Integrity in Databases—Sixth International Workshop on Foundations of Models and Languages for Data and Objects
Schloss Dagstuhl, Germany, S. Conrad, H.-J. Klein, and K.-D. Schewe (eds.), pp. 119-132, September 1996.

Multi-Resolution Spatial Databases: Consistency Among Networ ks

Nectaria Tryfona

National Center for Geographic Information and Analysis
Boardman Hall, University of Maine, Orono, ME 04469-5711, U.SA.
nectaria@spatial.maine.edu

and

Max J. Egenhofer

National Center for Geographic Information and Analysis
Department of Spatial Information Science and Engineering

and

Department of Computer Science

Boardman Hall, University of Maine, Orono, ME 04469-5711, U.SA.
max @spatial.maine.edu

Abstract

Heterogeneous geographic databases contain multiple views of the same geographic objects at different levels of
spatial resolution which must be consistent with each other. This paper develops a formal method of assessing
consistency of topological relationsin R? at a high level of abstraction, over complexly structured spatial objects
that form networks. Networks are a frequently used data type in geographic applications where, for instance, ariver
with its tributaries and lakes is considered a single spatia object. The relationships between such a network and
another spatial object are often used as criteria for describing the consistency in multi-scale geographic applications.
The proposed model includes computational methods to determine when two networks are the same or not. The
model is further extended to cover the relationships between a network and another spatial object, such as aregion or
a line. These methods will play an important role in the assessment of spatial similarity of scenes with complex
configurations including roads and urban areas, paths, and other linear geographic features.

1. Introduction

Generalization is an indispensable part of cartographic production, spatial decision support systems, and
other scientific branches constituting the context of Geographic Information Systems (GISs). It resultsin
multiple representations, occasionally thought of as copies, of the same scenes of objects at different
levels of spatial resolution, also referred to as scale [MLW95]. The same objects are represented in
several different ways, tailored towards the needs of different users and analyses.

GIS users perform such operations as zooming into and out of a map-like representation, and expect
that the predominant spatial relations be preserved throughout such scale changes. Likewise, a query
evaluation algorithm executed at a coarser level should give the same, or at least avery similar, result asa
guery processed against a more detailed level [BEF92]. Cartographic map series at different scales are
another example of applications that need multiple representation levels. The key to the successful
adoption of multi-resolution geographic databases is the maintenance of consistency across the different
representations. Consistency describes the absence of any logical contradictions within a model of reality.
It is an important criterion for geographic databases, especially when map production is involved. For
example, the U.S. National Ocean Service (NOS) maintains a two-tier map production system, ANCS-I,
which allows cartographers to derive and maintain chart panels at different scales for the same geographic
area from a single geographic database [N94]. This cartographic database requires map generalization to
produce the location and appearance of features to be placed at charts of different scale. NOS's guidelines
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for this generalization process demand that a feature present at a small scale also be represented at any
larger scale of the same area. Although there has been considerable research in recent years on
cartographic generalization [BM91, MLWO95] and various aspects of multiple representations [BK91,
PD95, RS95, TVP+92], we currently lack methods to consistently maintain multi-resolution geographic
databases. Other efforts in representing consistently geographic data only deal with one level of detail
[P96, US96].

Currently, multi-resolution geographic databases record explicitly multiple representations covering
the same geographic area at different scales. Such databases require a mechanism to detect inconsistencies
among the different representations. In the future multi-resolution geographic databases are envisioned
that would derive multiple representations “on the fly,” providing more flexibility such as continuous
zooming. Under such a scenario, quality control mechanisms will be needed to confirm that a
generalization algorithms produces consistent results. The methods discussed in this paper apply to both
scenarios.

Assessment and maintenance of consistency among multiple copies of geographic data requires
geographic domain knowledge. This paper focuses on domain knowledge about networks, an important
spatial data type shared by many geographic applications such as hydrology [MG82] and transportation
[TVP+92]. Consistency of scenes representing networks at different levels of detail, has to be considered
under two main perspectives. (1) when small changes occur from the one level to the next, and (2) when
large changes take place. Figure 1b shows a network with small changes compared to the network in
Figure 1a, because only the lengths of segments and the angles between segments have been modestly
modified. On the other hand, the network in Figure 1c shows a more dramatic change, because segments
are dropped or aggregated. This paper addresses the checking of consistency for small-scale changes.
Such consistency assessment s mean primarily to test for topological equivalence of the objects and their
relations [ECF94].

(@ (b) (©)

Figurel: Small scale changes between (a) to (b) small changes (length of segments, angle between
segments), and large changes between (@) to (¢) (aggregation or elimination of segments).

Current models for spatial relations among objects only apply to simple, homogeneously n-
dimensional objects, i.e., each object must be either aregion [EF91] or aline [E934a], but not a compound
of them. This paper develops a comprehensive theory for dealing with spatial relations in R? involving
heterogeneous, connected objects, at a high level of abstraction, i.e., when small changes occur. Such
topological relations focus on the most salient properties of a spatial configuration, and ignore such metric
properties as the length or shape of aline segment, the angle between two line segments, or the relative
size of an areal feature. Several other metric or pseudo-metric measures may play a role in the
determination of spatial configurations. They are complementary to the model introduced here and may
provide more details as a refinement of topology. The method employed is based on the 9-intersection
model [EH91] and the boundary-boundary components sequence [EF95]. This formalization is part of a
larger research effort developing formal models for checking the consistency among multiple
representations in heterogeneous geographic databases.

The remainder of the paper is organized as follows: Section 2 summarizes the background for
topological relationsin R*, defines homogeneous and heterogeneous networks, and provides a means to
describe a scene of networks. Section 3 describes the consistency of scenes of homogeneous networks and
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Section 4 the consistency of scenes of heterogeneous networks. Section 5 builds on these results and
shows how consistency among scenes, each one containing homogeneous networks and regions, can be
assessed. Section 6 extends these results to detect consistency of scenes of heterogeneous networks and
regions. Section 7 focuses on scenes of heterogeneous networks and lines. Section 8 concludes with a
summary of the results and a discussion of future work.

2. Topological Relations

The foundation of the assessment of topological consistency of relations involving networks is based on
the topological relations of the networks' constituent parts, i.e., lines and regions and a formal model for
heterogeneous connected objects, introducing component invariants, such as intersection orientation and
boundary sequence. This section describes this background and provides a means to describe a scene with
heterogeneous abjects.

21 The 9-Inter section M odel

The model used for topological relations is the 9-intersection [EH91]. The basic components of a spatial
object A areits interior A°, boundary JA, and exterior A™. The 9-intersection model describes the
topological relations between objects based on their interior, boundary, and exterior. Within the context
of networks, we will need the topological relations between two regions, between aregion and a line, and
between two lines. The boundary, interior and exterior of a simply connected line are defined in
accordance with algebraic topology [S66]. The boundary comprises the line's endpoints, the interior is the
line's closure minus the boundary, and the exterior is the complement of the line’s closure.

2.2 A Model for Networks

This section introduces the notion and concepts of networks. We distinguish between homogeneous
networks, which are made up of line segments only, and heterogeneous networks, which contain linear
and areal objects. A canonical representation of networks aids in the assessment of their topological
structure, and for this goal we introduce a set of normalization rules for the constituent objects—Iline
segments and regions—that are necessary to form valid networks. Additionally, in order to describe more
topological details several component invariants are discussed: dimension and sequence of boundary-
boundary components.

2.2.1 Homogeneous Networks

Homogeneous networks are defined in terms of line segments.

Definition 1: A line segment A—or just segment—is a continuous, non-intersecting sequence of points
(X,y) in R? such that the segment’s boundary is disconnected.

The segment’ s boundary is sometimes also referred to as the line segment’ s endpoints. Segments may
be straight lines or lines that may have shape points, but they must not self-intersect nor may a single line
segment contain cycles (Figure 2).
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Figure2: Sequencesof pointsthat are (a-b) valid line segments and (c-€) invalid line segments.

There are two basic topological relations between two distinct segmentst: two segments are digjoint if
neither boundaries nor interiors intersect (Figure 3a) and they meet if the segments only intersect in their
boundaries, but not their interiors. For meet we distinguish two types. the relation between segments that
meet in one endpoint will be called #1-meet (Figure 3b), while segments that meet in both endpoints will
be called #2-meet (Figure 3c).

1 1n addition, each segment is equal to itself.
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Figure3: Topological relations between two segments A and B: (a) disjoint, (b) #1-meet, and (c) #2-
meet.

A critical property for segmentsin a network istheir connectedness.

Definition 2. Two segments A and B are connected if they meet directly (Equation 1a) or indirectly
(Equation 1b).

connected (A, B) if meet (A, B) (1a)
connected (A, B) if (meet (A, C), connected (C, B)) (1b)

The point at which a set of line segments meet will be called the intersection. Around an intersection,
the directly connected line segments (Equation 1a) are cyclically ordered. Given a consistent orientation
of the plane—here we choose a counter-clockwise orientation—one can determine for each intersection
the intersection orientation of its directly-connected segments. For example, the intersection orientation of
the five directly-connected segments in Figure 4 is <A, C, E, B, D>. Depending on the choice of the
starting segment, different orientation sequences are obtained. For the intersection in Figure 4, it would
have been equally valid to start the sequence at any other segment, giving four equivalent alternatives. <C,
E,B,D,A><E,B,D,A C><B,D,A C, E>and<D, A C, E, B>. Inorder to compare two orientations
for equivalence it is necessary to perform an exhaustive cyclic permutation of the orientation sequences.

D A
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Figure4: The orientation around intersection 11: <A, C, E, B, D>.

Sets of line segments are normalized so that they are represented by a small set of segment
relations—digjoint, #1-meet, and #2-meet.

Definition 3: A homogeneous network N is a set of connected segments § such that all segments are
exclusively related by #1-meet, #2-meet, or digoint relations and all intersections have at
least three directly-connected segments.

Figure 5 shows examples of different configurations, some of which qualify as homogeneous
networks, while others do not.

e S

Figure5: Configurations that (a) qualify as homogeneous networks and (b-c) do not qualify, because
they are disconnected (b) or contain elements other than segments (c).
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2.2.2 Heterogeneous Networks

Heterogeneous networks consist of line segments and regions. As such, they may be considered to be
treated as extensions to homogeneous networks. Similar to the constraints about homogeneous networks,
we request that a heterogeneous network must be connected and normalized. Heterogeneous networks
have the same relations between segments as homogeneous networks; however, additional relation
constraints exist between regions, and between aregion and aline.

Regions in a heterogeneous network are either disjoint or they meet? (Figure 6). Depending on the
number (n) of boundary-boundary components, the regions may be classified as #n-meet [E93b)].

@0 @O
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Figure6: The two topological relations between two regions in a heterogeneous network: (@) digoint
and (b) meet.

Likewise, any region in a heterogeneous network is either digoint from aline segment, or it meets the
segment such that either one or both boundaries of the segment coincide with the region’s boundary,
called #1-meet and #2-meet, respectively (Figure 7).
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Figure7: Thethreetypes of line-region relations (a) disoint, (b) #1-meet, (C) #2-meet.

Segments and regions are cyclically ordered along the boundary of aregion [EF95]. This boundary
sequence corresponds to the intersection orientation for an intersection point of several line segments
(Section 2.1). Given a clockwise orientation of the plane, the sequence is determined by starting at one
boundary intersection, recording the region or segment that meets, and continuing with this process in the
direction or the orientation until the original boundary intersection is reached again. If several segments
meet in the same intersection, they are grouped together, preserving the order of the orientation. Figure 8
shows a configuration whose clockwise boundary sequenceis<Sy, Sp, S1, <S3, 94> Ry, S, Ro, Sg, Sg>.

Figure8: Theboundary sequence around region Ry: <Sq, S, S1, <Sg, $4>, Ro, S5, Ro, Sg, Sg>.

Since the choice of the starting segment or a starting region matters, two boundary sequences are
equivalent if they match under cyclic permutations [EF95].

2|n addition, each region is equal to itself.
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Definition 4: A heterogeneous network is a set of connected segments and regions such that all distinct
segments are related by #1-meet, #2-meet, or disjoint relations; all distinct regions are
digoint or meet; and all segments are disjoint or meet all regions.

Figure9: Example of a heterogeneous network.

3. Consistency of Sceneswith Homogeneous Networ ks

In this section we present a method to assess topological consistency among scenes with homogeneous
networks, when small changes occur, i.e., topological equivalence of networks has to be detected.

The topology of anetwork N with S,...,S segments and regions s fully specified by n? topological
relations. These relations will be represented inan nx n matrix M, called the relation matrix.

Two homogeneous networks N* and N°® are topologically equivalent if

+ al segments §" of N* have corresponding segments S° in N® (Oi, j,k:  §* S, OI,m). §°r, S3),
and

« at al corresponding intersections, 1 and |7, there is the same sequence of adjacent segmentsin N*
and N&.

An important component of this assessment is to determine whether all segmentsin one network have
corresponding segments in the other network, and vice-versa. One approach is to perform an exhaustive
cyclic permutation of all segments, i.e., trying out all the possible combinations until a match is found.
Since the complexity of this method grows exponentially with the number of segments, we use an
alternative approach that will eliminate many non-equivalent situations prior to matching corresponding
segments in the two networks, therefore, reducing the complexity of the equivalence matching for alarge
number of situations.

Two homogeneous networks are topologically equivalent if

» they have the same number of line segments (Step 1),
» they have the same number of #1-meet, #2-meet, and digjoint relations (Step 2),
» corresponding segments have the same number of #1-meet, #2-meet, and digoint relations (Step 3),

» thereisal:1 association between the segments in each network such that the graphs that form the
homogeneous networks are isomorphic (Step 4), and

» a corresponding intersection points in both networks, the adjacent segments have the same orientation
(Step 5).

The following example applies this process to assess whether the two homogeneous networks in
Figure 10 are topologically equivalent or not.

Figure 10: Two homogeneous networks, N* and N°®.

Step 1:  Count the number of segmentsin N* (Equation 2a) and N°® (Equation 2b).
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number (S,) =7 (29)
number (S') =7 (2b)

Since both networks have the same number of segments, further properties of the networks must be
assessed and compared.

Step 2. Derive from each networks' scene descriptions (Tables 1 and 2) their total numbers of #1-meet,
#2-meet and disjoint relations (Equations 3 and 4). The numbers of #1-meet, #2-meet, and
disjoint relations are obtained by counting their occurrencesin Tables 1 and 2 (Equations 3-4).

SA %A %A S4A %A %A S,A

s #1l-meet #l-meet #l-meet digoint digoint  digoint

s #1l-meet  #1-meet digoint digoint  digoint

st #2-meet  #1-meet digoint  digoint

s #1l-meet digoint  digoint

S8 #1-meet  #1-meet

S #1-meet

S/A

Tablel: Therelation matrix of network N* in Figure 10.
S S s S s g s

s #1l-meet  #l-meet digoint digoint digoint digoint

s #2-meet  #l-meet #l-meet digoint digoint

s #1l-meet  #1-meet digoint digoint

s #1l-meet digoint digoint

s #l-meet  #1-meet

s #1-meet

S]B

Table2: Therelation matrix of network N® in Figure 10.

number (#1-meet in N*) =10 (3a)
number (#2-meetin N*) =1 (3b)
number (digointin N*) =10 (3¢)
number (#1-meet in N®) =10 (4a)
number (#2-meetin N®) =1 (4b)
number (digointin N®) =10 (4c)

Since the counts of each relation type are the same in both networks, a more detailed counting method
is used next.

Step 3: For each segment, count the number of #1d-meet, #2-meet, and digjoint relations and summarize
how many segments have the same topological relationsin N* (Table 3) andin N°® (Table 4).

¥ g 8 8 8 & g2 2 2 1
#lmeet 3 3 3 3 4 2 2|2 3 3 4
#2met 0 O 1 1 0 0 OO0 0 1 0
dsoint 3 3 2 2 2 4 4|4 3 2 2

Table3: The number of #1-meet, #2-meet and disjoint relations for each segment of network N*, and
the summary counts.
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s g 8 2 g g
Almeet 2 3 3 3 5 2 2
#omet 0 1 1 0 0 0 O
disoint | 4 2 2 2 1 4 4

Table4:  The number of #1-meet, #2-meet and disjoint relations for each segment of network N*#, and
the summary counts.

roOoN | w
NO Wk
NP W[ N
RrOoU| R

While the two networks match in one count of segment relations—there are two segmentsin N* and
N® that have both three #1-meet, one #2-meet, and two digjoint relations—they differ in all other counts;
therefore, the two networks are topologically different and further evaluations (Steps 4-5) are unnecessary.

4, Consistency of Sceneswith Heter ogeneous Networ ks

The transition from homogeneous to heterogeneous networks (Section 2.2) involved the addition of
regions, and the consideration of their corresponding relations. When assessing topological equivalence
for heterogeneous networks, we apply a similar strategy by building on the method developed for
homogeneous networks, and extending it by considering the implications from adding regions.

Two heterogeneous networks, N* and N®, are topologically equivalent if

- all segments § in N* have corresponding segments S* in N°® such that
L LK 9 Ss, WLm)y 9T Sy

« all regions R* in N* have corresponding regions R® in N°® such that
Un, g, K R RS, LMY KT R

e a gll l\(lzg)rresgondi ng intersections, 1* and I?, there is the same sequence of adjacent segmentsin N*
an ; an

 the boundary sequence (Section 2.2) of each region R* in N* matches the boundary sequence of the
corresponding region R* in N°®.
To test equivalence of heterogeneous networks, we apply the following measures:

»  Both networks must have the same number of line segments and regions (Step 1),

» both networks must have the same number of #1-meet, #2-meet, and digjoint relations (Step 2),

» corresponding segments and regions in both networks must have the same number of #1-meet, #2-
meet, and digjoint relations (Step 3),

» there must be a 1:1 association between the segments in each network such that the graphs that form
the homogeneous networks are isomorphic (Step 4), and

» theintersection orientations and the boundary sequences must be equal at corresponding intersection
points and for corresponding regions, respectively (Step 5).

The following example demonstrates how this method is applied to determine whether the two
configurationsin Figure 11 are topologically equivalent or not.

$ A S5
N A |1A/S4 NB  RP /84
$L° g
\oRlA g\
9 st

Figure 11: Two heterogeneous networks, N* and N°®.

Step 1:  Determine the number of segments of each network and the number of region in each network.

Since both networks have the same number of segments—count ( §") = count (5°) = 5—and the same
number of regions—count (R") = count ( k~) = 1—further comparisons are necessary.
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Step 2. Determine the scene description for each network and count the number of #1-meet, #2-mest,
and digoint relations.

The number of the topological relations in the two networks is the same—six #1-meet, zero #2-meet,
and nine digjoint relations; therefore, further tests are necessary.

Step 3:  Count the number of #1-meet, #2-meet, and disjoint relations for each segment and for each
region.

The summary counts show that both networks have the same frequency of the same types of
relations—two segments/regions with one #1-meet and four digjoint relations; two segments/regions with
two #1-meet and three digjoint relations; and two segments/regions with three #1-meet and twodigjoint
relations; therefore, one has to perform further analysis.

Step 4. Determine whether the networks' graphs are isomorphic.

The underlying graphs forming the two networks are isomorphic for the mappings shown in Table 5.
Given these mappings, the same connectivity can be established in both networks.

g = g
g = g
A = B
S
Table5: Mappings between the segments and regions in Figure 11 for which the two graphs are

isomorphic.

Step 5 Determine the orientation at each intersection, and the boundary sequence along each region,
and compare them for corresponding segments (as established in Step 4).
NA | N® |
g s g RS $ $ owith ¥=5 =5 =5
RIS & & R | § & vwih =5 =5 =5
Table6: The orientations around the intersections and along the regions' boundaries for the
configurationsin Figure 11, together with the mappings of the segments from Table 5.

5. Consistency of Sceneswith Homogeneous Networ ks and Regions

With the establishment of aformalism to determine the equivalence of networks, we turn our attention to
the relations between a network and another spatial object. Our goal is to devise formalisms that describe
when two configurations with a network and another spatial object have the same topological relations.
We pursue this goal in several steps that build upon each other, starting with the most simple
configuration—a homogeneous network that has a particular relation with a region—and incrementally
increasing the compl exity.

To evaluate the topological relation between a homogeneous network N and a region R we describe
the network through its segments' relations and then record the topological relations between each
segment and the region. Since a homogeneous network consists exclusively of lines, the topological
relations of interest are the nineteen line-region relations identified by the 9-intersection [EH91].

Two configurations of a homogeneous network and aregion are topologically equivalent if

» theregion has the same topological relationsto al segmentsin both configurations,
» these segments have the same topol ogical relations among each other, and
» both regions partition the two networks into equivalent sub-networks.

Figure 12 gives examples of configurations with a homogeneous network and a region that are
topologically not equivalent. Figures 12a and 12b differ because the configuration among the region and
the part of the network covered by that region are different in both scenes. For the same reason differ
Figures 12b and 12c. The configurations in Figures 12a and 12c are topologically different because the
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line segments covered by the regions do not have the same topological relations with the rest of the
network.

e <

@ (b) (©)

Figure 12: Three non-equivalent configurations between a homogeneous network and aregion.
In order to determine formally whether the topological relations between two homogeneous networks
and two regions are the same or not, the following process will be applied:
* NnR, NndR,and Nn R must bethesamein N* and N® (Step 1),
e thesub-networks N* n R* and N® n R® must be topologically equivalent (Step 2),
» thesub-networks N* n R* and N® n R®* must be topologically equivaent (Step 3),

» the sequence of N* n R* along dR* must be the same as the sequence of N® n R® along JR® (Step
4), and

» thesequenceof N*n R* aong dR* must be the same as the sequence of N® n R® along JR® (Step
5).

The following example applies this process to assess whether the two pairs of a homogeneous
network and aregion displayed in Figure 13 are equivalent or not.

Figure 13: Two scenes with a homogeneous network and a region.

Step 1:  Calculate for both networks their intersections with respect to the region’s interior, boundary,
and exterior.

Since both networks have the same intersections with respect to the regions’ parts—they intersect
with the region’s interior N*NnR*=N°nR°°==LlJ; the region’s boundary
N” n 0dR*=N° n dR° =-1l; and the region’s exterior N" n R = N° n R == —further tests must
be employed.

Step 2:  Determine the sub-networks N* n R* and N® n R®, and compare their topological structures.
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SnR SR SnR
Sn R #1-meet #1-meet LR11
Sn R #1-meet LR11
Sn R LR11
Table7: Therelations between the segments partsinside of region R*.
SBQRB %BORB S_,'BHRB
SnR #1-meet #1-meet LR11
S$nR #1-meet LR11
St nR® LR11
Table8: Therelations between the segments partsinside of region R®.
%Aﬂ RA S4Aﬂ RA S]Aﬂ RA 3
#1-meet 2 2 2 2
LR11 1 1 1 1
Table9: Thesummary counts of the relations for each segment inside of network N*.
$nR  S$nR  nR |3
#1-meet 2 2 2 2
LR11 1 1 1 1

Table10: The summary counts of the relations for each segment inside of network N°®.

Since both sub-networks have the same topological structure—three segments each with two #1-meet
relations among each other, and one line-region relation LR 11—the outer sub-networks must be

examined as well.

Step 3:  Determine the sub-networks N* n R* and N® n R®", and compare their topological structures.

SonRY SnRY SnRY SRV RV RV S nRY

RA

S nRY #l-meet  #l-meet  digoint digoint digoint disoint LR2
SR #1-meet  digoint digoint digoint digoint LR2
Sn R digoint digoint digoint disoint LR11
St RA #1l-meet  #l-meet  digoint LR11
nRY #1l-meet  digoint LR2
S nRY digoint LR2
S]A n RA‘ LR 11
Table11l: The relations between the segments parts outside of region R*.
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SR SnR SnR¥ SnR* PnR FnR” SnR¥Y

SR digoint digoint  digoint digoint digoint disoint LR11
S nR disoint  disjoint disoint disoint disoint LR11
SR #1-meet  digoint  digoint  #l-meet LR11
S$nR #l-meet  #l-meet  #l-meet LR2
R #1l-meet  digoint LR2
R digoint LR2
SnR LR2
Table12: The relations between the segments parts outside of region RE.

SR SnRY SnRY SnRY $nRY FnRY AR (2 1
4

#1-meet 2 2 2 2 2 2 0 2 20
disoint 4 4 4 4 4 4 6 4 4 6

LR2 1 1 0 0 1 1 0 1 00
LR11 0 0 1 1 0 0 1 0 1 1
Table 13: The summary counts of the relations for each segment outside of network N*.

SAR SnR SnR SnR SnR SnR SAR |3 1 1
2

#1-meet 0 0 2 4 2 2 2 2 0 4 2
digoint 6 6 4 2 4 4 4 4 6 2 4

LR2 0 0 0 1 1 1 1 1 0 1 0
LR11 1 1 1 0 0 0 0 0 1 01

Table 14: The summary counts of the relations for each segment inside of network N°®.

Since the two summary counts are different, no further tests about sequences (Steps 4 and 5) are
necessary.

6. Consistency of Sceneswith Heter ogeneous Networ ks and Regions

To study this type of configuration we extend the reasoning pattern of the previous section by (1)
describing the network through its segments’ and regions' relations and (2) recording the topological
relations of each of the network’ s segments and regions with the region of concern.

Two configurations with a heterogeneous network and aregion are topologically equivalent if

» theregion has the same topological relationsto all segments and all regions in both configurations,
» these segments and regions have the same relations among each other, and
» both regions partition the two networks into equivalent sub-networks.

Figure 14 shows an example of two topol ogically equivalent scenes.
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TN

Figure 14: Two topologically equivalent configurations between a heterogeneous network and aregion.

The procedure to determine equivalence is the same as for a homogeneous network with a region
(Steps 1-5 in Section 4), except that relation matrices (Tables 7, 8, 11, and 12) and summary counts
(Tables 9, 10, 13, and 14) also consider the regions that are part of the network. This means that for each
region in a network, an additional column exists that captures the corresponding line-region relations.

7. Consistency of Sceneswith Heter ogeneous Networksand Lines

Configurations with lines, in lieu of regions, are covered by a simple modification of the previous model.
We modify the reasoning pattern by (1) describing the network through its segments' and regions
relations, and (2) recording the topological relations of each segment and each region with the line,
replacing the region from the previous case. Figure 15 depicts a scene of a heterogeneous network and a
line.

N

AN

Figure 15: A configuration of a heterogeneous network and aline.

Two configurations are topologically equivalent if
» theline has the same topological relations to all segments and all regions in both configurations,
» these segments and regions have the same relations among each other, and
» both regions partition the two networks into equivalent sub-networks.

The changes in the formalism are straightforward: Everywhere where the two regions R* and R® are
referred to, the lines L* and L® are used. This substitution also implies a change in the types of relations
used, namely line-line relations in lieu of line-region relations, and region-line relations in lieu of region-
region relations. The rest of the tests remains the same.

8. Conclusions

We presented a comprehensive method to assess consistency of different scenes involving networks and
lines or regions. We assumed that small changes occur between the scenes, so consistency maintenance
means topological equivalence among the relations of the objects of the scenes. Particularly, we
developed a formalism for topological equivalence of homogeneous and heterogeneous objects, and a
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formalism for consistency of topological relations with networks. The model is based on the 9-intersection
model and uses basic concepts of the component invariants.

We have implemented a consistency checker which evaluates whether the two pairs of a network and
aregion or line have the same relation, and generate a report of difference. Users construct interactively
two pair of objects at the most detailed level, and then draw the corresponding aggregates. The prototype
was written in C++ using the MetroWerks code development environment for Macintosh and
PowerMacintosh Computers.

An important contribution of the proposed approach is that by looking, at first, simple parameters,
such as the number of line segments, it avoids the execution of the brute-force approach when testing
topological equivalence. Future research plans lead to the assessment of similarity among scenes
including roads and urban areas, paths and other linear geographic features. Also the comparison of these
results with the help of graph theory is another direction, since scenes’ similarity can be detected with the
“expensive” heuristic algorithms testing isomorphic graphs, i.e., homeomorphic networks.

Another step towards this direction is to deal with scenes' consistency when large changes occur.
Figure 16 illustrates such a case, where network segments of 16a have been dropped or aggregated in 16b.
The test algorithms here seem to be much more complicated since the aspect of monotonicity towards the
level of less detail (e.g., the number of segments have to be smaller that the one at the more detailed level)
leads to adirected similarity of the scenes.

/ k<
(@ (b)

Figure 16: Example of large scale changes.

9. References

[BEF92] R. Barrera, M. Egenhofer, and A. Frank, “Robust Evaluation of Spatial Queries,” Fifth
International Symposium on Spatial Data Handling, D. Cowen, ed., Charleston, SC, pp. 241-248, 1992.

[BK91] B. Bruegger and W. Kuhn, “Multiple Topological Representations,” Technical Report, National
Center for Geographic Information and Analysis, Santa Barbara, CA., 1991.

[BM91] B. Buttenfield and R. McMaster, Map Generalization: Making Rules for Knowledge
Representation, Longman, London, 1991.

[E93a] M. Egenhofer, Definitions of Line-Line Relations for Geographic Databases. |EEE Data
Engineering 16(3): 40-46, 1993a.

[E93b] M. Egenhofer, A Model for Detailed Binary Topological Relationships. Geomatica 47(3 & 4):
261-273, 1993b.

[ECF94] M. Egenhofer, E. Clementini, P. di Felice. “Evaluating Inconsistencies Among Multiple
Representations,” Sixth International Symposium on Spatial Data Handling, T. Waugh and R. Healey,
eds., Edinburgh, Scotland, pp. 901-920, 1994.

[EF91] M. Egenhofer and R. Franzosa, Point-Set Topological Spatial Relations. International Journal of
Geographical Information Systems 5(2): 161-174, 1991.

[EF95] M. Egenhofer and R. Franzosa, On the Equivalence of Topological Relations. International
Journal of Geographical Information Systems 9(2): 133-152, 1995.

[EH91] M. Egenhofer and J. Herring, Categorizing Binary Topological Relationships Between Regions,
Lines, and Points in Geographic Databases. Department of Surveying Engineering, University of
Maine, Orono, ME, 1991.

[MG82] D. Mark and M. Goodchild, Topologic Model for Drainage Networks with Lakes. Water
Resources Research 18(2): 275-280, 1982.

[MLWO95] J.-C. Miiller, J.-P. Lagrange, and R. Weibel, GIS and Generalization—Methodology and
Practice, Taylor & Francis, London, 1995.



Integrity in Databases—Sixth International Workshop on Foundations of Models and Languages for Data and Objects
Schloss Dagstuhl, Germany, S. Conrad, H.-J. Klein, and K.-D. Schewe (eds.), pp. 119-132, September 1996.

[N94] National Research Council, Charting a Course into the Digital Era, Guidance for NOAA's Nautical
Charting Mission, National Academy Press, Washington, D.C, 1994.

[P96] L. Plimer, “Achieving Integrity of Geometry and Topology in Geographical Information Systems,”
First International Conference on Geographic Information Systems in Urban Regional and
Environmental Planning, T. Sellisand D. Georgoulis, eds., Samos, Greece, pp. 45-60, 1996.

[PD95] E. Puppo and G. Dettori, “Towards a Formal Model for Multi-Resolution Spatial Maps,”
Advances in Spatial Databases—Fourth International Symposium on Large Spatial Databases, SSD
‘95, Portland, ME, M. Egenhofer and J. Herring, eds, Lecture Notes in Computer Science, vol. 951,
Springer-Verlag, New Y ork, pp. 152-169, 1995.

[RS95] P. Rigaux and M. Scholl, “Multi-Scale Partitions: Applications to Spatial and Statistical
Databases,” Advances in Spatial Databases—Fourth International Symposium on Large Spatial
Databases, SSD ‘95, Portland, ME, M. Egenhofer and J. Herring, eds., Lecture Notes in Computer
Science, vol. 951, Springer-Verlag, New York, pp. 170-183, 1995.

[S66] E. Spanier, Algebraic Topology, McGraw Hill Company, New York, NY, 1966.

[TVP+92] S. Timpf, G. Volta, D. Pollock, and M. Egenhofer, “A Conceptual Model of Wayfinding Using
Multiple Levels of Abstraction,” Theories and Methods of Spatio-Temporal Reasoning in Geographic
Face, Pisa, Italy, A. Frank, |. Campari, and U. Formentini, eds., Lecture Notes in Computer Science,
vol. 639, Springer-Verlag, New York, NY, pp. 348-367, 1992.

[US96] T. Ubeda and S. Servigne, “Capturing Spatial Object Characteristics for Correcting and
Reasoning,” Joint European Conference and Exhibition on Geographical Information, Barcelona,
Spain, val. 1, pp. 24-33, 1996.



