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Abstract

Retrieving knowledge from a knowledge repository includes both the process of finding information of interest and the
process of converting incoming information to a person’s own knowledge. This paper explores the application of 3D interfaces
in supporting the retrieval of spatial knowledge by presenting the development and the evaluation of a geo-referenced
knowledge repository system. As computer screen is crowded with high volume of information available, 3D interface becomes
a promising candidate to better use the screen space. A 3D interface is also more similar to the 3D terrain surface it represents
than its 2D counterpart. However, almost all previous empirical studies did not find any supportive evidence for the application
of 3D interface. Realizing that those studies required users to observe the 3D object from a given perspective by providing one
static interface, we developed 3D interfaces with interactive animation, which allows users to control how a visual object should
be displayed. The empirical study demonstrated that this is a promising approach to facilitate the spatial knowledge retrieval.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

While knowledge management enables organiza-
tions to capture, organize, and access their intellectual
assets effectively [14], its codification strategy [18]
makes more and more knowledge repositories avail-
able. Knowledge is captured, indexed, and stored into
repositories. Such knowledge repositories play an
essential role in the sharing, the creation, and the
application of knowledge [1,41,46]. It usually takes
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two processes for users to retrieve knowledge from
repositories: finding and internalizing related informa-
tion. The interface design of a knowledge repository
thus may have significant impact on its communica-
tion efficiency with its users [22]. A good design can
facilitate the retrieval of knowledge stored and a not
so good design may hamper it. While the interface
requirement varies with knowledge domain and the
media type, supporting cross-media knowledge re-
trieval is even more challenging when a knowledge
repository stores knowledge into more than one media
type [35].

Presenting the development and the evaluation of a
geo-referenced knowledge repository system, this pa-
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per explores the application of 3D (three-dimensional)
interface in supporting the retrieval of spatial knowl-
edge. While geographical information has become an
important resource to support decision-making
[10,32,38], the diversity of media in which informa-
tion is stored also makes geo-referenced knowledge
repository an interesting candidate to study the cross-
media knowledge retrieval. This paper presents a
system that combines realistic and abstract graphics
to deliver spatial knowledge. Such combination has
been shown valuable for linking “where”” and “what”,
the two most important concepts in the Geographical
Information Systems (GIS) research [32]. The advent
of multimedia leads most GIS systems [26,40,48] to
use one window for the display of information in one
media type. Usually there is a window displaying a
map for the “where” type of information. The map can
be color-coded to represent the distribution of a
geographical attribute such as surface elevation, tem-
perature, or population. More attributes can be pre-
sented on the same map by adding icons whose shape,
size, or color may represent certain attributes. Except
place names, attributes displayed on such a map are
either numerical or taxonomic. While the window with
a map indicates “where,” other windows present
“what” in different media types. A window of “what”
might be a statistic diagram, an image, or a text
document. Users jump among windows to link
“where” and “what” or to identify patterns and trends
from “what.” As the volume of information increases,
the windows on a computer screen can become un-
manageable. The ability to pack more information into
one window makes 3D interface a promising candidate
for addressing this “small screen” problem [37]. A 3D
interface becomes even more attractive in the context
of spatial knowledge retrieval due to its similarity to
the terrain surface that itself is three-dimensional.
Three-dimensional figures have been used for data
exploration and hypothesis generation by earth and
atmospheric scientist for years. And previous GIS
study also found that the 3D depiction of a terrain
surface enhanced the understanding of 3D structure of
the real world in pilot training [30].

Despite its advantage in visualizing geo-referenced
information, most previous 3D—2D comparison stud-
ies have not yet provided supportive evidence for the
use of a 3D interface [24,34,43]. However, those
studies used only static interface, forcing human

subjects to observe a 3D object from a given perspec-
tive, inevitably giving rise to the ‘“hidden object”
problem. This paper, on the other hand, proposes and
evaluates 3D interfaces that enable users to choose
his/her own view angle to observe 3D objects through
interactive animation.

2. Related work and research issues
2.1. Knowledge repository

According to Ref. [27], “A4 knowledge repository
is an online, computer-based storehouse of expertise,
knowledge, experience, and documentation about a
particular domain of expertise. In creating a knowl-
edge repository, knowledge is collected, summarized,
and integrated across sources.” Based on source, a
knowledge repository is either internal or external. A
knowledge repository may also be structured or
unstructured.

However, the usefulness of a knowledge repository
may largely depend on the extent to which its inter-
faces help its users find and internalize related infor-
mation. While most knowledge repositories have
stored knowledge in textual documents, multimedia
knowledge repositories pose more challenge to the
retrieval of knowledge.

2.2. Information retrieval vs. knowledge retrieval

Among several perspectives to distinguish knowl-
edge from information [2,45], this paper adopts the
one of [2], who believe that knowledge and informa-
tion to be interchangeable. Information becomes an
individual’s knowledge once it is processed in the
mind of that person. And knowledge becomes infor-
mation when it is described and represented in arti-
facts. Therefore, although knowledge is coded and
stored into knowledge repositories, but a user retrieves
only information from a repository system. The infor-
mation retrieved becomes the user’s own knowledge
after he/she processes it in his’/her own mind. Knowl-
edge retrieval thus refers to both finding and process-
ing related information to generate an individual’s
own knowledge, similar to the internalization process,
one of the four knowledge generation processes
described in Ref. [33].
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Applying visualization technologies can facilitate
such internalization process. Because human eyes can
process visual cues in a parallel manner, a visual
interface can help users perceive patterns that might
be invisible if information is presented in numbers and
tables. In addition, visualization makes solutions per-
ceivable [48], reducing the cognitive load of mental
reasoning and mental image construction, necessary
for internal knowledge generation.

2.3. Existing systems

As indicated in Ref. [11], graphical interfaces
usually belong to one of two categories: the realistic
or the abstract. The spatial dimensions in a realistic
graphic correspond with those of the object depicted,
while spatial dimensions in an abstract graphic repre-
sent non-spatial data. For instance, a geographical
elevation map or a diagram of molecule is a realistic
graphic, whereas various statistic diagrams such as pie
chart and bar chart are examples of abstract graphic. A
GIS system usually utilizes both types to link
“where” and “what.” While research in cartography
studies various techniques of presenting a geograph-
ical map, a variety of GIS systems focus on how to
help users specify their information need. For in-
stance, the GKRS system described in Ref. [9] and
Ref. [50] supports concept-based cross media search-
ing. The Alexandra Digital Library (ADL) project
develops a system that enables users to specify their
queries over a map. All those systems use multiple
windows to display information in different media
types and users jump among windows to obtain
information. Such processes may become unmanage-
able to users as the volume of information increases.

Using a 3D interface is one way to pack more
information into one window. Advanced hardware
technology and specialized 3D software fortunately
have made it faster and faster to accomplish 3D
transformations, hidden-surface removal, and surface
models. Researchers and software developers have
invented several 3D designs, including the Cone Tree
[19,36], Hyperbolic Tree [25], the WebBook [5],
Information Cube [13], and information landscape
[6]. In addition, a 3D interfaces is closer to the 3D
terrain surface than its 2D counterpart. But as more
and more 3D prototype systems have been developed
to visualize large-scale information, little work has

been done to incorporate this technique into the GIS
research.

2.4. Spatial knowledge

The goal of a GIS is to deliver spatial knowledge.
MacEachren [28] cited the work of Golledge and
Stimson [17] and listed three types of spatial knowl-
edge that users may acquire from a geographical
information visualization system: declarative knowl-
edge, procedural knowledge, and configurational
knowledge. Declarative knowledge, which calls for
the least cognitive development, denotes to the knowl-
edge about places and their attributes (i.e., place name
and location). One example of such knowledge is as
“the population of Boston is five hundred eighty nine
thousand.” This type of spatial knowledge does not
require contextual information but most of the time
does need both realistic and abstract graphics. Proce-
dural knowledge, considered to be at a higher cogni-
tive level, is characterized by the awareness of how to
get from one place to another and is also called
routing knowledge. One example of routing knowl-
edge is “what is the shortest path to drive from Boston
to New York?”” A user usually obtains routing knowl-
edge through a realistic map depicting land surface.
At the highest level of cognitive processing is con-
figurational knowledge, which refers to the spatial
relationships among places and knowledge of geo-
graphical patterns. For instance, ““Arizona is in USA”
is an example of configurational knowledge. Graph-
ical interfaces provide both local and contextual
information to deliver configurational knowledge,
which, again, may take both realistic and abstract
interfaces. How information is organized by the
means of realistic and abstract interface may have
great impact on users’ perception. While the effec-
tiveness of a particular interface varies with the type
of spatial knowledge, there is little current research
comparing the effectiveness and efficiency of 2D and
3D approaches in conveying all three types of spatial
knowledge.

2.5. Previous 3D—2D comparison studies
Most geographical information visualization (GIV)

systems involve describing terrain surfaces, which
requires a realistic map to provide information about
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both location and elevation. Even though a 3D terrain
description is more similar to the earth surface than a
2D description, its biggest disadvantage is the prob-
lem of hidden objects. Kumler and Groop [24] found
that a 2D terrain-depiction method, continuous tone
shading, performed better than a 3D depiction in
facilitating static map reading. Cognitive psychology
studies have also obtained similar results when ab-
stract graphics were used. For instance, Pilon and
Friedman [34] indicated that search among 2D objects
is more efficient than search among 3D objects
because 3D display is more complex than 2D display.
In addition, Swan and Allan [43] conducted an
experiment to evaluate the user interface of their
textual document retrieval system. They compared
the usefulness of the 2D and 3D interfaces in facili-
tating textual information retrieval. Again, no support
for 3D interface was found.

One limitation of the cited studies is that only static
3D interfaces were provided and there was no inter-
action between subjects and the interface. Providing a
single point of view of a 3D object inevitably causes
the hidden-object effect. As indicated by Moellering
[30], a 3D terrain-description can increase map un-
derstanding when multiple perspectives are provided.
However, Goldberg et al. [16] argued that providing
several perspectives of 3D depiction might increase a
user’s cognitive load because he/she has to rotate the
map mentally to synthesize the incoming information,
which can be a difficult task. In addition, more than
one type of mental rotation is involved when human
subjects read a series of 3D depictions [16]. On the
other hand, information visualization research indicat-
ed that interactive animation enables users to have
sole control over the rotation of 3D objects displayed,
which can effectively shift the cognitive processing to
the perceptual process [37]. One important example
that applies this theory is the using of 3D Cone Tree
system [19,36] in the visualization of structures of a
large collection of text documents. However, little
user study has been conducted regarding the effec-
tiveness and efficiency of a 3D interface with inter-
active animation.

Another limitation of previous evaluation studies is
that they focused only on the delivery of declarative
and configurational knowledge, using either realistic
graphics [16,24] or abstract graphics [34,43]. Most
studies have indicated that a static 2D interface

(realistic or abstract) was more efficient than a static
3D interface (realistic or abstract) in conveying these
two types of knowledge. For the routing knowledge,
Elvins et al. [12] found that using 3D landmarks
enhanced people’s ability to find their way. Again,
few studies have compared the effectiveness of 3D
and 2D interfaces in delivering routing knowledge.

In summary, there has been very little research
comparing the relative effectiveness and efficiency of
3D and 2D interfaces in both realistic and abstract
types. In addition, most comparisons provided a
single perspective of a 3D display, introducing the
possibility of a hidden-objects effect. Some other
studies provided a series of multiple perspectives of
a 3D object. However, since human subjects had no
control on the perspective of display, the mental
rotation required for this approach still may have
increased the cognitive load. Furthermore, their re-
search attention focused only on the declarative and
configurational knowledge. Little comparison with
routing knowledge has been done.

2.6. Research formulation

The emerging 3D techniques provide a chance to
increase information density and thus to decrease the
number of windows. In addition, 3D interfaces have
shown to enhance users’ understanding of land sur-
face [31] because of their similarity to the real world.

Research question 1: How to apply 3D interface
technique to facilitate cross-media information
browsing?

The system developed provides interactive anima-
tion that enables users to choose how 3D objects
should be displayed. This provides an opportunity to
further explore the differences between 3D and 2D
interfaces, given the fact that most previous compar-
ison studies used static interface and found no sup-
portive evidence for 3D interfaces.

Research question 2: Can a 3D interface with
interactive animation have at least comparable per-
formance as its 2D counterpart?

3. System development

The data used by the 3D system includes aerial
photos, Digital Elevation Model (DEM) data, Geo-
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graphical Name Information Systems (GNIS), and
geo-referenced textual documents. The testbed covers
three media types including image, number, and text.
Data from south Santa Barbara County in California
State was selected. The system developed delivers all
three types of spatial knowledge. The declarative
knowledge includes the elevation of a location and
its land surface type (i.e., urban area, orchard, beach,
or mountain). With the access to textual documents, a
user may also acquire declarative knowledge such as
the “ground water information of Santa Barbara city.”
He/she can estimate the driving distance between two
locations based on the elevation change over the land
surface (the routing knowledge). Moreover, configu-
rational spatial knowledge can also be obtained by
comparing attributes of a location with those of other
locations nearby. Whereas all information was geo-
referenced, the geographical coordinates were used as
glue to combine information in different media types.
Section 3.1 describes the development of the system
in detail followed by the description of interface
functionalities in Section 3.2.

3.1. Technology description

OpenGL is the programming language utilized to
render interfaces. Compared with other 3D software

such as Virtual Reality Modeling Language (VRML)
and Java3D, OpenGL does not provide high level
commend to describe 3D objects and developers need
to draw pixel by pixel on the screen, which in turn
gives developers more power in developing realistic
and interactive 3D objects.

Fig. 1 is the 3D aerial photo that visualizes the
aerial photos, Digital Elevation Model (DEM) data,
and Geographical Name Information Systems (GNIS)
data by applying the fextual mapping technique.
Texture mapping is an approach in computer graphics
that glues an image over an object drawn on a
computer screen. The texture mapping ensures the
visual correctness as the object is transformed and
rendered. For instance, an image of brick wall can be
put on a rectangular to depict a brick wall. The bricks
will look smaller as the wall gets farther away from
the viewpoint. The 3D system drew a 3D object based
on the DEM data and maps several air photos as the
texture on the surface of the 3D object. The mapping
was based on geographical coordinates.

Fig. 2 presents the semantic map that supports
users’ browsing, an effective way to access knowl-
edge stored in textual documents, especially when a
user does not have a specific goal. Providing subject
categories can facilitate such browsing behavior. The
subject categories can be generated automatically by

Fig. 1. A 3D aerial photo.
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=/ SOM Viewer

University of Califorria (27)

Fig. 2. A 3D semantic map.

applying various clustering algorithm when manual
approaches become impossible due to the large num-
ber of documents available. Compared with other
clustering algorithms, self-organizing map (SOM)
appears to be a better candidate in the generation
and presentation of subject categories [8]. The 3D
system thus utilized indexing and categorization tools
to generate the self-organizing map, called semantic
map in this paper.

* [ndexing is the process of representing a document
automatically with a vector of terms [39]. The
indexing tool used in this paper consists of two
parts. The first operation is to use a noun-phrasing
tool, Arizona Noun Phraser, to identify relevant
noun phrases. The natural language processing
noun-phrasing technique has been used in infor-
mation retrieval to capture a rich linguistic
representation of document content [3]. Allowing
multi-word (or multi-phrase) matching [15], such
approach has potential to improve precision over
other document indexing techniques. Arizona
Noun Phraser was found to have higher precision
than the other noun phrasing tools in extracting

phrases [44]. The second operation is to select a
subset of the phrases extracted to represent a
document. The indexing tool selected phrases
according to the phrase frequency (number of
times a phrase occurs in a document) and
document frequency (number of documents in
which a phrase occurs). In addition, the place
names extracted from a textual document were
used to associate this document with geographical
coordinates. Because the coordinates of a place can
be found in the Geographical Name Information
Systems (GNIS) data, a document was thus
assigned coordinates based on the place names it
contained.

Categorization is the assignment of items to groups
based on semantic association. As an information
categorization and visualization tool, SOM was
first proposed by Kohonen [23], who based his
neural network on the associative neural properties
of the brain. Table 1 provides a detailed description
of the SOM algorithm. SOM is defined as a
mapping from a high-dimensional input space into
a two-dimensional array of output nodes, where
spatial proximity represents the semantic proxim-
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Table 1
Description of SOM algorithm

® Present each document in order: represent each document by

a vector of N key terms and present to the system.

Compute distances to all nodes: compute distance d; between an
input document and each output node ;.

® Select winning node j* and update weights to node j* and
neighbors: select winning node j* with minimum d;. Update
weights for node j* and its neighbors to reduce their distances to
the input document.

Assign documents: after the network is trained through repeated
presentation of all input documents, assign a document to a node
that has a shortest distance from the document. Similar
documents are assigned to the same or similar nodes.

Label regions in map: submit unit input vectors of single terms to
the trained network and assign a node the name of the winning
term that has the shortest distance to this node. Neighboring
nodes with the same name then form a concept or topic region.
The resulting map thus represents regions of important concept
patterns.

ity. In addition, its two-dimensional output makes
SOM an ideal candidate for information visualiza-
tion. Several recent studies adopted the SOM
approach to textual analysis. Examples are the
Distributed Script processing and Episodic mem-
ory Network (DISCERN) developed by Mikkulai-
nen [29] as a natural language processing system,
the WEBSOM system developed by Kohonen’s
group [21] for newsgroup classification, and the
multi-layered SOM system developed by the
Arizona Artificial Intelligence Group for Internet
web page categorization [7]. Their work suggests a
high applicability of the SOM approach to large-
scale classification.

3.2. Interface of the 3D system

The interface of the 3D system had two parts, a 3D
aerial photo (Fig. 1) and a 3D semantic map (Fig. 2).
The 3D aerial photo depicts the elevation change of
the landscape according to the Digital Elevation
Model (DEM) data. At the same time, a user can
see the picture of a place because the aerial photos
have been placed on top of the land surface. In Fig. 1,
the X and Y coordinates of each point on the map
show its spatial location on the land surface and the Z
coordinate suggests its elevation. Red dots on the 3D
aerial photo indicate the locations of places named in
the Geographical Name Information Systems (GNIS).

A user can not only see the elevation and the land
surface type of a place, but also know the place name
by putting the mouse cursor over a red dot. In
addition, the 3D aerial photo also delivers the routing
knowledge when a user tries to figure out what is the
best path between two locations. Configurational
spatial knowledge such as elevation comparison be-
tween two places can also be acquired over the 3D
aerial photo.

The semantic map displayed in Fig. 2 is an
example of abstract interface on which the X and Y
coordinates are not associated with any place in the
world. Instead, the semantic map presents subject
categories of textual documents describing the geo-
graphical attributes (i.e., ground water) of places
displayed on the 3D aerial photo (Fig. 1). The subject
categories were generated automatically by applying
the SOM. The layout of the semantic map indicates
the semantic relationship among categories. Catego-
ries are semantically close if they are spatially close
on the map. Furthermore, the volume of each category
represents the number of textual documents associated
to that category. Each category has its own color and
the label of each category includes the category name
and the number of documents within the category. The
semantic map provides a content summary of docu-
ments about places on the 3D aerial photo. For
instance, a user may know that there are six docu-
ments about “ground water” and 16 documents about
“elastic wave” (declarative knowledge) in the collec-
tion by just one glance. He/she may also know that
“elastic wave” has more documents than “ground
water” does (configurational knowledge).

Clicking on the category of “ground water” on the
semantic map will have all places related to docu-
ments of “ground water” highlighted on the 3D aerial
photo. A user may also know the geographical attrib-
utes of a place by clicking on it on the 3D aerial
photo, which will have all categories with documents
about that place highlighted on the semantic map. In
another word, the 3D aerial photo depicts locations of
documents, whereas the semantic map presents con-
tent summary of the collection of documents.

The 3D system enables users to rotate and to zoom
in/out both the aerial photo and the semantic map.
Users thus can manipulate the object within a window
by dragging the mouse or using the keyboard. For
instance, dragging the mouse from left to right rotates
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the object from west to east along the Y-axis and
dragging the mouse from up to down leads to the
rotation from up to down along the X-axis. A user can
also move the object up, down, left, and right by
striking designated keys on the keyboard. By interact-
ing with the interface, a user can obtain multi-per-
spectives of a visual object. He/she may also avoid the
hidden objects effect by rotating the visual object to
choose how a visual object should be displayed.

4. System evaluation
4.1. Benchmark system

A 2D system was implemented as a benchmark
system to be compared with the 3D interfaces devel-
oped. The 2D system was similar to the 3D system
except that each map was two-dimensional. In order
to deliver as much information as a 3D aerial photo,
the 2D aerial photo (Fig. 3) needed to be supple-
mented by a 2D elevation map (Fig. 4). The aerial
photo suggests the land surface type and the elevation
map indicates elevation changes within the same area.
The elevation map utilized color shades to represent
the elevation of each point on the map according to a

color scheme indicator displayed by the map. More-
over, because the 2D semantic map (Fig. 5) does not
have Z coordinates, the number of documents associ-
ated with each category was indicated only by its
label. The 2D system also enables users to move
among maps and to manipulate the view angles.

4.2. Hypothesis development

Most studies have found a static 2D interface to be
more effective and efficient in presenting declarative
and configurational knowledge than a static 3D inter-
face. However, providing only one perspective of a
3D object inevitably causes the ‘“hidden object”
effect, which in turn affects the effectiveness of a
3D interface. Displaying multiple views of the same
3D object can solve this problem. When a series of
discrete views of a visual object is provided, infor-
mation about each view passes the eye and visual
cortex to the sensory register. The sensory register
serves as a temporal buffer to hold the information. At
the same time, information about other views is also
acquired and stored. Such perceptual recentering pro-
cess [4] allows a user to link different views and to
capture more complete features, but the mental rota-
tion required might increase the cognitive load [16].

Fig. 3. A 2D aerial photo.
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Fig. 4. A 2D elevation map.

= SOM Viewer = [

Fig. 5. A 2D semantic map.
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This, however, may be relieved by using interactive
animation. The interactive animation allows users to
have sole control of the rotation of 3D objects. They
can rotate a visual object smoothly from one perspec-
tive to another, which removes the need for mental
rotation and converts a user’s cognitive process to a
perspective process [37]. Therefore, a 3D interface
may have higher effectiveness when interactive ani-
mation is provided. Given that both our 3D and 2D
systems contained both realistic and abstract interfa-
ces, the empirical study developed its hypotheses as
follows:

e HI1: With interactive animation, the 3D aerial photo
(realistic graphic) is at least as effective and
efficient as the 2D aerial photo in conveying
declarative knowledge.

¢ H2: With interactive animation, the 3D aerial photo
(realistic graphic) is at least as effective and
efficient as the 2D aerial photo in conveying
configurational knowledge.

e H3: With interactive animation, the 3D aerial photo
(realistic graphic) is more effective and efficient in
conveying procedural (or routing) knowledge than
the 2D aerial photo.

e H4: With interactive animation, the 3D semantic
map (abstract graphic) is at least as effective and
efficient as the 2D semantic map in delivering
declarative knowledge.

e HS5: With interactive animation, the 3D semantic
map (abstract graphic) is at least as effective and
efficient as the 2D semantic map in delivering
configurational knowledge.

e H6: With interactive animation, the 3D system
(realistic+ abstract) is as effective and efficient in
conveying declarative knowledge as the 2D
system.

e H7: With interactive animation, the 3D system
(realistic+ abstract) is as effective and efficient in
conveying configurational knowledge as the 2D
system.

4.3. Experiment design

We designed seven tasks to evaluate how well an
aerial photo, a semantic map, and combined use of an
aerial photo and a semantic map presented various
types of spatial knowledge (Table 2). The task types

Table 2
Task assignment

Description Interface Spatial
Type Knowledge
Type

declarative

Task 1 Please use the aerial realistic
photo to locate a place
named University of
California at Santa
Barbara (UCSB)

Task 2 There are two roads
displayed on the aerial
photo. According to your
visual judgment, which
road will take shorter
time for you to drive?
® Road a
® Road b
® Either road
Please explain your
answer

Task 3 Looking at the semantic
map, which category or
categories do not have
any documents? Please
find their locations on
the semantic map

Task 4 Looking at the semantic
map, which category, the *
geophysical surveys”
or the “Santa Barbara”,
has more documents?

Task 5 Does the place named
UCSB have documents
about ground water?

Task 6 How many places on the

realistic routing

abstract declarative

abstract configurational

combination declarative
of realistic

and abstract

combination configurational

interface have documents  of realistic
about ground water? and abstract
Task 7 Among the places that realistic configurational

have documents about
ground water, how many
are in the urban area?

were selected from those used in previous studies. The
identification task has been proposed to be one of the
elementary task types in evaluating a graphical inter-
face [47,49]. This type of task requires subjects to find
certain visual objects based on certain attributes. We
therefore chose the identification task to evaluate the
delivery of declarative spatial knowledge (tasks 1, 3,
and 5). While locating surface extremes is one of the
map-reading tasks frequently used in previous studies
[24], task 3 involves finding extreme categories that
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have no document. Another widespread map reading
task, estimating relative surface values, has also been
used to evaluate the delivery of configurational spatial
knowledge (tasks 4, 6, and 7). Such a task type
requires subjects to identify not only an attribute of
a given object but also to understand its contextual
information. In addition, we used drive-distance esti-
mation to measure the delivery of routing knowledge
(task 2). While routing knowledge is about how to go
from one place to another, estimating actual driving
distance is an important factor to be considered. It has
also been demonstrated in previous cognitive psychol-
ogy research to be an appropriate measure for routing
knowledge [20]. In addition to selecting task types
based on previous studies, we also designed tasks
according to the available geographical information,
which includes land surface information, surface ele-
vation information, text documents about places, and
place locations and names.

Since each task required human subjects to find an
answer (right or wrong), we used task completion as
the measure of effectiveness. The system was to be
considered effective if users could accomplish the
tasks. To measure the efficiency, we employed fime
on task as the measure.

5. Experiment procedure and results

Sixty graduate and undergraduate students partic-
ipated in this experiment. According to previous
studies, subjects’ individual map-reading skill, spatial
competence and familiarity with computer may have
had an impact on their performance [42]. To minimize
such impact, we divided subjects randomly into two
groups, with one group working on the 3D system and
the other on the 2D system. The entire procedure was
as follows. We first provided a written introduction to
the experiment and showed the subjects how to use
the system. The subjects then took as long as they
wished to familiarize themselves with the system. We
required each subject to accomplish the seven tasks
one by one and looking ahead was not allowed. We
recorded the time that a subject took to finish each
task. Subjects were also encouraged to think aloud
and their responses were documented.

We also took notes on how subjects interacted with
the interface. The system provides several ways to

manipulate the visual objects displayed, including
moving up/down, moving left/right, zooming in/out,
rotating along the X-axis, and rotating along the Z-
axis. One interaction score was added to a task for a
subject when he/she used one type of interaction to
manipulate a visual object on the interface. For
instance, in order to accomplish task 7, a subject
zoomed in on the aerial photo to get a close look
and moved the visual object from left to right to find
the desired location. We therefore assigned an inter-
action score of 2 to task 7 for this subject. At the end,
we found that subjects using 3D interfaces had sig-
nificantly higher overall interaction scores than sub-
jects using 2D interfaces (p=0.067), suggesting that
3D users were more inclined to interact with the
interfaces provided. The hidden-objects effect posed
by 3D display may have forced 3D subjects to change
their view angles constantly. 2D users appeared to
have more difficulties than 3D users when they had to
interact with interfaces in order to acquire correct
answers.

Table 3 provides a summary of results for each
task, in which it could be seen that using the 3D aerial
photo was significantly more effective and efficient
than using 2D aerial photo in task 2, while the system

Table 3

Experiment results
Interface ~ Spatial Results
type knowledge Effectiveness Efficiency

type

Task 1 aerial declarative identical no difference
photo (p=0.817)
(realistic)

Task 2 aerial routing 3D is better 3D is better
photo (p=0.000) (p=0.002)
(realistic)

Task 3 semantic  declarative no difference no difference
map (p=0.679)  (p=0.402)
(abstract)

Task 4 semantic  configurational no difference no difference
map (p=0.321) (p=0.240)
(abstract)

Task 5 realistic+ declarative no difference no difference
abstract (p=0.155) (p=0.218)

Task 6 realistic+ configurational 3D is better 3D is better
abstract (p=0.025) (p=0.024)

Task 7 aerial configurational no difference no difference
photo (p=0.389) (p=0.186)

(realistic)
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combining a 3D aerial photo+3D semantic map had
significantly higher effectiveness and efficiency than
its 2D counterpart in task 6. The rest of this section
discusses results in detail.

5.1. Aerial photo, declarative knowledge (task 1)

All human subjects were able to find the location
of the University of California at Santa Barbara
(UCSB). The 3D and 2D aerial photos had identical
effectiveness. There was also no significant difference
in efficiency between the 2D and 3D aerial photo
(p=0.817).

5.2. Aerial photo, routing knowledge (task 2)

We assigned a score of 1 when a subject gave the
right answer and a score of 0 when a subject’s answer
was wrong. Every 3D subject had no problem with
estimating actual driving distance. But even with the
2D elevation map, most 2D subjects still failed to take
the elevation change into consideration. In addition,
since the two roads looked identical on the interface,
most subjects took a longer time to finish because
they tried to figure out whether this was a trick
question. The results indicated that the 3D aerial
photo was significantly more effective (p=0.000)
and more efficient (p=0.002).

5.3. Semantic map, declarative knowledge (task 3)

This task required subjects not only to find those
categories with no document, but also to highlight
them on the semantic map. It is important to know
the actual location of a category on the semantic map
because both its location and size have semantic
meanings. The spatial proximity among categories
indicates semantic proximity and the volume of a
category is associated with the number of documents
in it. The interface was designed to require a subject
to place the mouse cursor on the color part of the
category in order to highlight the category. In other
words, if a subject were to point the mouse cursor on
the label of a category, the category would not be
highlighted. The interface was designed in this way
to examine whether users could associate a text label
with the category itself. The semantic map contained
two categories with zero documents. The score of

each subject was calculated as the percentage of
categories correctly selected. No significant differ-
ence in effectiveness (p=0.679) and efficiency
(p=0.402) was detected. We observed that hidden
objects to be the main cause of 3D human subjects’
failing to recognize all categories. But the problem
of 2D subjects stemmed from the label overlapping
on the 2D semantic map and the difficulty in
associating text labels with their color parts. It
seemed that the same label layout algorithm resulted
in less label overlapping on the 3D interface than on
its 2D counterpart. The overlapping can be avoided
by rotating the map, but 2D subjects were less
effective in interacting with the interface when they
had to.

5.4. Semantic map, configurational knowledge (task 4)

Again, for this task we recorded a score of 1 if the
subject gave the right answer and a score of 0
otherwise. We required subjects not only to find the
category having more documents than the other but
also to highlight which two categories they needed to
compare. As in task 3, label overlapping caused
difficulty for 2D subjects, but there was no significant
difference in effectiveness (p=0.321) or efficiency
(p=0.240) between 3D and 2D semantic map use.

5.5. Aerial photo+semantic map, declarative knowl-

edge (task 5)

This task required subjects to use both the aerial
photo and the semantic map. They could start with the
aerial photo, click on UCSB, and then check the
semantic map to see if the category of ‘“‘ground
water” was highlighted. Alternatively, they could start
with the semantic map, click on the category of
“ground water,” and then find out whether UCSB
was highlighted on the aerial photo. We observed that
most subjects started with the aerial photo, probably
because they had located UCSB on the aerial photo in
the task 1. Subjects working with 2D interface had
difficulty associating text labels with their cor-
responding color parts if they chose to start with the
semantic map. They may click on the wrong category
and obtained incorrect answers. Overall, there was no
significant difference in effectiveness (p=0.155) or
efficiency (p=0.218).



B. Zhu, H. Chen / Decision Support Systems 40 (2005) 167—182 179

5.6. Aerial photot+semantic map, configurational
knowledge (task 6)

As in task 5, a subject needed to use both the
semantic map and the aerial photo to accomplish this
task. We recorded the score for each subject by
calculating the percentage of correct locations the
subject identified. Still, hidden objects and label
overlapping appeared to be main problems to 3D
and 2D users, respectively. We found the 3D system
to be significantly more effective (p=0.025) and
efficient (p=0.024) in this task. Compared with task
5, the text overlapping seemed to have more impact
on this task because it requires subjects to start with
the semantic map. Such problem was avoided in task
5 when most subjects started with the aerial photo.
As a result, 2D users were more likely to click on
the wrong category and then make a mistake in this
task.

5.7. Aerial photo, configurational knowledge (task 7)

We recorded the results by calculating what per-
centage of locations selected by subjects as urban
locations actually are in the urban area. In this task, a
subject had to use interactions such as zooming in/out,
rotation, and moving in order to obtain the correct
answer. We also found that 3D users appeared to have
less difficulty in manipulating the objects in the
interface, probably because more user interaction with
the 3D system already had been observed in previous
tasks. Again, results indicated that there was no
significant difference in effectiveness (p=0.389)
and efficiency (p=0.186) between the use of 3D
and of the 2D aerial photos.

6. Summary and conclusion

The system described in this paper provides an
example of applying 3D interfaces to support cross-
media knowledge retrieval. Combining realistic and
abstract graphics, the system has been shown to
facilitate users’ spatial knowledge retrieval. In addi-
tion, the system utilizes SOM to categorize textual
documents and to generate a semantic map. Integrated
with 3D visualization technique, the third dimension
of the SOM map indicates the number of documents

in each node. The 3D interface also has been used to
incorporate information in numerical and imagery
media types. Such incorporation decreases the number
of windows required on a computer screen. However,
all information displayed is geo-referenced, which
makes it possible to integrate information based on
coordinates. To apply the same approach to other
domains will require creating a knowledge structure
and meta-data that will allow mapping information in
different media types. In addition, this approach was
limited to three media types: number, text, and image.
More investigation is needed when more media types,
such as sound and video, are involved.

The paper also presents an experiment that com-
pared the effectiveness and efficiency of 3D and 2D
interfaces in facilitating spatial knowledge retrieval.
That experiment demonstrated that with interactive
animation, a 3D aerial photo was more effective and
efficient than a 2D aerial photo in conveying routing
knowledge, whereas a 3D aerial photo +3D semantic
map system (realistic +abstract interfaces) was more
effective and efficient in presenting configurational
knowledge. We list other results from this experiment
as follows:

e With interactive animation, the 3D aerial photo
(realistic) was at least as effective and efficient as
the 2D aerial photo in conveying declarative and
configurational knowledge.

e With interactive animation, the 3D semantic map
(abstract) was at least as effective and efficient as
the 2D semantic map in delivering declarative and
configurational knowledge.

e With interactive animation, the 3D system (realis-
tic +abstract) was as effective and efficient in
conveying declarative knowledge as the 2D
system.

The experiment indicated that 3D users had more
interactions with the interface than did 2D users
because 3D users were forced to rotate visual objects
to find an appropriate display angle. 2D users did not
have to deal with this issue and consequently were
less experienced when they had to interact with the
interface. They considered it difficult to rotate the
visual objects to avoid text-label overlapping and also
had trouble in associating text labels with analogous
color parts on the 2D semantic map. Although a better
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layout algorithm might help address the text-label
overlapping problem, this study nevertheless demon-
strated that it is easier to put text-labels over a 3D
semantic map than over a 2D semantic map when the
same layout algorithm is applied. But even with
interactive animation, hidden subjects remained the
main impediment for a 3D interface to deliver spatial
knowledge, perhaps because manipulation of objects
on the interface may still add extra cognitive load.
Despite this, the results nevertheless support the
conclusion that, with interactive animation, a 3D
interface is a promising approach to visualizing spatial
knowledge. However, the 3D interface may not have
the same consistency of representation when applied
to other knowledge domains. The choice of 2D or 3D
interfaces still needs to take into consideration the
knowledge domain, users’ expectations, and users’
task types.
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