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ABSTRACT

This paper describes Predictive Targeted Movement (PTM)
and reports on two experiments demonstrating its effedive-
ness PTM is a mnstrained movement model that is defined
in terms of cognitive ancepts of navigation, such as loca
tion, destination and route. The exad definitions of these
must be defined by the designer in acordance with the
navigational needs of their design situation. PTM incorpo-
rates a notion of prediction that all ows heuristic fadors to
be used in movement constraints. PTM has been applied to
inter-objed navigation in Jazz Results from a study com-
paring PTM-based movement to a conventional movement
model showed incressed task performance without in-
creased error, and suggested that the physicd and cognitive
costs of navigation were reduced.
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INTRODUCTION

Movement[d changing location (at least conceptually)d is
an important asped of human-computer interadion. Users
“go to” a web site, “enter” a chat room, “move” afileto the
Trash, etc. Most movement in eledronic environmentsisin
service of navigation/J determining where things are and
getting to them[ that is, it is a purposeful and direded ac-
tivity [11]. Navigation, in turn, is in service of the user's
task, e.g., gathering information about or editing the ewi-
ronment or its contents. Empiricd evidence from the physi-
cd world indicates that the agnitive cmplexity of navigat-
ing in an environment is determined, in part, by what
movement is possble in that environment [14, 15]. How-
ever, most efforts to suppat movement in eledronic envi-
ronments have focused on the physicd cost [6, 7, 12] and
on movement within a view [7, 12], disregarding cognitive
considerations of movement design.

This paper describes Predictive Targeted Movement (PTM)
and reports on two experiments demonstrating its effedive-
ness PTM is asimple but powerful technique for designing
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movement in eledronic spaces that combines the designer’s
knowledge of the user’s task with the computational oppa-
tunities of eledronic environments. PTM is a mnstrained
movement model, that is, it limits, rather than increases,
freedom of movement. PTM is defined in terms of cogni-
tive mncepts of navigation, such as location, destination
and route, that depend on the spedfics of a particular de-
sign situation.

PTM incorporates a notion of prediction that all ows heuris-
tic fadors to be used in movement constraints. This element
distinguishes it from other models that assuume dgebraic
spedfications of constraints [4, 5]. PTM differs from inter-
adion techniques that constrain movement by computing
trajedories automaticdly [7, 12], in that the user’s destina-
tion need not be in the aurrent view.

Prior efforts represent situation-spedfic movement models
that encode knowledge of the user’s task and the interaction
environment. PTM, in contrast, is an abstrad movement
model. PTM relies on the designer to provide definitions of
locations, routes and predictive functions that conform to
the navigational needs of a particular design situation. Thus,
the predictive dement aside, PTM formali zes the intuiti ons
underlying prior efforts. This level of abstraction permits
PTM to be gplied to a variety of design situations, and
provides designers guidance in analyzing the navigational
nedls of a particular situation

This paper describes PTM, the applicaion of PTM to inter-
objed navigation in Jazz[2], a spatiad multiscde environ-
ment, and an experiment comparing PTM-based movement
with a mnventional design. The PTM-based movement
model yielded a 30% reduction in time-on-task on a di-
reded seach task. This was acompanied by substantial
and significant reductions in mouse adivity both while di-
reding movement and while, ostensibly, planning move-
ment. Results suggest that the PTM-based design changes
navigation in fundamental ways, and reduces both physicd
and cognitive dforts of navigation.

The PTM-based design and some of the experimental re-
sults were introduced briefly elsewhere [8, 9]. This paper
detail s the PTM agorithm in full, ill ustrates its application
to design, and elaborates and extends the empiricd find-
ings. Its contribution is to provide detailed empiricd evi-
dence for the dfeds of constrained movement on raviga-
tion aswell asto elucidate PTM.



RELATED WORK

The present work distinguishes between movement and
control of movement. While much work has focused on the
latter, the present work focuses on how the navigational
neals of the user's task can be used to determine what
movement should be possble.

Other efforts have used knowledge of the user’s task to de-
fine movement. Path Drawing [7] and Point of Interest
Movement [12] both assume that the user’s task is to move
within a 3D virtual environment. Using Path Drawing, the
system interprets a line drawn on a 2D view of space & a
path in 3D space using rules of physicd movement, and
moves the viewpoint along this trgjedory. In Point of Inter-
est Movement, the user indicates a point on an objed and
the system computes a trgjedory to move the viewpoint to
be centered on this point.

These gproaches are similar to PTM in that they assume a
target destination (a locaion or sequence of locaions) and
constrain movement to a path that leads to that target. How-
ever, they differ in that they assume knowledge of the na-
ture of the target (a point or sequence of pointsin 3D space
and in that the user must spedfy the target explicitly. The
latter limits their use to movement within aview.

Guided Navigation [4] and Constrained Navigation [5] aso
asume movement within a 3D space Guided Navigation
asuumes that the user is touring the environment and con-
strains movement to follow a loosely scripted path, all ow-
ing the user some ntrol of movement along and within
this path. Constrained Navigation assumes that the user
neels to examine individual objeds or environmental fea
tures, and limits movement to regions defined parametri-
cdly with resped to these. While both constrain movement
in acwordance with the user’s task, neither incorporates a
notion of prediction and so do not alow constraints to in-
corporate heuristic considerations.

Of the work mentioned, only Path Drawing [7] and Con-
strained Navigation [5] report results of user studies. Of
these, only Constrained Navigation examines the dfed on
any form of cognition, reporting on the dfed on acquisition
of gpatial knowledge, but not on other aspeds of naviga-
tional performance, such as measures of time and effort.

PREDICTIVE TARGETED MOVEMENT

Movement in PTM is relative to lodestones (so named be-
cause they exert navigational “pull”)O locations the user is
likely to want or neal to go to in the murse of performing
their task. Movement is constrained to follow leylines
(named for lines of power in Nordic and Cedltic
myths)[ paths that lead from the arrent location to a lode-
stone. All movement must follow leylines and &l leylines
lead to lodestones.

Lodestones and leylines are defined by the designer in ac-
cordance with the needs of the user’s task. Either may be
defined explicitly or algorithmicaly. For instance, in a me-
teorologicd visualizaion tool, lodestones might be user-

designated pants of interest and/or locaions of specific
types of atmospheric conditions, e.g., the e/e of a hurricane
or leading fronts of masses of air. Leylines might follow
pre-defined lines of interest, such as constant air-currents or
contours of landmasses, or they might follow actua or pre-
dicted paths of weaher systems. Definitions of lodestones
and leylines can get as complex as appropriate for the task
and might include nested definitions of lodestones or com-
posite trgjecories for leylines. Each might also incorporate
dynamic dements such as the user’s geographic or concep-
tual location.

Once the designer has dedded what constitutes a lodestone
and a leyline and how they are to be identified computa-
tionally, they must provide apredictive function that ranks
a set of lodestones acarding to the likelihood d their being
the user’s desired destination at any given time. Prediction
might be based on spatial proximity (e.g., to the mouse),
relevance metrics in a query result set, past interadion, or
other heuristic aiteria. In the meteorologicd tool, lode-
stones representing weaher phenomena might be ranked by
severity or potential impad on human populations. The
designer may also provide apredictive function for ranking
leylines, if multiple leylines to a single lodestone ae possi-
ble.

The system uses these functions to predict how likely it is
that a given lodestone is the user’s target destination and
how likely it is that a given leyline is the user’'s desired
route for getting there. Using these predictions, the system
constrains movement to the most likely leyline. Optionaly,
the designer may provide ameans for the user to refine pre-
dictions and negotiate the seleded target and/or leyline. For
example, a storm-watcher may be more interested in a
weeker tropica storm about to make landfall than a more
powerful hurricane still out to sea The meteorologicd toal
might provide a preview of high-probability destinations
that includes distance from the arrent locéion, and alow
the user to indicate apreferencefor the wedker storm.

The adual PTM agorithm is exeauted during interadion
when the user signals their intent to move:

1. Identify the set of avail able lodestones

2. Rank the lodestones acarding to the predictive func-
tion, seleding the most likely destination(s)

3. [Optional] Present feedbadk to the user about the aur-
rently predicted destination(s) and negotiate the se-
ledion of alternatives

4. Compute or seled a set of leylines to the predicted
destination(s)

5. Rank the leylines acmording to the predictive func-
tion, seleding the most likely to be desired

6. [Optional] Present feadbadk to the user about the
currently predicted leyline(s) and negotiate the selec-
tion of alternatives

7. Initiate and continue movement along the seleded
leyline urtil the target lodestone is readed



8. [Optional] If the inputs to the predictive function
change during movement, reped steps2 - 7

In a simple example involving movement within a view,
PTM might be gplied to WIMP desktop interadion: Lode-
stones are icons and leylines are straight lines aaoss the
desktop. Prediction is based on mouse movement. The vec-
tor from the starting to the aurrent position of the mouse
indicates the general diredion of the desired target. Lode-
stones within a thirty-degree ac ae considered potential
destinations and are ranked acwrding to the deviation be-
tween the mouse vedor and computed leylines. If there ae
no lodestonesin the indicated diredion, an areaof the desk-
top is considered a virtual lodestone, all owing movement to
uninhabited regions of the desktop.

Lodestones in the prediction set might be highlighted or
magnified with the strength of the highlight or degree of
magnificaion refleding predicted probability. Alterna
tively, vedors indicating their respedive leylines might be
shown with length propartional to predicted probability. As
the user moves the mouse, deviation from the most prob-
able leyline caises the predictions to be updated. A “flick”
of the mouse dlows the user to approve the airrent target
and complete the movement, seleding the target and mov-
ing the aursor, or sending a dragged item “skidding’ onto
the target. The user, when not dragging, might also approve
the target simply by clicking at the present mouse location
as though the target had been readed. The system would
interpret thisas a dick on the actual target.

PTM IN JAZZ

PTM was applied to inter-objed navigation in Jazz[2], a
framework for designing and huilding multiscde dectronic
worlds using a 2oming wser interface Like its predecesor,
Pad++ [1], Jazz enploys an interadion metaphor of a mn-
ceptually infinite two-dimensional surface that can be
viewed at an infinite range of magnificaions. Objeds have
position and extent on the surface Their visibility can be
configured to depend on the magnificaion (scae) of the
view, e.g., becoming invisible when the anount of detail is
too smal to be useful. This metaphor implies a basic
movement model of zooming (changing the view scde) that
must be preserved if the purported benefits of multiscde
environments [1] are to be preserved.

Lodestones and Leylines

A considerable anount of user interadion in Jazz etails
inter-objed navigation, that is, moving from one objed to
another. This task was adopted as the subjeda of an initia
design study of the gplicaion of PTM. As the user’s goa
isto move between objeds, lodestones are, with one excep-
tion, defined to be individual objeds, or rather, views at
which an objed is centered on the screen and appeas at a
“reasonable” magnification (here defined to be when it fill s
90% of the view window along its largest dimension).

The inter-objed navigation task implies that the user wants
to move between objeds as quickly as posshle without

Figure 1 Lodestones and '
Leylines interaction in
Jazz.

The user clicks on or near
the object to which they
want to go. The system
predicts that the lodestone
closest to the mouse is the
intended destination.

1 a m:
The system optionally && =
shows feedback about the ==o o oo
current prediction (here a
thumbnail of the predicted a o o
target). oo W

2' [=]
If the zoom-in destination & Tt
prediction is incorrect, the ==o a oo
user may correct it by
moving the mouse without a o o
stopping the zoom. Once oo “
the prediction is correct,
the user need not move
the mouse again.

Zooming stops when the '
target is reached, if no

further lodestones can be

reached by zoom-in.

needing exposure to intervening objeds. Consequently,
leylines hould be the shortest paths passble. In multiscde,
the shortest path between two adbjeds is to zoom out urtil
the objeds appea to be one window-width apart, then
zoom in on the target objed [3]. However, arbitrary objed
layouts may not provide such trgedories naturaly, i.e.,
there may not be an objed to which to zoom out.

Thus, a speda lodestone, the Top of the World, is intro-
duced that guarantees the avail ability of zoom-out leylines.
The Top o the World view is the most magnified view that
contains al (other) lodestones in the world. The shortest
path between two oljeds is approximated by zooming out
toward the Top d the World, stopping when the target
comes into the view, then zooming in on the target. Conse-
quently, leylines are defined to be “straight” lines through
spacescde. Movement between two oljeds, in many cases,



entail s following two leylines: a 2om-out followed by a
zoom-in. Note that most leylines represent combined pan
and zoom trgjedories, that is, simultaneous movement in
both planar and scde dimensions.

A more sophisticated design for this task would recognize
the human prediledion to use spatial proximity or visua
grouping to convey semantic meaning, and include lode-
stones defined by spatial clustering of objeds. This would
introduce intermediate “Top d the Neighborhood' lode-
stones in both zoom diredions. The simpler design, how-
ever, suffices to test the effed of movement model and
minimizes confounding effeds of spedfic designdedsions.

Predictive Functions

In the &sence of more spedfic knowledge of why the user
is navigating between objeds, target prediction is based on
simple spatial proximity. The user indicaes which diredion
in scde they would like to move, and the system predicts
which lodestone is their intended destination. Zoom-out
prediction is trivia, as the only lodestone considered is the
Top d the World. Zoom-in prediction is based on mouse
position. Disregarding the Top d the World, the system
predicts that the lodestone dosest to the mouse (in simple
planar distance) is the desired destination. All leyline “pre-
diction” istrivia, as there is only a single leyline from any
given location to any given lodestonel] there being only
one “straight” line between two locations.

Because prediction is based on mouse pasiti on, target nego-
tiation can be provided by monitoring mouse movement.
When the system deteds that the lodestone dosest to the
mouse differs from the aurrent target, it updates the predic-
tion and switches to the gpropriate leyline.

Lodestones and Leylines Interaction

Figure 1 illustrates Lodestones and Leylines interadion.
Becaise individual movements are mnstrained to follow
leylines, overall movement is limited to the populated re-
gion of spacescde. This region is bounded by the Top o
the World view and the spacescde extents of al objeds, as
shown in the spacescde diagram [3] in Figure 2.

Cognitively, Lodestones and Leylines interacion off ers two
potential benefits. The first benefit is to reduce the number
of paths available to the user in any given view, as sxown in
the view schematics in Figure 2. Reducing the number of
paths avail able in any given view reduces the mmplexity of
individual dedsions, and reduces the overal number of
dedsions users have to make during revigation. It also al-
lows sledion regions for ead path in a view to be
enlarged, simplifying movement control. The second bene-
fit is the introduction of a fixed reference location, the Top
of the World, to which users can return should they become
lost or disoriented. These benefits are expeded to reduce
both the physicd and cognitive sts of navigating.

Empirical Evaluation
The study comprised two experiments comparing the Lode-
stones and Leylines model of movement to a mnventional

Figure 2 Space-scale diagram [3] of the movement con-
straints introduced by Lodestones and Leylines move-
ment. Overall, movement is limited to the entire shaded
region. Lodestones define sub-regions of movement lim-
its. For instance, zoom-in anywhere in the dark gray re-
gion leads to lodestone C (e.g., by following the leyline
indicated by the black dashed line from w>). Clicking to
zoom out always leads to the Top of the World, wr, (e.g.,
by following the leylines indicated by the white dashed
lines from wj, and w»). Schematics on the right show
zoom-in sub-regions (movement options) at the indicated
views, the dots indicating the positions of lodestones.
model. Each experiment employed a 1 x 2 factorial within-
subjed design with repeaed measures. The first fador,
movement model, was manipulated within subjed all sub-
jeds used bah models. The second fador, the order of
presentation of the two models, was varied between sub-
jeds. The two experiments differed only in the anount of
information the environment provided to aid navigation; the
experimental tasks and movement suppart were identica.

In the Grid Markers experiment, some navigational infor-
mation was always avail able. This experiment was designed
to simulate atask condition in which the user’s destination
isnot in the view, but where the user has an ideaof where it
is and the view presents enoughinformation for them to get
there. This is the normal case for much interadion, for ex-
ample, getting to a file from the desktop by navigating
through the file system, or getting to a particular piece of
information in a website.

In the Desert Fog experiment, no navigational information
was provided, except for objed labels. This experiment was
not intended to simulate aredistic task condition. “Desert
fog” is a @ndition in which no information is available
upon which navigational dedsions can be based [10]. Al-
thoughthis stuation is inherent to certain types of environ-
ments, including spatial multiscde, a redistic design would
take steps to prevent it from occurring. This experiment
tested the suppasition that movement model can alter the
demands of navigation so dramaticdly that an impossble
task is made possble.



Grid Markers Experiment

Desert Fog Experiment

A1 A8

Training A1 ﬂ A8
2
D4
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H1 ¥ H8

== Figure 3 Experimental stimuli. The large
window is the multiscale interaction space.
The small window presents the experimen-
tal stimuli (a destination location, here,
C6). Views 1-3 and 1DF-3DF show corre-
sponding views in the Grid Markers and
Desert Fog experiments, respectively.

View 1: Top of the World view in a small
layout (8 x 8 grid).

View 2: View zoomed toward C6. Note the

Subjects

25 subjeds participated in the study, al volunteaing in
response to broadcast email. All were students or staff at
the University of Michigan in disciplines ranging from mu-
sic to computer science 9 subjeds were female, 15 were
male, al between the ages of 18 and 50 All subjeds re-
ported at least one yea of experience with mouse-based
computers (only one less than three yeas) and average
daily computer use of at least one hour a day. None re-
ported prior famili arity with zooming wser interfaces. Each
subjed participated in asingle 1.5 — 2 hour sesson and was
compensated with a $25gift certificate.

Computational Environment

The study was conducted on a laptop computer with a Pen-
tium Il 266 MHz processor and 96 MB memory, runnng
Windows 98, Java 1.3.1 and Jazz 1.0. The laptop’'s 12.1"
display panel was used at a resolution of 800x600 pxels.
The laptop's touch pad and mouse buttons were disabled
and an ambidextrous external mouse used in their place

Experimental Design

The two experiments were interleared so that a subjed per-
formed bah experiments with one movement model before
repeding them with the other model. Performing the task in
Desert Fog conditions requires full comprehension of the
movement model in use, so the Grid Markers condition

appearance of a secondary grid marker
(B6) in the Grid Markers view.

View 3: Target destination (C6), identified
by a label below the photograph.

View 0: Example layout of photographs (8
x 8 grid). The locations of the photographs
shown are A4, C6, D2, E4 and H3. Sub-

jects saw this view during training but
never in testing.

precaled the Desert Fog condition. Subjeds were dter-
nately asdgned to start with one or the other movement
model to counter-balance possible order effeds.

Stimuli

The experimental stimuli are shown in Figure 3. Two fixed-
size windows display the experimental cues and the Jazz
interadion environmentd small and large windows, respec-
tively. The interadion environment consists of a set of pho-
tographs laid out on the surface Photographs are seleded
randomly from a collection of professonal photographs
[13]; 50inthe Grid Markers experiment, 6 in Desert Fog.

Photographs al have the same size axd asped ratio, but
may be in either portrait or landscgpe orientation. Their
visibility parameters are configured so that a photograph is
not visible until the view magnificaion is such that it covers
at least 190 pixels along one dimension. This ensured that it
was necessry to make navigational dedsions with no pho-
tographs in the view, and that there was time to make such
dedsions while moving. Photographs all read the visibility
threshold at the same magnificaion and are spatialy dis-
tributed to prevent visual ocdusion (Figure 3, view 0).

The seledion of photographs and their layout is random and
unique to ead training or testing run. Photographs are posi-
tioned within a conceptual grid. This grid is szed so that at
most 10% of the cdls will be occupied; a 23 x 23 grid in



the Grid Markers experiment (50 photographs) and an 8 x 8
grid in Desert Fog (6 photographs). Photographs are placel
in gid cdls randomly with at most one per cdl. The grid
itself is not visible, but is the basis for a mordinate system
for addressng locations. Rows are designated numericaly,
columns alphabeticdly (Figure 3, view 1).

In the Grid Markers experiment, the aldresses of seleded
referencelocations are displayed on the surface Grid mark-
ers marking the four corners and the gproximate center of
the grid (Figure 3, view 1) are dways visible (althoughthey
may not be contained in a given view, Figure 3, views 2-3).
Sewndary markers appea with ead 1.75 increese in view
magnificaion, ensuring that views contain at least one
marker. Grid markers are fixed in size axd do not change
with view magnificaion. Grid markers are not available in
the Desert Fog experiment (Figure 3, views 1DF-3DF),
however, subjeds were informed that ead training or test-
ing run started at the Top d the World. Each photograph is
labeled with its grid address (Figure 3, views 3-3DF) in
both experiments. No ather location or target prediction
feedbadk is provided.

Task

The eperimental task is to move from one photograph to
another. A random sequence of locations of photographsis
seleded without replacement, and presented, one & atime,
to the user (Figure 3, small windows). Subjeds move to the
target locaion and pressthe spacebar to indicate that they
have arived. If they are not at the wrred location, their
response is not accepted and they must continue to the oor-
red locaion. If they are & the wrred location, the next
locaion cue is presented, and the subjed seeks to go there
from the present locaion. Subjeds perform 15 and 5trials
(moving from one photograph to another) in the Grid
Markers and Desert Fog experiments, respectively.

Movement Models and Control

The Leylines model of movement has aready been de-
scribed as Lodestones and Leylines interadion. The other
movement model was the Pad model, which emulated the
standard model offered by Pad++ [1]. In this model, move-
ment is relative to the geometry of the spacewithout regard
for its contents. When zooming, whether in or out, the cer-
ter of the 2oom (around which the view expands or con-
trads) is the point on the surfaceon which the mouse was
positioned when the z2oom started. If the mouse is moved
while 2o0ming, the 2z00m center is the same surfacepoint,
but it and the entire surface move relative to the window.
Panning, moving the surfacerelative to the window without
zooming, aso foll ows mouse movement.

A two-button mouse was used to control movement
throughout the study. Both movement models used the |eft
button to indicae 2oom-out and the right to indicate om-
in. In the Pad model, pressng the dt key (locaed symmet-
ricdly on either side of the spacebar) and dragging with
either mouse button pressed resulted in panning.

Procedure

All training and instructions were given by video and on-
screen messages. An experimenter was present to answer
subjeds questions during pradice but not during testing
sesgons. Subjeds receaved an introduction to the concepts
of multiscde, zooming wser interfaces, Jazz and the e-
perimental task before using either movement model.

After the introduction, they leaned the first movement
model to which they had been assgned, and pradiced using
it in the Grid Markers environment. First, they practiced
with a small layout containing six photographs that were
aways visible (Figure 3, view 0). This alowed them to
observe the behavior peauliar to the movement model. They
then practiced on another small layout with normal visibil-
ity of photographs (Figure 3, view 1-3), and, finaly, on a
large layout, containing fifty photographs, like that used in
testing in the Grid Markers experiment. Subjeds were e-
couraged to pradice a long as they liked, but were not al-
lowed to stop urtil they had moved to five mnseautive tar-
gets without error or appredable hesitation.

After becoming famili ar with the movement model, subjeds
were given tips on using it more dfedively, e.g., moving
the mouse during zoom-out to anticipate zom-in. (Note
that, by this point, most subjeds had aready discovered
these techniques.) They then performed a final practice ses-
sion on a large layout, and the Grid Markers test was ad-
ministered. The Desert Fog experiment was then introduced
and, after a single practice sesson, the Desert Fog test ad-
ministered. Following a ten-minute bre&, the training and
testing sequence was repeded using the second movement
model to which they were asigned.

Data Collection

In addition to demographic and other individual informa-
tion colleced from ead subjed, behavioral data were re-
corded during their interadion with the software. This in-
cluded the time spent on ead triald from the presentation
of the location cue until the subjed presses the space bar
with that location in the viewD and the number of response
errors (i.e., spacebar pressed when the target is not in the
view). View and mouse locaions were sampled approxi-
mately every 100 ms. A sampling strategy was used rather
than an event-driven record to avoid introducing diff erent
computational costs of data @llection due to variations in
event frequencies between the two movement models.

Computational Note

It should be noted that while the z0o0m rateld the change in
magnification with ead zoom incrementO is constant and
identicd in both movement models, the mputational
overhead of zooming is mewhat larger in the Leylines
model. In both models, the mouse location is ssmpled every
20 ms during zooming and, if it has changed, a system re-
sponse wmputed. In the Leylines model, this causes the
PTM agorithm to be exeauted. The PTM implementation
was not optimized and an O(n) algorithm used for target



Pad Leylines % t(23)‘ p <

R OPad
Time on task 94.2 66.0 -299 | 493 | .0001 | mieyines 0 50 100 150
View move time (mouse | 479 | 37.2 | -223 | 312 | .005 Tasktime
press) View move time
Mouse move time 524 279 -46.8 7.08 .0001 Mouse move time
Mouse drag time 278 | 143 | -544 | 522 | .0001 Mouse drag time
Mouse non-drag time
Mouse non-drag time 247 136 -449 | 7.61 | .0001
Table 1 Mean times per surface unit traveled. (milliseconds/surface unit)
Pad Leylines % t(23) ‘ p < OPad
View moves (clicks) .055 .038 -30.9 | 4.72 | .0001 | meyiines 0 0.02 0.04 0.06 0.8
(clicks/surface unit) . A A A
Mouse moves 055| .049 |-110| 123 | .25 View moves
(moves/surface unit) Mouse moves
Mouse drags .026 .029 115 | 1.21 .25 M q
(drags/surface unit) ouse drags
Mouse non-drags .029 .020 -31.0 | 347 | .005 Non-drags
(non-drags/surface unit)

Table 2 Mean number of mouse actions per surface unit traveled.

Table 1 - Table 2 Time usage and mouse activity in Grid Markers condition. Measures are normalized to one net surface unit
traveled. Regular type indicates values that are not statistically significant. % column shows change from Pad to Leylines.

prediction. (An O(log n) agorithm could be adieved by
preprocessng the spatial layout of objeds.) In the Pad
model, a change in the mouse location causes asinge trans-
lation of an affine transform.

Results

Data from one subjed were diminated due to faulty equip-
ment discovered immediately following the sesson. Of the
remaining subjeds, 12 started with the Leylines model and
12 with the Pad model. Because the experiments ead have
only two conditions and Leylines is predicted to be supe-
rior, paired one-tail ed t-tests were used.

Grid Markers Experiment

In order to understand the dfeds of movement model on
task performance physicd effort and cognitive dfort, the
data ae analyzed in terms of error, time on task(s), mouse
adivity, and relative use of time. Because of the random-
ness of the layouts and target sequences, certain measures
of time and mouse adivity are normalized to net planar
distance traveled, that is, the total planar distance between
targets in a given target sequence This distance is propar-
tional to the length of the shortest paths through space
scde. Planar distanceis measured in surfaceunits, which, at
the canonicd magnification of 1, correspond to pixels.

Error

There was no significant difference in the number of times
subjeds pressed the spacebar erroneously, t(23) = .24, p <
.6.

Time

The results for time spent on various tasks are shown in
Table 1. All but three subjeds were faster overal when
using the Leylines model, moving the same distance in 30%
lesstime, t(23) = 4.93, p <.0001 They also spent lesstime
moving the view (view move time), 22% lessin Leylines
than in Pad, t(23) = 3.12, p < .005

Subjeds aso spent less time moving the mouse (mouse
move time) in Leylines, 47% lessthan in Pad, t(23) = 7.08,
p < .0001 Examined more dosely, mouse move time is
divided into drag and non-drag time, time spent moving the
mouse with and without a button pressed, respedively.
Both were small er in the Leylines condition. Drag time was
49% less t(23) = 5.22, p < .0001, and non-drag time 45%
less t(23) = 7.61, p <.0001 (Note that mouse drag time is
a subset of view move time & the view always moves when
a mouse button is pressed, regardlessof whether the mouse
ismoving.)

In short, overal time on task and analyzed subtasks was
significantly reduced by the Leylines technology.

Mouse Activity

Mouse adivity is an indicaor of the physicd effort ex-
pended. It is measured in terms of number of mouse actions
(button presses and mouse moves), duration (in time) of
adions, and distance the mouse is moved. A view move is
synonymous with a mouse button press A mouse move is a
sequence of mouse pasition samplings in which the position
changes at least every 150 ms. (This threshold is necessary
to eliminate false “stops’ introduced by computational de-



‘ Pad ‘ Leylines ‘ % t(23) ‘ p< ‘ OPad
View move 877.6 1007.1 14.8 2.83 .01 WLeyines 0 500 1000 1500
(mouse press) 4 L L
View movelclick E
Mouse drag 1126.6 4745 | -579 6.00 .0001
Mouse drag
Mouse non-drag 932.5 679.2 27.2 5.62 .0001 Mouse non-drag
Table 3 Mean durations of mouse actions. (milliseconds)
Pad Leylines % t(23) p< OPad 0 200 400 600
Mouse drag 474.5 75.8 | -84.0 5.26 .0001 ELeylines . . 2
Mouse drag
Mouse non-drag 276.3 1355 | -51.0 531 .0001 Mouse non-Drag

Table 4 Mean distances of mouse movement. (pixels)
Table 3 - Table 4 Mean durations and distances of mouse actions in Grid Markers experiment. % column shows change

from Pad to Leylines.

lays, e.g., for garbage collection, and was determined by
experimentation with mouse sampling.)

The results for the number of mouse actions are shown in
Table 2. Subjects moved the view (pressed a mouse button)
31% fewer times per unit traveled in the Leylines condition,
t(23) = 4.72, p < .0001. They aso moved the mouse 10%
fewer times, but this was not statistically significant, t(23) =
1.23, p < .25. Examined more closely, mouse moves are
divided into drags and non-drags, mouse movement with
and without a button pressed, respectively. (Mouse drags
are, of course, a subset of view moves.) Subjects dragged
the mouse 12% more times in Leylines, this was not statisti-
caly significant, t(23) = 1.21, p < .25. They non-dragged
the mouse 30% fewer times in the Leylines condition, t(23)
=3.47, p < .005.

The results for durations and distances of mouse actions are
shown in Table 3 and Table 4, respectively. Each view
move (mouse press), on average, lasted 15% longer in the
Leylines condition, t(23) = 2.83, p < .01. The average
mouse drag was 58% shorter in time in Leylines, t(23) = 6,
p < .0001, and 78% shorter in distance, t(23) = 5.26, p <
.0001. The average mouse non-drag was 27% shorter in
time in Leylines, t(23) = 5.62, p < .0001, and 51% shorter

in distance, t(23) = 5.31, p < .0001.

In short, when using the Leylines model, subjects moved
the view (pressed a mouse button) fewer times, but each
move was longer in time. The number of times they moved
the mouse was not significantly different. The number of
times they moved the mouse with a button pressed (i.e., the
view was moving) was aso not significantly different, but
each move was substantially shorter in both duration and
distance. When a mouse button was not pressed (i.e., the
view was stationary), subjects moved the mouse less often
and moves were shorter in both duration and distance.

Relative Use of Time on Subtasks

In order to examine whether and how cogpnition is affected,
the distribution of time on subtasks is examined. This
analysis reveals whether the movement technology affected
how subjects used their time. The relationships examined
are distribution of view and mouse movement within the
overal task, distribution of mouse movement subtasks
within overall mouse movement, and distribution of mouse
movement subtasks within view movement subtasks. These
results are shown in Table 5.

With the Leylines model, subjects spent 42% of the overall
task time looking at a stationary view, whereas they spent

77777‘ OPad 0 02 04 06 08

View non-move time/ 49 42 -14.3 | 3.89

Time on task

Mouse move time 57 43 -246 | 6.84

/Time on task

Mouse drag time/ 52 50 -3.8
Mouse move time

Mouse drag time/ .58 .38 -345 | 7.24

View move time

Mouse non-drag time/ .56 .48 -9.0| 3.62

View non-move time

001 HELeylines + L L L
View non-move/Task
.0001
Mouse move/Task
.6
Drag/Mouse move
0001 Drag/View move
.005 Non-drag/Non-view move

Table 5 Proportion of time on task spent on subtasks. % column shows change from Pad to Leylines.
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Figure 4 Mean number of trials (out of 5) completed in the
Desert Fog condition. t(23) = 31.57, p = 0.
49% of their time doing so with the Pad model, t(23) =
3.89, p < .001 They spent 43% of the overall time moving
the mouse with Leylines, but 57% doing so with Pad, t(23)
=6.84, p<.0001

Distribution of mouse movement subtasks was approxi-
mately equal in both models, with subjeds gending 50%
and 520 of the total mouse move time in dragging with
Leylines and Pad, respectively, t(23) =.53, p< .6.

While moving the view, subjeds gent 38% of the time dso
moving the mouse (dragging) with Leylines, and 58% doing
so with Pad, t(23) = 7.24, p < .0001 While the view was
stationary, subjeds gent 48% of their time moving the
mouse (non-dragging) in the Leylines condition and 56%
doing so in the Pad condition, t(23) =3.62, p < .005.

In short, with the Leylines model, subjeds gent a smaller
percentage of their time looking at a stationary view and a
smaller percentage of their time moving the mouse. They
aso spent a smaller percentage of time moving the mouse,
bath while moving the view and while looking at a station-
ary view. There was no significant difference in the per-
centage of time spent dragging and non-dragging when
moving the mouse (disregarding whether the view was also
moving).

Desert Fog Experiment

The only data analyzed in the Desert Fog experiment were
trial completions. With the Leylines model, al subjeds
completed al five trials succesgully. No subjed was able
to complete dl trials using the Pad model, giving w (dis-
continuing the run) after an average of .29 trials, t(23) =
3157, p=0(Figure4).

Qualitative Results

In a post-test questionnaire, subjeds reported greder satis-
fadion with the Leylines movement model. 16 d the 24
subjeds gated that they preferred or strongly preferred Ley-
lines, in general. When asked which model they would pre-
fer if they “were doing something else while [they] were
performing this task( say talking on the phone,” 21 sub-
jeds favored Leylines. 19 subjeds found Leylines easier or
much easier to use, while 3 thought Pad was easier, and 2
subjeds thought they were out the same.

Many subjeds cited the aility to return to the Top d the
World and the need for lessacarate mouse wntrol as par-
ticularly attradive fedures of Leylines. Many cited the &bil-
ity to pan as a positive feaure of the Pad model and ladk
thereof a defed of Leylines.

Discussion

Results of the Grid Markers experiment show that the
PTM-based technology, Leylines, increased task perform-
ance @ measured by time, without increasing error. At the
same time, the physicd effort required to perform the task
was reduced, as srown by the reductions in number and size
of mouse adions. These results are straightforward.

Other results are more subtle. Subjeds gent lesstotal time,
in the PTM-based design, looking at stationary views, im-
plying that less time was dedicaed solely to planning
movement. That they also spent a smaller proportion of
time looking at stationary views indicates that they were
able plan movement faster or were &leto domore planning
while moving. The latter could result from the transfer of
cognitive resources from movement control to movement
planning, permitted by the reduced physicd cost of moving.

The deaeased mouse ativity when not moving indicates
that subjeds were less confused or less agitated with the
PTM-based technology. Anedatal evidence including ex-
plicit comments about being lost or confused, and ocbserved
patterns of non-drag mouse movement (tradng out grid
references and agitated “dooding’) supparts the suppasi-
tion that users were more mnfused with the conventional
model and that this was, at least in part, due to spatia dis-
orientation. That users felt better spatially oriented during
movement with the PTM-based model is affirmed by the
fewer but longer view moves. These suggest that users had
more @nfidence in their plans and required less* stop and
go” movement to review or adjust them. Interestingly, sub-
jeds used lesstime to move the same distance (recd! that
zoom speed was constant), indicating that they were follow-
ing closer-to-optimal paths, despite devoting less time
solely to movement planning.

Results from the Desert Fog experiment show that the
PTM-based technology changes the navigationa task fun-
damentally. All users eventualy lost both spatia orienta-
tion and knowledge of productive adions in the conven-
tional design. The PTM-based technology permits the user
to become spatially disorientated, but provides a default
adion for reorientation, namely zooming out to the Top o
the World. However, many users were unable to locae even
the first target with the conventional design, although they,
knowingly, started at the Top d the World. This siggests
that the PTM-based tedhnology reduced the need for main-
taining spatia orientation, and the deaease in experienced
disorientation in the Grid Markers experiment may have
been due to decreased nee rather than increased certainty
or better maintenance of orientation during movement.

Whil e the reduced freedom of movement would acourt for
some of these dfeds, the predictive dement of the PTM-
based design must also play a role. Without the heuristic of
spatial proximity, the user would have to seled the desired
target predsely in order to seled its leyline, making Desert
Fog navigation considerably more difficult. However, the



present data ae insufficient to dsociate the antributions
of these two fadors.

FUTURE WORK

Future work includes experimentation with more sophisti-
caed definitions of lodestones, leylines and predictive func-
tions. Lodestone experimentation is planned to consider
navigationally significent locations, such as locéions con-
taining gid markers, and spatial clustering of objeds. Ley-
lines experimentation is considered to maximize the number
of lodestonesin view at any given time and foll ow common
spatial structures. Prediction enhancement includes consid-
eration of dynamic fadors, e.g., disregarding the most re-
cent lodestone visited, and adapting to petterns of move-
ment by favoring frequently visited lodestones.

A different diredion of future work is to explore ways of
increasing the dfedivenessof the Lodestones and Leylines
design by experimenting with different types of prediction
feedbadk and negotiation. Most importantly, PTM is ex-
peded to be gplied and tested in other design situations,
including implementing the desktop design outlined here
and cther designs that have been devel oped.

CONCLUSIONS

Predictive Targeted Movement is an abstrad movement
model that compels designers to consider movement in
terms of elements of the user’ s task and the interadion envi-
ronment. Movement is defined relative to lode-
stones] potential destinations in the user’s task or naviga-
tionaly significant locaionsd and is constrained to foll ow
leylinesd paths to lodestones that conform to the user’ s task
or navigational needs. Using a predictive function supplied
by the designer, the system eliminates unlikely navigational
options, simplifying revigational dedsion-making. Apply-
ing PTM to inter-objed navigation in Jazzyielded a design
that, in empiricd testing wsing a direded seach task, in-
cressed task performance, without increased error, while
reducing physicd and cognitive dfort.

The potential benefit of PTM lies in suggesting and guiding
consideration of high-level cognitive issues during design
of low-level interadion. Whether this benefit can be red-
ized will depend on the difficulty of determining useful
definitions of lodestones and leylines, and the feasibility of
more sophisticated predictive functions. The immediate
benefit, however, liesin demonstrating that profound cogni-
tive dfeds can be adtieved, without sophisticaed techno-
logicd solutions, by careful consideration of cognitive im-
plications of low-level interadion design.
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