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Abstract

In complex electronic environments it is becoming increasingly important for the user to be
able to verify the relation between different virtual spaces by employing supplemental naviga-
tional systems such as indexes, overview diagrams, or guided tours. This paper introduces a
set of techniques for the conceptual design of such systems, with special regard to the genera-
tion and transformation of explicit graphical representations of the hypertext's node and link
structure. It concludes with possibilities for integrating the methods in adaptive ways and
applying them to the interface representations of advanced Web information systems.
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INTRODUCTION

Nowadays, there is little disagreement about the fact that information represents a key eco-
nomic resource and an organizational asset critical to survival. In distributed hypertext envi-
ronments such as the World Wide Web it can become difficult to identify and efficiently ac-
cess this resource. At the same time, the ability to successfully assimilate and exploit ad-
vanced Web technologies ahead of the industry curve requires a set of both technical and
manageria skills. Being familiar and generally trusted, the generic term engineeringis used
to signify an orderly development in a new field (e.g., software engineering, knowledge engi-
neering, document engineering, and so forth). In the context of Web-based systems, it denotes
a systematic application of scientific knowledge (i.e., methods, tools, and technical concepts)
to development, deployment, operation, and maintenance of complex Web information sys-
tems that meet a particular set of technical, economic, and social objectives (IEEE, 1999,
Deshpande et a., 1999, Murugesan et a., 1999). To overcome the difficulties mentioned
above, designing and deploying an efficient navigational system is vital to successful Web
engineering.

The primary navigational systerof a hypertext includes contextual links embedded in the
textual information of a document and local non-contextual links (all kinds of links independ-



ent from the content of a page such as a set of buttons or pop-up menus). In electronic envi-
ronments, the user can aso verify the relation between different virtual spaces by retracing
her steps or employing supplemental navigational systems such as indexes, overview dia-
grams, or guided tours. Many forms of spatial metaphors common in the real world (naviga-
tion, net, maps, paths, trails, signposts) and spatial imagery (three-dimensionality, textual
landscapes, topography) inspired the early designers of hypertext systems and are still imple-
mented for reasons of comprehensibility (Wenz, 1997, 577, Wexelblat, 1999). While the fol-
lowing section highlights the basic characteristics of visual supplemental navigationa sys-
tems, the succeeding sections 0 and O introduce a number of basic view types and common
transformations associated with them. Section 0 then applies the introduced concepts to the
World Wide Web and gives an example of a tightly coupled view. The example is based on
the extended World Wide Web Design Technique (eW3DT), which represents a conceptual
meta model that has been introduced previously (Scharl, 1998, Scharl, 1997).

SUPPLEMENTAL NAVIGATIONAL SYSTEMS

Supplemental navigational systems are more than mechanisms to navigate a virtual space;
they are crucial textual elements themselves, replete with their own interpretive assumptions,
emphases, and omissions (Burbules and Callister, 1996). They are used to locate and interpret
agiven item of information, providing full context by verifying the relation between different
items and the virtual spaces surrounding them. Therefore, they should aso include mecha
nisms to signify the user’s current location and to retrace her individual steps.

Hypertext systems represent semantic networks in themselves. Therefore, it is only natural to
leverage the semantics that already exist in such networks (Kaplan et al., 1998, 48). A very
intuitive way to tap the potential of such "hidden" semantics is the uséahaps, some-

times also referred to asap windows. In contrast to handcrafted representations of hypertext
structures, automatically generated site maps are composed on the fly by the underlying sys-
tem according to the system’s topology and a set of pre-supplied layout rules (Andrews, 1995,
90). The underlying semantic relationship between information objects (= documents) is
mapped onto a spatial arrangement, associated with the domain-dependent semantic proper
ties of various links.

VIEW TYPES

Effective Web engineering is heavily reliant upon the provision of means for eliciting and
reconciling the semantics of non-technical users (Hemingway, 1999, 284). Hierarchy repre-
sents an information artifact already familiar to every Web user. Cognitive scientists, how-
ever, disagree on the exact form of knowledge representation in human memory. Current
models range from pictorially stored associations to complex propositional networks. Never-
theless, most experts agree on the information's structured and (where the domain permits it)
hierarchical format (Mahling, 1994, 49f., Collins and Loftus, 1975, 407ff.). One of the first
intellectual successes of infants, for example, consists of their mastery of the task of distin-
guishing material objects according to rather basic attributes such as shapes or colors. They
gradually learn to compare and to notice similarities and differences (Tesch, 1990, 135). Since
a hierarchical model is ingrained in the human brain to break down large sets of ideas into
related categories, well-organized Web information systems most closely resemble this model
(Rumpradit and Donnell, 1999). Hierarchies are almost ubiquitous and appear in many differ-
ent locations, and are a great way to indicate prominence (Robertson et al., 1991, 189).

Thus it is not a coincidence that many decision support systems use hierarchical data sets
(trees) to organize and represent complex sets of data points. Commonly used visualizations
of these data sets include two- or three-dimensional node-link diagrams, space-filling tree



maps, or tables of contents (Kumar et al., 1997, 103). Trees or directed graphs encode hierar-
chical data, typically visualized using connection (node-link diagrams, circular trees) or con-
tainment (tree maps, information slices). Whereas node positioning isirrelevant for the logical
definition of a tree, it is important for its visualization. Unfortunately, large node-link dia-
grams acquire an extreme aspect ratio due to their exponential growth.

Figure 1 shows the truly remarkable dimensions of this growth, assuming squares with a side
length of only 1.2 centimeters (drawn side by side) for calculating the drawing length of the
last hierarchical level (Beaudoin et al., 1996, 87). The hypothetical 10x10 hierarchy would
approximately cover the distance from Viennato the Hawaiian Archipelago.
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Figure 1. Aspect ratios of hierarchical trees with different branching factor (b=2, b=3),
resulting in an exponential growth of fully populated node-link diagrams

As an inevitable result, these diagrams waste valuable screen space, especially when red
names are used for identifying objects instead of acronyms and abbreviations. The same effect
can be observed for outlines (Figure 2). Even a tree with a branching factor of only two,
which is extremely unlikely for Web information systems, gets wider proportionally to 2%,
resulting in an aspect ratio of 2¢%/d (Robertson et al., 1991, 190). Therefore, static node-link
diagrams of almost all but the most ssmple Web information systems come to resemble a
straight line if not complemented by effective view transformations and interactive control.
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Figure 2: Hierarchical tree (Ieft) and outline (right) representing an electronic shopping mall’s
simple hierarchical structure

A potential solution that addresses the problem of extreme aspect ratios is the rendering of

cone trees, wrapping hierarchical treesinto two- or three-dimensional displays. They dramati-

cally increase the number of nodes that can be included in a square-shaped aspect ratio (Card

et a., 1999, 149f.). Parent nodes in such atree are located at the apex of the cone, while their

children are arranged around the cone’s circular base. Generated by the Astra SteManager
(http://www.mer c-int.convproducts/astrasmguide.html), the two-dimensional cone tree in the

left part of Figure 3 visualizes publicly accessible nodes and links from the University of Cali-

fornia at Berkeley's Web site (http://www.berkeley.edu/ as of August 14, 1999; only the first

three levels of the hierarchical structure are considered). The recursive a gorithm always uses

the same circular layout, independent of an object’s hierarchical position. Three-dimensional
variations like the Euclidean cone tree depicted in the lower right corner of Figure 3 (Munzner
and Buchard, 1995) are visually impressive but necessarily occlude some of the tree's objects,
particularly in the case of dense information spaces. This negative effect can be lessened by
interactively adjusting the user’s viewing angle and position, or by transparently shading the
body of each cone (Robertson et al., 1991, 190, Chuah et al., 1995, 65, Carpendale et al.,
1997, 42).

Figure 3: Two- and three-dimensional cone trees

Other (semi-)circular layouts for depicting structural hypertext featuredi skrerees andin-
formation slices, which depict the hierarchical levels as successive circles of increasing radius



with a common center at the root of the tree (Chi et al., 1998, 404, Andrews, 1998, 41).
Figure 4 contrasts both techniques while Figure 7 exemplifies the use of a disk tree as an
overview diagram.

Figure 4: Information slices (left) and a disk tree (right) as examples of (semi-)circular visu-
aization of hierarchical data (Chi, 1999b, 25, Chi et al., 1998, Andrews and Heidegger, 1998,
Andrews, 1998, 41)

Unlike node-link diagrams, the concept of enclosure realized in tree maps by means of nested
rectangles or in information slices by means of semicircular disks fills space rather than wast-

ing it. Tree maps divide the space allocated for a node among its descendants according to

certain numerically represented properties of the descendants. When the aspect ratio is held
constant, both color and size of a rectangle can be used to compare particular target values.

Thus it is relatively straightforward to realize the concept of adaptivity with the help of tree

maps, as sections of the hierarchy relevant to the user’s current tasks and goals can dynami-

cally be allocated more display size (Johnson and Shneiderman, 1991, 284). Unfortunately,

tree maps tend to obscure the tree’s hierarchical structure and provide no way of focusing
without losing context (Lamping and Rao, 1996, 37). Figure 5 compares a conceptual tree
map representing the hierarchical structure already known from Figure 2 with a real-world
example depicting more than 600 stocks of the New York Stock exchange as of August 12,
1999 (http://www.smartmoney.com/marketmap/).
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Figure 5: Conceptual versus real-world tree map

VIEW TRANSFORMATIONS

In almost all cases it is impossible to draw a diagram of the entire Web information system
with its thousands of nodes and connecting links on a single computer screen. Therefore, view



transformations that interactively modify and augment topographic maps on the basis of a
number of structural or content parameters (e.g., depth bound, color mapping, annotations,
and so forth) are crucia for the map’s usability. Card et a. distinguish three common trans-

for

mations (Card et al., 1999, 31):

Location probes (also referred to as brushing) reveal the precise numerical or textual in-
formation for particular locations in the map on user's demand — e.g., pop-up dialog win-

dows that give document details as the mouse is dragged over the document's representa-
tion in the display (Wright, 1995, 24, Johnson and Shneiderman, 1991, 288). They usually
are integrated with one of the other two categories, viewpoint controls or distortions.
Viewpoint controls determine the number of details shown by zooming, panning, and clip-
ping the visual representation. The spatially indexed data can further be enriched by adding
landmarks to provide rapid access (Card et al., 1999, 16). The main limitation of zooming
is the lack of context as the details are magnified. To increase the number of variables per
object shown for a given screen resolution, the number of objects or the quality of their
representation necessarily have to be reduced. To overcome this intrinsic limitation, de-
signers either implement multiple views or employ rapid and easy to invoke zoom algo-
rithms.

Distortions (e.g.,fisheye views, hyperbolic trees, or perspective walls) show the entire in-
formation space in a single site map. This feature makes them better suited for certain ap-
plications. Their hyperbolic transformations shrink the nodes of the tree far from the root,
thus balancing the needs for local detail and global context. For nautical navigation, com-
promised (distorted) projections of the round earth are also common. They enable graphi-
cal operations performed on the two-dimensional chart, with each type of projection sacri-
ficing accuracy to support specific calculations (Card et al., 1999, 3f.).

IMPLICATIONSFOR HYPERTEXT NAVIGATION

Combining view types and transformations in various ways, two distinct approaches for pro-
viding visual site maps have become popular. The first overyiew & detail, integrates
multiple views including at least one overview and one detailed view. The secorfdcoge,

& context, generates only one view that relies on distorted projections of the whole informa-
tion space. In the latter case, the focal point can be either a particular node or simply a loca-
tion in (eventually empty) space (Carpendale et al., 1997, 49). Figure 6 contrasts a file sys-
tem’s hyperbolic tree, generated by Inxight's interactive navigation RkéagniFind
(http://mww.inxight.com/MagniFind_Download/) with a conceptual screen layout based on
multiple views (compare Figure 7).

F'ldn'.‘ll. IIIr-.“

Figure 6:Focus & context versusoverview & detail

18 g ed |5 o m i) Pl = ——="

Hypertext Dﬁﬁgﬂfd

Document
eW30T
._ | €N
3 Overview(s)

—— et

=



Overview & Detalil

When defining graphical excellence, Tufte recommends graphical displays that reveal the data
at several levels of detail. He identifies layering and separation as the most powerful devices
for reducing noise and enriching the content of displays (Tufte, 1983, 13, Tufte, 1990, 53).
Site maps following this recommendation consist of two components that visually stratify the
hierarchical document structure. The context-providing overview reduces search, allows the
detection of global patterns, and aids the user in choosing the next node to visit. The detailed
view displays a magnified focus for the local neighborhood surrounding the user’s current
location (Nielsen, 1995, 3, Card et al., 1999, 285). To aid users in remembering their location,
interface designers should provide some sort of "you are here" indicator as part of the over-
view (also referred to as viewports or panners). This"meta navigation" may be realized in the
form of control widgets to pan the detailed view (e.g., diders, buttons, or wire-frame boxes
that can be dragged around in the overview). Similarly, scrolling the detailed view updates the
position of the indicator in the overview. Hence, both views are said to be tightly coupled
(Kumar et a., 1997, 104). The tight coupling of interface components, which is frequently
complemented by additional zoom facilities to see more or less detail, comprises several con-
ceptual aspects (Ahlberg and Shneiderman, 1994, 315f.):

= Continuous display of the information space with rapid, incremental and reversible interac-
tions among components. This technique requires smooth direct manipulation operations
such as zooming, rotation. and translation, which are computationally more demanding but
cognitively more comprehensible (Card et al., 1999, 286, Munzner, 1998, 22).

= [ntuitive and consistent mechanisms to guide users, progressively refine parameters, and
show details on demand (often in combination with location probes; see above); Shneider-
man, for example, recommends the following visua information seeking strategy: "Over-
view first, zoom and filter, then details-on-demand" (Shneiderman, 1997a, 23).

= Constraints on permissible operations to prevent errors and preserve logical display propo-
sitions.

Focus & Context

Distorted views following the focus & context approach provide great detail for those parts of

the system in the vicinity of the user’s current location of interest and gradually diminishing
amounts of detail for remote parts of the information space. As the nodes’ spatial positions
and adjacency relationships often carry specific meaning, distorted views should not severely
compromise them (Leung and Apperley, 1994, 139, Carpendale et al., 1997, 42). Meta navi-
gation similar to the viewpoint controls' wire-frame box (e.g., direct manipulation by dragging
a particular node to the center of the display) belongs to the common features of distorted
views. It helps users perceive the larger, undistorted structure.

To enable distortions, the information space has to satisfy two conditions (Nielsen, 1995,
259f., Furnas, 1981): (a) the possibility to estimate the distance, either linear or structurally
defined, between a given location and the user's current focus of interest, and (b) the existence
of methods and tools to display the information at several levels of detail — e.g., variable reso-
lution, highlighting, filtering, or selective aggregation (Card et al., 1999, 307f.). Hyperbolic
projections are very common. Hyperbolic space, on which the hierarchies are laid out, is infi-
nite in extent, just like Euclidean space. In contrast to Euclidean space, however, the circum-
ference of a circle (and thus the available space for representing data points) grows exponen-
tially with its radius. Therefore, hierarchical structures that also expand exponentially with
depth can be conveniently mapped onto the display, representing a finite portion of Euclidean
space (Lamping and Rao, 1996, 35f., Munzner, 1998, 20).



Integration via Tightly Coupled Views

Many of the geometrically complex displays provide only limited node and link semantics or
no semantics at all. As additional context information quickly overwhelms the available dis-
play space, most of them rely on color coding or location probes to provide that information.
This limitation makes them suitable for interactive navigation, but renders them practically
useless for documenting or presenting Web information systems. The following sections in-
troduce a concept based on multiple views that integrates methods from both categories,
overview & detail and focus & context. It draws on the strengths and addresses the weak-
nesses of available view types and transformations to provide site maps that satisfy all the
fundamental principles of interactive user interface design as postulated by Shneiderman
(Shneiderman, 1997b, 74f., Bucy et a., 1999): strive for consistency, enable frequent users to
access shortcuts, offer informative and intuitive feedback, permit easy reversal of actions,
support an internal locus of control, and reduce short-term memory load.

Two-dimensional browsers such as Netscape Navigator or Microsoft Internet Explorer do not
take advantage of the underlying structure of the information space. Figure 7 resolves that
limitation by applying the concept of tightly coupled views introduced above to the electronic
product catalog of Compaq as of January 1999 (http://www.compag.com/showroom/). As
Henry points out, there is no optimal layout that neglects the user’s current region of interest
(Henry and Hudson, 1991, 55ff., Henry, 1992, 81ff.). Tightly coupled views provide rapid
access, and are simple to implement and understand. But their use frequently entails disrup-
tive shifts of attention to the overview window.

Distorted views do not require such shifts, but face a number of other drawbacks (Card et al.,
1999, 31f., Chuah et al., 1995, 69). Due to their geometrically complex transformations, dis-
torted views can be more difficult to understand than tightly coupled views. Distant informa-
tion may become so small that it cannot be perceived. For inexperienced users, the unlimited
scope of most distortions may be disconcerting, because a local action may globally affect
objects in the entire visualization in sometimes unpredictable ways. In distorted views based
on hyperbolic geometry, for example, objects tend to get rotated during pure trandations
(Lamping and Rao, 1996, 45).
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Figure 7: Example of tightly coupled view including a publicly accessible Web
document, the corresponding eW3DT diagram, and three overviews

Site maps can show not only where users are located at the moment but also where they have

already been during the current or preceding visits (their "footprints'). Furthermore, compar-

ing the user’s own path with the paths taken by others represents a special type of collabora-

tive filtering, and may provide reassurance when implemented as a supplemental navigational

system. Another promising method is to highlight nodes in the site map that contain relevant
information. The two most common mechanisms are color coding to indicate a data value

(e.g., closeness of the match regarding a full-text query) and contours to indicate a constant
datavalue — e.g., visualizing iso-interest contours that connect nodes with the same hypotheti-
cal level of interest (Bryson et al., 1999, 85, Nielsen, 1995, 232, Furnas, 1981).

The extended World Wide Web Design Technique (eW3DT) uses point, line, and area marks
to signify the topological structure of Web information systems, in most cases a directed
graph (unlike their mathematical counterparts, point and line marks actually take up space -
otherwise they would be invisible (Card et al., 1999, 28)). A detailed description of the
eW3DT syntax and its application to Web information systems has been presented previously
(Scharl, 1998, Scharl, 1997). eW3DT maps of complex Web information systems as part of
high-level graphical interfaces reduce the cognitive overhead caused by a lack of spatial and
temporal context (Turoff et al., 1999). They are an attempt to "build a visual interaction sys-
tem that wastes the least amount of cognitive effort, thereby allowing users to direct the major
part of their attention and cognitive processing power to the domain task" (Mahling, 1994,
42).

The right side of Figure 6 shows a conceptual screen layout including overview and an
eW3DT map as detailed view on the upper right side. On the left side of the screen, the actual
hypertext document is displayed. Figure 7 represents an application of this conceptual layout



that uses three types of overview diagrams. disk tree, three-dimensional cone tree, and tree

map (the overviews have symbolic character and do not represent the actual example). Of

course, each of the other visualization techniques introduced in the previous sections such as

the various types of hyperbolic projections, hierarchical trees, or outlines could be utilized as

well. The user should be able to select type and arrangement of her preferred display tech-

nigues. The immediate access of full-screen versions of each display region at any point dur-

ing the interaction blends space multiplexing (showing overview and detail displays at the

same time in different parts of the screen) with time multiplexing (showing the various dis-

plays one at atime; (Card et al., 1999, 285)). Such a mechanism provides maximum flexibil-

ity and support of the user’s current tasks and individual navigation style (Scharl, 2000). Be-
sides adaptivity, the application of visual operators in spreadsheet-like applications represents
another promising alternative to employing three different types of overview diagrams (Chi,
1999a, Levoy, 1994, 139ff., Hasler et al., 1994, 325ff., Furnas, 1981). Unlike numeric spread-
sheets, which store only simple data elements and formulas in each cell, a cell in visualization
spreadsheets can hold and manipulate abstract data sets of high complexity including appro-
priate selection criteria and exact viewing specifications (Chi, 1999b, 25).

CONCLUSION

Successful visualizations consist of “complex ideas communicated with clarity, precision, and
efficiency” (Tufte, 1983, 51). However, it has been demonstrated above that a single layout
algorithm cannot always produce the best results. Various conceptual techniques for design-
ing intuitive interface representations of Web information systems have been presented, with
special regard to the generation and transformation of explicit graphical representations of the
hypertext's node and link structure. Web navigation frequently requires the user to make
comparisons, or to look at some distant parts referenced from the current location. Conse-
guently, representational adaptivity and multiple simultaneous foci (e.g., interactively ani-
mated overview diagrams) are essential keys to further improve the layout of supplemental
navigational systems.
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