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Abstract B In this work we develop a new alternative to conventional maps for visualization of relatively short paths as they are
frequently encountered in hotels, resorts or museums. Our approach is based on a warped rendering of a 3D model of the environment
such that the visualized path appears to be straight even though it may contain several junctions. This has the advantage that the
beholder of the image gains a realistic impression of the surroundings along the way which makes it easy to retrace the route in
practice. We give an intuitive method for generation of such images and present results from user studies undertaken to evaluate the
bene®t of the warped images for orientation in unknown environments.

Index Terms BMaps, Route visualization, Space deformation.
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1 INTRODUCTION

Navigating in an unknown environment can be a daunting task. Egue to occlusion, our method uses an appropriate space deformation
eryone has experienced the frustration felt as a newcomer in an timat aligns the route with the viewing direction. This way synthetic
known and complex place, for example when one is unable to locdteages can be generated from &odels that give the impression of
the breakfast room in a large hotel. Usually there are many instdipoking along the path all the way to the destination (see Fig. 1). Ren-
ments in such places that are supposed to assist navigation in this sitlexed from a roughly egocentric perspective, this image can be quickly
tion, most notably signposts and maps, either ®xed at walls, like emgfiasped and easily oriented. Moreover, it contains realistic portrayals
gency plans, or handed out to visitors on lea ets. AlthouBhn2aps of important landmarks along the way which are crucial for orientation
are the predominant navigation aid, they often fail their purpose for tagd way ®nding [25]. As opposed to maps, the depiction of these fea-
following reasons: First, the interpretation of a map can require coltwes is not abstract but realistic and thus the required mental effort for
siderable mental effort since the observer must locate her standpaidtching and alignment of landmarks is greatly reduced. Perspective
and orient the map properly [15]. Furthermore, a correspondence Béstortion in the image gives further important clues to the distance
tween map and environment has to be established. Humans perfeml relation of objects and junctions. In particular, the contributions
this task by identifying and matching landmarks in a scene (e.g. wali¥,this paper are as follows:

corners, doors) with their map representation [23]. ) o )

These landmarks act as primary nodes that help to organize spa- We propose a novel V|sual_|zat|on technlqu_e for short routes that
tial information and may be noticed due to their visual dominance, —addresses the above mentioned shortcomings of maps and photos
a characteristic shape or because of a personal signi®cance. From a by showing the whole path contiguously as seen from an egocen-
psychological point of view [29], the identi®cation of landmarks con-  tric perspective within a single image.
stitutes the ®rst of three stages in the acquisition of spatial knowledge.
By traveling along a path in a ®rst person perspective, landmarks are
connected in the second stage to form procedural route knowledge. In
a ®nal stage structural survey knowledge is derived which is equiva-

lent to inferring a map and which allows to estimate distances betweﬁrbveakness of the approach is that the generated images may some-

Waxp?];ntsorrt]ovc\ilenr\:est;h?rrtc?trs. resentation. the task of decr titimesfailtoconveyturnsduetothestraighteningofthepath. We show
S maps show an abstract representation, the task ot decryp t we can alleviate this issue with the introduction of additional vi-

recqgnizing an_d matching Iandmarks_ demands the obsc_erver's fuII. jal hints. Finally, the paper exempli®es the proposed camera model
tention. Matching such a representation to real world Objects requif§s o\ e ra| paths in a virtual environment and discusses the results of a
considerably more cognitive effort than matching photos or image

; . er study that we undertook to evaluate the effectiveness of our route
rendered from an egocentric perspective [17]. As a consequence

) S ; . &\ Ml alization.
mobile navigation devices classical maps are usually accompanied by

images that show the environment from an egocentric perspective. As PREVIOUS WORK

shown by Chittaro and Burigat [8], such representations are clearly

superior to classical maps alone. While a combination of map afel Non standard cameras

egocentric images is easily possible on mobile devices, a small seixgfan alternative to the standard perspective pinhole camera numerous
views has to be selected and placed orbacanvas in the static case, non-standard projection models which mostly aim at artistic and non-
where the visitor is only provided with a print out. Both choice an@hoto-realistic rendering have been proposed in the past. We will give
placement of appropriate views are clearly not trivial. Moreover, thg brief account of these models which can be roughly grouped into
correct interpretation of such annotated maps demands further mensak categories: non-planar projection surfaces, non-linear ray tracing,
efforts from the observer. multi view interpolation and space deformations.

In this work we consider a novel means to convey directions in a sin- Models which fall into the ®rst category generalize the pinhole
gle warped image of the path leading to the desired destination. In ceamera by replacing the projection plane by a non-planar surface.
trast to standard photos which cannot depict anything around a corn@ffelmann and Giller introduce in [21] an abstract camera model
for ray tracing that renders a scene on arbitrary curved surface. The
model is very general and allows even to specify non-orthogonal ray
all authors are with the University of Bonn, Computer Graphics Group, directions for each point. Similary, the models of Yonggao et al. [31]

We introduce a non-standard space-deformation based camera
model tailored to our visualization that enables simple and intu-
itive rendering of paths.

Emailf degener,schnabel,schwartg@cs.uni-bonn.de and Levene [20] which generalizes a set of non-standard projections
Manuscript received 31 March 2008; accepted 1 August 2008; posted onlingroposed Qarller by Inakage [16] allow fo_r non_-pla_mar projection sur-
19 October 2008; mailed on 13 October 2008. faces. While Yonggao et al. show how their projection can be extended
For information on obtaining reprints of this article, please send with 3D lenses, Levene's model can combine multiple projections into
e-mailto:tvcg@computer.org. a single image. To generate survey renderings for complex scenes,

Rademacher and Bishop [24] de®ned a strip camera which is speci®ed



by a parametric curve and associated view directions. They also meantation of detailed and texture® 8odels and evaluate it in a small
tion the possibility to generalize their model for parametric surfaceser experiment. They report that subjects had no dif®culty matching
but do not actually pursue this idea. Finally, Yu and McMillan presetthe perspective rendering with real world objects. The TellMaris sys-
in [32] the generalized linear cameras (GLS) model which uni®es maosstn introduced in [18] to guide tourists on leisure boats also features
of the above models. A GLS is speci®ed by a set of linear camerab, renderings of the environment. A preliminary user study on that
each of which is de®ned by three rays so that arbitrary projection ssystem was conducted by Kray et al. which compared several repre-
faces and ray directions can be prescribed. sentations of route instructions: textual and spoken instructions, di-
Another completely different approach to non-standard cameragéstional arrows, R maps, ® renderings and multimodal combina-
to combine several standard projections into a single image as ®iats thereof. Although the preferred navigation strategy was to match
suggested by Agrawala et al. in [2]. In their approach each objecthuildings with the ® depiction, the study revealed higher orientation
the scene is assigned to a standard camera and rendered accordiagtyroute ®nding times compared to stand&draps. However, the
These renderings are then composed into a single image while spegighors point out that subjects were well trained with maps. Moreover
care is taken to resolve occlusion issues. Instead of composing opéha-quality of their ® models appears to be somewhat inferior to those
tions, Singh blends in [27] several exploratory views by interpolatingf Burigat and Chittaro as textures are only provided for a few objects.
camera and viewport parameters smoothly over the scene. His apin contrast to interactive route visualization whei2 @presenta-
proach was later extended in [10] to to render animations non-lineatlgns are commonplace, methods for static visualizations of routes and
projected. driving directions traditionally resort to @®2map like depiction due
Non-linear ray tracing as introduced by @er in [14] is another to occlusion issues: In [1] Agrawala and Stolte introduce the line drive
prominent mean to implement non-standard cameras. Instead of aglestem which automatically abstracts and generalizes paths to stylist
formed projection surface, the rays of sight itself are deformed bydaawings that resemble hand drawn route maps. Their work was ex-
3D de ection or force ®eld in three space. A different way to achiewended by [22] to generate personalized driving instructions by com-
the same effect is to bend rays of sight by deforming the surroungkessing well-known fragments of routes. Lee et al. describe in [19]
ing space [28, 9] using space deformations as introduced by Barr fBg design of the MOVE system which is contextually optimized for
and Sederberg et al. [26]. This approach was also recently pursuedrisgar navigation systems.
Brosz et al. in [5] where a space deformation is de®ned via a set oBesides these methods our approach is also related to the work of
control surfaces. Moreover, the authors show that their model uni®¥sod et al. [30] who convert (camera) paths through a virtual scene
several of the above cameras if parameters are chosen appropriateiy. panoramic images for cel animations. Starting from an arbitrary
Although many of the above non-standard models are "exiblelacement of the initial frame successive frames are laid out according
enough to produce the path visualizations we are aiming at, thesethe optical ow. Their method, however, fails for forward motions
models are primarily designed to give artists and designers maximeiere the optical ‘ow cannot be well approximated by a similarity
freedom in the view speci®cation by providing a high dimensional seansform and is thus not applicable in our case.
of parameters. In contrast, the space deformation based approach de-
scribed in this paper features only a small set of parameters which 8re PROBLEM STATEMENT
tailored to our needs and can largely be derived automatically.  Given a 3D-model of an environment and a path in the scene we con-
22 Route visualization sider the problem of generating a warped image of the route such that,
: regardless of junctions or curves, the entire way from the starting lo-
Interactive route visualization on mobile devices is widespread aggltion to the destination and its immediate surroundings are visible.
popular today and has accordingly been well studied in human com-
puter interaction. Replacing or complementing traditional street maps
with images on mobile navigation devices clearly helps people to oA- OVERVIEW

ent themselves. This was shown in a user study conducted by Chitie apove problem statement gives no indication to the methods vi-
taro and Burigat 8] which compared the tradition&l thap depiction ape for a satisfactory solution. Among the four principle approaches
to maps augmented by photographs taken from a pedestrian perspg¢ion-standard cameras mentioned in sec. 2 - non-linear ray tracing,
tive. If photographs are replaced bp3enderings, results seem togeneralized projection surfaces, multi view interpolations and space
vary depending on the quality of the presentation: In [7] Burigat anghformations - we have chosen the latter for two reasons: Firstly, in
Chittaro present a mobile guide system based on a location aware Rigsirast to multi-perspective rendering and generalized projection sur-
faces, space deformations guarantee that no part of the scene can ap-
pear more than once in the image, which would be highly irritating in
our envisaged application scenario. Secondly, in our case, the space
deformation can be speci®ed intuitively and computed interactively.

To create a warped image, the user ®st outlines the path to be visu-
alized by an interactive walk-through of the given 3D scene. During
the walk-through the path is recorded as a sequence of 3D positions in
conjunction with up-vectors for capturing of orientation respectively
(see Fig. 2 top left). Optionally, special objects, used as visual hints
in the ®nal image, are inserted at strategic locations along the path,
e.g. at sharp curves or junctions. Once the path has been outlined,
the sequence of path-points is used to de®ne constraints for a space
deformation that aligns these points along a straight line, which will
be the line of sight of the ®nal warped image (see Fig. 2 top right).
A secondary space deformation is applied to the result that enhances
visibility of the route's surroundings (Fig. 2 bottom left). Finally the
warped scene is rendered using a standard perspective projection.

5 SPACE DEFORMATION

we seek a space deformation that aligns these points along a straight
Fig. 1. Images rendered by our method give the impression of looking  line of sight of the warped image. The deformation transforms our
along a path all the way to the destination original geometnG into the warped geometi@®which will be used



Fig. 3. On the left hand side the path in the scene is illustrated and the
sample points on the path visualized as blue spheres. At each sample
location a plane is de®ned by the path's tangent vector. The corners of
a square centered about the sample point de®ne auxiliary positions that
are used to constrain the scale of space deformation. On the right hand
side the path after the deformation is depicted. All sample positions lie
on a straight line of sight.

Fig. 2. In the top left image a path that was recorded during a virtual

walk-through of the environment is depicted. Four additional paths are

generated by auxiliary points as described in sec.5. The top rightimage  splines as described in the following section.
displays the deformed geometry after application of the thin-plate spline

warping. Please note that the path was indeed successfully straight- 5.1 Warping with Thin-Plate Splines

g;f:afi‘gg itgevi‘iiebslznii“‘t);‘eisb‘éﬁé%e'Iezhﬁnzﬁee‘:tvﬂetrzet;‘:cg;‘g‘zry g;”?s' In this section we will brie y state and discuss the properties of thin-
visualized after the secondary transform wgs applied. Note thatpsi nif- plate splines used for warping of the 3D-scene. The thin-plate spline
Y ppled. 9 was introduced by Duchon in [11]. Thin-plate splines have been

icant and important detail in the surrounding of the path is now visible . . . .
also at the end of the path that was occluded before (e.g. the stairs and widely used for image _allgnment and shape matching. Two recent
examples can be found in [4] and [6].

boxes). Bottom right: occlusion issues may arise if a path does not run

clearly around obstacles Given two sets of corresponding poirits= f f1;:::;fng  RY and
G=fgy;:i5;0ng  RY the mapping® : RY! R that minimizes the
bending energy .

for rendering. In accordance with computer graphics standards we B= g g (1 F)2 (1)

set the viewing direction along the negative z-axis. Thus, only the z- Y S»lgl i

coordinatesZ®= fz;;:::;z,g of the transformed point8® have to be
given to de®ne the space deformation, as the x- and y-coordinates wiitier the constraint(f;) = g; is a thin-plate spline. In a sense, mini-
have to be zero for them to lie on a straight line of sight. mizing the sum of squares of all second order partial derivatives results
While it would seem unnatural to change the order of points along a globally smooth as-af®ne-as-possible mappindn fact, for an
the line of sight, there might be ample reason for adjusting the spaciai®ne mapping the second order partial derivatives vanish and thus the
of transformed path-points. For instance long uninterrupted sectiongeéulting bending energy evaluates to zero.
the route could be shortened in order to leave more image space to th®uchon proved uniqueness of the solution and gave a constructive
important parts of the path. In our application we automatically layofrmulation that separates af®ne and non-af®ne compondnts of
points along the z-axis according to their distance along the path, but
the user is allowed to adjust these depth values if desired. Please note F = Ax+ WK (X) (2)
that in principle methods similar to those used in [1] could be used for
automatic adaptation of depth values with respect to important partsatierex 2 R4+ 1 is a point in homogenous coordinatésis an af®@ne
the path. mappingW 2 R" such thatW'F = 0,K(x) 2 R"andK(x); = jx fij.
In order to de®ne the up- and right-direction of our target geometry Given Eq. 2 a thin-plate spling for two point setsF andG can
GYand to have more control over the layout of the warped image e found by solving two simple linear systems fandW. As the

samples are located on a square centerggl iatthe plane de®ned by resulting linear systems is relatively small an optimal thin plate spline
the pointp; and the normah = pi+1 p; (cf. Fig. 3 left). The sam- can be computed interactively.
ples' target pointgo;l;:::;g";4 are located at corresponding locations )
on the xy-plane througt®, i.e. the plane parallel to the image plane>-2 Secondary Deformation
passing througrpi0 (cf. Fig. 3 right). The side length of the squareAfter the thin-plate spline deformation, the geometry surrounding the
determines the scale GPwith respect to the generated image. In factpath runs mostly parallel to the viewing direction (see Fig. 2 top right).
the auxiliary pointss;;; can be interpreted as constraints to the ®rJtherefore it will only be visible under a very acute angle so that de-
derivative of the space deformation. We need to control the scaletafls and landmarks are hardly recognizable and often occluded. Due
the deformation since, naturally, a path generated by a walk-throughthe perspective projection the effect is even stronger for the more
of a 3D environment will result in a set of path-points located in fredistant parts of the geometG. Yet, as argued in sec. 1, especially
space. Yet our intend is to show the surrounding geometry, e.g. buitde surroundings that provide the landmarks are crucial for successful
ings or walls, as well. To this end we set the side length of the squatesalization and navigation. Thus it is necessary to improve the visibil-
to be approximately equal to the average distance of the path-pointstycand recognizability of the environment with a secondary transform.
the surrounding geometry. Since the squares are mapped to an area @fur solution to this problem is a second space transformation that
space that will be visible in the image, the surrounding environment ofaps parallels to the viewing direction onto parabolas (cf. Fig. 4 and
the path will appear in the image as well. 2 bottom left), such that further parts of the geometry are bent towards
For the computation of a globally smooth space deformation thidite camera and details of the environment remain distinguishable in
adheres to the constraints introduced above, we employ thin-pl#te warped image.



Fig. 4. The image shows the effect of the applied secondary transfor-
mation as described in sec.5.2.

To this extent, we apply to all points2 R3 the following transfor-
mationt : R3! R3:

t Fig. 6. Our method fails on highly complex (left) and long paths (right).

(9= 1 b? s¢ 1 b? s @ 9 ghly complex (left) g paths (right)
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whereb = AR 121

a = 1:25. Note that fofjaj 1 there will be a visible singularity at
the tip of the paraboloid within the path.

anda > 0. In all our examples we use _ As shown in Fig. 5 and Fig. 7 images produced by our method are
visually appealing and clearly re ect even subtle features along the
path like lanterns and doorways or the down pipe in the third example.
Although such features are seldom found in standard maps we believe
that they constitute very salient landmarks which provide the observer
with valuable additional cues for navigation and to verify that the right
As a result of the space deformation described in the last section, thack is still followed. Please note also, that the two virtual environ-
original path is straightened and turns or junctions become less notiggents, which were taken from a computer game, show relatively little
able (see Fig. 1). However, since turns are important for way-®ndirftail in geometry and texture. More realistic models as e.g. acquired
we emphasize these features by including additional visual hintskig laser range scanners should exhibit a much higher amount of detail
the warped images to facilitate their recognition. In the ®nal rendeird thus more salient features that can aid orientation.

ings these visual hints appear as signs showing arrows that are inserted

automatically by our software. The arrows mark the locations of juné-1 Performance

tions or Sharp curves in the path and indicate the direction in which thfﬁe performance of our method depends on two major factors: the
user has to turn in order to follow the route. Moreover, an addltlonﬁbmber of vertices in the geometry and the number of samples used for
green arrow is used to highlight the destination (see Fig. 1 and Fig. e thin-plate-spline. Given the parametér2 R", sampless 2 R"

The automatic insertion of visual hints analyzes the path and detegf| vertices<;;:::;xm we have to calculaté = Ax + WK(x) for
sharp corners using a threshold on the angle between consecutive ga#lty vertexx;, resulting in a complexity o®(mr).
segments. A billboard equipped with a texture depicting an arrow is The calculation of andW is done on an Intel Core 2 Duo with 2.4
inserted into the B scene at the reSpeCtiVe locations such that the aSHz while the actual deformation is Computed per vertex on a Nvidia
row points into the direction of the turn. A similar billboard is insertegseForce 8800 GPU. With a scene consisting of ca. 2M vertices and
at the destination. The billboards are treated jUSt like the remainiﬂﬂJgr‘"y 200 constrained points it took an average of 58.5ms to solve

geometry during the warping and secondary transform so that they gk linear systems foh andW and 0.83s to apply the deformation to
tomatically appear at the correct locations in the warped image. 3@ the vertices.

avoid undesired occlusion of important detail by billboards they are
rendered transparently. 7.2 Limitations

Despite its general robustness, our warping method breaks down for
very complex or long paths. Figure 6 shows two examples in which
We applied the described system to several paths in two virtual eneisr method fails to give satisfactory results. The ®rst example shows
ronments - a small city model and a large of®ce building. All patteshighly complex path which runs on two "oors. As the path nearly
were recorded from manual walk-throughs as described in sectiointersects itself in two points a space deformation with very high dis-
and vary in both length and the number of turns. Figures 5 and 7 shtwtion results. Furthermore, for such complex con®gurations the com-
the results of seven interactive rendering sessions which each toolpuged thin plate spline is not guaranteed to be a one-to-one mapping
10 15 minutes to generate. Using the interactive feedback we mamymore. Even though the warping constraints are met, geometry from
ually adapted the spacing of the auxiliary constraints to increase vilistant parts of the scene is warped into the path and renders it unrec-
ibility. Although theoretically different spacings can be speci®ed fagnizable.
individual samples along the path, we did not pursue this possibility. Another limitation of our method are long paths as shown in the
For the shown results the spacing was uniform along the whole patsecond example in ®gure 6. While our method successfully discloses
In some cases, the original path was also slightly modi®ed to mich long paths as desired, the available image area is clearly insuf®-
solve occlusion issues as shown in the bottom right of ®gure 2. In tkignt to depict all features along the path. Even if a manual adjustment
case the occlusion was resolved by moving the path manually awafyconstraints can alleviate this problem by improving the allocation of
from the box in the foreground. Alternatively, the spacing of the auxmage space to salient path segments, the limitation of our method to
iliary constraints at samples near the box could have been changedefatively short paths is clearly inherent to our approach. A trivial ex-
achieve a similar effect. However, we found in our experiments thatension to long paths is, however, to split these into multiple segments
manual adjustment of the path or auxiliary constraints is not necesséoyeach of which an individual warped image is allotted.
in most cases, even though our method does not explicitly guaranted-rom the images in ®gure 5 it becomes clear that the space de-
an occlusion-free depiction of the path. formation minimizes path occlusion very effectively. Although this

6 VISUAL HINTS

7 RESULTS



Fig. 5. Testcases 1 4 used in the user study.

orientationthat is required before advancing along the path, the abil-
ity to reach the destinatiomithout getting lost and theverall time
required to reach the destination. In order to provide comparative data
all tests were also undertaken using traditional maps. In the following
design, procedure and results of the user study will be presented in
detail.

8.1 Design and Subjects

For each example a warped image and a traditional map were gener-
ated (see Fig. 5). The example cases were chosen so that a variety of
different complexity levels are covered. Paths differ in the number of
junctions, in the number of ignored junctions (junctions, which are not
actually pursued), the number of distinctive landmarks and the degree
of self-similarity of the surroundings. For example, the city scenario
shows a relatively high amount of salient detail, while the of®ce sce-
nario provides few salient landmarks due to its repetitive structure.

A total of 40 subjects were recruited among students on our cam-
pus and among the authors' families and friends with roughly twice
as many male as female participants. The average age was 27 and
ranged between 19 and 60. The experiences with navigation in virtual
environments varied strongly including several beginners. The set of
subjects was divided into two equally sized gro@sandG,. Ac-
cordingly, we split our test routes in two sub s&sandS,. In the
experiment, grous; was confronted with a map on the s@tand
with a an image or5,. For G this association was vice versa. This
way we obtained data for both image and map on all paths and could
thus directly compare results.

8.2 Procedure

Fig. 7. Test cases 5 7 used in the user study. We used a simple virtual walk-through software to simulate real-world
orientation and navigation (see accompanying video). The software
was controlled with keyboard and mouse in a manner similar to pop-

is certainly desirable, occlusion constitutes an important hint on tiar computer games. Before subjects were asked to proceed with the

shape of the path. Therefore, in the absence of further informationdst they were given detailed instructions and had ample time to famil-
is nearly impossible to identify turns in the warped images. The ahrize themselves with the software and the use of the controls. During
ditional visual hints described in section 6 alleviate this problem ko training scenarios, subjects were supervised by an experimenter
indicating position and direction of turns, but nonetheless most supho gave hints and explanations as necessary. After that subjects were
jects usually need a short introduction when confronted with a warpagdsupervised and measurements of experimental data commenced.

image for the ®rst time. Each test took place in the following manner: Subjects were pre-
sented the warped image, or traditional map respectively, for ten sec-
8 EXPERIMENTAL EVALUATION onds. Then the virtual walk-through application started with an arbi-

In order to evaluate the bene®ts of our approach we conducted a @ise¥ viewing direction that was not necessarily aligned with the direc-

study on the set of synthetic examples generated withBheoBnputer tion of the path. Subjects were asked to walk to the depicted destina-
game level data. With the experiment we sought to evaluate the efféion as quickly as possible and the time required to reach the destina-
tiveness of the warped image visualization with respect tarthial  tion was recorded automatically. By pressing a key they could display



Test 1 2 3 4 5 6 7
mwalk (map) 41.63 | 21.58 | 24.87 | 30.02 | 32.89 | 40.69 | 49.37
mwalk (image) | 35.35 | 29.70 | 30.23 | 40.98 | 23.38 | 45.04 | 47.27
s walk (map) 2153 | 14.84 | 19.13 | 17.49 | 21.16 | 18.98 | 16.56
s walk (image) | 20.52 | 15.06 | 19.05 | 19.94 | 16.19 | 20.19 | 16.27
mdisp (map) 8.95 4.25 2.73 5.29 4.14 3.62 5.43
mdisp (image) 4.88 2.95 3.48 3.02 1.79 6.59 4.95
s disp (map) 8.46 2.97 3.99 5.07 5.25 3.89 3.53
s disp (image) 7 3.63 3.37 4.77 2.55 5.29 3.09
morient (map) | 29.51 | 10.12 | 8.07 | 13.63 | 19.25 | 13.74 | 20.91

morient (image) | 25 4.99 59 | 16.44 | 6.44 | 18.05 | 14.71 ) ) ) ) )
s orient (map) | 23.61 | 6.80 | 10.21 | 18.09 | 22.41 | 11.49 | 18.35 Fig. 8. We manually introduced a non-uniform scale adjustment of auxil-

s orient (image) | 20.21 | 3.8 424 | 1618 | 6.1 17.7 | 1565 | iary control to improve the depiction of the target area and the perceived
mRate (map) | 0.56 0.9 083 | 072 | 067 | 055 | 039 distances between waypoints (please compare to test case 3).

mRate (image) | 0.75 | 0.94 | 0.75 | 0.8 095 | 05 0.5
s Rate(map) | 051 | 024 | 038 | 046 | 049 | 051 | 05
s Rate (image) | 0.44 0.31 0.44 0.41 0.22 0.51 0.51

a set of properties of paths and images that in uence the aptitude of
Table 1. Average (m) and standard deviation (s) of walking times (s), warped Images for naylgatlpn an_d explain the pbs_erved dlfferences in
map/image display times (s), time needed for initial orientation (s) and the walking tlmes.. We '_dent'®ed in total four C”ter'a_ onthe 'm{"ges;
success rates. The average values in which our method performed bet- Presence of distinctive features If a path exhibits well visible

ter than traditional maps are printed in bold-font and distinctive features, as e.g. the bottle and the bike in test case 1
or bushes and tree in case 5, the orientation with warped images is
greatly improved. These features take the function of landmarks in the

the image/map at any time during the walk-through but meanwhile tRENS€ of [25] and serve as strong guidance during initial orientation

stopwatch was not held. If the destination was reached or the maxirfidfl Way-®nding. In many cases the subjects explicitly stated the above
time of 6Gs elapsed, the application terminated and the next test witR€ntioned features when asked about their way-®nding strategy.

a new scenario started. Prominent target In test 6 we observed in many cases that sub-
jects walked past the goal although the path was correctly followed.
8.3 Discussion The actual destination (a desk with a computer terminal) appears rel-

e ) ) . atively small in this test due to the foreshortening of the perspective.
The average timings and success rates obtained in our experimeRisontrast, in traditional map depictions the target often appears high-

are listed in Tab. 1. A test was recorded as successful if the degfinted or enlarged corresponding to its signi®cance for navigation.
nation was reached within 60 seconds. The overall average walkifigerefore enlarging the target in the warped images would possibly
time of subjects that were assisted by a traditional map wes33 gjeviate this problem. However, if the target area is clearly discernible
While the average walking time when subjects were given our imaggs e g. in test case 5 where environmental characteristics like the con-
was slightly higher with 3s, the success rate increased fromOP2  rast between the snow covered ground and the interior serve as salient
to 732% and the time required for initial orientation decreased frofaatyres, an arti®cial enlargement seems to be unnecessary.

16s to 128s. Although the average walking time is slightly higher Unexpected disclosure Although visible and salient features are

for warped images, the ong-s@ed t-taﬁﬁg‘ < mﬂ'aeylelds a cgn@- a prerequisite for the successful navigation with warped images, the
dence of less than 78% which is clearly to ?mall totdeduce signi®caplexpected visibility of features in the foreground can also have a neg-
conclusions. Similarly, the one-sided t-tegfap < nfq5,.0n the suc-  ative impact. E.g. in test 4, we observed that subjects were irritated by
cess rates yields only a con®dence of 77%. In contrast the one-sitiegifact that the prominent vending machines in the foreground are not
t-testnﬁ;'ggk nRap con®rms with a con®dence of 95% that the timgnmediately visible from the starting location in the simulation (see
required for initial orientation is signi®cantly lower with our method.accompanying video). A similar effect was also observed at the ®rst
In summary, we conclude that even with 40 participants the exteltrn of test case 3. While in both cases the respective feature becomes
of our user study was not suf@cient to allow for de®nite statemeMisible by a slight change of position (a single step) or view, many
about the aptitude of warped images for navigation tasks. Howevewbjects were handicapped by the controls and perception in our simu-
concerning the initial orientation time our method is superior to tradiation environment and were thus unable to mimic these actions which
tional maps. The orientation time was measured as the time it took teuld have been natural in real life. However, we suspect, that a large
participant to reach an arbitrary path point whose distance is at legisicrepancy in the visibility of foreground features will also have a bad
a few meters from the starting location. The reduced orientation tirfie uence on the navigation in real-world scenarios.
suggests that warped images can indeed be more easily matched to thecorrectly perceived distances Compared to an ordinary ren-
environment than2 maps. dering, the distances along the path appear compressed in warped im-
Furthermore, it can be observed that the ratio between average ragps in particular for long paths, which is mostly due to the secondary
and image walking times varies greatly between paths. This sugged$ormation described in section 5.2. The incorrect depiction of dis-
that there are a number of properties speci®c to a path that make tiamces can be problematic in particular if distances between way points
ages more or less suitable for navigation. We try to identify some appear drastically distorted. An example is the quick succession of left
these properties below. However, in face of the potential complex iand right turns in test number 2 which caused in many cases some irri-
teractions of these properties and the comparatively small numbertation and subsequently a delay for reorientation. The overall success
participants our user study can only be regarded as a pre-study t@& however was unaffected. Similar observations have been made in
larger experiment that veri®es the observations we made. test case 7 for the ®rst right turn and in case 3 near the end of the path.
Despite these concerns, we think that the relatively small differenceWhile the presence of distinctive features is usually ®xed and can-
in average walking times for conventional maps and images is nevaot be in"uenced, the three remaining aspects can be considered in the
theless remarkable if we consider the fact that we are taught to handéssign of the warped image, i.e. in the placement of the transformed
traditional maps at a very young age and practice that skill nearly gyath pointz®and the auxiliary constraingsj. Although this requires
ery day, while subjects were confronted with the deformed image faser intervention, the designer can speci®cally address the above prob-
the ®rst time in their life. The observation that warped images are végyns. Figure 8 shows an improved version of test number 3 were auxil-
intuitive is also in accordance with statements of many subjects thaty constraints were modi®ed to emphasize the characteristic context
were asked about their experiences after the test. of the destination and to improve the depiction of distances near the
Evaluating the statements of individual subjects we tried to deduead of the path.
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