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Modeling Spatial Relations Between Lines and Regions: Combining
Formal Mathematical Models and Human Subjects Testing

David M. Mark and Max J. Egenhofer

ABSTRACT. This paper describes the results of a series of human-subjects experiments
to test how people think about spatial relations between lines and regions. The experiments
are centered on a formal model of topological spatial relations, called the 9-intersection. For
unbranched lines and simply-connected regions, this model identifies 19 different spatial
relations. Subjects were presented with two or three geometrically-distinct drawings of
each spatial relation (40 drawings in all), with the line and region said to be a road and a
park, respectively. In the first experiment, the task was to group the drawings so that the
same phrase or sentence to describe every situation in each group. A few subjects
differentiated all 19 relations, but most identified 9 to 13 groups. Although there was a
great deal of variation across subjects in the groups that were identified, the results confirm
that the relations grouped by the 9-intersection model are the ones most often grouped by
the subjects. No consistent language-related differences were identified among 12 English-
speaking subjects, 12 Chinese-speaking subjects, and 4 other subjects tested in their own
native languages. A second experiment presented the subjects with a short sentence
describing a spatial relation between a road and a park, and the same 40 diagrams. Each
subject was asked to rate the strength of their agreement or disagreement that the sentence
described each relation. For each of the two different predicates tested—“the road crosses
the park” and “the road goes into the park”—there was a great deal of consensus across the
subjects. The results of these experiments suggest that the 9-intersection model forms a
sound basis for characterizing line-region relations, and that many spatial relations can be
well-represented by particular subsets of the primitives differentiated by the 9-intersection.

1. Introduction

Over the last several decades, research on fundamental theories of spatial relations has been driven
by at least three independent motivations. Mathematicians and some mathematical geographers
have searched for situations that can be distinguished in a formal sense (Peuquet 1988; Herring
1991). Largely independently, cognitive scientists have described informally how spatial relations
are expressed and manipulated in natural language and thought (Talmy 1983; Herskovits 1986;
Retz-Schmidt 1986). And, during the same period, designers of software for geographic
information systems (GISs) have developed solutions that would allow them to implement those
spatial relations and concepts that are needed for the operation of actual working GISs. The last of
these approaches often has produced ad hoc results that are difficult or impossible to generalize
from or to extend. While the approach based on mathematics will generate sound definitions as the
basis for query algebras, it is not clear how closely such “artificial” models represent human
thinking. It seems obvious that research leading to fundamental theories of spatial relations must
take human spatial cognition into account, but up to now, studies of locative expressions in
cognitive science have usually dealt either with very general principles or with narrowly defined
situations often involving non-geographic spaces.

What is missing in almost all of this research is the human factor. Even the cognitive scientists
have typically studied published grammars, or used their own intuitions about language as a basis
for formalization, and rarely have tested the concepts they develop with human subjects. Several
research questions arise: What aspects of spatial relations do people pay attention to during spatial
reasoning and decision-making? Of the unlimited number of possible differences that could be
distinguished mathematically, what distinctions do people actually make, and what detailed
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situations do they group when they reason about spatial relations or describe them in natural
language? How is this differentiation of spatial concepts influenced by the task that the person is
trying to perform, by the native language of the person, by their culture, or by individual
differences? To be general, a model of the distinctions that people make in the context of
geographic problem solving, or in simply talking about geographic space and spatial relations,
must include all of the required distinctions needed for spatial reasoning, for any people and for
any problem domains.

A basic thesis of this paper is that human-subjects experiments can guide mathematicians and
software engineers as to which distinctions are worth making, and which are not. It describes such
experimental work, which we believe demonstrates that the interplay between formal mathematics
and human subjects testing is of eminent value in the search for fundamental theories of spatial
relations.

2. Spatial Relations

Calls for general theories of spatial relations have been issued prominently in the GIS literature for
a decade or so (Boyle et al. 1983; Abler 1987; Frank 1987; Peuquet 1988; NCGIA 1989). Indeed,
Boyle et al. listed the lack of such a general theory as a major problem for the development of GIS.
Thus, it is not surprising that one of the five high-priority topics for research by the proposed U.
S. National Center for Geographic Information and Analysis (NCGIA) was defined to be a search
for “a general theory of spatial relationships” (Abler 1987, 304). Abler went on to elaborate that the
goal is “a coherent, mathematical theory of spatial relationships” (Abler 1987, 306). On the same
page, he also stated:

“Fundamental spatial concepts have not been formalized mathematically and
elegantly. Cardinal directions are relative concepts, as are ideas basic to geography
such as near, far, touching, adjacent, left of, right of, inside, outside, above,
below, upon, and beneath.”

The successful proposal for the NCGIA featured this topic prominently in its proposed research
program, and stated that “the search for ‘fundamental spatial concepts’ must be conducted in the
cognitive sciences in parallel with searches in mathematics” (NCGIA 1989). Cognitive science can
be characterized as follows:

“Cognitive science is a new field that brings together what is known about the mind
from many academic disciplines: psychology, linguistics, anthropology,
philosophy, and computer science. It seeks answers to such questions as: What is
reason? How do we make sense of our experiences? What is a conceptual system
and how is it organized? Do all people use the same conceptual system? If so, what
is that system? If not, exactly what is there that is common to the way all human
beings think? The questions aren’t new, but some recent answers are.” (Lakoff
1987, xi)

Research at the NCGIA during 1989 and 1990 made considerable progress on the formal side
(Egenhofer 1989a, 1989b; Egenhofer and Herring 1990; Egenhofer and Franzosa 1991), but that
work was not linked to cognitive principles. NCGIA researchers also conducted research on spatial
cognition, but concentrated primarily on wayfinding (Freundschuh 1989, 1991; Gould 1989; Mark
1989; Freundschuh et al. 1990; Gopal and Smith 1990; Mark and Gould 1992), and did not
directly address the sorts of fundamental spatial relations needed for GIS from a cognitive
perspective.
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Recently, there has been a burst of publications that attempt to extend the formal work noted above
by formalizing fairly fine distinctions among spatial relations (Pigot 1990; Egenhofer and Herring
1991; Svensson and Zhexue 1991; Clementini et al. 1992; Hadzilacos and Tryfona 1992; Hazelton
et al. 1992). Although the distinctions made in these papers may be valid, and perhaps exhaustive
within specific domains, mathematical methods alone cannot establish whether these are the most
appropriate distinctions to make for human spatial reasoning and problem-solving. These and other
formal developments must be evaluated and refined through human-subjects experiments, and we
have begun a series of such experiments to attempt to do such evaluations, the first of which are
reported in this paper.

2.1 Previous Published Definitions of Spatial Relations Between Lines and
Regions

Most categorizations of spatial relations distinguish between topological relations, such as
inclusion or overlap, and metrical relations, such as distance and directions (Pullar and Egenhofer
1988; Worboys and Deen 1991). In this paper, we concentrate on topological relations, although
some of the relations we examine may have other geometric constraints. Peuquet (1988), Frank
(1991), and Freksa (1992) provide contributions to some important aspects of metrical spatial
relations.

Spatial query languages contain many spatial predicates (Frank 1982; Roussopoulos et al. 1988;
Herring et al. 1988; Egenhofer 1991; Raper and Bundock 1991); however most of these predicates
lack formal definitions, at least in the publications describing them. While a great deal of attention
has been paid in the GIS literature to spatial relations between two regions (Freeman 1975; Claire
and Guptill 1982; Peuquet and Zhan 1987; Egenhofer and Franzosa 1991; Hernández 1992), and
to spatial relations between points and regions (the classic “point-in-polygon” problem, for
example), there has been relatively little published work on relations between lines and regions.

In a relatively early paper on spatial abstract data types, Cox et al. (1980) mentioned just three pairs
of Boolean relations, stating that their arguments could be points, lines, or regions. They called
these relations “equality,” “sharing,” “exclusivity,” and their negations, but did not give
definitions, other than to note that equality and sharing are symmetric whereas exclusivity is not.
They give point-in-polygon (region) as a special case of “sharing,” which implies that “sharing” is
true if the objects have one or more points in common. “Equal” would appear to be a subset of
“sharing,” but this cannot be confirmed from the information included in the published paper.

In the late 1980s, several other papers appeared that defined spatial relations. Güting (1988) listed
three Boolean spatial relations between a line and a region: “inside,” “outside,” and “intersect.”
Roussopoulos et al. (1988) listed three pairs of Boolean spatial relation operators between a line
and a region: “intersect”/“not-intersect;” “within”/“not-within;” and “cross”/“not-cross.” Once
again, however, no details are given in the paper for the exact definition of these predicates. Menon
and Smith (1989) included metric spatial relations between points and lines (distance, direction),
but no Boolean predicates. Bennis et al. (1991) added the idea of asymmetric spatial relations
between line objects and region objects, that is, some spatial relations apply between a line and a
region, but not between a region and a line. For example, a region can be left-of or right-of a
directed line that is coincident with part of its boundary, but without an external reference frame, a
line cannot be left-of (or right-of) any region. The other Boolean spatial relations Bennis et al.
presented were “overlap” and “inclusion,” and to these they added the metrical relations “distance”
and “direction.”
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2.2 The “9-Intersection” Definition of Topological Spatial Relations

Recently, Egenhofer and Herring (1991) extended a previously-published formal categorization of
topological spatial relations between two spatial regions (Egenhofer and Herring 1990; Egenhofer
and Franzosa 1991) to account for binary relations in two-dimensional space IR2  between objects
other than regions, such as between two lines, or between a line and a region. For line-region
relations the following definitions are relevant:

• A line is a sequence of 1...n connected 1-cells—connection between two geometrically
independent 0-cells (nodes)—such that they neither cross themselves nor form cycles. A line
defined in this way is equivalent to a non-directed “Chain” in the U.S. Spatial Data Transfer
Standard (SDTS) (Fegeas et al. 1992). Nodes at which exactly one 1-cell ends will be referred
to as the boundary of the line, whereas nodes that are an end point of more than one 1-cell are
interior nodes. The interior of a line is the union of all interior nodes and all connections
between those nodes. Finally, the exterior is the difference between the embedding space IR2

and the union of the interior and boundary (Figure 1). In this paper, we focus on simple lines,
which have exactly two boundary nodes.

Figure 1. Interior, boundary, and exterior of a line in IR2 .

• A region is defined as a connected, homogeneously 2-dimensional 2-cell; this is termed a “GT-
Polygon” in SDTS. Its boundary forms a Jordan curve separating the region’s exterior from its
interior (Figure 2).

Figure 2. Interior, boundary, and exterior of a region in IR2 .

The 9-intersection describes binary topological relations in terms of the intersections of the
interiors, boundaries, and exteriors of the two spatial objects. The nine possible intersections
among the six object parts (each of the line’s interior, boundary, and exterior with each of the
region’s interior, boundary, and exterior) are preserved under topological transformations and
provide a framework for the formal description of their topological relationship.

A variety of topological invariants can be applied to analyze the intersections. The most general
topological invariant is the distinction of the content (emptiness or non-emptiness) of the
intersections. This can be concisely represented as a 3x3 “bitmap” (Figure 3).
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Figure 3. The 3x3 “bitmap” of a 9-intersection. White pixels represent empty
intersections and black pixels stand for non-empty pixels. The left column of each
bitmap has a black square for each part of the line (from the top, the Interior,
Boundary, and Exterior) that intersects the Interior of the line; the column in the
middle indicates the same for the Boundary of the region; and the right column
represents the three intersections with the region’s Exterior.

With each of these nine intersections being empty or non-empty, the model has 512 (29) possible
relations between the objects. Most of these combinations of the nine intersections are, however,
impossible for connected objects in the 2-dimensional Cartesian plane. In fact, between an
unbranched line and a region, just 19 distinct topological relations are possible (Figure 4). More
detailed distinctions would be possible if further criteria were employed to describe the non-empty
intersections, such as the dimensions of the intersections (0- or 1-dimensional) or the number of
separate components per intersection (Egenhofer and Herring 1990; Clementini et al. 1992). Such
additional distinctions are, however, ignored in this paper.
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Figure 4. The 19 topological relations distinguished by the 9-intersection, together
with their empty/non-empty bitmaps.

The 19 situations can be presented in a diagram that links cases where exactly one of the nine
intersections is different but the others are the same; Egenhofer and Al-Taha (1992) presented such
a diagram for spatial relations between two regions. This diagram (Figure 5) has a particular
“symmetry” such that situations in the equivalent positions on the left and right sides differ only in
the fact that the “interior” and “exterior” of the region have been interchanged. In most cases, it
also is possible to transform between neighboring situations through smooth geometric
transformations.
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Figure 5. Diagram illustrating relationships among the 19 topologically-distinct spatial relations
between a line feature and an region feature according to Egenhofer and Herring’s “9-intersection”
model. Situations are connected in the diagram if they differ for exactly one of the nine
“intersections.”

\Whereas the 9-intersection can be shown to be a correct and complete characterization of a system
of spatial relations, mathematics alone cannot indicate whether the distinctions made are relevant,
or whether relevant distinctions have been omitted. As noted above, additional distinctions can be
made, and the number of such possible distinctions may be essentially unlimited. Thus any
particular level of detail in topological distinctions may be viewed as a level of abstraction, and the
question becomes: is the level of abstraction for spatial relations represented by the 9-intersection
an appropriate level for GIS or for cognitive science? In particular, the 9-intersection model
distinguishes 19 different line-region relationships. However, the intuition of at least some
researchers in the field seems to indicate that most people would not distinguish that many different
kinds of topological relations between a line and a region. To evaluate this intuition, we developed
experiments to examine how people categorize spatial relations between lines and regions in a
geographic context.
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3. The First Experiment

3.1 Experimental Design

For the first experiment, we produced 40 drawings of a line and a region. The region was identical
in each drawing, and was bounded by a thin solid line and filled with a gray tone. The line was
drawn with a line weight twice that of the region boundary. The position of the line relative to the
region was different in each case, and the lines were positioned so as to provide two (or, in two
cases, three) geometrically distinct examples of each of the 19 topologically-distinct cases of line-
region relations. Whenever possible, the line was straight in one example of each 9-intersection
situation, and curved in the other(s). Subjects were told that the region was a “park” and that the
line was a “road,” although the representations of those features did not follow standard
cartographic symbology. Some examples are shown in Figure 6, and others appear in subsequent
diagrams in this paper.

Figure 6. Some examples of the stimuli used in this research. The right and middle
examples in the lower row are topologically identical but geometrically-distinct.

The 40 drawings were then printed on individual cards 7.0 by 10.8 cm (about the size of standard
playing cards), and were shown to 12 native speakers of English, 12 native speakers of Chinese, 3
native speakers of German, and one native speaker of Hindi. With one exception1, the instructions
were given and responses were recorded in the native language of the subject. In English, the
instructions were:

“Here are 40 different sketches of a road and a state park. Please arrange the
sketches into several groups, such that you would use the same verbal description
for the spatial relationship between the road and the park for every sketch in each
group.”

1 The Hindi-speaking subject, was asked the question in English, and asked to use English-language phrases to
describe the categories.
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When the subject completed the task, the experimenter recorded the groups, and elicited the
descriptive phrase or sentence for the spatial relation for each group. Lastly, most of the subjects
were asked to select the “best example” from each group, as a prototype.

3.2 Results

3 .2 .1 Number of Groups

The numbers of groups identified by the subjects varied widely, from 4 to 20 (Figure 7). The
median number of groups was somewhat higher for the Chinese subjects, but there is sufficient
variation within each group that it is clear that there is no systematic difference in group sizes
across the languages tested. Attention thus was turned to the actual groupings.

4

8

12

16

20

English Chinese Other

Figure 7. Histogram showing the number of groups defined by the subjects.

3 .2 .2 Groupings

Groupings by individual subjects can be examined visually after plotting them on the diagram
introduced in Figure 5, above. We found that the groups normally appeared as connected
subgraphs of this diagram. However, there was a great variation in the groupings by individual
subjects (for examples, see Figures 8, 9, and 10). Even for individual subjects, the groups seemed
at times to overlap. However, because we required each stimulus to be put into exactly one group,
such overlaps could not be detected from the data.
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"road to 
the park"

"road 
near 
  the 
park"

"roads along 
the park"

"roads within 
the park"

"roads 
connecting 
 portions of 
the park"

"roads 
crossing the 
park"

"roads 
into the 
park"

Figure 8. The responses of one of the English-language subjects, plotted on the diagram
introduced in Figure 5. Each shaded polygon represents a group; the shadings are arbitrary and
simply are intended to discriminate the groups within one diagram. If the group polygon covers
just half of a circle representing one of the 9-intersection situations, that means that only one of the
two diagrams representing that situation was placed in the group. A heavy circle boundary
designates the group prototype; a heavy circle on the white general background indicates that the
subject isolated the two or three diagrams representing that 9-intersection situation as a small
group.
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"roads that are both internal 
and external of the park"

"roads within the 
parks interior that 
also come in contact 
with the park 
border"

"roads totally on the 
park border"

"roads on the exterior 
of the park that also 
come in contact with 
the border of the park"

"roads 
totally 

external to 
the park"

"roads 
totally 
within the 
park's 
interior"

Figure 9. Diagram for another English-language subject. Note that these groups are
much more compact than those produced by the previous subject (Figure 8), and
that the diagram is perfectly symmetric.
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Figure 10. Diagram for one of the German-language subjects. This subject provides
an example of the tendency of several subjects to aggregate much more on the left
side of the diagram (where the road in within the park), but to differentiate more
finely on the right side.

3 .2 .3 Validity of the 9-Intersection

With 40 stimuli, there are 760 distinct pairs of stimuli (n(n-1)/2). Each of these stimulus pairs was
grouped together by between all (28) and none (0) of the 28 subjects. Since we did not observe
any particular differences across languages, we considered all 28 subjects together, counting how
often each pair of stimuli was aggregated and ranking the 760 possible pairs by their grouping
frequencies. If we consider only the basic set of 38 stimuli (two for each situation), the 19 most
frequently grouped pairs were exactly the 19 that were within the 9-intersection
classes. This appears to be a strong confirmation of the fundamental nature of the 9-intersection
model. Seven of these within-situation pairs were grouped by all 28 subjects, and 4 others were
grouped by 27 subjects. Interestingly, all of these categories were around the margin of the
diagram. The remaining eight 9-intersection situations, toward the middle of the diagram, were
grouped by between 23 and 25 subjects, still more frequently than any between-situation pair. In
fact, the most frequently grouped between-situation pair was grouped by 22 of 28 subjects, and
only 5 such pairs were grouped by 20 or more subjects.
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3 .2 .4 Prototype Effects

Part of the experiment involved asking each subject to designate one stimulus from each group as
the best example of that group, to serve as a prototype. Figure 11 shows the frequencies of
prototype choice for 23 of the subjects, the 12 Chinese speakers plus 11 of the 12 English-
language subjects. Many of the prototypes for the line-to-region relation categories were at the ends
of the categories, rather than in the centers. Initially, this was surprising, because for other
prototype studies (for example, Berlin and Kay's 1969 study of color categories), prototypes are
usually near the centers of categories. However, most of the prototypes for line-region relations
were cases in which the body (interior) of the line fell entirely into one of the three parts (interior,
boundary, exterior) of the region. To put this another way, the spatial relations in the prototypes
seem more “simple.” The more complicated cases that fall toward the central part of the diagram
(Figure 11) were seldom considered to be “best” examples of relationships, probably because they
combined elements of several different relationships. When the prototypes for all categories for the
23 subjects are aggregated, situations around the edge of the diagram are selected far more often
than those toward the middle.
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Figure 11. Frequency with which each situation was chosen as a group prototype by 23
subjects.

For several cases, a situation on the right side of the diagram was selected as a prototype
considerably more often than the equivalent diagram on the left. One example is the case where the
road is entirely outside the park, except for touching it at one end. That situation was a group
prototype for 16 of the 23 subjects for whom prototype information was tabulated, whereas its
inside-out equivalent was a prototype by only 7 subjects. In fact, the two stimuli in which the road
ended at the park boundary from outside were isolated as a group of two by 13 subjects (making
them automatically their own prototype); 2 additional subjects added just one other stimulus to the
pair, and only 1 subject used this pair as the prototype for a larger group (10 stimuli). Of the 7
subjects who marked the situation where the road touched the boundary at one end but otherwise
was inside as a prototype, 4 had the two stimuli as an isolated pair, and the other 3 had a member
of that pair as a prototype of a larger group, or 4, 6, or 8 stimuli. The right-left asymmetry in
prototype selection was somewhat more common among the English-language subjects (right-side
prototypes outnumber left-side prototypes by 48-34) than among the Chinese-language subjects
(right-side prototypes outnumber left-side prototypes by 58-49), but the cross-language difference
is not strong.
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3 .2 .5 Similarity Among Subjects

In order to examine similarities and differences among the subjects, an index of similarity between
each pair of subjects was computed. First, for each subject, a 40 by 40 binary symmetric matrix
was determined, in which a “1” in any position indicates that the subject placed the pair of stimuli
denoted by the row and column in the same group, and a “0” otherwise. The fewer groups a
subject made, the more within-group pairs there are, and the more “1”s there are in the binary
matrix for that subject. Then, for each pair of subjects, we counted the number of places in their
binary matrices that were identical (that is, the two subjects treated that pair of stimuli identically,
either grouping them or not), and divided this count by 1,600 to get a similarity index that would
be 1.0 if the two subjects came up with identical groupings. Two subjects did indeed have identical
responses, so the maximum value of the similarity index was 1.0, and the minimum observed
value for any pair of subjects was 0.736.

In addition to the human-subjects data, we created 4 “synthetic” subjects, one being the exact
groupings of the 9-intersection model, and the other 3 from topological models that would result if
certain distinctions made by the 9-intersection model were ignored. In two models, the boundary
of the region is either merged with its interior (“region-closure model”) or the exterior of the region
(“open-region model”). A final model lumped the interior and boundary of both the line and the
region (“line- and region-closure model”), thus letting the model degenerate to just the “contains,”
“overlaps,” and “disjoint” relations that some previously-published categorizations of spatial
relations had recognized. Some of these classifications had much lower similarities to the data from
the human subjects, with indices as low as about 0.55.

In the analysis we emplyed multidimensional scaling (MDS), a technique for determining
configurations of points given only a matrix of inter-point distances or similarities. Usually, no
configuration would replicate the inter-point similarities exactly, and so MDS finds the
configuration that best fits the data according to some goodness-of-fit criterion. The solution does
not determine such factors as scale, rotation, or reflection, and so the axes of the output
configuration are arbitrary. The similarity indices among all pairs of subjects and models, as
discussed in the preceding paragraph, were entered into SPSS-X’s multidimensional scaling
procedure, and this produced a 2-dimensional configuration of points (Figure 12). Except for the
fact that there are very few Chinese subjects appearing as outliers on the diagram, the subjects do
not seem to cluster by language. This seems to confirm impressions gained from visual inspection
of the subjects’ groupings, that individual differences within languages are greater than distances
between languages. Note that the “region-closure,” “open-region,” and “line- and region-closure”
models fall outside the convex hull of the data for the 28 subjects, although data for several
subjects plotted closer to the “region-closure” model than to the 9-intersection model itself.
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Figure 12. Configuration of the 28 subjects and 4 models of spatial relations, produced by
multidimensional scaling. The models are indicated by shaded diamond shapes: A, the 9-
intersection model with 19 groups; B, the region-closure model (combining the interior and
boundary of the region); C, the open-region model (combining the boundary and exterior of the
region); and D, the line- and region-closure model (boundaries of both the line and the region are
merged with their interiors). The axes of the diagram are arbitrary dimensions.

3 .2 .6 A Rare Example Of Discrimination By Geometry

Whereas almost all subjects appeared to emphasize topological factors in their responses to the
grouping task, one of the English-language subjects apparently used a geometric criterion to
classify some of the stimuli. Figure 13 shows the stimuli involved in this exception. The particular
geometry of the four cases on the upper right-hand side of Figure 13 caused them to be grouped
together by this subject, who noticed that these had a straight segment in exactly the same position
relative to the concavity on the lower (“southern”) side of the park. However, none of the other 27
subjects grouped these 8 stimuli in this way, and the exception does not contradict the general
tendency among subjects to classify the stimuli primarily according to topological criteria and to
generally ignore geometric characteristics.



Cartography and Geographical Information Systems 21 (3): 195-212, 1994.

"road starts inside or 
on the edge, leaves it, 
and re-enters it"

"road runs across the 
'bay' in the state park"

"roads that run along the edge, 
leave it, and come back to the 
edge" 

Figure 13. Three groups of stimuli according to one of the English-language subjects. The four
stimuli in the upper left part of the diagram were described by the sentence “starts inside or on the
edge, leaves it, and re-enters it,” whereas the four in the upper right were grouped under “road
runs across the “bay” in the state park.” The lower two examples were grouped together and
described by the phrase “roads that run along the edge, leave it, and come back to the edge.” Each
of the left-right pairs of park drawings above represents two realizations of the same 9-intersection
relation.
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3.3 Summary of the First Experiment

This first experiment has shown that there is a great deal of variation in the ways in which people
classify spatial situations that involve roads (lines) and parks (regions). There are, however,
underlying patterns. One of the strongest of these is the 9-intersection model. Whereas it is
possible that the experiment contains biases that promote the recognition of the 9-intersection
distinctions by the subjects2, that model definitely emerged as an underlying structure. The 19
pairs of stimuli most often grouped by the subjects were exactly the 19 cases that the 9-intersection
model does not distinguish. Also, since the differences between the two members of each
topologically-similar pair of road-park examples were geometric—different orientation, shape, and
length of the line, etc.—the outcome suggests that people often ignore such quantitative differences
and are primarily concerned with qualitative (topological) differences. The results of the experiment
suggest that many of the qualitative differences that people make regarding spatial relations are
captured by the 9-intersection model.

The diagram introduced in Figure 5, constructed analytically on the basis of “least distinguishable
differences” in the 9-intersection, reflected subjects’ judgments very well: the 37 most-frequent
pairs, and 53 of the 58 most-frequent pairs, were either within 9-intersection classes, or were
between adjacent classes on that diagram. Figure 14 shows a consensus diagram, which groups all
pairs that were combined by 14 or more of the 28 subjects. The groups are somewhat larger on the
left side of the diagram than on the right, which has a larger number of isolated 9-intersection
classes.

2 One of the English-language subjects, who was making rather fine distinctions, noticed that identical
topological relations usually came in pairs, and then used this as part of his classification, trying to find a
“twin” for any apparently-isolated stimulus, and also looking for ways to divide any groups of three he had
formed.  In fact, the two “extra” examples that were added to the stimulus set created a problem for him at the
end, as he worked on the two groups of 3 stimuli for quite a while before finally leaving one of them, and
breaking the other into a group of 2 and a singleton.  It is possible that other subjects used similar reasoning.
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Figure 14. Consensus diagram for all 28 subjects. For the 19 9-intersection situations on the
diagram, all within-situation stimulus pairs were grouped together by well over half of the
subjects. Heavy circles surround those 9-intersection situations that were not grouped with any
other stimuli by 14 or more subjects. The shaded zones surrounding the remaining situations
indicate groups for which every within-group pair was combined by at least 14 subjects.

Although there are a few intriguing suggestions of language-based differences in the results, some
of which have been reported above, the experiment described provides no solid evidence of
differences in judgments about line-region spatial relations between speakers of the languages
tested. It is quite possible that no such differences exist for roads and parks, or even more
generally regarding lines and regions. If such differences exist between English and Chinese, they
are probably subtle, at least with respect to this experimental design, and thus larger samples or
more focused experiments (or both) will be needed to establish any differences that may exist. It is
also possible that, by coincidence, Chinese and English happen to be very similar for the spatial
situations included in the experiment; speakers of other languages will have to be tested before any
generalizations about cross-linguistic universal principles can even be proposed, let alone
substantiated.

The high individual differences across subjects, both in groupings and in the language used to
describe those groups, make it difficult to examine the possible meanings of various locative
phrases, or to relate the results to more practical issues of queries in a GIS context. Therefore, a
second, more specific experiment was designed.
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4. The Second Experiment

4.1 Experimental Design

To further evaluate the model described above, we designed a more specific test, in which subjects
were presented with sentences in English that described a spatial relation between a “road” and a
“park.” Potential spatial predicates to be tested were drawn from the subjects’ responses in the first
experiment. From these, we selected “the road crosses the park” and “the road goes into the park”
for testing. The test instrument consisted of six pages. The first page (for the test of “cross”)
presented the following instructions:

“Each of the accompanying 40 diagrams represents a State park and a road. Please
examine each map, decide how strongly you agree or disagree with the statement
that in that case, ‘the road crosses the park,’ and mark your response on the scale
from 1 to 5 under each diagram.”

This instruction page was followed by five pages, each with 8 road-park diagrams. The top half of
the first page, containing stimuli 1, 2, 5, and 6, is shown in Figure 15.

2

1

6

5

"The road crosses the park"

1    2    3    4    5strongly
disagree

strongly
agree

"The road crosses the park"

1    2    3    4    5strongly
disagree

strongly
agree

"The road crosses the park"

1    2    3    4    5strongly
disagree

strongly
agree

"The road crosses the park"

1    2    3    4    5strongly
disagree

strongly
agree

Figure 15. Four of the stimuli (the top half of the first page of the test instrument) used in the
experiment designed to evaluate the concept of a linear feature “crossing” an area feature.

Each subject was asked to compare the sentence to each of the 40 diagrams that were used in the
first experiment, and to evaluate on a scale of 1 to 5 the strength with which they disagreed (1) or
agreed (5) that the sentence described the situation portrayed in that diagram. Then the average
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rating for all subjects was obtained for each diagram, and this average was rescaled so that 0.0
would represent “strongly disagree” and 1.0 would indicate “strongly agree.” Since these ratings
were quite similar for the 2 or 3 examples of each of the 19 relations distinguished by the 9-
intersection model, we further averaged the results across the stimuli for each of those 19
relations3. These summary ratings are empirical estimates of the probability that a subject would
consider that a drawing illustrating that topological relation represents the concept to which the
sentence refers.

4.2 The Road “Crosses” the Park

The first spatial relation that we tested was the concept of a line “crossing” a region. Some a priori
analysis suggests that in order for a line to “cross” a region, it should satisfy two topological
constraints: the line must have some intersection with the interior of the region, but also should not
terminate within the region. As linguist Leonard Talmy has discussed (Talmy 1983), the
prototypical meaning of “cross” involves completion of a side-to-side traversal of a two-
dimensional entity, and thus there is a possibility that metrical properties will be important. Figure
16 illustrates the two subsets of the 9-intersection diagram that are excluded by the restrictions
noted above, and the five remaining relations, which should correspond to “cross.”

3 The first 38 stimui (two for each 9-intersection class) were drawn with the road in an “ordinary” relation to the
park.  Stimuli #39 and #40, however, had specific geometries designed to examine specific aspects of road-park
relations.  These two special stimuli were excluded from the averages calculated for the 9-intersection relations,
and results for #39 are reported separately below.
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Roads that 'cross' 
the park cannot be 
entirely outside the 
park or on its 
boundary.

Roads that 'cross' 
the park must 
belong to one of  
these five relations.

Roads that 'cross' 
the park cannot 
have an end 
inside the park.

Figure 16. A priori analysis of the probable constraints on the concept of a linear feature
“crossing” a region feature.

We collected agreement ratings for “the road crosses the park” from 13 native English-speakers
and for three other subjects4. The results are illustrated in Figure 17, and confirm the conceptual
model outlined above. The stimuli fall into 3 groups. The 5 spatial relations that were predicted to
“cross” the park had the highest mean ratings, 0.68 or above. It is interesting to note that the
highest agreement ratings are for the two situations at the ends of the “crosses” class; this supports

4 These three additional subjects, two who were native speakers of Chinese and one of Hindi, were all fluent in
English and were tested in English.
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the generalization presented in section 3.2.4 above, that best examples (prototypes) tend to be at
the ends of categories. The 7 relations for which the road does not enter the park’s interior at all
had the lowest ratings, 0.14 or lower. The 7 cases in which the road enters the park but ends inside
it had intermediate mean ratings, between 0.21 and 0.36. Evidently, ending inside the park does
not exclude a road from “crossing” a park as strongly as not entering the park at all.

Agreement that "the 
road crosses the park" 
>0.62

Agreement that "the 
road crosses the park" 
<0.17

Agreement that "the 
road crosses the park"0.21< <0.43

0.11

0.88

0.42

0.05

0.14

0.89

0.34

0.30

0.26

0.22

0.040.93 0.11

0.16

0.76

0.02

0.63

0.26

0.26

Figure 17. Strength of agreement that “the road crosses the park” by 9-intersection relation,
averaged across 16 subjects and 2 or 3 cases per relation.
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Talmy’s (1983) emphasis on a side-to-side traversal suggests a further restriction might exist
regarding geometry. Talmy presented the following example (in Mark et al. 1989a): if a person
walks from one end of a pier to the other, straight down the middle, it would not be appropriate to
say in English that the person crossed the pier, even though the walk had completed a traverse
from one part of the pier’s boundary to another. Thus, some situations that meet the topological
restrictions noted above might still be excluded from the class of “roads crossing the park” by
geometric properties. In fact, our stimulus #39, in which the road comes in one end, curves, and
goes out through that same end, had a “cross” rating of 0.45, whereas the two topologically-
identical stimuli in which the road traversed the park between two opposing sides had mean ratings
of 0.84 and 1.00. Influences of geometry will be a focus of some testing in our further research.

4.3 The Road “Goes Into” the Park

The same set of stimuli and instructions were run with the phrase “the road goes into the park,”
which was a spatial-relation category that several of the English-language subjects in the
classification experiment (first experiment) came up with, and which usually had as its prototype
the situation with one end of the road outside the park, and the other end inside (the situation at the
top of the 9-intersection diagram; see Figure 18).
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0.09

0.86

0.88 0.00

0.09

0.94

0.23

0.71

0.88

0.95

0.110.68 0.07

0.07

0.94

0.11

0.98

0.77

0.91

Figure 18. Strength of agreement that “the road goes into the park” by 9-intersection relation,
averaged across 7 English-speaking subjects and 2 or 3 cases per relation. Situations with values
above 0.5 are surrounded by shaded box.

Data on agreement with the phrase “the road goes into the park” were collected for 7 subjects.
Again, there was considerable consensus within 9-intersection relations, across both subjects and
stimuli. The results, presented in Figure 18, show high agreement for all cases in which the body
of the road intersects the interior of the park, as long as at least one end of the road is outside or on
the boundary. Furthermore, the relation at the top of the diagram, which as just noted was often the
category prototype in the classification experiment, had a rating of 0.95, second highest of all the
stimuli.

4.4 Summary of the Second Experiment

Comparing the results of this experiment for the two sentences tested, we find that some situations
were strongly confirmed as belonging both to “the road crosses the park” and “the road goes into
the park.” Other situations belong to one concept and not the other, and still others fit neither of
these descriptions. This supports the idea that no single set of mutually-exclusive and collectively-
exhaustive spatial predicates could satisfy all queries or natural language descriptions. On the other
hand, the results give us further confidence that the 19 line-region relations distinguished by the 9-



Cartography and Geographical Information Systems 21 (3): 195-212, 1994.

intersection model have promise as a set of primitives, to be used as building blocks in developing
a potentially large number of higher-level spatial concepts.

5. Future Research

Future research is indicated in many directions. Clearly, the experiments described in this paper
should be repeated with larger samples. The cross-linguistic dimension of the problem also is
worth pursuing, because of the implications for GIS user interfaces, query languages, and cross-
linguistic technology transfer (Mark et al., 1989b; Frank and Mark, 1991; Gould et al., 1991).
There also is potential to contribute to our understanding of the differences by which different
languages express spatial concepts (Talmy, 1983), and thus subjects should be tested in other
languages. The possible influence of the hypothetical phenomena in the drawings also is worth
investigating. Would the results be significantly different if the test drawings for the line-region
relation were described as a storm track and an island or peninsula? Or a road and a gas cloud? And
does scale (scope) matter, that is, would the categorization be different if the line and region were
things on a table-top, or were at continental scales?

It also would be interesting and potentially valuable to perform human-subjects experiments
regarding the acceptability of hypothetical GIS responses to hypothetical quasi-natural-language
queries regarding spatial relations between line features and region features. The second
experiment was designed to test this aspect of the problem, but probably would be more clearly
applicable to GIS if the queries were from a GIS context and if the test were performed on a
computer rather than on paper. Also, we feel that the model described herein would provide a good
basis for analyzing line-region queries provided in GIS software, or in testing spatial relations
defined in the literature.

In addition to the specific results obtained, we feel that the studies reported in this paper
demonstrate the value of human subjects testing and empirical evidence in the development and
evaluation of formal models for spatial relations. The 9-intersection model for lines and regions can
be understood more fully in light of data from human subjects. We hope that more researchers
from the GIS and cartographic communities will combine experimentation and mathematical rigor
to determine the strengths and limitations of the infinity of possible spatial relations that could be
formally defined.
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