LINE DIRECTION MATTERS: AN ARGUMENT FOR THE USE OF PRINCIPAL
DIRECTIONS IN 3D LINE DRAWINGS
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ABSTRACT

While many fadors contribute to shape perception, psychdogicd
reseach indicaes that the diredion d lines on the surface may
have an important influence This is espedally the cae when
other techniques (shading, silhouetting) do nd present sufficient
shape information. The psychology literature suggests that lines
in the principal diredions of curvature may communicae surface
shape better than lines in ather diredions. Moreover, principal
diredions have the quality of geometric invariance so line
diredions are based on the surface geometry and are viewpoint
and light source independent, and the lines do nd move &ove
over the surfaceduring animation uressdesired. In this work
we describe principal diredion line drawings which show the
flow of curvature over the surface Thetedhnique is presented for
arbitrary surfaces represented by either 3D volume data or a
poygoral surfacemesh. The latter format is common in the field
of computer graphics yet thus far has nat been widely used for
principal direction estimation. The methods off ered in this paper
can be used aone or in conjunction with ather NPR techniques to
improve atistic 3D renderings of arbitrary surfaces.

Keywords: nonphaoredistic rendering, principal diredion line
drawings, line diredion, line drawings, geometricaly invariant
line drawings.

1 INTRODUCTION

Amongst the varied gaals of artistic Non-Phatoredi stic Rendering
(NPR) is the pursuit of perceptualy dficient images. A
perceptually efficient visua representation emphasizes important
feaures and minimizes extraneous detail and is esential for
making comprehensible atistic images. Computer-generated line
drawings are aparticularly effedive form of NPR since lines
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feaures (length, width, intensity, density, quality, diredion, etc.)
can be ombined to crede shaded, textured, and expressve
images which capture the esence of the form of an ojed. Inthe
field of computer-generated line drawing, 3D representations of
curved surfaces generally focus on the silhouette elges,
disregarding large amourts of interior curvature information.
These depictions often rely on either previous knowledge of the
surfaceor the use of motion (movement of the surface viewpaint,
or light source). In this work we eplore a 3D line drawing
technique which is independent of the surfacés orientation, the
viewpaint, or the light source In particular, we examine line
diredion and wse this paper to raise the question: Does line
diredion matter?

We ague that line diredion daes matter, and suggest the use of
the principal diredions of curvature for direding lines to improve
the depiction d surface shape in artistic line drawings. The
advantages of principal diredions (see Appendix A for a
mathematicd definition) are that they are geometricdly-invariant,
highlight the most dired path on a surface between two padnts,
indicae the diredions of the arvature extrema & any point, and
have been suggested by psychodogists as the preferred
interpretation for making surfaceshape judgments.

The importance of geometric invariance shoud na be
uncerestimated.  Geometricdly-invariant cues are based on
properties of the surfacegeometry and are by definition viewpoint
and light source independent. While shading and silhouetting
provide substantial shape information, valuable arvature
information can be lost in shadows or the interior of the surface
Furthermore, viewpoint dependent lines may move aoundin a
distrading manner during motion a animation. Geometric
invariance does not imply that lines must be rigidly “pasted” onto
the surface during animation. If line movement is desired, the
geometricdly-invariant vedor field can help gude more fluid
movement over the surface Combining geometricdly-invariant
cues with shading a slhowetting can be espedally powerful.
Geometricdly-invariant line dtributes gich as color and density
can be manipulated with resped to viewpoint or light source[7].

Despite the promise for principal diredions, their full potential in
NPR has yet to be redized. The reasons perhaps may be related
to the difficulties in estimating an acarate, smocothly continuows
vedor field of principal diredions. The problem is most
challenging for paygoral surfacemeshes, a particularly common
data format for arbitrary 3D surfaces. Additionaly, principal
diredion line drawings must address the cmplex isaues of
creding urformly distributed, norrinterseding, long smocth
lines which gracdully traverse umbilics, planar regions, and
transitions of diredional dominance Here we examine both 3D
volume datasets and pdygoral surfacemeshes, and suggest some
techniques for line tradng.



The main contribution d this work is to show that for a 3D line
drawing, line diredion can matter and pincipa diredion line
drawings can be used to better convey surfaceshape. In the next
sedion we motivate the importance of line diredion with
psychologicd evidence We follow with related work in
computer-generated 3D line drawing. In sedion four, we provide
a brief overview of principal diredion estimation techniques.
Sedion five shows the dfeds of line diredion and sedion six
presents techniques for principa diredion line drawings. In the
final sedion we draw some nclusions and dscuss aress of
future work.

2 PSYCHOLOGICAL EVIDENCE FOR
THE IM PORTANCE OF LINE DIRECTION

The psychdogy literature gives us a sense of how the human
visual system perceves images and is an essntial reference for
making perceptualy efficient renderings. Early reseach aserted
that humans can use surface markings, or texture, to perceve
surface orientation.  Gibson [8] was amongst the first to
emphasize the significance of texture aes for shape and depth
perception. He was able to show convincingly that observers
could reliably interpret the slant of the planar surfaceby the aies
provided by the projedion dstortion d the texture patterns.

Of relevance to this work is the open question d whether
anisotropic (direded) textures are & suitable for conveying shape
information asisotropic (undreded) textures. Interrante [12] was
unable to show an effed of texture type in shape perception under
condtions of stereo and motion for various plausible isotropic
and anisotropic textures for transparent surfaces, including gids
and principal diredion textures. Yet Cumming et a. [3] foundan
indicaive dfed of texture type for stereoscopic shape perception
between a plausible and udikely texture. While shape-from-
texture reseach often makes asumptions of isotropy or
homogeneity, Knill [16] hypothesized that there ae different
modesto visually perceve isotropic and anisotropic textures.

While the question d effeds of isotropic versus anisotropic
texture still remains open, it is evident that when anisotropic
surface markings are dependent on surface geometry, surface
depth and aientation perception is improved. Knill [16] found
that in an anisotropic texture processng mode, the airvature of
geodesic surfacemarkings determines perception d locd surface
orientation. The experiments of Johrston et al. [14] showed that
stereoscopic depth perception d curved surfaces with texture
which provided a good indicaion d surface geometry was
superior to randam dot textures. Stevens [24] was amongthe first
to suggest that humans can make surface shape judgments by
asauming that surface ontours (lines on the surface are digned
with the principal diredions of curvature. In later work Stevens
and Brookes [23] demonstrated that principal diredion surface
contours are dso goodindicaions of relative surfacedant. More
recently, Mamasdan and Landy [17] found that surface shape
judgments are biased by the ssauimption that surface ontours are
aligned with the principal diredions. From the &owe literature,
it is reasonable to believe that surfaceshape and depth perception
may be generally aided by textures, and aso by anisotropic
textures based on surface geometry, particularly lines aligned
with the principal diredions

3 RELATED WORK

Computer-generated 3D line drawings borrow from centuries of
artists' techniques and have recently recaved significant attention
in the NPR community. Winkenbach and Salesin used stroke
textures to creae depth and shape in line drawings of parametric
surfaces [26]. Markosian et a. emphasized the silhowette alges
for viewpoint-dependent images of arbitrary 3D surfaces [1§].
Curtis used 3D modelsto generate loose and artistic sketches and
animations [4]. Elber rendered geometricdly-invariant line
drawings and textures of parametric and implicit surfaces[6].

Principal diredions have been suggested [11,26] and approached
[2,6] in line drawings. In [26,6], lines were tracal along the
parametric lines of parametric surfaces, which sometimes
coincided with the principal diredions. Saito and Takahashi [20]
rendered line drawings lines of parametric surfaces aong
geodesic lines. Interrante ¢ al. [11] used 3D principal direcion
textures to illustrate surface shape in vdume data. However,
nore of these works addressed the callenge of estimating the
principa diredions from arbitrary surfaces (particularly
poygoral surfacemesh formats) nor that of tradng long strokes
in ore diredion (rather than crosshatching) through umbili cs,
planar regions, and areas of changing dredional dominance This
work is based upon a preliminary sketch by Girshick and
Interrante [9].

4 PRINCIPAL DIRECTION ESTIM ATION

For data of any format, the first step towards a principal diredion
line drawing is to estimate the principal diredion vedor field,
comprised of the principal diredions at a set of points on the
surface There ae avariety of methods for estimating principal
diredions, eah with its various drengths and we&nesses,
however afull discusson d the cmputational detailsisnot in the
scope of this paper. Do Carmo oulines analytic cdculations of
principal diredions for parametric surfaces in [5]. For iso-
intensity surfaces in 3D volume data, Monga € al. used the
Hesdan of the 3D data to compute the principal diredions [19].
Interrante d al. used a simil ar technique based onGaussan-
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Figure 1 Polygoral surfacemesh of arbitrary 3D “blob".



6a Shaded surfacemesh
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6b Randam vedor field 6c Uniform vedor field 6d First principal diredion  6e Second pinciple diredion
vedor field

Figure 6 Close-ups of the same region d the objed in figure 1.

vedor field



weighted finite-differencing[12]. We used this approach for the
volume datasets in this paper.

As of yet there is no reliable standard technique for locdly
estimating principal diredions from a polygona surface mesh.
Samson and Mallet [21] fit cubic patches to the locd
neighbahood around a vertex, using the vertex's normal and
neighbaing namals, and then compute the partial derivativesto
obtain principa diredions. Hamann [10] employs a similar
approach except uses quadratic patches and relies lely on
deviation from a vertex's tangent plane withou using
neighbaing vertex normals. Joshi et al. provide goodexamples
of this approach in [15]. Chen and Schmitt [1] and Tauhbin [25]
avoid explicitly describing surfacepatches but instead construct
a quadratic form at ead vertex. In [25) the quadratic form
represents an athonama basis whose d@genvedors are the
principal diredions. The principal curvatures are the directional
curvatures in the principa diredions. For the paygoral surface
meshes in this work, we use variations of both Hamann's and
Taubin's methods, with similar results. The acerragy of bath is
highly dependent on the symmetry of the locd surfacegeometry
andisan areaof current work.

5 EFFECTSOF LINE DIRECTION

The significance of line diredion for a line drawing is perhaps
best ill ustrated visually with the underlying veaor field. Aswill
be explained in the next sedion, aline drawing can be rendered
by tradng strokes which follow the flow of a vedor field [22].
Figures 1-5 show various vedor fields on the same abitrary
“blob” dataset, shown as a pdygoral surfacemesh in figure 1.
A 3D volume dataset would produce similar results. The vedor
field isill ustrated by projedingthe field dredion at ead vertex
of the underlying mesh orto the tangent plane & that point. The
randam vedor field in figure 2 and the uniform vedor field in
figure 3 convey surfaceshape only throughtexture cmpresson,
which provides hints of the silhouette edges, but nat throughthe
use of line diredion. When the silhouette elges are nat visible,
as in the dose-ups in figures 6b and &, the surface shape is
largely ambiguous.

Figures 4 and 5show first and second gincipa diredion vedor
field respedively. Compared to figures 2 and 3 these vedor
fields appea to better conwey locd surface orientation,
including ridges and vall eys, subtle surfaceunduations, changes
in curvature, and interior silhowette edges. Figure 6 shows the
close-ups of the vedor fields in the esence of silhouette edges.
When comparing the four close-ups in figures 6b through &,
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Figure 7 First principal diredion vedor field of abrain represented by a poygoral surfacemesh. Data source: Ron Kikinis, Harvard
Medicd Schod.
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Figure 8 First principal diredion vedor field of abunry represented by a paygoral surfacemesh. Data source Stanford University
Computer Graphics Lab.

it seams to be eaier to judge the surface shape from principal
diredion wedor fields than the randam and uriform vedor
fields. Figures 7 and 8 povide more examples of first principal
diredion vedor fields on more complex surfaces. One can
predict the difficulty in perceving the surface shape if these
figure used randam or uniform vedor fields.

6 PRINCIPAL DIRECTION LINE
DRAWINGS

Principal diredion line drawings ill ustrate the flow throughthe
principal diredion vedor fields described in the previous
sedion. In this sdion we describe the details for both 3D
volume data and pdygorel surface meshes. For 3D volume

data, the vedor field is a 3D volume ad the strokes are traced
throughthe volume. For paygoral surfacedata, the vedor field
lies on the explicitly defined surfacemesh and the strokes must
be drawn onthe surface

6.1Principal Direction Line Drawings of 3D
Volume Datasds

Figures 9 and 10show different styles of principal diredion line
drawings of the same human pelvis CT volume dataset. Both
figures underwent the same preprocesdng stage. Initially afirst
principal diredion vdume vedor field is generated using the
technique described in sedionfour. Then a sparse set of strokes



Figure 9 Principal diredion line drawing (with shading and withou hidden line removal) of a bore/soft tissue boundary
iso-intensity surfacein a CT 3D volume dataset of a human pelvis.

Figure 10 Principal diredion line drawing with silhouette edges and hHdden line removal of the volume dataset in figure 8.

is traced throughthe vedor field, eat stroke originating from a
point nea the surface which is nat too close to neighbaing
starting pants, such that the set has the goproximate distribution
of aPoisn dsk.

In figure 9, the strokes represent individual streamlines [22]
throughthe vedor field. The lines are shaded acwording to the
surfacenormal diredion indicaed by the gray level gradient in
the volume data, but hidden line removal has not been dore.
The result is espedally powerful during animation, when the
geometricdly-invariant lines “stick” to the surface

In figure 10 we atempted to creae afreea sketch of the volume
data set, using hidden line removal, including silhouettes and

seleding orly a subset of possble strokes. Because it is
viewpoint-dependent, by definition it is not geometricdly-
invariant. However the lines are still direded in the principal
diredions and dfined based onthe geometry of the surface so
the static 2D image shoud provide the same visual cues to the
surfaceshape, at least nea the silhowette edges. The subset of
lines to render was sleded with a preference towards pladng
linesin areas of higher curvature lines and rea silhouette elges.
Linelength is propartional to the magnitude of the first principal
curvature & the start point.



6.2 Principal Direction Line Drawings of
Polygonal Surface Meses

The main steps in creding a principal diredion line drawing
from a poygoral surface mesh are etimating a smoaothly
continuous principa diredion vedor field and tradng evenly
spaced strokes which follow the flow of the vedor field. The
steps are described separately below, but for efficiency they can
be dore simultaneously.

6.2.1 Creating a continuous principal direction veaor
field

At any point on a 3D surface eat o the orthogoral first and
seoond pincipal diredions have a postive and regative
diredion. Thus there ae four possble diredions for the vedor
field at ead pdnt. Idedly we would aways choose the first
principal diredion (either positive or negative). However, in
regions close to umbili cs and gdanes, where aurvature is almost
similar in al diredions, the first and second gincipal diredions
may suddenly switch places causing aflip of upto 90 cegrees,
resulting in a sudden dsruption d flow. Figure 1la
demonstrates this for a simple vase mesh. The first principal
diredion field is continuows except aroundthe girth of the vase
where it is almost sphericd and the arvature is dightly greaer
verticdly than haizontaly. In this case, a continuous principal
diredion line drawing minimizes distrading cetail s and is more
aestheticdly pleasing than a first principal diredion line
drawing. The ntinuows vedor field is creaed by first
choasing an arbitrary reference vedor. Inthe example of figure
11, the dhoice of reference vedor can lead to only two passble
outcomes, but in a more mmplex dataset it might be
advantageous to chocse ameaningful starting reference vedor.
Next, for eat vertex, the diredion which is closest to the
reference vedor is chasen. The reference vedor is updated to
refled the choice Figures 11band 11k show the two passble
continuots principal direction vedor fields for this dataset. The

11b Continuows vedor field of
gredest overal curvature.

11a First principa diredion
vedor field.

principa diredion line drawing correspondng to 11bis iown
in 11d This approach for creding continuows vedor field
works well for surface regions with well-defined principal
diredions. However, at true umbili cs, where normal curvature
is the same in dl diredions, and on panes, where normal
curvature is zero in al diredions, the principal diredions are
uncefined. For these regions, we interpoate between
neighbaing well-defined regions of the vedor field. Even till,
for a complex surface such shown in figures 1 and 8 regions
may occur where it is necessary to make an abrupt switch in line
diredion. A possble technique for gracdully transitioning
between line diredions is to minimally employ crosshatching
using bdh the first and second pincipal diredion fields
combined. However we do nd advocae the general use of
crosshairs auch as in figure 12, as the inelegant croses can
beocome distrading and mudde the flow of curvature.

6.2.2 Tracing strokes through the vedor field on a
polygonal surface

The objedive of this dep is to oltain an approximately
uniformly-distributed set of norrinterseding long curved lines,
which lie on the surface The streamline tradng tedhnique of
Jobard and Lefer [13] is extended from 2D images to 3D
surfaces to generate evenly-spaced noninterseding lines. The
curvature of ead line is achieved by corntinually redireding it
asit traverses the changing vedor field.

Eadh stroke is composed of a set of control points. The aiterion
for ead valid control point is that it lies at a minimum distance
threshold from all existing strokes. The first stroke starting
point is randam, and the remaining stroke starting pants are
chosen to be @ close & posshle to existing pants withou
bre&king the minimum distance threshold.

The diredion d the stroke is updated at frequent distance
intervals as well as when a stroke @osss a paygon boundry.
The stroke s diredion at any given pdnt onapaygonis

11c Corntinuowsvedor field of  11d Continuous principal diredion

lessoverall curvature. linedrawingfor 11h. Shadingand
slight randamnessadded to strokes

for artistic éfed.

Figure 11 Various principal diredion vedor fields and principal diredionline drawing d asimple vase.



Figure 12 First and second principal diredion vedor field o the objed
infigure 1.

determined by trilinealy interpolating the principal diredions of

the palygoris vertices. Strokes are terminated if they approach
the minimum distance threshold. This process is $own in
figure 13. To avoid the st of cdculating an implicit surface
ead segment of a stroke is projeded orto the paygoral surface
mesh. Provided a sufficiently fine mesh, this approximation is
worth the savings in computation.

Regions of oppasing force occur when neighbaing rincipal
diredions point in oppaing dredions. These vedor field
discontinuities crop up rea umbilics and danar. The airrent
approad isto terminate strokes when this happens.

The result of this technique is siown in figure 14, with some
randomness added for wiggly lines. A more atistic image
might be adieved by varying the line density acarding to the
light source, and adding sil houette lines.

Figure 13 Stroke tradng througha principal diredion vedor field ona
polygorel surfacemesh. (image for ill ustrative purpases only).

Figure 14 Principal diredionline drawing o peas, represented by
trianguar surfacemeshes. Hidden line removal was used, and slight
randam noise was added to the stroke tradng process

6.2.3 Rendering

Therendering d the line drawingis draightforward. A strokeis
a set of control points which can be rendered as either a simple
payline or spline. Our approximations were fine enoughto use
anti-aliased pdylines with no perceivable difference over
splines.

7 CONCLUSIONSAND FUTURE WORK

The most troubdesome aeas in oltaining a continuows principal
diredion line drawing are those where the principal direcions
are undefined and in regions of oppasing force In the first case,
the arrent interpolation technique works well if the unknavn
regions are small and badered by more well-defined principal
diredions, but fail s for larger areas and is atopic of future work.
In the latter case, we would like to eventually gracdully merge
strokes from neighbaing regions of oppaing pincipa
diredions, posshbly with subtle aosshatching, instead of
terminating them.

This work outlined the gproach for both 3D volume datasets
and pdygord surface Principa diredion line drawings for
parametric surfaces cen follow a similar approach. For
poygoral surface meshes, we found the existing principal
diredion estimation techniques to be insufficiently acairate for
asymmetric locd mesh geometries. We ae airrently working
on their improvement which is of grea relevance to principal
diredion line drawings.

We also foundthat principal direcion vedor fields work well,
in conjunction with silhouette lines or shading, as “short stroke”
principa diredion line drawings. An example of thisis siown
in figure 15. Future work includes extending these lines with
the line drawing technique described abowe, using cdensity
variations for shading.

Thiswork poses the important question d whether line diredion
matters for creding a perceptualy efficient line drawing. We
have provided compelling psychdogicd evidence and visual
examples to believe that line diredion affeds surface shape
perception. In particular, the principal diredions of curvature
appea to be more dfedive than nonprincipal diredions at
conweying surfaceshape. Principal diredion lines on a surface
have the alvantage that they show the path of greaest curvature
and are geometricdly-invariant, so they appea the same from
all



Figure 15 First principal diredion vedor field and sil houette li nes of a horse dataset, courtesy of Cyberware, Inc.

viewpoints and do nd shift during animation.  Principal
diredion line drawings are well-suited for showing the subtle
unddations of an arbitrary, smocthly curved surface in 3D,
espedally when silhouwette elges are nat visible. They can be
used alone or in conjunction with ather graphics techniques sich
as dading and dawing silhotette edges. One intention d this
work is to serve & areminder that perceptually efficient images
are a important part of artistic NPR. We dso wish to inspire
more perceptual studies of the dfediveness of principal
diredion line drawings.
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9 APPENDIX A: DEFINITION OF
PRINCIPAL DIRECTIONS OF
CURVATURE

The normal curvature & p in agiven dredion T will be referred
to as the diredional curvature k,(T).  The first principal

diredion, Ty, is the diredion d the maximum magnitude of
normal curvature, caled the first principal curvature (kpl). The
seoond gincipal diredion, T,, is orthogora to the first, and is
the diredion o the other curvature extreme, cdled the second
principa curvature (kpz). For elliptic surface patches (with
positive Gaussan curvature) the second pincipa diredion is
the diredion which the surface is most nealy flat. For
hyperbdlic, (sadde-shaped) patches (with negative Gaussan
curvature), the second pincipal diredion is the direcion o the
lesser of the two extrema. The two principal diredions T; and
T, are orthogoral and lie in the tangent plane & the poaint p,
creaing an othonamal basis with the normal vedor N at p.
Figure 14 shows an example of the orthonama basis on a
hyperbdlic surface patch. The product of the two principal
curvatures equals the Gaussan curvature, K=k," » k>



Figure 16 Orthonamal basis formed by normal and two principal
diredions and curvature stripsin the principal diredionsat apoint ona
hyperbalic patch.
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