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Abstract

People who use multiple channels at the same time communicate more successfully about spatial
problems than those who rely exclusively on either voice or pictures. To achieve a similarly
successful interaction between a person and a geographic information system (GIS), we use two
concurrent communication channels—graphics and speech—to construct a multi-modal spatial
guery language in which users interact with a geographic database by drawing sketches of the
desired configuration, while simultaneously talking about the spatial objects and the spatial
relations drawn. Through the combined use of graphics and sketch, more intuitive and more
precise specifications of spatial queries are possible. The key to thisinteraction is the exploitation
of complementary or redundant information present in both graphical and verbal descriptions of the
same spatial scenes. A multiple-resolution model of spatial relationsis used to capture the essential
aspects of a sketch and its corresponding verbal description. The model stresses topological
properties, such as containment and neighborhood, and considers metrical properties, such as
distances and directions, as refinements where necessary. This model enables the retrieval of
similar, not only exact, matches between a spatial query and a geographic database. Such new
methods of multi-modal spatial querying and spatial similarity retrieval will empower experts as
well as novice usersto perform easier spatia searches, ultimately providing new user communities
access to spatial databases.

1. Introduction

Today’ s methods of interacting with geographic databases are largely non-spatial, as they require
their users to deal with geographic data primarily through alphanumeric command languages.
Currently, spatial querying is done by typing a command in some spatial query language, such as
an extended version of SQL (Ingram and Phillips 1987; Herring et al. 1988; Egenhofer 1994), or
by selecting the same or a similar syntax through a forms interface or from pull-down menus
(Egenhofer 1990; Calcinelli and Mainguenaud 1994; Aufaure-Portier 1995). Such spatial querying
is atedious process, because it often requires extensive training in the use of the particular query
language. A more serious disadvantage of such textual spatial querying is that it forces users to
trandate a spatial image they may have in their minds about the situation they are interested in, into
anon-spatial language. Graphical user interfaces provide only little improvement for such query
languages, because they use the same type of syntax and grammar as the typed languages, and they
only release users from remembering the particular syntax (Egenhofer 1992). The problems with
communicating a user’ s request to a spatial database through conventional spatial query languages
become most apparent when several users have to work together and have to understand their
intentions. Verbal descriptions of spatial situations are frequently ambiguous and may easily lead to
misinterpretations, particularly in multi-language working groups. Traditional spatial query
languages have serious limitations when geographic concepts are used that are vague, imprecise,
little understood, or not standardized. As an example, take the notion of the spatial predicate
“cross’ whose semantics may vary depending on the context in which it is used, the meaning of
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the objects the predicate relates to, and the topology and the metric of the particular configuration.
These drawbacks make current spatial query languages error-prone and difficult to use.

Sketch-and-Talk is an innovative spatial query language that uses simultaneously graphic and
voice input. It is made possible by the advent of pen-based computers and is a response to the
increased interest in Mobile Computing (Imielinski and Korth 1995). Such a multi-modal spatial
query language will allow users to interact more intuitively with spatial data than traditional GIS
query languages and GIS user interfaces do, because it supports more directly human spatial
thinking and familiar human interaction techniques through the combination of graphical (“sketch”)
and voice (“talk”) input.

Sketch-and-Talk aims at retrieving from a spatial database those configurations that match a set
of constraints specified. In this process, spatial relations play a significant role (Frank 1982;
Pizano et al. 1989; Egenhofer 1992; Papadias and Sellis 1994) as they often specify the principal
constraints about the data to be retrieved. Sketch-and-Talk addresses the particular need for
modeling semantics of visual information, which participants at a recent NSF-ARPA workshop
identified as essential for the success of Visual Information Management Systems.

“...currently a major bottleneck are, however, the techniques to introduce and
manage the semanticsin these [visual information] systems. ... The queriesrequire
assignment of semanticsto data.” (Jain and Pentland 1995)

Sketch-and-Talk allows users to choose their favorite interaction mode to compose a spatial
guery and the query processor integrates the two representations into a canonical form. The
redundancy in the voice and graphics mode is critical information for the information system’s
guery processor as it contributes to solving spatial incompl eteness and spatial ambiguities that may
exist in one mode through specifications in the other mode; detecting spatial contradictions among
the different modes, therefore, saving precious time when trying to process a query that the user
did not specify precisely enough; and exploiting spatial consensus among the different modes to
determine more reliable input.

Sketch-andTalk is motivated by findings in Human-Computer Interaction where a combined
speech and gesture interaction mode for the manipulation of graphic images was preferred over a
pure gesture or a pure speech interaction (Hauptmann 1989), as well as results from cognitive
science and linguistics, where researchers argued that natural language descriptions of spatial
configurations absorb detail, while graphics are generally overspecified (Talmy 1983). For
example, a natural-language description like, “the road that enters the park” addresses the salient
properties of the configuration—the principal topological concept of getting into without specifying
such details as where the road starts or how often it crosses the park’s boundary—while it
abstracts away other geometric characteristics such as the shape of the objects, their sizes, and the
orientation among them. This leaves ample freedom for topologica and metric variations and these
geometric details remain unspecified when processing such a description as a query against a
spatial database. As an alternative to natural-language descriptions, sketches may constrain more
precisely aparticular spatial situation, but they introduce additional spatial properties that the user
did not necessarily intend to specify, such as the objects’ shapes, their relative sizes, and
directions. When parsing a sketch it becomes impossible to distinguish explicit from implicit spatial
constraints. Through the combined use of sketch and voice queries, Sketch-and-Talk balances
between underspecifications and overspecifications by giving different priorities to the details of a
drawing and a corresponding natural-language description.

This paper discusses the design of Sketch-and-Talk. After areview of related work (Section
2), we givein Section 3 aguided tour through a simple interaction with Sketch-and-Talk. Section 4
presents the model used for integrating verbal and sketched spatial relations, and Section 5
introduces how Sketch-and-Talk queries get processed. Conclusionsin Section 6.
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2. Related Work

Sketch-and-Talk is complementary to other spatial search mechanisms (Kuhn 1992) such as spatial
data mining to discover interesting spatial configurations (Koperski and Han 1995), and browsing
to explore a spatia data set for selection (Clementini et al. 1990). Sketch-and-Tak supports spatial
similarity retrieval (Chang and Lee 1991) and complements methods of content-based image
retrieval (Hirataand Kato 1992; Faloutsos et al. 1994; Flickner et al. 1995; Ogle and Stonebraker
1995) and specifying spatial consistency constraints graphically (Pizano et al. 1989). Although
Sketch-and-Talk employs pen-based interaction with spatial data, it differs from sketch-based CAD
languages that employ sketching to construct new configurations (Borning 1986) or update spatial
information systems (White 1988; Kuhn 1990), including 3-D drawing systems (Deering 1995).
Geometric construction and updating specify a particular configuration and require precise
geometric positioning, whereas sketching a spatial query describes a prototypical configuration
from which valid query results may deviate by relaxing spatial constraints (“best fit”).

Sketching for querying was used in Query by Visual Example (Hirata and Kato 1992) and
Query by Image Content (Faloutsos et al. 1994), which are targeted for content-based image
retrieval. While the interaction mode of these query languages is similar to some of the basics of
Sketch-and-Talk—in both cases users draw an approximate spatial configuration of what to
retrieve—scope, modalities, and sketch interpretation are considerably different. Sketches for
content-based image retrieval assume that the user draws something that matches quite closely the
target and that all relations are intended as drawn. Their query processors accommodate primarily
metric variations (Del Bimbo et al. 1994) and they are very sensitive to variations in sizes,
orientations, and shapes. On the other hand, Sketch-and-Talk assumes that the user’s sketch and
the targets may vary, at times considerably, aslong as they match in the most important criteria.

The semantics of spatial relations, essential for the interpretation and processing of a Sketch-
and-Tak query, has received attention primarily in the arena of linguistics and artificial intelligence.
Clark (1973) suggested a strong correspondence between Perceptual Space, which humans use to
perceive the space around them, and Linguistic Space, which is used by language to represent the
perceived space. This correspondence has been widely used in subsequent research for eliciting
natural language descriptors of scenes. Talmy’s (1983) seminal paper on “How Language
Structures Space” establishes the link between prototypical spatial configurations and the use of
natural language predicates. According to Talmy, at the fine-structural level of conceptual
organization, language shows greater affinity with topology than with metric spaces. Work on
metaphors (Lakoff and Johnson 1980) and people’'s conceptualizations of spatial relations
(Grimaud 1988; Japkowicz and Wiebe 1991) are fundamental to the study of human cognition of
spatia relations. We consider them to be complimentary to our approach and do not explicitly use
these ideas of conceptualization in our work, because our formalism is focused on semantics that
can be captured from the geometric configuration of spatial relations. Positive results obtained from
our earlier work with human subject testing (Mark and Egenhofer 1994b) justify our assumption
for taking this approach. Our study also relates to Rosch’s (1978) general theory of human
categorization whereby prototypical cases are used and objects are specified in terms of their
distances from these prototypes. We are, however, dealing with spatial relations and not objects.
In this respect, we are building on Herskovits's (1986) work, which used Rosch’s method of
prototypical categorization and applied it to spatial relations.

3. A Sample Scenario

The following scenario provides a rough outline of the interaction a user may perform when
sketching and simultaneously talking about a query. Sketch-and-Talk uses a touch-sensitive input
device—ideally atouch screen with a pen, such as Apple’ s Newton, or alternatively atablet with a
pen—plus a microphone to record the user’ s voice (Figure 1).
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Figure 1.  Sketch-and-Tak with apen-based user interface and a microphone.

The user employs a pen to sketch an example of what she wantsto find in the database. In this
particular case, the user is interested in land parcels with a wooded area on the Penobscot River.
While the user starts describing her request verbally (“I’'m interested in a land parcel ...”),
she draws the boundary of aland parcel (Figure 2). Sketch-and-Talk parses that the object drawn
isaland parcel and adds the label to the sketch.

Figure 2.  The user draws the outline of a land parcel, while describing that the object of
interest isaland parcel.

The user continues the query by specifying that the land parcel should be “ ... with some
forest on it ...” and simultaneously drawing part of the forest’s boundary to indicate its location
with respect to the land parcel (Figure 3). Again, the new object drawn is labeled with its type.

Figure 3: The user adds the boundary of aforest such that it intersects with the land parcel.
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Sinceit is unclear on which side of the line the forest is located, the user gestures with the pen
by filling the interior of the forest (Figure 4).

land parcel

Figure 4.  To determine the location of the forest (i.e., on which side of the boundary it lies),
the user fills the scribbles into the forest’ sinterior.

Finally the user draws aline that crosses the land parcel, while completing the constraint that
the land parcel must be “ ... located on the Penobscot River” (Figure 5).

Penobscot River

Figure 5: The user adds the location of Penobscot River such that runs along the land parcel,
but does not intersect with the forest.

4. Modeling Spatial Relations for Multi-Modal Querying

A critical component for the success of Sketch-and-Talk is the integration of what the user drew
and what she described verbally. This integration must occur at a semantic level such that the
meanings of the sketch and the verbal description can be compared. Our approach to this
integration is based on the use of a canonical representation for Sketch-and-Tak queries, which is
compatible with natural-language spatia relations as well as graphics. Sketch-and-Talk bases its
analysis of spatial relations on the premise Topology Matters, Metric Refines (Egenhofer and Mark
1995b). The remainder of this section reviews the pieces of the model used as a symbolic
representation of spatial relations.

4.1 9-Intersection for Topological Relations

We base the analysis of spatial relations on the 9-intersection, which is a comprehensive model for
binary topological spatial relations. It appliesto objects of type area, line, and point (Egenhofer and
Herring 1990; Egenhofer and Franzosa 1991) and characterizes the topological relation between
two point sets, A and B, by the set intersections of A’sinterior (A°), boundary (JA), and
exterior (A ) with the interior, boundary and exterior of B (Equation 1). With each of these nine
intersections being empty (o) or non-empty (-0), the model has 512 possible topological
relations between two point sets, some of which cannot be realized. For two simple regions
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without holes embedded in R2, the categorization shows eight distinct topological relations. They
have been called disjoint, meet, equal, overlap, inside, contains, covers, and coveredBy. For two
simple lines (non- branchlng no self-intersections) embedded in R2, 33 different topological
relations can be realized with the 9-intersection, and for aline and aregion, 19 different situations
are found (Egenhofer and Herring 1990).

OA°NnB° A°ndB A°nB 0O
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We use the 9-intersection relations as the key for analyzing spatial relations sketched, because it
captures topological relations at a coarse level and, therefore, is an appropriate candidate for
grouping sketches into classes of similar relations (Figure 6). By mapping the sketched relations
onto 9-intersection relations, we capture the most salient features of a sketch in a form that is
independent of orientations and sizes. This abstraction is critical to translate a sketched
configuration into a database query.
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Figure 6: The 9-intersection as a categorization of the spatial relations sketched: (a), (b), and
(d) map onto the same 9-intersection, while (c) and (d) map onto a different 9-
intersection.

4.2 Component Invariants for Detailed Topological Relations

More detailed distinctions about topological relations are possible if further criteria are employed to
evaluate the non-empty intersections. In order to establish topological relation equival ence between
two regions (i.e., to decide whether or not two pairs of objects have the same topological
relations), it is sufficient to describe such invariants for the components (or separations) of the
boundary-boundary intersection, since the other intersections can be inferred from them
(Egenhofer and Franzosa 1995). The necessary invariants to consider are:

. The sequence of components counted along the boundaries (Figure 7a).
. The dimension of each component (Figure 7b).

. The type of boundary-boundary component intersection—touching if the boundary enters
and leaves the intersection from the same part, or crossing if the boundary enters from a
different part than it leaves (Figure 7c).

. The complement relationship, i.e., whether a component is a next to a bounded or
unbounded exterior (Figure 7d).

Detailed topological relations between two regions are expressed by the component invariant
table for non-empty boundary-boundary sequences, which lists the sequence of boundary-
boundary components and each component’s dimension, type, and complement relationship
(Egenhofer et al. 1994; Egenhofer and Franzosa 1995).
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Figure 7: Pairsof topological relations that distinguish by component invariants: (a) different

boundary sequences, (b) different component dimensions, (c) different component
types, and (d) different complement rel ationships.

We use the component invariants as the key for analyzing the intentional complexity of the
spatial relations sketched. The component invariants capture complexity of spatial relations. If a
user draws a sketch with a high level of complexity, then we assume that this complexity was
intended and that it provides the lower bound of what should be retrieved; therefore, a
configuration in a spatial database with the same 9-intersection relation, but lower-rated component
invariants, would not qualify as a match. On the other hand, a sketch of alow-complexity spatial
relation may indicate that more complex configurations under the same 9-intersection category
should be considered as well.

4.3 Conceptual Neighborhoods for Similarity of Topological Relations

Similarity among topological relationsis described in terms of the conceptual neighborhood graph,
which links those relations that are most similar to each other (Figure 8). It is based on the
computational model of determining for each relation those relations with the least number of
differences in the 9-intersection matrices (Egenhofer and Al-Taha 1992; Egenhofer and Mark
19953).

Figure 8: Conceptua neighborhood graph of the 19 line-region relations.

We use the conceptual neighborhoods of 9-intersection relations as the key to the semantics of
natural-language spatia relations. In our previous work we found that topology is the primary part
of the definition of natural-language spatial relations and that the 9-intersection is an appropriate
model for a wide range of natural-language spatial relations (Mark and Egenhofer 1994a),
applicable to different natural languages (Mark and Egenhofer 1995). For this investigation we
have available a corpus of 1500 drawings for sixty different English-language spatial relations. An
analyses of selected sketches found topological agreements in the way subjects referred to spatial
relations. Figure 9 shows four examples of natural-language spatial relations and their mappings
onto the conceptual neighborhoods of corresponding line-region relations (i.e., the set of
highlighted relations).
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Figure 9:  Conceptual neighborhoods of the topological relations for the natural-language terms
(a) crosses, (b) goesinto, (c) goes along, and (d) enters.

4.4 Quantitative Refinements for Metric Details

Occasionally, topology per seisinsufficient to characterize the essence of spatial relations. For
instance, in order to capture the semantics of the spatial relation between Interstate 1-95 and New
Hampshire requires the consideration of some metric properties in addition to topological
concern—I-95 divides New Hampshire into avery small areato the East of 1-95 and alarger piece
to the West. We apply such measures about areas, lengths, and directions as refinements of the
topological properties. For line-region relations we use the following set of metric properties:

. the ratio by which aline' sinterior divides aregion’sinterior (Figure 10a);
. how much of alin€ sinterior isinside aregion’sinterior (Figure 10b);
. how much of alin€ sinterior coincides with aregion’s boundary (Figure 10c);

. the ratio between the distance from aline to and region’s boundary, and the line' s total length
(Figure 10d);

. the ratio between the area made up by an equidistant enlargement (reduction) of the region
(also known as abuffer zone) and the actual area (Figure 10e); and

. the cardinal direction between the objects, measured in a qualitative orientation scheme
(Frank 1992) such as orthogonal half planes with a neutral zone (Figure 10f).

AN e
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Figure 10: Quantitative refinements of topological relations due to (a) the arearatio, (b) the line-
interior ratio, (c) the line-boundary ratio, (d) the line's closeness, (€) the region’s
closeness, and (f) the orientation.

We use the quantitative refinements of the 9-intersection relations as the key to formalizing
detailed geometric constraints about natural-language spatial relations and sketched spatial
relations. Some natural-language spatial relations may depend heavily on metric properties. For
example, Northeast describes a relation where the road is outside of the park, but it is equally
important that one object has a particular orientation with respect to the other (Figure 10e). More
complex configurations include such natural-language descriptions as along, which qualifies for
configurations of varying topology in combination with certain metric constraints about the line-
boundary ratio (Figure 10 c), the line’s closeness (Figure 10d), and the region’ s closeness (Figure
10e). Qualitative refinements are also critical to interpret sketched configurations that deviate
considerably from the prototypical configuration. A particularly short line-closeness measure
(Figure 10d), for instance, may indicate that the user would accept as an answer a configuration
with a dlightly different topology. The qualitative metric properties would indicate which of the
configurations targeted through the conceptual neighborhoods would qualify.
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5. Processing Stages of a Sketch-and-Talk Query

5.1 Recording

The user draws a query and simultaneously talks about what she is drawing. Sketch-and-Talk
records graphics, voice, and their temporal concurrencies by time-stamping them at regular
intervals (Figure 11). We analyze the users’ multi-modal interactions and determine which spatial
concepts they prefer to draw and which ones they rather describe verbally.

Find aroad
that enters
Acadia
National
Park

Find a road that enters

l! Acadi a National Park

N2

—€2 N3
/\ N7 g &L -
e7 N8
6 Al N4
\ N6 = e
N5

Figure 11: Recording the spoken and sketched queries and translating them into symbolic
representations of unstructured text and a topological vector model, respectively.

5.2 Parsing

Sketch-and-Talk parses the graphical and verbal sentences, and trandates them into a compatible
format (Figure 12). We build a semantic network for the spoken spatial query and trangdlate its
natural-language spatial relations into their corresponding conceptual neighborhoods of 9-
intersection relations, building on a library of mappings from English-language terms onto 9-
intersections and quantitative refinements. For the sketched query, we extract the 9-intersections,
components invariants, and quantitative refinements from the topological datamodel.

enters

road O O O
Find a road that enters :I O o O O
e .@ —_— > O O O 0 O
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ar k 0O O O
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Figure 12: Trandating text and graphical query into acompatible representation.

5.3 Integration

Sketch-and-Talk integrates the two representations by cross-referencing in the two sentences the
corresponding relations and adding, as available from the verbal description, the object types and
their values to the objects sketched. Where necessary, Sketch-and-Talk consolidates the integrated
spatial relations resolving incompleteness, ambiguities, and contradictions (Figure 13). We exploit
the unifying format of the 9-intersection (and where necessary component invariants and
guantitative refinements) to link the query parts expressed in different modes. If the same relations
are expressed both verbally and graphically, we use thisinformation to consolidate the query. This
includes the completion of otherwise incomplete query parts, and the resolution of ambiguitiesin
one representation by using information derived from the other interaction mode. Finaly, we
exploit consensus by putting higher preferences on those aspects of a spatia query that were well
specified both verbally and graphically.
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Figure 13: Integrating the spatial relation described verbally and sketched.

5.4 Query Processing

Sketch-and-Talk develops a query processing plan, trandatesit into the database’ s query language
(e.g., SQL-3 MM), and retrieves the scenes that match the query. Retrieval and presentation of the
results should be in a prioritized order such that the scenes most similar to the sketch are presented
first to the user. We use the integrated representation of spoken and sketched query and iteratively
relax the spatial constraints to generate a set of database queries of decreasing specificity. We start
with executing the most specific queries first and build for each configuration found a similarity
measure to assess how closely it matches the query asked. If the set of answersis small, further
relaxations may be necessary. In a post-processing step, the answers are sorted according to the
similarity measures so that the best matches are presented first to the user.

|r0ad|—<.‘[)——|park| SELECT road, park
/@V\HERE r

oad topReI 8 park and
| ength

(road interior intersection park.interior)
OOOOOOOOO /1 ength (road)) > 0.25 —_— H '
© 0 \@V\HEREroadtopReI 9.topRel _13 park

O
Figure 14: Developing aprioritized query processing plan from the integrated representation and
processing these queries against a spatia database.

6. Conclusions

The combination of graphical and voice input enables a new style of spatial querying. The two
interaction modes are complementary, and when used together they provide more power than either
of them alone. The conceptual design of Sketch-and-Talk will be tested through a prototype
implementation, and we will evaluate Sketch-and-Talk with user tests.
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