and preci-
sion level PL,(i€ {1,2,3)}).

Output: The set R Set which includes objects that
satisfy the given spatial condition.

RR 1. Compute block numbers. and feature infor-
mation (according to PL;) of the inner/edge
blocks overlapped by Obj,, and put the re-
sults in inner block set IN Set/edge block
set B Set, R Set<=(J;

RR2. If B Set (Obj,) =¥, then step to RR8;

RR3. Fetch an element B, in B Set(Obj.);

RR4. If S BK[B,]=&, then jump to RR7;

RR5. Fetch an element Obj, in S BK [B,],compare

: the feature infor mationof Ob]y with that of
Obj, according to PL;,if they match,we do R
Set<=R Set |J {Obj, };

RR6. S BK[B,J<S BK[B,]—{Obj,} ,g0 to RR4;

RR7. B Set(Obj,)<B Set (Obj,) — {B,},jump to
RR2;

RR8. If IN Set=(F, then step to RR10;

RRY. Fetch an element Bjin IN Set,R Set<= R Set

US BK[ B;] , IN Set<IN Set—{B,}, jump
to RR8
RR10. Return.

4 Performance Analyses and Results
4.1 Time and Space Complexity

Time Complexity: In this paper, we only analyze
the time complexities of Point Insertion, Line In-
sertion and Line Search algorithms.

(1) Point Insertion

The complexity of this algorithm occurs in the
computation of buckets and its feature informa-
tion. Suppose a division and a module can be
counted as a multiplication operation respectively.
From step PI1, PI2 and PI3 ,we can see that only
11 multiplications are needed even if the given
query condition is at the highest precision level. A
few of comparing operations exist in step PI4.
Usually, every bucket has less than 20 objects,
then average is not larger then 10. So, in most
cases, there are 10 comparisons at most in this
step. Let a multiplication time be T,,, and a com-
parison time be T., the time complexity of Point
Search algorithm could be expressed by the formu-
la; PT = 11T,, + 10T,. Obviously, PT is very
small, therefore, this algorithm is very quick.

(2) Line Insertion

From step LI3 in this algorithm, we can see, a
point insertion time ( PT ) is needed here. For
there exists n points, so the time for this algo-
rithm is: LT=n*PT, j.e., LT=1ln*T,+10n
* T, If we use PT as measure, the time complexi-
ty of this algorithm is O(n)

(3) Line Search
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The time consumed in step LR1 is evidently not
great than LT. Let T, be the time needed for a
comparison related to precision control. In fact, in
application, the average number of objects a buck-
et holds is not great than 10,so,from step LR5,the
time spent here is not more than 10 T.. Let the el-
ement number of B Set ( Obj,) at.step LRI be m
initially. the time for this algorithm can be evalu-
ated as follow; LRT =LT +m % 10 ¥ T,=n * PT
+ 10m * T. If the query precision is at first level,
then T..=0, in this situation, the time complexity
is only 0(n) . Obviously,m<{MxN ,usually,m<C
<Zn and T,<PT, so the time complexity of this
algorithm is O (n).

Space Complexity: From figure 3,we can see that
Ladex must keep a table with MxN buckets and
many a lot of lists that vary in length. Hence,
Ladex structure needs a lot of storage space. How-
ever,because only the object identifier and its fea-
ture information are stored in the structure, the
storage needed by Ladex is significantly less then
that occupied by the large scale database itself. In
a sense, the storage overhead of Ladex can be ig-
nored in most applications.

4. 2 Experimental Results

Ladex is established on Map Databse Management
System MDB funded by Chinese Electronic Indus-
try Ministry. In MDB, users can define, store, ac-
cess and edit conventional data and complex spatial
data in a uniform format. Conventional data and
complex spatial data are tightly coupled at physical
level. We integrate Ladex with B"-tree (An im-
ptoved Bt-tree) in MDB, and the goal of quick
spatial retrieval is achieved successfully. The fol-
lowing is the performance evaluation approach.

The resolution of the tested maps is 10240x10240
in pixel. In fact, in many applications,a data space
with resolution of 10240x10240 in pixel has less
then 10000 objects. We designed a tool automati-
cally generate 100 maps with 100 geographic ob-
jects, 100 maps with 1000, 100 maps with 5000
and 100 maps with 5000 geographic objects respec-
tively. Each map has different number of point-
shaped objects (such as bridges and towers), dif-
ferent number of line-shaped objects (railways,
roads and so on) and different number of region-
shaped objects (such as plant fields and residential
areas ). Every spatial object contain multiple con-
ventional attributes (such as order number, longi-
tude,latitude, etc. ), the average is about 12. The
Evaluation indices are as follows (excluding the
drawing time):

(1) Tqi: Average time retrieving all objects in a
whole map.

(2) Tqy: Average time retrieving all objects in a
region with arbitrary shape that takes one quarter
of a map in size.

(3) Tqy3: Average time retrieving one object in a
map- '

(4) Tc: Average time creating Ladex for a whole
map.
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(5) Tpy: Average time deleting Ladex for a com-
plete map.

(6) Tpy: Average time deleting index information
of all objects in a region with arbitrary shape that
occupy a quarter of a map in size.

(7) Tps: Average time deleting one object's index
information in Ladex.

Table 1 shows the experimental results at the 2nd
precision level in a CompaQ 486/33 personal com-
puter. From the results,we can see that most of
the performance indices are ideal, especially the
performance for search operation. This implies
that Ladex meets the needs of quick interactive
spatial query.

5 Advantages of Ladex

Ladex is a new spatial index mechanism quite dif-
ferent from RV-tree. it has the following advan-
tages : , '

(1) The number of buckets is fixed,the structure
is simple and operation algorithms are efficient;
(2) Can manage spatial objects with irregular
shape; :

(3) Support various query types,and the query
range can be non-rectangle in shape. For instance,
retrieval of all towns with 15 kilometers along a
road (see figure 5) and search of all plant areas be-
tween 200 and 250 meters of altitude (refer to fig-
ure 6).

. . 100 | 1000 | 5000 { 10000
Operations | Indices objects | objects | objects | objects
To 0. 80 2. 52 5. 40 9.20

Search Ta2 0.42 | 1.21 | 2.50 | 4.70
T3 0.10 0.13 0. 14 0.18

Insertion Te 5.23 58.67 | 311.38 | 5695. 40
To 0.46 | 1.07 | 1.52 | 1.95

Deletion To2 2.28 3.35 5. 44 7.29
Tos 0.12 0. 14 0. 16 0.19

Table 1. Performance Indices (in second)

Figure 5;: a line query Figure 6: a region query
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(4) Can control query precision level. Different
applications require different precisions. For ex-
ample, in a military GIS system, accurate results
are often needed ;In an interactive tour information
system, user can give a query condition on a touch
screen with his or her finger. In this case, the
quety precision level at the first or second level is
enough ,therefore further computation is omitted,
so the performance is improved.

6 Conclusions

Ladex is a new spatial index mechanism, it sup-
ports index of spatial objects in irregular shape,
and can control query precisjion level. The struc-
ture is simple. The fundamental algorithms are of
high performance. We integrated Ladex with B"-
tree to improve the efficiency of spatial retrieval.
In our Map Database Management System MDB,
Ladex has changed the query format significantly.
Users do not need to master complex SQL
database language, they can use mouse to select
objects or draw a query range in arbitrary shape on
the screen, and immediately get the information of
the desired objects. If users operate through touch
screen, they can get what they want with their fin-
gers. This is really " What you want, what you
get” without any ad hoc language.

Future work could focus on: (1) In application,
find an approach to determine the optimal number
of the first level blocks; (2) Study the relationship
between the number of partition levels and spatial
search efficiency; (3)Find a better way to expres
feature information; (4) Extend Ladex mechanism
to 3 and above dimensional space.

References

Aref, W. G., and Samet, H., 199].
strategies for spatial query precessing. Proc.
VLDB, pp. 81—50.

Optimization
of

835

Beckmann,N. , Kriegel,H. P. ,Schneider, R. ,and
Seeger,B. ,1990. The R *-tree: an efficent and ro-
bust access method for points and rectangles. ACM
SIGMOD, pp. 322—331.

Faloutsos,C. , Sellis,T. ,Roussopoulos,N. ,1987.
The RY-tree: A dynamic Index for Multi-Dimen-
sional Objects ,Proc. of the 13th VLDB conf. , pp.
507—518.

Guttman, A., 1984, R-trees: a dynamic index
structure for spatial searching. Proc. ACM SIG-
MOD,DD- 47—57.

Hinrichs ,K., and Nievergelt,J. , 1983. The grid-
file: a data structure to support proximity queries
on spatial objects. Proc. of the WG 83 pp. 100—
113.

Ibrahim, K., and Christos, F., 1994, Hilbert R~
tree: An Improved R-tree Using Fractals,Proc. of
the 20th VLDB Conf. pp. 500—509.

Lu,H., and Ooi,B. C., 1993. Spatial Indexing:
Past and future. IEEE D .ta Engineering ,16(3):16
—21.

Medeiros,C. B. , and Pires,F. ,1994. Database for
GIS,In SIGMOD Record.

Monehouse,S. ,1992. The ARC/INFO Geographic
Information System, Computers and Geosciences:
An international Journal,18(4).

Ousterhout,J. K. , Hamachi,G. T. ,Mayo, R. N.,
Scott ’ W. S. 9and Taylor, G. S. 3y 198/1- MaglC: A
VLSI Layout System. In 21st Design Automation
Conference,pages 152—159, Alburquerque ,NM.

White,M. ,1981. N-trees:Latge Ordered Indexes
for Multi-Dimensional Space. Application Mathe-
matics Research Staff, Statistical Research Divi-
sion, U.S. Bureau of the Census.

International Archives of Photogrammetry and Remote Sensing. Vol. XXXI, Part B3. Vienna 1996



