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Abstract a scientists workflow is convincing the scientist that in-
The need to compare surfaces occurs frequently in mamgsting time in a new visualization technique will yield
scientific pursuits. Local comparisons can be quite difoetter or faster understanding of data than already possi-
ficult when the surfaces are placed side-by-side. But tHge with display methods to which they have grown ac-
two surfaces may intersect in complex ways if overlaidcustomed. To this end, we collaborate with scientists to
Techniques have been previously developed for visualiidentify measurable performance tasks that match well
ing nested surfaces. The most successful of these apth their research questions. We then conduct evalu-
opacity-modulated texture to the outer surface to bett@tion studies to predict how well our new visualization
convey its shape while still limiting its occlusion of the techniques convey shape information scientists can use
inner surface. Although these techniques enable a betterexplore their data.

understanding the shape of two surfaces than does uni-Many techniques for nested surfaces solve the occlu-
form opacity, they do notimmediately lend themselves t@jon problem by displaying the outer layers with modu-
intersecting surfaces. In this paper, we describe a simgted opacity[[15] 25] This allows portions of the inner
ple geometric partitioning of intersecting surfaces thagurfaces to be visible through portions of the outer sur-
allows the application of existing nested surface tectfaces. Intersecting surfaces pose a more difficult prob-
niques, such as opacity modulation, to a broader range fn, since no one intersecting surface can be said to be
visualization problems. We also investigate how addinghner- or outer- most. We describe a simple repartition-
cast shadows to opacity-modulated textures affects they of the surface geometries at the intersections that al-
understanding of inter-surface distance and local shapeows existing nested-surface techniques to be applied to
i . - . intersecting surfaces. We describe the results of a user-
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user study, scientific visualization, medical visualizationStUdy evaluation of our glyph-like vana_nt of one of the

' ' more successful nested-surface techniques (Interrante’s
curvature-directed strokes) for intersecting-surface dis-
play, and investigate whether adding cast shadows im-

In many scientific pursuits it is desirable to compare 'O'proves perception of inter-surface distance without sig-

cal and global shape between a pair or more of SurfaCﬁ?ficantly impacting local surface orientation estimation.
to understand how (and why) they differ. These surfaces

may come from data acquis?tipn or merIing and simuz Displaying a Single Surface
lation. For instance, a physicist may wish to determine
how well his specimen model and atomic-force microMany published perceptual studies explore how best to
scope (AFM) simulation explain acquired AFM scans, opresent the shape of a single surface. Several studies in
a doctor may wish to compare tumor images before arisual perception document the ability to perceive shape
after a session of chemotherapy. As such, we are mofrom shadingl[1. 4.16.]7, 12, 24]. Specifically, the human
vated to develop techniques that allow a human observiisual system interprets shape with a built-in bias toward
to clearly see relationships between two intersecting supcenes that are diffusely lit from overheadl[12] - though
faces. While techniques exist that allow for the display o$ufficient cues from other perceptual channels can influ-
nested surfaces, intersecting surfaces have not been gi®i¢e this bias. Perception research suggests a variety of
much attention in the literature. other visual cues that also illicit the perception of shape,
We are particularly interested in visualization techsuch as texture [6], specular highlighits [1], shadows [10],
niques that enable scientists to perform multiple compafnd object boundaries [24].
isons between surfaces, where the comparisons are inti-The most common illumination model used in com-
mately related to their research questions. A commoputer graphics, the empirical Phong lighting model, may
difficulty in introducing new visualization techniques toconvey shape cues in a manner similar to certain real ob-

1 Introduction



jects under natural illumination [16]. The Phong light-is computed as the intersection of two sets of regularly
ing model approximates both diffuse and specular lightspaced infinite planes with the surface, each set of planes
ing according to Lambert's Law and Snell's Law, respecerthogonal to the other and to the view direction. This
tively [23]. Under the appropriate conditions, Phong illufproduces a grid on the surface that provides texture com-
mination has been shown to convey shape and depth. pression cues and can be used to judge distances along the
Much research into the perception of shadows has cofurface. The texture pattern's dependence on the view di-
sidered attached shadows][LD, 2], and how they are pdgction means it is not constant through changes in view,
ceived similarly to occlusion contours. Cavanagh anfowever, and as such would not be appropriate for inter-
Leclerc report that cast shadows help disambiguate ligRgtive exploratory visualization.
direction and help place objects in space, but do not ap- .
pear to strongly suggest shapé [3]. Mamassian et al. 8- Displaying Nested Surfaces
port that even when available visual information suggestSeveral technigues have been developed to allow the vi-
otherwise, shadows in motion are interpreted as if theualization of nested surfaces. All of these techniques can
light source were fixed [21]. be said to fit in the broad category of non-photorealistic
Texture has long been known to be an excellent shapendering (NPR).
cue. Gibson showed that the slant of a textured plane Uniform translucency confounds shape perception
extending to the horizon could be perceived, if underestaway from object silhouettes. Diepstraten et al. describe
mated [12]. Cumming et al. described the three comp@ technique for view-dependent transparency, which aims
nents of a uniformly textured surfacegmpressionden- to automatically produce translucent surfaces similar to
sity, and perspectivg5]. Of these, textureompression technical illustrations([8]. In a later work, the same
— the apparent change in the texture due to the differena@ithors describe techniques for automatically producing
between the surface normal and view direction — has bedneakaway and cutaway illustrations of nested surfaces
shown to be the most significant for surface shape percej®]. These illustrations remove portions of geometry that
tion under stereo viewing. occlude the interior surfaces instead of rendering them
A number of studies have found that textures can b&anslucently.
constructed specifically to enhance shape and depth perMany techniques render an opaque interior surface sur-
ception better than an arbitrarily constructed texture. Liounded by textured, translucent surrounding surfaces
and Zaidi find that (sinusoidal) surface shape is best pd5, [25]. The texture patterns modulate local opacity,
ceived when noise-like textures project significant energgroviding better illumination and texture cues to enhance
along the first principal curvature directidn [20] — the di-exterior surface shape perception as compared to uniform
rection of highest local curvature. Interrante et al. foundranslucency. Interrante placed first principal curvature
that brush strokes laid along the first principal curvaturdirection strokes along outer surfacési[15]. Rheingans
direction, through well spaced points on the surface, algetiled surfaces so that uniform circle or hexagon textures
convey surface shape J15]. Kim et al. showed that usingould be applied around verticés [25]. Interrante provides
both principal curvature directions could convey shapan excellent summary of relevant perceptual issues for
better than either one alorie [17]. such visualizations [15].
Recently, some have cast doubt on how important the . .
first principal curvature direction is in the perception of* Displaying Intersecting Surfaces
shape from texture [27, 26]. The argument made by botNested surfaces offer a single occluding surface to which
deals with the loss of the shape cues (from texture conane can apply a rendering device that allows the interior
pression) as the projection of the principal curvature disurface to be partially visible. Intersecting surfaces do
rection comes to coincide with the view direction. Sweehot. Which surface occludes the other is view-dependent.
and Ware point out that using the direction orthogonafor most interesting surfaces, itis likely that each surface
to the first principal curvature direction produces mucloccludes the other in different regions of a single view. It
stronger perception of shape in these cases [26]. But thisstill possible to use nested surface techniques, however.
is exactly the second principal curvature direction — th®ne only has to determine what parts of the surface are
direction of least local curvature. As noted earlier, it haiterior or exterior.
been suggested that using both principal directions to- We propose using the intersections to partition the
gether provides better shape perception than either o8gurce surfaces into sections. Each section can then be la-
alone [17]. beled, and nested surface techniques applied according to
Sweet and Ware describe a highly effective and inlabel. We propose that each section have two labels. The
expensive two-direction texture hash [[26]. The texturdrst label identifies to which source surface it belongs.



The second label identifies if it belongs to the group
sectionsinterior to any other surface or the grogxte-
rior to all other surfaces.

Determining if sections of the surface drgerior or
exterior can be accomplished in many ways. Exact ge
metric solutions are available though, for rendering alon
an image-space technique is sufficient. Ray casting
probably the simplest such solution, conceptually an
in terms of implementation. A variety of z-buffer tech-
niques exist[[11/18, 13, 22]. We used a hybrid of orde
independent transparency and parity testing which op
ates like a ray-caster. The algorithm operates complet
on the graphics hardware and finds the intersections i

plicitly.

Figure 2: This is an example of a glyph visualization
from our user study. Note that the interior is a different
color from either exterior; we explain why we changed
the color later.

5 Design

In this section, we discuss the design of the user studies
performed to evaluate how well our principal-direction
glyphs convey the shape of intersecting surfaces.

5.1 Tasks
The shape tasks used in the user studies were chosen in
consultation with our collaborators in the sciences. From

Figure 1: These simple objects intersect eachother. By  OUr standpoint, we had three goals:

partitioning the geometry at the intersection, we can ren- . o
der the interior and exterior differently. Here the interior * to satisfy the scientists that the study tasks related to

is opaque and the exterior is translucent. their research questions,

e to use shape tasks commonly employed in the liter-

ature (adapted for two simultaneous surfaces),
Once labeled, we can apply perceptual tags to the

surface sections for rendering. Figlife 1 presents somee and to facilitate quick, simple judgments from the
simple intersecting objects displayed with theteriors participants.

translucent and thateriors opaque. For evaluation in

this paper, we chose to use color to identify the different For this paper, we interviewed a physicist and a sur-
source surfaces and texture and opacity to distinguish bgeon. The physicist is interested in comparing real
tween interior and exteriomterior sections are rendered atomic-force microscope (AFM) scans with simulations.
opaque and textured with a gridexterior sections are The physicist’s goal is to validate his model of the struc-
rendered with an opacity-modulating texture composetires of specimens. The AFM collects 2D height data
of glyphs. The glyphs are crosses oriented along princby scanning a crystal tip across the surface of the spec-
pal curvature; each glyph has a long arm along the firginen, effectively computing a dilation of the true speci-
principal curvature direction and a short arm along thenen by the tip shape. Understanding the differences be-
second (see Figufé 2). tween the real and simulated scans can help determine



what changes need to be made to the model. For instan
if peak heights are not significantly different between th¢
two surfaces, but the slopes are different, the most likel
explanation is that the tip model is the wrong size o
shape. The surgeon investigates methods of automa
image segmentation of tumors from magnetic-resonan
imaging (MRI). Understanding the differences betwees
automatic segmentation and expert-human segmentatig
can help determine how to tune the automatic algorithm
For instance, if the automatically-generated surface co
sistently (multiple occurrences per single data set) prd
duces a patrticular feature differently than the exper
human, it is likely that the algorithm needs tuning.
Generally, these scientists need to understand shape
and inter-surface distance. Moreover, the scientile‘g“m 3: These are examples of the random surfaces cre-
should be satisfied that the user studies predict how wélfed for the evaluaton.
our visualizations convey both. For this reason, we will

perform studies to separately evaluate each. Langer agfkes to either side of center around the y-axis. The mo-
Bulthoff lists the most commonly used shape tasks angbn is that of a torsion pendulum, slowing to rest before
weighs their advantages and disadvantages [19]. Wfrection changes. Participants may also repeat the rock-

chose to ask participants to compare properties at a pgigy animation as they desire during trials.
of points. Since displays represent two surfaces, the dif-

ference between the two surfaces should be evaluated“a? .Cond.ltlonfs ) o ) )
each point. This requires making a forced choice belhe first visualization condition is a single surface dis-

tween the two points instead of manipulating some me&/ayed with color mapped to the signed distance to the
surement widget (like the orientation probe developed b§losest point on the second surface (Figdre 4). A double-
[18]) once for each of the two surfaces represented b%nded saturation scale, blue through gray to red, classifies
the display. Participants can therefore perform many trinSide, outside, and touching (hue) while also encoding
als in a relatively short amount of time. However, it doeglistance (saturation). The choice of blue is a trade-off.
mean that we will have simple binary (right or wrong) re-The human visual system has re_duce_d sensitivity to blue
sponses to evaluate instead of a measurement error. RMpPared to red or green, but using this color include par-
describe each task in more detail below in the ExperimefifiPants with red-green colorblindness (the most com-

sections. mon form). Color mapping is a frequently-used visual-
) ization technique for conveying scalar parameters on sur-
5.2 Data and Presentation faces — a task for which it is well suited, when used appro-

Each pair of surfaces is computed on a 100x100 grighriately [1Z,28]. Applying a color mapping to a surface
Inter-surface distances are computed at ten times that regm be quite effective for classification or metric estima-
olution. Each surface is comprised of eight Gaussiafion, but is not a good perceptual channel for carrying
bumps. The Gaussians have random centers, maximernateshape information. Unfortunately, it is also of-
and sigmas, and may overlap. Noise is also included i#n used to express the differences between two surfaces
each surface; the noise is significantly smaller in scale a task for which it is of limited use. Color can be used
than the Gaussians. Figyre 3 shows several examples.to classify whether a hidden surfaceiniside or outside

Renderings of the surfaces are pre-computed as tlie displayed surface. Color can be used to encode the
viewed from 53 cm away from 45 degrees above the plangistance between points on the displayed and hidden sur-
of the grid (around the x-axis). The initial renderings argéaces. But neither of these enables true shape perception.
over-sampled, filtered, and re-sampled at the final dis- The second visualization condition is the textured
play resolution to reduce aliasing artifacts. As rendere@lyph visualization we have described previously (Figure
the surfaces extend horizontally just beyond the viewpoi)). Red and blue are used to distinguish éxéerior of
which is 22 cm wide. The viewport is 24 degrees squarehe two surfaces. Thiaterior surfaces are colored light

lllumination is from an infinite point source with a vec- gray instead of according to the source surface as we have
tor (1,.5, 1), effectively over the viewer's right shoulder. suggested before. We do this to conform to the third con-
Per-pixel Phong illumination is employed. dition.

When surfaces are first presented, they rock five de- The third visualization condition adds cast shadows to



Figure 4: This is an example of the color condition. The  Figure 5: This is an example of the glyph-without-
surfaces include the top middle example surface from  shadows condition. The surfaces include the top middle
Figure[3 example surface from Figure[3]

the textured glyphs (Figufg 6). Red and blue distinguishigure{7 is an example of a trial as presented to the par-
the exterior portions of the two surfaces. The light grayticipant.

interior provides higher contrast for the shadows cast by We expected that the accuracy of participant responses
the glyphs. These cast shadows should enhance the asftould depend on the magnitude of the differences be-
ity to perceive inter-surface distances, a metric of intetween the distances compared and on the visualization
est to our collaborating scientists, as compared to the ugondition. We expected that the cast shadows should en-

shadowed glyphs. hance the perception of separation between surfaces. We
expected that participants should be able to estimate dis-
6 Evaluation tances accurately directly from the color.

In this section, we describe the two user studies and a6:2 Results of Experiment 1

alyze the results of each. The two experiments were rysNOVA analysis of main effects finds significance for
in parallel, so insights from one experiment could not bgjistance differencep( << .001), visualization condi-
applied to improve the other. tion (p < .01), participant < .05), and response time
(» << .001). Figure@ shows the accuracies predicted

from a logistic regression over distance difference and vi-
lalization condition. From the fit, we see clearly that the
o glyph techniques are not separable, but both enabled
lore accurate responses than color.

Responses to questionnaires show that the average par-
cipant found color and glyphs with cast shadows to
how the distances with equal clarity and with greater
arlty than glyphs alone. However, the average partic-
ant preferred glyphs with shadows over the other two
echnlques

6.1 Experiment 1 - Distance

Six graduate and undergraduate students participated
this experiment. They were each asked to view sixty (6q
unique, pre-generated, random surface pairs per visu
ization condition, for a total of 180 trials. In each trial,
two points were marked with overlaid circles (1.5 cm |n[
diameter), one cyan and solid, one yellow and dashe
The participants were asked to estimate how close tt&
two surfaces approached each other within each circl
and report the circle containing the closest approac
The circles were pre-determined to guarantee that the per
pair differences in closest approach were uniformly dis6.3 Experiment 2 - Orientation

tributed among 0.0 through 5.5 grid units in 0.5 unit interSeven graduate and undergraduate students participated
vals. Trials were randomly ordered for each participanin this experiment. Each responded to 180 trials, simi-



Rock Surface Cyan Solid

L
Hide Markers Yellow Dash

In which circled region is the first visible surface nearest to the other surface?

Figure 7: This is an example trial from the distance task.

faces. The systematic bias in estimating orientation often
Figure 6: This is an example of the glyph-with-shadows  yenorted in the literature should cancel out in the glyph
condition. The surfaces include the top middle example  conditions, as both circled regions contain the same two
surface from Figure[3} perceptual techniques (one each of a glyph-textured sur-
face and a grid-textured surface).

lar to Experiment 1. Circles marked the points of inter6.4 Results of Experiment 2

est, also as in Experiment 1. The participants were aske(NOVA analysis of main effects find significance for
to estimate the orientation of each surface within eachngle differencey{ << .001), visualization condition
circle and report the circle containing the smallest orierg, < 01), and response time (< .01). Figureg T shows
tation difference. The difference-angles between orierhe predicted accuracies from a logistic regression over
tation differences were uniformly distributed among 0.Qingle difference and visualization condition. From the
through 44.0 degrees in 4.0 degree interval8] note  fit, we can again see that the glyph techniques enable
that orientation differences between pOintS on a Singlﬁlore accurate responses than color, but can not be sep-
smooth surface can be detected at different thresholggated from each other. Notice that for larger angle dif-
depending on the separation between the points. Thgrences the color technique begins to approach the two
jUSt-nOticeable-diﬁerence in angle could be as little a§|yph techniques again_ In these cases the color gradi_
8 degrees for neighboring points and as much as 22 dgnts are large in magnitude and compressed over a small
grees for widely separated locatior®.[Again, the cir-  space.

cI.es were pre-determined and.the trials ordered randomly. Responses to questionnaires show that the average par-

Figure[9 is an example of a trial as presented to the pafginant found glyphs with shadows marginally clearer

ticipant. o than color, and either clearer than glyphs alone. No pref-
We expected that the accuracy of participant responsggence was reported between color or glyphs with shad-

should depend on the magnitude of the between-markgjys, but either were preferred over glyphs alone.
difference of the between-surface orientation differences

and on the visualization condition. We expected that th@-2 Discussion

cast shadows should enhance the perception of shape, @serall, the glyphs techniques appear to provide for im-
pecially on thanterior surface. We expected that partic-proved shape estimation over mapping inter-surface dis-
ipants should be able to estimate orientation differenceance to color. More interesting, the glyph techniques,
accurately by detecting gradient magnitudes in the vicinvhich show portions of both surface geometries, also ap-
ity of the selected regions. The distance between the twiear to convey inter-surface distance better than directly
surfaces should be changing wherever the two surfacegpping that distance to color on a single surface. It must
are not parallel, and so the rate of color change indbe said that the color map chosen is not the optimal map
cates the difference in orientation between the two sufer displaying a signed, continuous metric on a smooth
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In which circled region are the two surfaces most similarly oriented?

Figure 8: The figure shows predicted accuracy from the
fitted model for estimating differences in inter-surface
distance. The model accounts for the difference in dis-
tances and the visualization technique.

Figure 9: This is an example trial from the orientation
task.

much of the surface shape in the unshadowed case. Par-
surface. It is also not the optimal map for perceiving grat_icipants repor_ted preferring the glyphs with shadows and
dients of that metric. However, it is a likely naive choice.felt th?y perceived shape bfatte.r as well. o )
There are a number of reasons why adding cast shad-An |mportgnt open question is whether it is still possi-
ows to the glyph technique does not have a measurate (© perceive the global shape of one complete surface
effect. One reason is that shadows may make no diffefd €ither of the glyph visualizations, or if the full visu-
ence. Another reason we may have failed to find a dif'fef‘-‘l'z""t'on is too complex and_ confou_nds such a task. We
ence is statistical power — many more participants ma ve L_mdertaken to study this question, but have as yet no
be required to separate the two conditions. It is possibfe<Perimental results to report.
that the rocking animation reveals too much of the sha
for differences in presentation of the glyph technique t
have any effect. The static images of the two glyph tech-[1] A. Blake and H. Bulthoff. Does the brain know the
niques certainly seem to suggest that shadows do affect Physics of specular reflection™atureg 343:165—
perception (and they should help ground the location of 168, 1990.
the glyphs floating in space). Participants also spent
significant amount of time rocking some surfaces befor
responding.
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