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Abstract

We address the problem of an e cient image-space reconstrugbn of adaptively
sampled scenes in the context of point-based and line-basedaphics. The image-
space reconstruction o ers an advantageous time complexyt compared to surface
splatting techniques and, in fact, our improved GPU implementation performs sig-
ni cantly better than splatting implementations for large point-based models. We
discuss the integration of elliptical Gaussian weights forenhanced image quality
and generalize the image-space reconstruction to line segms. Furthermore, we
present solutions for the e cient combination of points, li nes, and polygons in a
single image.
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1 Introduction

Although there has been a steady increase of computer display resions for
about three decades, there is still a large gap between the regmn achieved
by today's displays and the resolution provided by mass-marketinters. Thus,
the resolution of desktop displays is likely to continue to grovas display
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technology progresses. This will inevitably result in importanchallenges in
hardware-accelerated graphics. In particular, Watson and lalbke [1] doubt
that the bandwidth between GPUs (graphics processing units) andisplays
can grow at a su cient pace without fundamental innovations n computer
graphics. To this end, they and Dayal et al. [2] suggested \adaipe frameless
rendering,” which samples a scene by ray tracing it with an adaige resolution
in time and image space. The resulting set of samples is used for thege-
space reconstruction of a considerably larger set of pixels of smlay bu er.

However, today's GPUs are not designed to support real-time rayecing; thus,
it is interesting to consider alternative approaches to the @ilenge of adaptive
sampling on GPUs. In patrticular, the adaptive sampling in image e can be
replaced by an adaptive sampling in object space as performeggoint-based
renderers supporting dynamic level of detail [3{9]. Softwarbased image-space
reconstruction in this context has been suggested by Grossman abally
[10]. On the other hand, GPU-based reconstruction of point-badesurfaces is
usually performed by splatting techniques [3,4,11{15] althayh this approach
provides a worse time complexity than image-space reconstrigmt [10]. In
fact, surface splatting can be considered an object-space restouction of
surfaces, which results in more pixel overdraw than image-spaegonstruction
for complex, screen- lling scenes.

For several years the main obstacle to e cient GPU implementabns of image-
space reconstruction techniques has been the e cient implemition of the
pyramid algorithm, orjmore speci cally|the immediate read access to pre-
viously computed pixels without transferring texture image dta between the
GPU and the CPU. Although it was possible to avoid this problem asaly as
2003, as shown by Knager and Westermann [16], it took anothehtee years
until the rst GPU implementations of the complete pyramid algorithm were
published, for example by Strengert et al. [17].

Motivated by these publications, we designed a GPU implementan of an
image-space reconstruction for point-based surface render[t§], which achieved
a better rendering performance than GPU-based splatting evenittwout ex-
tensive optimizations. In Section 3 we discuss an improved algbm, which
provides a better rendering quality by integrating elliptcal Gaussian weights.
Moreover, we optimized our implementation for the latest GPUgeneration
and report results for the reconstruction of additional surfag attributes in
Section 6.

While the e cient image-space reconstruction of point-based staces is an
important problem in itself, it is also part of a greater challege. In fact,
rendering complex scenes with dynamic level of detail bens tfrom several
graphics primitives in addition to points. For example, (texured) triangles are
sometimes preferable due to the design of today's GPUs [5{7],cafines are



particular useful for many kinds of plants [19,8]. Thereforewe extended our
image-space reconstruction to lines|or more speci cally, to \ribbons" and

\tubes"|as presented in Section 4. Furthermore, we discuss thentegration

of polygons into our approach in Section 5.

With this work, we demonstrate the e ciency and utility of GPU- based image-
space reconstruction for various graphics primitives; in padular, points, lines,
and polygons. Moreover, we propose the combination of adapivbject-space
sampling with image-space reconstruction as a promising appuobato real-
time rendering for very high display resolutions.

2 Related work

This section mentions only some selected publications relatexpoint-rendering
techniques. More comprehensive surveys of point-based grapghitave been
published by Kobbelt and Botsch [20] and Sainz et al. [21,22].h€ recently
published book on point-based graphics edited by Gross and P st§23] in-

cludes also the latest research results in point-based graphics.

As published by Csuri et al. [24], points have been used to modeldarender
\soft" phenomena such as smoke since the 1970s. At the same timep®have
also been employed to render surfaces as published by Forrest.[Zzatmull

and Clark [26] have presented a subdivision scheme for B-splinggbees, which
is suitable for rendering surfaces by subdividing them to sub»ml points. This

concept was implemented in the form of \micropolygons" witm the Reyes
architecture published by Cook et al. [27]. The rst in-depth dscussion of
points as graphics primitive was provided by Levoy and Whitd [28].

Surface interpolation by a pyramid algorithm was suggested &urt [29] and
employed in an algorithm by Gortler et al. [30]. Here we will rer to this
method as \the pull-push algorithm™” although the terms \pull-push” and
\push-pull" are also being used in many other contexts. The methb was
adapted by Grossman and Dally [10] for an image-space reconstiag of
undersampled point-based surfaces, i.e., in the case of large gdyetween
projected points. Since the pull-push algorithm is of compléy O (m) for a
viewport of m pixels [29,30] and the projection oh points to single pixels is
of complexity O (n), the complexity of the whole algorithm isO (n + m) [10].

While Grossman and Dally separated the detection and lling ofgps, Popescu
et al. [31] described a hardware-architecture that implemésna more elabo-
rate separation of visibility and reconstruction for image-bsed rendering. For
point-based rendering, P ster et al. [3] employed the pull-psh algorithm to
Il holes between splats instead of one-pixel projections ofgnts.
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Fig. 1. Data ow in the proposed point-based surface renderig technique.

Subsequent research avoided these holes by splatting as suggesydfiusinkiewicz
and Levoy [4]. This work presented a multiresolution point hi@rchy support-
ing dynamic level of detail and was followed by several pubditions that inte-
grated points and triangles in a single multiresolution hienahy, for example,
Chen and Nguyen [5], Cohen et al. [6], and Coconu and Hege [7]. Aagously,
points and lines were integrated in one hierarchy by Deussen at [8].

Regarding the shape of splats, EWA (elliptical weighted averaj splats as
published by Zwicker et al. [32] are of particular interest. Hatware-accelerated
EWA splatting was published by Ren et al. [11] and Guennebaud drPaulin
[33]. Improvements of EWA splatting include perspective accate splatting
by Zwicker et al. [14], deferred splatting by Guennebaud et .g9], and deferred
Phong splatting by Botsch et al. [34]. Further improvements ahis GPU-based
approach were presented, for example, by Botsch et al. [15] aGdiennebaud
et al. [35].

Most of these techniques consist of a visibility pass to compute ajpth map, an
attribute pass to blend colors, normals, and other attributes, aormalization
pass to nalize the interpolation of attributes, and a deferrd shading pass.
While this approach achieves a high rendering performancerem for high-
guality images, the e ciency of this GPU-based method is not opial since
the two object-order passes, namely the visibility pass and thetabute pass,
have to process all displayed points, i.e., the time complexityf both passes
isO(n a) for n splats, each covering on averagepixels. Moreover, the two
object-order passes result in a rather large constant for the depdency onn.
On the other hand, the worst-case time complexity of the normaation pass
and also of the shading pass (assuming local shading operations)Oigm)
for a viewport consisting ofm pixels, i.e., it is independent of the number of
projected splats. Thus, the total complexity of most splatting ajorithms is
O(n a+ m).

Apart from these multipass splatting methods, several alternatepoint-rendering
techniques have been presented; in particular, a \single-passplatting tech-
nique [36,37], dedicated splatting hardware [38], and rayacing of points [39{
41]. The \single-pass" splatting technique proposed by Zhang ar@ajarola
[36,37] has to compute groups of non-overlapping splats (ibject space) and
is therefore less suitable for large, dynamic point sets. Whildné¢ dedicated



hardware published by Weyrich et al. [38] achieves promisingegormance re-
sults, the prototypical hardware cannot provide the renderig performance of
splatting techniques implemented on today's GPUs. Ray tracingf points was
rst published by Schau er and Jensen [39] and led to work by Adamsoand

Alexa [40], and Wald and Seidel [41]. The approach is partiarly advanta-

geous for many global illumination e ects and for renderingf very large point

models, which do not t into graphics memory.

In spite of its linear complexity, there are not many hardwareccelerated im-
plementations of the pull-push algorithm [30] because it reqes a logarithmic
number of switches of the render target. These switches have bhee major
bottleneck in the past; therefore, Lefebvre et al. [42] triedo avoid them in
their approximation of the pull-push algorithm at the cost of aworse time
complexity and reduced interpolation quality. However, a GB-based imple-
mentation of the pull-push algorithm by means of the OpenGL dgnsion for
framebu er objects performs extremely e cient as demonstréed by Strengert
et al. [17]. This resulted in our application of a GPU-based pulpush inter-
polation to point-based rendering [18]. An improved variant othis method is
presented in Section 3. Independently, Schnabel et al. [43]lgished a related
rendering method using circular splats for compressed point olds.

While points have been established as rst-class graphics pritives, line seg-
ments (or \lines" for short) are less commonly employed. Linedsed surface
rendering was suggested by Wong et al. [44]; however, the ladkhardware

support for wide, anti-aliased line segments is likely to impedits success.
On the other hand, hardware-supported line-based renderingag been suc-
cessfully employed by Deussen et al. [8] for the rendering of thétructures

such as blades of grass or branches of trees as well as streamoriisband thin

stream lines in ow visualization by Zeckler et al. [45] and Méo et al. [46].

A considerably improved image quality can be achieved by these of proxy
geometry instead of line strips as demonstrated by Stoll et al4T] for quad

strips and Merhof et al. [48] for triangle strips.

3 Point rendering using image reconstruction

Figure 1 presents an overview of our point-based surface renidertechnique,
which was recently published [18]. The input data of our algghm consists
of an unordered set of three-dimensional points with attribugs, which are
projected to the viewport. However, in contrast to splatting tehniques, only
one single pixel is rasterized for each point. Details about ¢hprojection are
discussed in Section 3.1. After projecting the points, a continus surface is
reconstructed from the resulting scattered pixels by means ofpll-push in-

terpolation as discussed in Sections 3.2 and 3.3. Based on the l&sg contin-



uous pixel data, the deferred shading of the surface is compdtas described
in Section 3.4.

3.1 Projection of points to single pixels

Points are projected to the viewport by a standard model-viewnatrix. In
addition to viewport clipping, we also employ backface cutig based on the
local surface normal vector speci ed for each point. Apart fronthis normal
vector, the only additional attribute required by our algoithm is a radius
that speci es the extent of the point's in uence. This radiuscorresponds to the
splat size of splatting techniques and can be computed from thecal sampling
spacing. Since we are only concerned with point rendering ihis work, we
will not discuss the acquisition of points, their normal vectorspor sampling
spacings; instead we refer the reader to the literature on theseoplems [20,23].
For the same reason, hierarchical point representations and riymic level-of-
detail selection are not discussed in this work while they couldebintegrated
in the point projection of our method.

Further point attributes are, for example, color and textue coordinates. For
each point at most one pixel is rasterized; thus, the point's atibutes are writ-

ten to at most one pixel of the framebu er. Since a depth bu er $ employed
for depth culling, each pixel stores the attributes of at most e point. Note

that the point's attributes will usually consist of more than faur components;
thus, a hardware-based implementation requires support for seiently many

multiple rendering targets.

Since at most one pixel is rasterized for each point, pixel oeFaw is dramat-

ically reduced in comparison to splatting techniques. In facthis advantage

was already noted by Grossman and Dally [10]. Another advantagé our ap-

proach is the limitation to one object-order pass, i.e., all pots are processed
only once. The requirement of two object-order passes, i.e., &ibility pass

in addition to the attribute pass, is a major disadvantage of moshardware-

accelerated splatting approaches as noted by Zhang and Pagkr [36,37] and
Weyrich et al. [38].

3.2 Pull-push interpolation: pull phase

The pull-push algorithm consists of a pull phase and a subsequentgbuphase
[30]. The former phase computes coarser levels of an image pyich of the
viewport image by reducing the pixel dimensions by a factor dévo in each
step. The push phase of our method employs this image pyramid tdl ar-
bitrarily large gaps, i.e., to interpolate missing pixels and lao to overwrite
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Fig. 2. Interpolation of pixel attributes in the pull phase.

pixels that are occluded by a surface as discussed in the next sewati

In the pull phase, pyramid levels are computed in bottom-up oler based on
the viewport image containing projections of points. The atibutes of a pixel
of a coarser level are determined by averaging the correspamglifour pixels
of the ner pyramid level as illustrated in Figure 2. However, aly pixels that

specify valid data are included in the average. Whether a pikes valid or not,

is indicated by a binary ag per pixel. On the nest level, only the one-pixel
projections of points are marked to specify valid data whilellaother pixels

are marked invalid. When averaging four invalid pixels to aopute a pixel of
a coarser pyramid level, the new pixel is also marked invalid dns left to be
computed during the push phase.

We limit the region of in uence of each pixel by elliptical ba- Iters. If the
center of a new pixel is outside a pixel's ellipse, the pixel isarked invalid
for this new pixel. In our original algorithm [18], we emplogd these ellipses
only in the push phase for inside/outside tests to limit the in uerce of points.
In our improved variant, however, we have included this testlso in the pull
phase.

Each pixel's ellipse is computed by an orthogonal projectiaof a circle onto the
view plane. The circle's orientation in object space is deterined by the pixel's
normal vector while its radius is set to the radius mentionedni Section 3.1.
Thus, the ellipse's major axis is aligned perpendicularly tohe 2D projection
of the normal vector and its length is twice the radius; furthemore, the minor

axis is parallel to the normal vector and its magnitude is thdength of the

major axis multiplied by the normal's z coordinate. While the center of an
ellipse in the nest pyramid level is just the pixel's center, anadditional 2D

displacement vector is computed for each pixel to specify thdlipse's center
in coarser pyramid levels. This vector is similar to the sample get proposed
by Popescu et al. [31].



After eliminating invalid pixels, a preliminary depth test is performed to also
eliminate occluded pixels. To this end, each one-pixel praj#on is associated
with a depth interval. The minimum depth of this interval is determined by the
projected point's z coordinate while the maximum depth is computed by the
minimum depth plus the radius of the point. A pixel is only usedor averaging
if its depth interval intersects the depth interval of the frantmost pixel, i.e.,
the pixel with the smallest minimum depth coordinate among thealid pixels,
which potentially contribute to the average as depicted in Fgure 2. Note that
even though occluded pixels are removed from the interpoiah of pixels of
coarser levels, they are still present in the ner level. Howeveoccluded pixels
are recomputed in the following push phase as discussed in the negttion.

In general, the attributes of a new pixel of a coarser level adgetermined by

averaging the valid, \unoccluded" pixels. However, the minimm and maxi-

mum depth values of a new pixel are set to the smallest and largesepth

values of all contributing pixels, respectively. This guaraees that the depth

interval of the new coarser pixel contains all intervals of th averaged pixels
from the ner level.

Before averaging displacement vectors the di erence vectétom the corre-
sponding pixel center to the center of the coarser pixel is aditethe arrows
in Figure 2b depict these vectors. This process guarantees thite coarser
pixel maintains a reference to the exact position of the ellge. An example of
the evolution of the displacement vector during the pull phaseés illustrated

in Figure 3a. When a pixel of a coarser level is computed by aaging more
than one valid pixel, the new normal vector, radius, and dispteement vector
de ne an ellipse that approximates two or more ellipses from # ner level

(see Figure 3b).

3.3 Pull-push interpolation: push phase

After the image pyramid has been built in bottom-up order in tke pull phase,
the push phase works in top-down order, i.e., from coarser to ndevels.
In this push phase, only the attributes of invalid and \occludd" pixels are
(re)computed. Here, a valid pixel is considered \occluded" iits minimum
depth value is outside the depth interval of the correspondingixel in the
next coarser pyramid level. The attributes of four pixels of @oarser pyramid
level are used to interpolate the attributes of a pixel of a nelevel. Analo-
gously to the pull phase, only pixels with valid attributes areincluded in the
interpolation. If all four pixels are invalid, the new pixelis also invalid.

The interpolation scheme has to limit the in uence of points acording to the
mentioned ellipses. To this end, our original algorithm [18]neployed elliptical



(a) (b)
Fig. 3. (a) Displacement vector (thick arrow) for pixel pz computed after three steps
of the pull phase. Pixelpg is the original projected sample at the center of the ellipse
p1 is the center of the pixel at level 1, etc. The dotted lines repesent the di erence
vectors summed at each iteration. (b) The attributes computed for pixel po de ne

a new ellipse (continuous line), with center atcy, by averaging two coarser level
ellipses (dotted lines) with centers atc; and c;.

(b)

Fig. 4. Comparison between our image-space reconstructioraj without and (b) with
Gaussian weights.

box- Iters. In order to achieve a smoother interpolation, we eplaced these
elliptical box- lters by elliptical Gaussian kernels with nite support. This

results in a weighted average of up to four pixels, which is themormalized

by the sum of all weights. Figure 4 illustrates the di erence bateen the pull-
push interpolation without (Figure 4a) and with elliptical Gaussian weights
(Figure 4b).

The push phase only recomputes invalid and occluded pixels; #huthe at-
tributes of all other pixels are just copied from the image pymid computed
in the pull phase.



(b)

Fig. 5. Comparison between (a) non-deferred shading, and (byleferred shading in
our method.

(a) (b)

Fig. 6. Deferred shading with (a) constant material colors and (b) per-vertex di use
colors.

3.4 Deferred shading

Once the push phase has been performed for all levels of the imguyramid,
the nest level contains interpolated attributes for all pixels that are deter-

10
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Fig. 7. Ping-pong rendering between two image bu ers: (a) botom-up pull phase,
(b) copy phase, (c) top-down push phase.

mined to be within the silhouette of a reconstructed surface. Fdhese pixels,
Phong shading can be computed since the normal vectors have digen inter-
polated. Figure 5 compares non-deferred shading (in this calsg a software
splatting technique) in Figure 5a with the deferred shading byur method
depicted in Figure 5b, which features sharper specular higghits.

Further per-point attributes such as texture coordinates omaterial colors
can be included in the shading computation. Figure 6a depicts point-based
model with constant material colors, while Figure 6b shows the s&® model
with interpolated per-point di use re ectivity colors.

3.5 Ping-pong implementation on GPUs

Since our GPU implementation avoids simultaneous read and e access to
image bu ers, a ping-pong scheme between two image bu ers is ployed.
Figure 7a illustrates this scheme for the pull phase while Figar7c depicts the
push phase. As the latter requires simultaneous read access to tlegels of
the pyramid, a third phase has to be included that copies the iage data to
complete the pyramid image in both bu ers as illustrated in Fgure 7b.

3.6 Discussion

There are some limitations of our approach to point-based sudas rendering,
which are discussed in this section. First of all, our method is notell suited
for semi-transparent surfaces. In fact it is unclear how to robulst compute
multiple depth layers using our approach. Since multiple dep layers are
not available, edge anti-aliasing by alpha blending is imposde. Due to this
limitation, the projection of points is performed without swb-pixel accuracy.

While the weighting of attributes by Gaussian kernels in the psh phase of
our method (see Section 3.3) improves the smooth interpolatieof attributes,

11
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Fig. 8. (a) Representation of a ribbon by a polyline consisthg of ve vertices with
normals and radii. (b) lllustration of the rasterization of a one-pixel-wide polyline
corresponding to the centerline of a ribbon. Normals and rad are interpolated for
each pixel covered by the polyline.

the smoothness of silhouettes is mainly determined by the nitelliptical
support of these kernels. Thus, the image quality of silhouettesmdered by our
approach is comparable to renderings obtained with non-ardliased, elliptical
splats.

4 Line rendering using image reconstruction

In this section we extend the point rendering approach discussedSection 3
to include the e cient rendering of line strips. More speci caly, we distin-
guish between the rendering of ribbons, i.e., \ at line strips,"and tubes, i.e.,
\cylindrical line strips." Ribbons and tubes di er not only in the employed
illumination method but also in the way the local line width iscomputed as
discussed in Sections 4.1 and 4.2. We also demonstrate applicagiof ribbons
and tubes in plant rendering in Section 4.3 and discuss the e ency of the
proposed image-space reconstruction in comparison to previguglublished
line rendering approaches in Section 4.4.

4.1 Ribbons

This section covers the reconstruction of \ at" ribbons of vaying width and
curvature as depicted in Figure 8a. For maximum e ciency, tke image-space
reconstruction of ribbons should be combined with the reconsiction of point-
based surfaces discussed in Section 3. In other words, the pull-pugierpola-
tion should not only reconstruct smooth surfaces from scatteredxels but at
the same time ribbons of nite width.

To this end, we represent each ribbon by a polyline that appraxates the
ribbon's centerline as depicted in Figure 8a. Each vertex dhis polyline is

12



Fig. 9. Magni ed rasterization of a twisted ribbon. The poly line consists of four
vertices with per-vertex normals and radii as discussed in mie detail in Section 4.3.

attributed with the local normal vector of the ribbon's surface and half its
width. These attributes are interpolated for each fragmentypthe rasterization
of the line strip as illustrated in Figure 8b. For best performaoe, hardware-
supported line rasterization should be employed if possible. Tieinimum line
width that guarantees a continuous set of pixels can be choseor the raster-
ization since the pull-push interpolation will expand the rastrized polyline
to the ribbon's width|just as single pixels are expanded to cower the area
of larger splats as discussed in Section 3. Note that the rasterizie is not
isotropically expanded; the width of the reconstructed ribbo rather depends
on the local normal vector. This is most notable in the case of tated ribbons
as depicted in Figure 9.

Since each fragment that is generated by the rasterization dfe line strip is

rendered in a similar way as the points in Section 3, our methazbrresponds
to modelling ribbons by as many splats as pixels are covered the projection

of the ribbon's centerline. However, only the vertices of a pentially coarse

polyline have to be projected by the GPU. Moreover, the lineaconnectivity

allows us to simplify line strips with very basic techniques; foexample, a ge-
ometry shader could drop any number of inner vertices of a pdiye depending
on a speci ed level of detail.

There are also some minor di erences between the reconstructiof surfaces
and the reconstruction of ribbons. In contrast to the point-bas# rendering of
surfaces, the line-based rendering of ribbons must not employyakind of back
face culling and has to compute correct lighting for front fees and back faces
since usually both are visible. To allow the pull-push interpolzon (and also
the deferred shading) to distinguish between surfaces and ribigy all pixels
of all pyramid levels are attributed with an identi er specifying whether a
pixel belongs to a surface, a ribbon, or a tube. The latter kindf line strips is
discussed in the next section.

13
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(b)

Fig. 10. (a) Representation of a tube by a polyline. Each veréx is attributed with
the tangent vector and the tube's radius. (b) lllustration o f the rasterization of a
tube's polyline. Tangent vectors and radii are interpolated linearly between vertices.

4.2 Tubes

The second kind of line primitives considered in this work areubes, i.e.,
bended cylinders of varying width and curvature as illustragd in Figure 10a.
Tubes require not only a di erent shading than the ribbons disgssed in the
previous section but they are also handled di erently by the irage-space re-
construction.

In analogy to ribbons, we represent a tube by a polyline that appximates
the tube's centerline. Each vertex of this polyline is atttuted with half the
diameter of the tube and|in contrast to ribbons and surface ponts|the local
tangent vector as illustrated in Figure 10a. Analogously to thease of ribbons,
the polyline of a tube is rasterized as a one-pixel-wide linend the per-vertex
attributes, i.e., radius and tangent vector, are linearly iterpolated between
vertices as illustrated in Figure 10b. In order to save memoryhe tangent
vector can be stored instead of the normal vector of ribbons arsiirfaces.

In contrast to ribbons and point-based surfaces, the pull-pushterpolation for

pixels covered by tubes always employs the normalized vecto the camera
center as the surface normal vector. This is illustrated in Figre 10 by disks
that are parallel to the view plane. Note that at disks alignedin this way

approximate the width of the projected tube very well in Figue 10a. This
approach allows us to employ almost the same pull-push inter@ion for

surfaces, ribbons, and tubes since only the normal vectors ardeatenined dif-

ferently. Moreover, the pull-push interpolation can reconstict all three primi-

tives at the same time with minimal overhead compared to the o®nstruction
of only one kind of primitive.

The deferred shading of tubes can use any of the well-known metts for
the illumination of lines [45,46,49,50]. The most basic appsoh for the di use
illumination of a line by a single light source determines a swa€e normaln for
di use lighting by the projection of the light vector | to the plane orthogonal

14



Fig. 11. lllumination of tubes: computation of a surface nomal n for di use lighting
of a line by projecting the light vector | to the plane orthogonal to the tangent vector

t.
(a)

Fig. 12. (a) lllustration of a leaf represented by four triangles and six vertices and
the corresponding line-based model, i.e., a ribbon consistg of four vertices. (b)
Illustration of a branch represented by triangles and the caoresponding tube model
consisting of only ve vertices, which are attributed with r adii and tangent vectors.

(b)

to the tangent vectort of the line as illustrated in Figure 11. Since the light
vector is constant for directional lights (or can be computeérom the position
of a point light source and the three-dimensional fragment pdgin), only the
tangent vector is necessary to evaluate an approximative itiination of tubes.
It should be emphasized that this approximation is only approgate for thin
projections of tubes; alternatives for higher levels of detaare discussed in
Section 4.4.

4.3 Examples: leaves and branches

We illustrate the use of ribbons and tubes by demonstrating theoniversion of
a polygon model to a line-based model. In particular, we de@d to employ
the well-known model of an apple tree by Deussen and collabaved, which

15



has appeared in several publications [8,19,51], includinket front cover of the
pbrt book [51]. Speci cally, we employed the triangle modehat was published
on the CD accompanying the pbrt book. This model uses 200 496aingles
and 451 215 vertices to represent the leaves of the tree, while bark is
represented by a mesh consisting of 351 184 triangles and 371 5&3ices.

We converted the two triangle meshes separately since their stture is rather

di erent. Each leaf of this particular model consists of four tiangles and six
vertices as illustrated in Figure 12a. We converted each leafto a ribbon

consisting of four vertices, where the end points are copies witof the original

vertices and the inner two points were determined by the avages of the two
remaining pairs of original vertices. Normals were computedespondingly
while the radius of the end points was set to a value close to zeand the

radii of the inner two vertices were determined by half the dtance between
the corresponding original vertices as depicted in Figure 42In this way we
generated 150 372 ribbon segments and 200 496 vertices.

The bark of the triangle model represents a large tubular systewf branches
and was therefore converted to a set of tubes. The triangle mesheach branch
consists of a row of rings of (usually three) vertices, which ar@mnected by
elongated triangles. An illustration with rings of ve vertices is depicted in
Figure 12b. Due to this structure, we rst heuristically deternmned clusters
of vertices that are likely to form one of the rings of a branchEach of these
clusters corresponds to a vertex of our line-based model with agtion that

was determined by averaging the positions of all vertices imé corresponding
cluster. Any pair of new vertices was connected by a tube segmeahtthe

corresponding pair of clusters was connected by an edge in thiebgle model.
The radius of each vertex was determined by the maximum distaa of any of
the original vertices of the cluster to the new vertex while ta tangent direction
was determined by the averaged direction of the attached t@bsegments. In
this way we converted most of the bark to 63 887 segments and 63l6@rtices.

However, we did not convert the triangles representing the tnk. Instead we
kept the 227 triangles and 681 vertices forming the bark of éthick trunk
which is not well approximated by a thin tube. In fact, the illumination method
for lines is not appropriate for the trunk unless the size of thprojected model
is very small. We could also convert the trunk to a point-based stace, but
keeping the small triangulated surface o ers an example for ayhrid model
consisting of triangles and line segments. The implications diis combination
are discussed in more detail in Section 5.

Figure 13 presents renderings of the original triangle mesh Kigure 13a and
our line-based model consisting of ribbons, tubes, and some trideg rep-
resenting the trunk in Figure 13b. With the computer system spe&d in

Section 6 we achieve 31 frames per second for the renderinghef line-based
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(a) (b)

Fig. 13. Comparison between (a) the original triangle modeland (b) our rendering
of a line-based model.

Fig. 14. (a) Detail of the triangle-based rendering in Figure 13a. (b) Detail of the
line-based rendering in Figure 13(b).

model while rendering the original triangle model achieve®8 frames per sec-
ond.

In summary, the conversion of the triangle model of an apple teeto a line-
based representation consisting of ribbons and tubes is ratheraghtforward
in this particular case. Considering that the original triande mesh provides
only a coarse approximation to real leaves and branches, ourdtbased model
is su ciently accurate for the leaves and thin branches whilat requires only
about one third of the vertices.

Thus, line-based models appear to o er an attractive alternate to polygon-
based models for low level-of-detail representations; in patlar since we
expect that the conversion of procedural plant models poseseMess problems
than the conversion of polygon models. Moreover, the simpli ¢@n of line-
based models is straightforward; thus, hierarchies of coarsgppaoximations
can be more easily computed than for polygon-based models, ascdssed by
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Deussen et al. [8].

4.4 Discussion

Image-space reconstruction for line-based rendering o ers senmportant ad-
vantages in comparison to published line-based rendering appches, which
we discuss in more detail in this section. Speci cally, we compaour method
with the rendering of triangle meshes, line strips, and proxy gecetry.

Representing thin structures, such as hair, fur, grass, twigs, etdiy trian-
gle meshes requires more vertices than a line-based model ofilaimyual-
ity; moreover, rendering simpli ed versions is considerably ore di cult for
triangle models than for line-based models. Even though modeGPUs are
designed to achieve their optimal performance for triangleine rendering is
also well supported, i.e., rendering the longest edge of a trgle is usually
not slower than rendering the triangle. On the other hand, theasterization
of lines requires fewer fragments and the rendering of lim&sed models tends
to project fewer vertices. Therefore, our method can providen advantageous
performance for large, screen- lling scenes since the pullgiuinterpolation
imposes only a constant overhead. One important limitation abur approach
to line-based rendering is the lack of anti-aliasing; thus, les rendered by our
method are at least one pixel wide. Therefore, thin structurewill appear
thicker if compared with the corresponding triangle rendenig. This can be
observed in the magni ed detail of the triangle-based renderg depicted in
Figure 14a in comparison to the line-based rendering in Figudetb.

Deussen et al. [8] employ hardware-supported rendering of lie&ips for low
level-of-detail representations of plant models. Since thapproach is restricted
to a uniform line width, it is only useful for very coarse projettons of models.
Moreover, rasterization with a uniform line width correspond to the rendering
of tubes as discussed in Section 4.2, which would require a litlermination
model. However, Deussen et al. employ the per-vertex normalsetitly, which
is only appropriate for ribbons. These, however, cannot be rastzed with a
uniform line width. Thus, the xed line width required by many graphics APIs
severely limits the use of line strips for line-based renderinin comparison to
the rasterization of line strips, our pull-push interpolation mposes a constant
overhead; therefore, it cannot achieve the same performance

Tubes of nite radius can be e ciently rendered by employingproxy geome-
try, e.g., quad strips, in combination with per-fragment comptations of ray-
cylinder intersections as suggested by Stoll et al. [47], or arsbination of tri-

angle strips and point sprites as suggested by Merhof et al. [48Yhile these
approaches achieve a considerably higher image quality thaar method, their
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Fig. 15. Combined rendering of a point-based model (Dragon) ad a triangle-based
model (Buddha).

performance is|according to Stoll et al.Jan order of magnitu de worse than
the rendering of shaded line strips, while our method imposes grd constant
overhead. Merhof et al. reported a decrease in performance dyactor of 3.6
from illuminated line strips to their method for a particular scene. The pro-
grammable generation of geometry streams o ered by recent @GR is likely
to improve the performance of these approaches, however, thenmber of ver-
tices of the proxy geometry that have to be processed is not rezkd and the
fragment stage is also not a ected; thus, the potential improvaents are lim-
ited and the methods are likely to always perform signi canil worse than the
rendering of line strips.

Overall, the proposed image-space reconstruction of lines pides very high
rendering performance for lines of nite width, in particubr for large scenes
and/or if the constant overhead imposed by the pull-push interplation is
amortized by the combined rendering with point-based surfaseas described
in the next section. However, the limited image quality achiead by our method
restricts it to thin lines or coarse renderings with low level fodetail; thus, it
is best suited to render coarse representations of line-based ralsdwithin
real-time renderers using dynamic level of detail.
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5 Combining points, lines, and polygons

It is unlikely that one kind of graphics primitive is optimal for all elements of a
scene; moreover, rendering approaches with dynamic levetetail may choose
di erent representations of the same object using di erent kids of primitives
depending of the required level of detail. Thus, the combinerendering of
polygon meshes, point-based surfaces, and line-based models imglsiframe
is an important scenario, which is discussed in the next section. Ag from
the combined rendering of representations based on di erentimitives, these
primitives can also be combined to represent a single object bygbrid surface
model as discussed in Section 5.2.

5.1 Combined rendering of di erent primitives

While the image-space reconstruction of line-based models posed in Sec-
tion 4 was designed to support the integration of points and les in the same
pull-push interpolation, the combination with polygons posg additional chal-
lenges. One solution would be to compute one RGBA image with dépdata
for polygon-based graphics and a second image for point-based #ne-based
graphics. The resulting images can then be combined accorditogtheir depth
and alpha channels. While this approach o ers some advantagies semitrans-
parent objects, it requires additional memory and pixel pragssing.

Therefore, we propose an alternative approach, which integjes the rendering
of polygons in the image-space reconstruction of surfaces aimes. To this
end, polygons are rasterized into one frame bu er together thithe single-pixel
projections of points and the one-pixel-wide polylines ofitbons and tubes.
However, the pixels covered by polygons are assigned a radiussel to zero;
thus, they are not expanded in the pull-push interpolation. Ths approach
imposes no overhead on our system since the performance of thel-pukh
interpolation is not a ected by the content of the frame bu er. An example is
depicted in Figure 15.

5.2 Hybrid surface models

As described in the previous section, the fragments of polygonan be con-
sidered points with a very small radius of in uence in order toritegrate them
smoothly in the pull-push interpolation. This concept can alsde applied to
construct models with a smooth spatial transition between a pofjon-based
part of a surface and a point-based part. To this end, the vertes of the bound-
ary edges between the two parts have to be attributed with radthat are large
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(@) (b) (c)

Fig. 16. A hybrid surface model: (a) The blue half consists ofriangles, the remaining
model is point-based. (b) Rendering of a detail and (c) illustation of the underlying
primitives.

Table 1

Models and rendering performance. Each total rendering tine per frame is followed
in parentheses by the time for the point projection and the time for the pull-push
interpolation (all rendering times are in milliseconds).

without color bu er with color bu er
model # points fps time per frame fps time per frame
Armadillo 173K 89 11ms (1.2ms, 8.5ms) 46 22ms (1.5ms, 18 ms)
Dragon 437K 78 13ms (2.2ms, 8.9ms) 44 23 ms (2.9 ms, 18 ms)
Happy Buddha 544 K 76 13ms (2.6 ms, 8.8 ms) 42 24ms (3.4ms, 18ms
Asian Dragon 3610K 36 28ms (18 ms, 8.3ms) 23 45ms (25ms, 17 ms)
Thai Statue 5000K 29 35ms (25ms, 8.2ms) 18 55ms (34 ms, 18 ms)

enough to let the rasterized pixels of the boundary edges btésmoothly with
the single-pixel projections of the point-based continuatio of the surface.
Figure 16 illustrates a hybrid surface model consisting of pomtand triangles.
This kind of combination occurs frequently when multiresoltion hierarchies
based on points and triangles [5{7] are employed.

If backface culling is deactivated and two-sided lighting iprovided, ribbons
can be combined analogously with points and polygons to fornomtinuous
surfaces. Tubes, however, pose additional problems since naittie di erent
illumination models of lines and surfaces allow for a smoothansition nor is
a smooth interpolation between tangent and normal vectors itrial.
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(a) (b) (c) (d)

Fig. 17. Renderings with our method of the (a) Armadillo, (b) Happy Buddha, (c)
Asian Dragon and (d) Thai Statue.

(a) (b)

Fig. 18. Renderings of details of the (a) Asian Dragon and (b)Thai Statue.

6 Results

We tested our algorithm on a GeForce 8800 GTS with 640 MB memoon-
nected via PCI Express 16 to a Linux computer with an Intel Core Duo 6600
CPU (2.4 GHz), 2GB RAM, and installed NVIDIA driver, version 169.04 The
models were preprocessed to compute a normal vector and a radaf in u-
ence of each point. At runtime, all point attributes were transferred to the
GPU by means of OpenGL vertex bu er objects. Image data was pcessed in
an OpenGL framebu er object with 16-bit oating-point RGBA image bu ers
and a 32-bit depth bu er with a viewport size of 1024 1024 pixels. All vertex
and fragment shaders were implemented in the OpenGL shadinghfuage.

Rendering times for several point-based models are summarizedTable 1;
exemplary renderings of these models are depicted in Figurgs17, and 18.
The fourth column of Table 1 presents rendering times in miBeconds without
interpolation of a surface color while the sixth column presestimes including
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(a) (b)

Fig. 19. Rendering of 10 trees based on (a) the original triagle model and (b) our
line-based model.

the interpolation of a surface color. Apart from the total timeper frame, we
have also included two times in parentheses: the time requirearfthe projec-
tion of points as described in Section 3.1 and for the pull-pushterpolation
discussed in Sections 3.2 and 3.3. As expected, these two operaticequire
most of the rendering time while other operations, e.g., the tixred shading,
are almost negligible.

Our measurements demonstrate that the rendering time for smathodels is
dominated by the pull-push interpolation; i.e., by the viewrt resolution as
demonstrated in our previous work [18]. On the other hand, theendering time
for large models is dominated by the projection of points anttherefore by the
number of points. For large models without interpolation of stface color, our
implementation renders the equivalent to about 130 M splats gy second|
including surface reconstruction and deferred shading. If thaterpolation of
surface colors is included, the rendering performance is teeéd to about 90 M
splats per second.

Our previous implementation using a GeForce 7800 GTX achied¢he equiv-
alent to between 50 M and 60 M splats per second. For comparisomahg and
Pajarola [36] reported a performance of up to 24.9 M splats psecond and
Guennebaud et al. [35] reported 37.5M splats per second|bothofr the same
viewport size on the same GPU.

Our implementation rendered the line-based model of a singleee in Fig-
ure 13b at 31 frames per second, i.e., only slightly faster thame standard
triangle rendering in Figure 13a, which achieves 28 framegipsecond. How-
ever, the pull-push interpolation of our approach is indepetent of the model
size; thus, this part of the algorithm performs just as fast for th set of ten
trees depicted in Figure 19b, which achieves a performancel® frames per
second. The triangle rendering in Figure 19a, on the other hdnperforms
considerably slower at 9 frames per second.
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7 Conclusion

While point-based and line-based graphics allow us to choose yndmic level
of detail for an e cient, adaptive sampling in object space, tle reconstruction
and shading of a scene should be performed in image space to aeh&ebetter
time complexity for large models. In this work, we have demonstted an ef-
cient GPU implementation of an image-space reconstructionof point-based
and line-based graphics, which can be combined with polygorgaphics.

In general, our approach does not provide the performancetethniques based
on textured polygons for very low detail representations, e.gbillboards, nor
does it provide the image quality of high-resolution polygomodels with (pro-
cedural) textures. However, it provides a good compromise beten image
quality and rendering performance for a large range of legedf detail. More-
over, it uses point-based and line-based models, which are paudtiarly well
suited for rendering with dynamic level of detail. Thereforewe consider our
method to be a valuable complement to previously published rdaring tech-
niques and hope that it will help to address the challenges pakby increasing
display resolutions in the future.
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