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Abstract For the target of map information sharability and consistency under distributed environ-
ment, we address a framework for managing multi-levels road networks in distributed environment. Our
framework is very powerful to integrate spatial datasets of multi-levels by using inheritance and overlay
functions. However, the topological relations among road segments should be computed ”on the fly”. In this
paper, we extend 9-intersection model for this computing.
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1 Introduction

Though there is too much map information on Inter-
net, it cannot be said that users could get the latest
map information about desired themes and regions
at desired or proper scale whenever and wherever.
This is because most of the maps on Internet are
created for specific themes based on many source
datasets. Once they have been generated, they are
static due to the fact that keeping information in the
generated map consistent with the version of those
source datasets is a difficult problem to solve when
the maps are not regenerated based on the updated
source datasets immediately. To solve this problem,
we proposed a Multi-level / Multi-theme (A?) map
information model [1][2] to instantly maintain maps
in consistency with original source datasets under
distributed environment. Under this model, there is
no overlap among the datasets, and inheritance and
overlay functions are introduced to generate maps
dynamically. All these funtions are based on the
coordinates of spatial objects, the topological rela-
tions among spatial objects may be also changed
after these functions. In this paper, we address a
method for computing topological relations among
road segments by “on the fly” under our model.

Topological relations are spatial relations that
are preserved under such transformations as rota-
tion, scaling, and rubber sheeting [3], including ad-
jacency, overlapping, disjointness and inclusion, and
constitute an important class of spatial relations.
A formalization of topological relations has been
investigated based on the point-set topology. 9-
intersection model [4] is regarded as the most com-
prehensive model for determining topological spa-
tial relations between candidate pairs so far. In the
model, the topological relations between two objects
A and B are defined in terms of the intersections of
A’s interior, boundary and exterior with B’s inte-
rior, boundary and exterior. The exterior of an ob-
ject is represented by its complement. This model
has been used or extended to examine the possi-
ble topological relations between areas in discrete
space, for modelling conceptual neighborhoods of
topological line-area relations and so on. These in-
vestigations have contributed to the development of
state of the art.

However, 9-intersection model has imperfec-
tions: the exterior (defined as the complement),
boundary and interior of A (or B) are linearly de-
pendent. Therefore, there is one-degree redundancy
in the model. To improve this situation, Chen,
et al.[5] presented a Voronoi-based 9-intersection

model which replaces the complements of spatial
objects by their Voronoi regions. Additional rela-
tions can be distinguished in comparison with the
old one in a 2-dimensional (2-D) space. And also
there is imperfection in 9-intersection model when
we compute the topological relations between ob-
jects in our M? model. As the map objects are
not all in 2-D space, in this paper we extend 9-
intersection model by replacing the complements of
spatial objects with their non-2-D features.

This paper is organized as follows. The frame-
work for managing multi-levels road networks under
distributed environment is presented in Section 2.
Extended 9-intersection model for computing topo-
logical relations among road segments by “on the
fly” is proposed in Section 3. Section 4 shows the
prototype sytem, and our conclusion is given in Sec-
tion 5.

2 Framework

2.1 M? map information model

The guideline that one map object is stored only
into one corresponding dataset is the starting point
of M? map information model. M2 model (the def-
inition in UML is given in Figure 1) gives a di-
vision method for countrywide map information.
The model is formalized as two kinds of hierar-
chies: one is a directory tree, which is obtained
by recursively decomposing map regions into a se-
quence of increasingly finer tessellations; and an-
other is a theme tree, which consists of multi-level
theme map datasets of regions, corresponding to
the directory tree. As every map object is as-
signed to one corresponding dataset (“Section” in
Figure 1), there is no overlap among these datasets:
for a particular requirement, map information can
be prepared dynamically by using generation func-
tions. For instance, city-roads inside a city are
stored in a city-level dataset, prefecture-roads inside
a prefecture are stored in a prefecture-level dataset
and country-roads are in a country-level dataset;
to generate a city-level road map, we can combine
the information of country and prefecture roads in-
side the corresponding regions managed in conutry-
level and prefecture-level datasets with the city-level
datasets.

2.2 Representation of road network

For road management, the management organiza-
tions are exactly corresponding to the region divi-
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M ? Map Conceptual Model in UML
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Figure 1: M? map information model in UML

sions in the hierarchy. The country-wide highways
and country roads are managed by country-level or-
ganizations, prefecture roads are managed by orga-
nizations in every prefecture, and so on. Therefore,
the levels of hierarchy can also be regarded as the
important degrees of roads. Certainly, the impor-
tant degrees of roads are not corresponded to kinds
of roads absolutely: e.g., the highways inside a city
may be managed by an organization of that city,
and are regarded as city-level roads.

Clevdl ————
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Figure 2:
multi-levels

Schema diagram for road-datasets in

Though the road network is managed in multi-
ple levels, road segments are represented by nodes
and links in every level. Figure 2 shows the schema
diagram of road theme in two levels. There are two
kinds of nodes: real node and virtual node. A real
node is a spatial entity in M2 model with point ge-

ometry and non-2-D feature and describes a point
in the road network where traffic conditions change:
e.g., a crossroad, a traffic circle, a toll, a dead end,
an intersection with boundary line, or a point where
some values of road attributes change. A node can
delimit several road fragments; and each road frag-
ment has only one begin-node and only one end-
node. A virtual node is an object in the lower level
without any of attribute values, but points out the
corresponding real node in the upper level. To ac-
cess a virtual node is actually to access a real node
in the upper level. The definition of real and virtual
nodes reduces the representation redundancy in the
model.

The non-2-D features of node and link are used
to signal the overpass, regular (on the ground) or
underground feature of them by using an integer
value. The feature of a regular node is 0, a node on
the first level overpass is 1, on the second is 2, and
on the undergrounds are minus ones. For a link,
the non-2-D feature represents the road segment is
overpass or underground.

3 Topological Relations

In M? model, to find out the topological relations
between roads is corresponded to finding the logi-
cal relations between point-line and line-line. This
is because all the road segments are represented by
nodes (point in geometry) and links (line in geome-
try). At first we introduce 9-intersection method [5]
for computing topological relations between point-
line and line-line. However, only by 9-intersection
method, we cannot compute out all the topological
relations between objects with non-2-D feature di-
rectly. Therefore, we extend 9-intersection method.

3.1 Spatial relations defined by 9-
intersection method

[Definition 9-intersection method)

Suppose A and B are two sets representing two
entities. Then, the spatial relations between A and
B can be described by values of 9-tuples as follows:

A'NBY A°NHB AN B-
Ro(a,b) = | BANB® 0ANOB OANB-
A-NB® A—NdB A~ NB-

Here, A%, 8A and A~ mean the interior, bound-
ary and exterior of A, respectively. The annotation
for B is the same. This method indicates whether
the values of 9-intersections are empty or not, and a
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Table 1: Spatial relations defined by 9-intersection method(a)

A B A B B A
~— —_—— o
Joint(point A, line B) | Inside(point A, line B) | Disjoint(point A, line B)
ANOB=—-9 ANB®=—-o ANB™ = —@

Table 2: Spatial relations defined by 9-intersection method(b)

Overlap(line A, line B)

Equal(line A, line B)

A B

Contains(line A, line B)

A B A B A B B
A An A EE
Disjoint(line A, line B) | Joint(line A, line B) Meet(line A, line B) Cross(line A, line B)
(] ® - (] ® - P ® -0 - @ -9
0] ® - ® - -9 - ¢ -9 P ® -9
- - -2 - - -2 - - -9 - - -2
A B A B A B

Interior-joint(line A, line B)

- - -9 - @ [ - - -9 - - -9
- & -9 ® - < - ¢ -9 - - -2
- - -2 0] ® -2 [ ® - P ® -9

range of binary spatial relations can be identified[6].
O

The spatial relations between point-line and
line-line can be identified in 2-D space by 9-
intersection method as shown in Table 1 and Table
2. Here, ® means empty and —® means non-empty.

There are Joint, Inside and Disjoint relations be-
tween a point and a line, and there are Disjoint,
Joint, Meet, Cross, Overlap, Equal, Contains and
Interjoint relations between two lines. By using 9-
intersection method, we can find out these topolog-
ical relations for 2-D objects.

However, in the situation of road segments man-
aged under our model, the topological relations are
different to the ones of 2-D objects. The compari-
son is given in Table 3 and Table 4. From Table 3,
we can observe that:

1) Joint relation between a point and a line in 2-
D space may result in two possibilities: Joint
and Disjoint. This is because when the point
and the projection of the point on the line
are not on the same 2-D space, the relation
between the point and the line is Disjoint;

Inside relation is changed to Inside and Dis-
joint relations. Disjoint relation is found
when the point and its projection on the line
are not in the same 2-D space.

From Table 4, we observe the situations between
two lines:

1) Joint and Interior-joint relations result in
Joint or Disjoint relation and Equal relation
results in Fqual, Joint or Disjoint based on
the nodes with the same projection on 2-D
space are in the same 2-D space or not;

Meet, Cross, Contains and Overlap relations
become Disjoint in the road situation based
on the property of road segments under M?2
model;

3.2 Extension of 9-intersection

Method

From the analysis of situations between objects in
M? model, we can find out that all the topological
relations between nodes and links under the model
are not only determined by the interior and bound-
ary of their geometries, but also based on the non-2-
D features of them. Thus, we extend 9-intersection
method to Rg(relations defined by the extended in-
tersection method) by replacing the tuples confer-
ring to exteriors with the tuples referring to non-2-D
features:

1) Relation between point A and line B
RL=[ANB° ANd&B A,NS(dB),]

Here, A means a point A, and B means a line
B. The first two intersections are computed
based on the coordinates of the point and the
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Table 3: Situations between point A and line B with non-2-D features

| Relations Defined by 9-intersection Method |

Situations in M2 Model |

Joint(point A, line B)

Place A is just one of two end-nodes of link B: Joint

A and B are not in the same 2-D space: Disjoint.

Inside(point A, line B)

Place A is just on link B: Inside.

A and B are not in the same 2-D space: Disjoint.

Disjoint(point A, line B)

Place A is not on link B: Disjoint.

Table 4: Situations between line A and line B with non-2-D features

| Relations Defined by 9-intersection Method

Situations in M2 Model

Joint(line A, line B)

or Equal(line A, line B)

Shared end(s) is(are) in the same 2-D space;
really Joint or Equal.

It is Disjoint.

Interior-joint(line A, line B)

Shared end is in the same 2-D space: Joint.

It is Disjoint

Meet(line A, line B) or Cross(line A, line B) or
Contain(line A, line B) or Overlap(line A, line B)

To be changed into Disjoint in M2 model,
means A and B are not in the same 2-D space.

Disjoint(line A, line B)

There is no intersection between A and B: Disjoint.

line, just as 9-intersection model. As the coor-
dinate value of a point (or end-points of a line)
in M? model is the longitude and latitude of
that point, so the coordinate value can be re-
garded as the projection of the point on the
ground. A N B° means computing the inter-
section between the projections on the ground
of point A and the interior (line B excepts
its two end-points) of line B; A N B means
computing the intersection between the pro-
jections on the ground of point A and the two
end-points of line B. The third intersection is
based on the non-2-D features of the point and
the line. A, is a set of non-2-D features of A:
in the situation of point A, there is only one
value in the set which represents the non-2-D
feature of point A; S(0B), is a set of non-2-D
features of the projection of point A on line
B. A, N S(0B), is used to decide whether A
and its projection point on B are on the same
2-D space or not.

The relations between a point and a line with
non-2-D features are given in Figure 3. The
graphs in the first row illustrate the situations
of Joint, Inside and Disjoint when the two
objects are on the same 2-D space just as the
situations in 9-intersection model. The sec-
ond and third rows for Joint or Inside relation
means that the two objects are not necessarily
in the same 2-D space, but the projection of
the point on the line and the point should be

in the same 2-D space. Otherwise, the rela-
tions between them are Disjoint. For exam-
ple, a point on the ground is not Joint to a line
which is up or under the ground (represents
overpass or underground road) except their
intersection is on the ground. The Disjoint
relation in Figure 3 illustrates that: there is
an intersection point between point A and the
projection line of line B on the ground, as the
projection point of A on the line B is not on
the same 2-D space; so, the relation between

A and B is Disjoint.

Joint (A, B) Inside (A, B)

Disjoint (A, B)

Figure 3: Spatial relations between point A and line
B defined by extended 9-intersection method (a)
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Relations between node A and link B with
non-2-D features can be judged by the follow-
ing equations (X means any value):

Joint(A,B) = [® —-® -]

Inside(A,B)=[-® & -]
Disjoint(A,B)=[® & X]U[® - &]
ul-® & ]

2) Relation between line A and line B

RZ_[AODBO A°NoB A9 N BY ]

EZ |0ANB® 8ANOB S(8A),N S(OB),

Here, A means a line A, and B means a line
B. The first two columns are the same as those
in 9-intersection model. The third column is
based on the non-2-D features of objects. Ag
is a set of non-2-D features of A; Bf, is that
of B; and A) N B is used to decide whether
A and B are on the same 2-D space or not. If
there is an intersection point between the two
lines in 2-D space, S(0A), means the non-
2-D features of the projection point for the
intersection in A, and S(0B), is that in B.
S(0A), N S(OB), is used to decide whether
the two projection points in A and B are on
the same 2-D space or not.

Equal (A, B) | Joint (A, B) Disjoint (A, B)

] ]

————— Y
x“/A B

Figure 4: Spatial relations between line A and line
B defined by extended 9-intersection method (b)

The relations between two lines with non-
2-D features are given in Figure 4. The
first row represents the situation that the two
lines are on the same 2-D space; so the re-
lations between them is the same as that in
9-intersection model. The second and third
rows mean that the relations between two
lines may be Disjoint even if the projections of

them are Equal or Joint when the projection
of the intersection point of the two lines are
not in the same 2-D space. All these relations
can be computed out by using the extended
9-intersection model directly.

Relations between line A and line B can be
judged by the following equations:

Equal(A, B) = [_;) _<I>¢ :i]
. ® ¢ X - - X
Jomt(A,B)_[q) & —@]U[—‘b o —@]

Disjoint(A, B) = [g g i] u [’;’ _‘I’Q g] u

® & X] [-® & X [® & X
[<I> 9 <I>]UL<1> o 7<I>]U[<I> o X]U
» & X] [® & X] [® @ X
% ® X o o x|Y[-¢ @& x

There are many kinds of Disjoint relations: e.g.,
a road segment of highway is “on the up” of a road
segment of local routes. In a simple path query
algorithm, there is no need to identify these, but it
is helpful in heuristic path query algorithm.

4 Example

We have implemented our prototype system in Java
for ensuring its portability over different platforms.
The system manages road and architecture themes
of nation, state and city levels, based on the maps of
National, Aichi State and Ichinomiya City of Japan.

We stored highway and country road in the
country-level (the first upper level), prefecture road
and main local road in the prefecture-level (the sec-
ond level), and city street in the city-level (the third
level). The node stored in the upper level may be
referred by the lower level through the pointer of a
virtual node in the lower level. The system manages
32964, 2769 and 351 road segments at city-level,
prefecture-level and country-level respectively.

The key role of query functions is to find out the
topological relations between point-link and link-
link. By using extended 9-intersection method, the
algorithms for deciding the topological relations be-
tween point-link and link-link can be simplified to:

[Algorithm 1 Find out topological relations be-
tween point A and link B

Case
[ANB® AndéB A,NS(0B),]
of

[@ —® —®]: RL(A,B) = Joint;
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[-® @ —®]: RL(A,B) = Inside;
Otherwise: RL(A, B) = Disjoint;
EndCase

[Algorithm 2 Find out topological relations be-
tween link A and link B]

Case

A°NBY A°NoB AN B)
dANBY 9ANIB S(0A),NS(OB),
of

X X -a]

X - —-&|°

R%(A, B) = Equal,
X X o]
X —-® |-

R%(A, B) = Joint;
Otherwise: R% (A, B) = Disjoint;
EndCase

5 Conclusion

In order to represent map information of GIS
smartly, we proposed M? map information model,
in which map elements are composed as a hierarchi-
cal structure with multi-levels. The model is power-
ful to integrate various scales of maps uniformly in
comparison with those in the traditional GIS. Be-
cause the map elements are uniquely assigned to a
special level on a particular scale, the topological
relations among them should be computed by “ on
the fly”; moreover, the map objects are not all on
the same 2-D space. So, we extend 9-intersection
method for the computation by adding intersec-
tions of non-2-D features, such as A) N B) and
S(0A), N S(OB),, and deleting intersections with
exterior of entities. With the extended intersection
method, we can find out the topological relations in
our road network directly and easily. Furthermore,
if the extended parts A) and B are used to rep-
resent the class property of road segments, S(0A),
and S(0B), are used to represent the class prop-
erties of shared nodes of them, respectively. The
mothod helps to solve the path query problem re-
ferring to different road classes.

For our future work, the change of topological
relations of objects among levels before and after
map generation will be considered.
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