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ABSTRACT

This paper introduces a partial theory of design for locomo-
tion. The goal of the theory is to help generate adual de-
signs by informing design content. Assuming that locomo-
tion isalways in service of the aognitive task of wayfinding,
the theory relates cognitive mnstructs of wayfinding
problem-solving and dedsion-making to feaures of
locomotional design. Spedficdly, the theory suggests that
the complexity of wayfinding reasoning is controlled, in
part, by how closely the set of locations and ways of mov-
ing between them provided in the ewironment matches
those necesstated by the user’ s task.

The theory has been applied to the design of suppart for the
task of moving between individual objeds in a multiscde
environment. The resulting lodestones and leylines design
constrains locomotion based on inter-objed geometry and
uses an approximate indicaion of diredion from the user to
predict a target location and guide movement. Preliminary
results of a pilot study indicate that this technique dramati-
cdly improves wayfinding performance over locomotional
techniques based on geometry of the spaceitself.
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INTRODUCTION
X X

1] L1]

Take amoment to examine the two maps $own above,
picturing yourself having to get from o to x. Which
environment do you think would require more of your
attention and concentration? If you drove it every few
months? Every few weeks? Every day?

Presumably, your response was along the lines of “Uhm, the
left one?” Now ask yourself “Why would the left one re-
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quire more @gniti ve resources?’

Wayfindingd the task of determining how to get to where
one wants to go and dreding the adivities needed to get
thered is fundamental to most human adivity, including
interading with computers [11]. Locomotion the task of
moving and controlling movementO is inherently comple-
mentary to wayfinding [11]. Wayfinding is the process of
reasoning, locomotion is what is reasoned about.

If you have not arealy done so, verify for yourself that the
routes from o to x in the two maps are identicd. That is, the
required locomotion the adual movement(] is the same.
However, the locomotional options the structure offered
in the environment( differ. There ae many more options
in the structure on the left, making wayfinding much more
complex. Locomotiond design determines what movement
is posdble in the environment; wayfinding design provides
information about possble movement. Locomotional struc-
ture is one aped of locomotional design that influences the
difficulty of wayfinding [19, 20, 21].

In spite of the interdependency of wayfinding and locomo-
tion, locomotional and wayfinding design are usualy di-
vorced in the design of most eledronic worlds. Typicdly, a
generic locomotional design is developed and provided as
part of an applicaion framework or other general-purpose
tod, e.g., the familiar mouse and pixel locomotion of
graphicd user interfaces, or the node and hyperlink move-
ment of hypermedia. Such a generic locomotional designis
then adopted with littl e or no modification when wayfinding
suppart is designed, usually when an information structure
or applicaion is developed. Consequently, users as well as
wayfinding designers are often forced to solve wayfinding
problems that could have been eliminated by the locomo-
tional design.

This paper introduces a generative theory of the relation-
ship between wayfinding and locomotion, and of the impli-
céions of this relationship for locomotional design. It is a
theory of design based on cogritive cnsiderations as op-
posed to a theory of cognition. That is, the theory uses cog-
nitive evidence to relate cognitive wnstructs of wayfinding
to elements of locomotional design rather than explaining
the dfed of locomotion on ravigational reesoning. The
emphasis is on design of and wayfinding in large-scde en-
vironments] in which there is ho single point from which
the environment can be perceved in its entiretyd rather
than on small-scde environments or locd views of large-
scde ewvironments.



The partial theory introduced concerns the static aspeds of
locomotion; in particular, the design of locomotiond struc-
turel] the network of locaions and routes along which
movement is possble. It is based on a model of wayfinding
as a human problem-solving and dedsion-making adivity.
Applicaion and utility of the theory is demonstrated by way
of an exercise whose goal isto designlocomotional suppart
that reduces the agnitive overhead of wayfindingin a mul-
tiscde spatial environment (Jazz [3, 10]). Preliminary
analysis of data from a pilot study of this design shows
promising results.

RELATED WORK

The idea of shaping locomotional design to acammmodate
wayfinding reeds is not itself novel or even particularly
radicd. There have been efforts to understand how to doso
in the physicad world. Most of these ae amed at evaluating
the wayfinding difficulties of red or proposed locomotional
structures [14, 19], athough there have been some dforts
toward developing enerative theory [16]. The work, in
both cases, is typicdly based on first-hand observations of
behavior and takes the environmental constraints of the
physicd world for granted. The present work, in contrast,
seeks to understand how to fashion environmental con-
straints to control wayfinding difficulty.

In eledronic spaces, work on informing locomotional de-
sign has mostly focused on the mechanics of input devices
such as mice tradkballs and joysticks [1]. These dforts
often take perceptual considerations sich as eye-hand coor-
dination into acoount [8], but rarely touch on cognitive con-
siderations. Conversely, work on wayfinding design wsually
focuses on wsing general cognitive @nsiderations to pro-
vide guiding information, such as sgnage, landmarks, etc.
[23]. The possghility of changing locomotional design to
ater fundamental wayfinding problems is usually not con-
sidered. There seem to be no prior efforts to provide agen-
erative theory of locomotional designin service of wayfind-
ingin eledronic spaces.

Even so, there ae many cases of individual designs
thatd more or less intentionall yCl use locomotional design
to simplify wayfinding. Constraining designs restrict where
the user can go in the environment but do not alter the envi-
ronment itself. Examples of constraining designs include
reveding links sledively as a student leans in a hypertext
structure [4], and restricting movement to remain within a
certain region relative to oljeds in a virtual environment
[7]. Restructuring designs alter the environment to provide
new means of accessto certain places. For example, query
relevance metrics, history mechanisms and bodkmarks pro-
vide speda accessto places deamed particularly interest-
ing. Of course, it is possble for a design to be both con-
straining and restructuring, as well as employing other
means to suppat wayfinding. Note that both approaces
follow from the proposed theory (and, indeed, the caegori-
zdion was auggested by it). As dall be seen, the design
exerciseyields a mnstraining design.

Locomotional Structure

A PARTIAL THEORY OF LOCOMOTIONAL DESIGN

The theory is based on the common (athough often un-
stated) asaumption that wayfinding can be modeled as a
problem-solving and dedsion-making adivity [13, 14, 21].
Problem-solving and dedsion-making (and, hence, way-
finding) entail determining a sequence of adions that will
leal to a desired goal, including discovering what options
are available for ead action and dedding among them [13,
22]. It is here asumed that wayfinding problem-solving and
dedsion-making is performed in the service of some su-
perordinate taskld the task the user is trying to acamplish.

The adions that wayfinding problem-solving and dedsion-
making seeks to determine ae sequences of movement or
locomotional steps through an environment. The desired
goal is a locaion or sequence of locdions in the environ-
ment, the target location or destination. It may be distin-
guished by objeds residingd] possbly temporarilyd at that
location (“Gramma’'s house”) or by other properties of the
location (“agoodsunset view,” “Route 66").

The options of wayfinding problem-solving and dedsion-
making are different adions (sequences of locomotional
steps) believed to lead from the present location to the tar-
get destination or, at least, the next steps believed to leal to
the destination. Sequences of steps are typicdly charader-
ized by the set of intermediate locaions throughwhich they
pass and are often described in terms of those intermediate
locaions. For the present purposes, aroute is an ordered set
of locations.

A set of locaions and routes between them is caled a struc-
ture of locomotion (or locomotiond structure). A cognitive
locomotiond structure is a set of locaions and routesin the
mind of the wayfinding problem solver. It is the set of loca-
tions and routes that the wayfinder thinks about in the
course of wayfinding reasoning. If the wayfinding task is to
succea, the cognitive locomotiona structure must refled
some mecharical locomotiond structure/Ja locomotional
structure actualy offered in the environment. This me-
chanicd locomotiona structure part of the locomotional
design and results from a combination of mechanism and
structure of movement cars and roads, trains and tradks.

In the physicd world, design of the mechanicd |ocomo-
tional structure is overwhelmingly constrained by the laws
of natural physics. In eledronic spaces, the locomotional
designer controls the laws of physics of the space. That is,
the designer controls what constitutes a locaion and how it
can be readed. In eledronic spaces, the main source of
congtraints is the superordinate task. This defines the task-
defined locomotiond structure: the structure of locetions
and routes criticd to its completion.

Figure 1 ill ustrates the distinctions between the three types
of locomotional structure. Figure 1:1 shows the task-
defined locomational structure for the hypotheticd task of
“having to get from o to x” introduced ealierd the two
locdions and as dired a route & possible between them.

9/19/01



2-4 Possible mechanical locomotional structures enabling

completion of task

1 Task-defined locomotional structure

1c-4c Cognitive locomotional struc-
tures corresponding to locomotional
structures in 1-4. Circled black lines
indicate parts of mechanical locomo-
tional structure that must figure in
wayfinding reasoning, gray lines parts o
that do not. 1c

2c

& | 3c & | 4c

Figure 1 Locomotional structures related to task of “having to get from o to x”

Figure 1:1c shows the gnitive locomotiona structure
corresponding to this task-defined locomotional structure.
Figure 1:2-4 show posshle medanicd locomotional
structures that enable completion of the task in some
physicd environment. The structure in Figure 1:3 might
result from an inability to predict the exad destination, but
only to predict that x is at one of a small set of locaions.
The structure in Figure 1:4 might result either from a total
inability to predict the destination, or from a design goal of
increasing wayfinding complexity. Figure 1:2c-4¢ show the
cognitive locomotional structures corresponding to these
suggested mechanicd locomotional structures.

Often, in the design of eledronic spaces, the intent is to
increase usability, including reducing the cgnitive over-
head of wayfinding as much as possble. This is achieved
by matching the mechanicd locomotional structure to the
task-defined locomotional structure & closely as posshle.
However, in some caes, a design goal is to make wayfind-
ing more chalenging, for instance in some game designs.
This can be atieved by making the mechanicd locomo-
tional structure amore cmplex version of the task-defined
locomotional structure. Note that it is always necessary for
the mecdhanicd structure to form a superset of the task-
defined structure, or the wayfinding task isimpossble: You
literally “can’t get there from here.” Thus, the designer's
task is to identify the task-defined locomotional structure &
well as posdgble, and match the medchanicd |ocomotional
structure & closely to it as desired and passible within other
design congtraints.

Figure 1 aso ill ustrates that wayfinding reasoning is needed
a branch (or branching) points locdions in the
environment where the locomotional options change. This
acounts for the intuiti on that foll owing the route in the map
on the left in the introduction would require more cognitive
resources than that on the right: the corresponding required
cognitive locomotional structures are represented in Figure
1:4c and Figure 1:3c, respedively.

Genera problem-solving and dedsion-making theory shows
that the number and complexity of dedsions sgnificantly

Locomotional Structure

affed problem-solving and dedsion-making performance
[17]. In wayfinding, the number and complexity of ded-
sions is a function of the number of branch points and the
number of options considered at ead branch point. These
are determined by the number of destinations and the num-
ber of distinct routes in the medhanicad |ocomotional struc-
ture, respedively.

In other words, if the goal of the design is to increase way-
finding performance, the designer should aim to limit the
number of destinations and the number of distinct routes in
the mechanicd locomotional structure. Of course, other
design goals may make it necessary, or even desirable, to
increase the complexity of wayfinding problem-solving and
dedsion-making. In such cases, it may be desirable not to
minimize éther number of branch points or number of dis-
tinct routes.

Using krowledge of the spedfics of their design situation,
the designer, will li kely neal to trade off between the num-
ber of branch paints and the number of options at ead. The
nature of this tradeoff in wayfinding requires further explo-
ration, but there is evidence from reseach on menus that
the distribution of branch points and options is depends, to
a significant extent, on charaderistics of the superordinate
task and the user’ s knowledge [18§].

In summary, an important part of the locomotional de-
signer’s task is the design of the mecdhanicd locomotional
structureld the set of locations and ways of moving between
them adualy available in the ewvironment. This locomo-
tional structure must refled the task-defined locomotional
structureld the set of locdtions and ways of moving between
them necesstated by the superordinate task. The doser this
match is, the eaier it is for the user to entertain a useful
cognitive locomotional structured the set of locations and
ways of moving between them that take part in wayfinding
reasoning. The complexity of the mecdhanicd locomotional
structure is a function of the number of branch points and
the number of options at ead. The fewer branch points and
the fewer options at ead, the ssmpler the necessary cogni-
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tive locomotional structure, implying less cognitive over-
head reguired for wayfinding.

A DESIGN EXERCISE

The following design exercise is presented to ill ustrate both
the goplication and the utility of the theory. The goal of the
exerciseisto provide basic locomotional utiliti esin a multi-
scde environment. The designis intended for a single-user
system, and it is assumed that the user is working in their
own system. That is, the user is familiar with the spatia
layout and this layout may not be dtered by the system.
Allowing the user to get to where they want to go, quickly,
is a design goal, but spatial learning is not, so wayfinding
should be & $mple @ possible.

The exercise focuses on the task of interading with existing
objeds, leaving the demands of creaion and placanent of
new objeds for later consideration. This distinction be-
tween browsing and editing is common in information toals,
for example, web browsers vs. page alitors or image view-
ersvs. image ditors, but is often not adknowledged in basic
locomotional design. However, there is evidence that many
individuals gend more time interading with existing ob-
jeds than in creating rew ones. Thus, it seans worthwhile
to explore the two types of tasks individually before assum-
ing that a unified locomotional design is always necessary
or even appropriate.

Traditional Mechanical Locomotional Structure

Jazz[3, 10Q] is an applicaion framework for designing and
building multiscde dedronic worlds and is the cmputa
tional environment for this design. Like its predecessor,
Pad++ [2], Jazz enploys an interadion metaphor of a con-
ceptualy infinite two-dimensional surface that can be
viewed at an infinite range of magnifications. Objeds have
position and extent on the surface and can alter their visi-
bility depending on the magnificaion (scae) of the view.

Locomotion in Jazzis by panning (moving aaossthe sur-
face and zooming (changing the scde of the view). Tradi-
tiondly, the center of the om is a point on the surface
around which the view is expanded or contraded. Move-
ment either by panning or zooming leads to ather views
of the surface generally defined by the point at the center
of the viewing window combined with the scde of the view,
defined in terms of space-scale coordinates (surfacespacex
view magnificaion) [5]. Any point in spacescde can be a
destination, and routes are spacescde trajectories lealing
from any point to any other point.

With this model, getting lostC] not knowing where to go
next to get to one's goald is a cmmon problem [12]. Be-
ing lost or disoriented is often caused by “desert fog” [12],
an insidious condition wherein the arrent view of the evi-
ronment provides no clues upon which to base wayfinding
dedsions, for instance, a blank screen. Conventional pan
and zoom offers no sure escgpe from desert fog, making
disorientation inevitable and systematic movement nealy
impossble.

Locomotional Structure

UNDERSTANDING SPACE-SCALE DIAGRAMS*

Maanification (scale)

maxscale

¥ o

minscale

2 Screen position
(e.g.,xory) >

Space-scale diagrams were developed as a tool for under-
standing multiscale spaces [5]. They show the apparent
change in size and position of an object relative to the
magnification of the view. In the sample diagram above, the
horizontal axis indicates location in screen-space (e.g., x-
coordinate) and the vertical axis indicates degree of magni-
fication (the scale-coordinate). Note that zooming “in” and
“out” correspond to moving “up” and “down,” respectively, in
the diagram.

In the simple case, an object only grows in size as it is
magnified. Such geometrically-scaling objects, like O, in the
sample diagram, have a V shape in a space-scale diagram,
indicating that the object appears to be infinitely small at
infinitely small scales, and grows larger as the view is mag-
nified. In practice, an object typically has a minimum magni-
fication at which it is rendered, its minscale, or automati-
cally disappears when it is smaller than one pixel. Objects
also have a maximum effective magnification, the max-
scale; e.g., when they fill the view uniformly they are often
culled by the rendering system. These limits are shown
schematically for object O, in the sample diagram.

A particular view of the world is defined by the position in
space and scale of a window with a given width. This is
represented in a space-scale diagram by a horizontal line
whose midpoint represents of the center of the window.
(Note that we assume uniform magnification across any
particular view.) Since the width of the window is unaffected
by the magnification of the view, a line representing a par-
ticular window will have the same width throughout the dia-
gram. In the sample diagram, w, is a view in which O, fills
the middle third of the window, as shown in the first of the
screen-shots above. w, has zoomed in on (the now magni-
fied) O, as shown in the second screen-shot. w, has
zoomed in further and panned right almost half a window
width, as shown in the third screen-shot.

* Reprinted from Jul and Furnas [12] © 1998 ACM.
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Figure 2 Zoom-in, views 1-3: The user Zoom-out, views 3-1: Clicking to
clicks in the vicinity of the object that zoom out anywhere in views 2, 3 or
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Task-Defined Locomotional Structure

It is asumed, for the present purposes, that the superordi-
nate task requires interadion with individual objeds. Thus,
the task-defined locomotional structure is entirely defined
by the geometry of the layout of objeds. Locations are sin-
gle objeds (or, rather, views of the surfacein which an ob-
jed can be seen at areasonable scae) and routes are dired
links from anywhere to single objeds.

The medhanicd locomotional structure offered by the tradi-
tional model of locomotion is, in contrast, defined by the
geometry of the spaceitself. This discrepancy is the source
of the difficulties posed by desert fog. The user wants to get
to some objed, but only knows approximately where it is.
When they encounter desert fog, few of the destinations
offered by the mechanicd locomotional structurel] points
in spacescdel correspond to destinations in the task-
defined locomotional structure] surfaceviews that contain
objeds. In fad, at any locaion in the mechanicd locomo-
tional structure, only a minute portion of the locomotional
options leal to task-relevant destinations. Thus, even when
not in desert fog, the user must repeaedly seled among a
large number of destinations, the vast mgjority of which are
irrelevant to their task.

Lodestones and Leylines

The design implements a mechanicd locomotional structure
based on the task-defined locomotional structure described
above. In order to retain the purported benefits of multis-
cde ewironments [2], the design retains the basic mechan-

Locomotional Structure

zoom-in destination prediction is incor-
rect (view 2’), the user corrects it by
moving the mouse (view 2). Once the
prediction is correct, the user need not
move the mouse again.

ics of zooming and panning. However, as dal be seen,
locomotion is constrained so that movement aways leals
toward atask-relevant destination. The system both predicts
the destination and computes a path to that destination.

Destinations offered by the medhanicd locomotional struc-
ture ae cdled lodestones (since they “attrad” navigational
attention) to refled their conceptual generdity. In the pre-
sent design, lodestones are, with one exception, singe ob-
jeds. However, in a generalized version of the design, a
lodestone auld equally well be aset of objeds or some
significant feaure of the environment. Routes lealing to
lodestones are cdled leylines (named for the lines of power
found in Celtic and Nordic folklore). In the present design,
a leyline is a “straight” line through spacescde from the
present location to a lodestone, but it could reaily be de-
fined to foll ow other dynamicaly computable trajedories.

In order to initiate movement, the user indicaes the desired
diredion of zoom (in or out) by pressng the gpropriate
mouse-button (Figure 2:1). If zooming in, the system uses
the mouse location to seled the neaest lodestone (regard-
lessof whether it isvisible) as the predicted destination and
computes and begins to zoom aong the leyline that will
center this lodestone in the view (Figure 2:1-3). Moving the
mouse to be doser to a different lodestone during zoom-in
changes the target prediction (Figure 2:2', 2). The system
immediately deteds the new destination and computes the
new leyline to be followed. This allows easy error correc-

9/19/01



9 w, w,
w, O
W,
L]
L]
W
Wo

Figure 3 Zoom-in is constrained to follow a leyline
(black arrows) to a lodestone. If there are multiple
lodestones, the leyline that leads to the lodestone
whose center (gray lines) is closest to the mouse loca-
tion is followed. In wr, as long as the mouse is any-
where in the light gray area zoom-in leads to A, in me-
dium gray to B and dark gray to C. Zoom-in anywhere
in wy leads to B, anywhere in wj to C.

tion and scanning of patential destinations. If no lodestone
can be readed by zoomingin, zoom-in is not permitted.

If zooming out, the destination is asaumed to be aspedal
lodestone, the Top o the [Lodestone] World view (Figure
2:1). Thisis the most magnified view that contains all | ode-
stones in the world. Since no new lodestones can be
brought into view by further zooming i.e., further zoom-
out would not lead closer to any lodestones(] there is no
point in zooming out further and zoom-out is not permitted.
While not part of the task-defined locomotional structure,
the Top d the World can be shown to be akey branch
paint.

In short, to get from one lodestone to another, the user ei-
ther does a singe 20m-in or atwo-step zoom-out-zoon-in.
If the desired lodestone isin the airrent view, the user need
only click somewhere in its vicinity to follow the leyline
that leads to it. If the desired lodestone is not in the aurrent
view, the user clicks anywhere to zoom out urtil it isin
view, then clicks to zoom in. In either case, zooming ceases
when no more lodestones can be brought into view. Once
the desired lodestone is targeted, the user need not move the
mouse gyain. This behavior isill ustrated visualy in Figure
2 and dagrammaticdly in Figure 3 (zoom-in) and Figure 4
(zoom-out). (See sidebar for explanation of spacescde
diagrams.)

Leylines represent an aberrant zoom behavior. In spite of
the use of zoom “in” and “out” to describe following ley-
lines, leyline trajedories are generally composite zoom and
pan movements. “In” and “out” merely denote the diredion
of the mom component of movement. This is evident in
Figure 3 and Figure 4, where leylines can be seen not to
intersed the spacescde origin. Zoom-in leylines have two
parts. The first part is a pan-zoom that centers the view on
the lodestone, with the lodestone nealy filli ng the view in

Locomotional Structure

Figure 4 Zoom-out is constrained to move toward, but
not past, the Top of the [Lodestone] World (wt). In the
space-scale diagram, this is shown as dotted arrows.
In the schematized views on the right, lodestone loca-
tions are indicated by dots. Zoom-out is possible from
w1 and wy, but not wr. Gray lines in the space-scale
diagram show the defining boundaries of the Top of
the [Lodestone] World. Leylines are computed dy-
namically, based on the current location.

a lesst one dimension. (That this is reasonable scde of
view is purely a design dedsion, based on the assumed
task.) The second part is a pure 200m used once the lode-
stone is centered in the view. This two-part behavior is par-
ticularly evident in Figure 3 when following the leyline
from view w, to lodestone B.

Lodestones and leylines locomotion makes g/stematic
movement possbhle and provides the user with predictable
movement in desert fog. The mechanicd locomotional
structure of lodestones and leylinesis derived from the task-
defined locomotional structure based on inter-objed ge-
ometry. It offers far fewer destinations and routes than a
medhanicd locomotional structure based on the geometry
of the space itself and, consequently, far fewer branch
points with far fewer options at ead.

Empirical Evaluation
Six subjeds have, so far, taken part in a pilot study whose
purpose is to examine the dfed of locomotional design on
wayfinding performance The study is a 2 x 2 fadoria
within-subjed design.

The first fador is mode of locomotion: leylines and Pad++.
Subjeds are dternately assigned to perform one or the other
condition first to counter-balance posshle order effeds.
Leylines mode uses lodestones and leylines described ea-
lier. Pad++ mode uses the traditional model of locomotion
also described ealier. The speed of zoomingisidenticd in
bath conditions and the underlying computational time is
roughy equivalent.

The seaond fador is the anount of wayfinding information
provided: with wayfinding information and desert fog. In
the with wayfinding informationconditi on, some wayfinding
information is aways provided. In the desert fog condition,
subjeds are in desert fog urless a photograph is adually
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Figure 5 Average speed of movement for subjects in
pilot study for condition with wayfinding information,
paired by subject. t = 3.02 (p < .05).
visble in the window. The environments for the two
conditions contain 50 and 5 lodestones (photographs),
respedively. Subjeds are aked to move from one lode-
stone to another in a given sequence, and timing data ae
collected.

Data from the six subjeds tested consistently show im-
proved performance in the leyline condition (Figure 5). A
simple one-tailed paired t-test yieldsavalue of t = 3.02 (p <
.05) for the with wayfinding information condition. This
analysis is based on average speel rather than absolute time
as subjeds used dfferent layouts for the two conditions. In
the desert fog condition, all subjeds were successul on 5
out of 5 trials in leyline mode. Only one subjea chancing
into an unwually compad layout[] was able to complete the
task in Pad++ mode. The remaining subjeds siccealed on
average 0.8 aut of 5 trials before giving wp.

These results are even more pronounced than expeded and
appea to be due to dfferencesin the cognitive overhead of
wayfinding and controlling movement. Subjeds uniformly
comment upon the reduction in effort they experience using
lodestones and leylines. They perform visibly fewer physi-
cd adions in this mode, including less “stop and go”
movement. The gparent groupings ®e in Figure 5 do not
correspond to ardering of mode of locomotion. They are
conjedured to be due to individua differences in spatia
ability the three subjeds (4, 5, 6) exhibiting lesseffed of
locomotion mode (and higher speeds) had extensive experi-
ence a military or acobatic pilots or in orienteeing.

Discussion

This sdion has presented alocomotional design for a mul-
tiscde ewironment that supparts wayfinding by constrain-
ing locomotion. The ideaof constraining locomotion is not
in itself novel. Like point of interest movement [15 and
path drawing [9], lodestones and leylines uses an approxi-
mate indicaion of destination from the user to compute a
path and guide movement along it. However, both these
techniques require that the destination be in the airrent
view and can only be used for locdized movement.

Locomotional Structure

Constrained Navigation [7] allows the target to be out of
view and uses the structure of environmental fedures to
guide locomotion but does not incorporate the notion of
interadive target prediction. Guided Navigation [6] com-
bines environmental structure and approximate indications
of diredion from the user to compute apath, but does not
incorporate the notion of a destination. Both of these tech-
niques reduce the number of branch points, but neither re-
duces the number of options at branch paints.

FUTURE WORK

The present work has focused on the static mechanicd lo-
comotional structure. The main diredion of future reseach
is to develop the theory further, namely to include dynamic
aspeds of locomotional design. Work is in progressto un-
derstand how dynamic properties of movement[] sped,
steging controls, etc.[] affea wayfinding complexity.

Additionally, the design example is being explored further.
First, a full user study is in progress Sewnd, work is
planned to explore hierarchicad locomotion using spatial
clustering of lodestones to determine cmpasite lodestones.
Third, the task of editingd) modifying the contents of the
spacd] neals to be explored in light of the theory. It is ex-
peded that a model constraining movement globally, but
dlowing urconstrained movement locdly, e.g., nea exist-
ing objeds, will prove alvantageous.

Whil e lodestones and |eylines was tested on an environment
with only 50 lodestones, it is expeded to generalizein sev-
eral ways. First, there ae many situations where the system,
in pradice guarantees a small number of destinations. For
instance, the system may present only a small set of destina-
tions to the user, e.g., the typicd user's desktop a a query
result set. Or, the system may be ale to predict likely des-
tinations with some cetainty[d based on past activity, for
example. Sewnd, even in crowded spaces, providing feed-
bad about the posshle destinations of the user’s current
path is likely to be helpful. Of course, use in such spaces
will require considerable cmmputational optimization.

SUMMARY

This paper has introduced a partial theory of design for
locomotion. This theory asaumes that locomotion is a pur-
poseful, direded adivity and therefore dways in service of
the cogniti ve task of wayfinding. Usingamodel of wayfind-
ing as a problem-solving and dedsion-making adivity, the
theory suggests that complexity of wayfinding reasoning is
controlled, in part, by how closely the medchanicd |ocomo-
tional structure of the design matches the task-defined lo-
comotional structure. And, in part, by how many dedsions
the mechanicd locomotional structure requires from the
user and how many options are offered for eat dedsion.

Application of the theory to the task of moving between
objeds in a multiscde environment resulted in the lode-
stones and leylines design for locomotion. Using the task-
defined locomotional structure, the design constrains loco-
motion based on inter-objed geometry and uses an ap-

9/19/01



proximate indicaion of diredion from the user to predict a
target location and guide movement. Preliminary results of
a pilot study indicae that this technique significantly im-
proves wayfinding performance

While the theory itself is dgill incomplete, it represents a
new way of thinking about locomotional design aswell asa
new way of thinking about supparting design efforts. It en-
courages designers of locomotional tedchniques to include
considerations of the wayfinding problem-solving and ded-
sion-making adivity their designislikely to neel to suppart
and provides ome guidance of how to do so. The theory
aso provides an example of a generative design theory that
informs design prior to the spedficaion of a particular de-
sign situation. The present theory does © by relating do-
main-spedfic concepts to design-spedfic feaures using
preexisting domain knowledge. This approac to supparting
design is distinct from work on design methoddogies, de-
sign process sippat or methods for design evaluation in
that it is aimed at informing design content rather than de-
sign process
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