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Fast Non-Linear Projections using Graphics Hardware

Jean-Dominique Gascuel Nicolas Holzschuch Gabriel Fournier Bernard eroché
CNRS Cornell University/ INRIA Dassault Systmes Universié Lyon 1

Figure 1: Examples of non-linear projections: a paraboloid projection shadow map (left), a cosine-sphere projection (center), and a photo-
graphic sh-eye lens used for direct rendering of the scene (right).

Abstract lighting, video games & GPU

Linear perspective projections are used extensively in graphics.

They provide a non-distorted view, with simple computations that 1  |ntroduction

map easily to hardware. Non-linear projections, such as the view

given by a sh-eye lens are also used, either for artistic reasons or in

order to provide a larger eld of viewe.g.to approximate environ-  Most graphics software works with a three dimensional representa-
ment re ections or omnidirectional shadow maps. As the compu- tion of a virtual world and use a two-dimensional device to display
tations related to non-linear projections are more involved, they are jt. The projectionstep does the conversion from the 3D representa-
harder to implement, especially in hardware, and have found little tion to a 2D display. It is an essential step of the graphics pipeline.
use so far in practical applications. In this paper, we apply existing Usually, this projection step is done using linear transforms (in ho-
methods for non-linear projections [Lloyd et al. 2006; Hou et al. mogeneous coordinates). These transforms are very easy to code,
2006; Fournier 2005] to a speci ¢ class: non-linear projections with  and transform lines into lines and triangles into triangles. But non-
a single center of projection, radial symmetry and convexity. This [inear projections are also used, either to give a larger eld-of-view
class includes, but is not limited to, paraboloid projections, hemi- (e.g. for environment maps or for ominidirectional shadow maps),
spherical projections and sh-eye lenses. We show that, for this or for artistic reasons. In the absence of a fast algorithm for com-
class, the projection of a 3D triangle is a single curved triangle, and puting non-linear projections, programmers resorted to either con-
we give a mathematical analysis of the curved edges of the triangle; version from a cube map, or software rasterization.

this analysis allows us to reduce the computations involved, and

to provide a faster implementation. The overhead for non-linearity . - . .

is bearable and can be balanced with the fact that a single non-In this paper, we adapt existing methods for non-linear projec-
linear projection can replaces as many as ve linear projections (in tions [Lloyd et al. 2006; Hou et al. 2006; Fournier 2005] to a spe-
a hemicube), with less discontinuities and a smaller memory cost, ¢i € €lass of projections. By restricting ourselves to projections

thus making non-linear projections a practical alternative. with a single center of projection, radial symmetry and convexity,
we get the useful property that each triangle in 3D is converted to

a single curved triangle in screen space, making the whole process
easier. We provide mathematical analysis for several projections in-
side this class, such as the paraboloid projection, the cosine-sphere
projection, Lambert conformal projection and two sh-eye lenses.

CR Categories:  1.3.3 [Computer Graphics]: Pictutenage
Generation— [I.3.7]: Computer Graphics—Three-Dimensional
Graphics and Realism

Keywords: graphics hardware, non-linear projections, indirect ) o
We have found that non-linear projections are, understandably,

e-mail: Jean-Dominique.Gascuel@inrialpes.fr slower than their linear counterparts. However, for the projections
Ye-mail: Nicolas.Holzschuch@inrialpes.fr we have studied, the extra cost remains manageable. As a single
ZUniversige de Lyon, F-69000, Lyon, France; Univeésityon 1, F- non-linear projection can be used to replace up to 5 renderings (in

69622, Villeurbanne, France; CNRS UMR 5205 LIRIS, F-69622 Villeur- a hemicube), it can even be a practical alternative.
banne, France.

Our paper is organized as follows: in the next session, we review
previous work on the computation and use of non-linear projec-
tions. In section 3, we present our algorithm for computing non-

linear projections. In section 4, we review several practical non-
linear projections along with their mathematical properties. In sec-
tion 5, we conduct an experimental study our algorithm. Finally, in

section 6, we conclude and present directions for future work.
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2 Previous Work for each graphics primitive in 3D {

) o ) compute bounding shape in screen space
Non-linear projections predate Computer Graphics. In the eld of rasterize  bounding shape

mathematics, Lambert [1772] designed several non-linear projec-  for each pixel in bounding shape {

tions, mainly for use in cartography. He designed them so that they compute direction in 3D
maintain an important property, such as area preservation or an- intersect ray with 3D primitive
gle preservation. Fish-eye lenses, used in photography to present if (intersection) {
a very large eld-of-view (up to ), represent another example of interpolate depth, color...
non-linear projections [Kumler and Bauer 2000]. output fragment

} else {

Inside Computer Graphics, the cosine-sphere projection is often
used in lighting computations [Kautz et al. 2004], as the area cov- }
ered by the objects on the screen is proportional to the light they are }

re ecting toward to the sampling point. The paraboloid projection, }
introduced by Heidrich and Seidel [1998] has two advantages: rst,

it is mapping a large eld-of-view () with minimal area distor-

tions, and second it is possible to retrieve information using linear Figure 2: The algorithm for non-linear rasterization.
tools.

discard fragment

However, computingan actual non-linear projection is a di

cult problem. In recent years, Kaug&t al. [2004] used an op-
timized software rasterizer to compute local occlusion (using the
cosine-sphere projection method). Braletcal. [2002] used the Fragments that are back-projected outside the primitive are simply
paraboloid projection of [Heidrich and Seidel 1998] for omnidirec- discarded. Fragments that fall inside the original primitive are kept.
tional shadow maps. Osma al. [2006] showed how this projec-  The ray-triangle intersection gives us the barycentric coordinates of
tion can be used in practice for video games, and Leira.[2007] the 3D point corresponding to the current fragment. We use these
used the same projection for fast computations of indirect lighting. to interpolate the properties of the fragment, such as depth, normal,
As they could not compute a complete non-linear projection, they color, texture... This interpolation is done over the original trian-
did so by computing the correct projection for all the vertices, fol- gle, using barycentric coordinates. We have to do the interpolation
lowed by a linear interpolation. This method forces them to tesse- in the original triangle, before projection, because of the non-linear
late the scene into small triangles, at the expense of computationnature of the projection. Even the depth of the fragment has to
time. be interpolated on the triangle instead of in screen space. For ef-
ciency, we only interpolate the useful values:g. only the depth

for a shadow map.

is inside or outside the original primitive using a ray-triangle inter-
section method.

Hou et al. [2006] computed specular re ections on curved sur-
faces by computing the non-linear projections associated with them.
They interpolates between non-linear projections, and computesThere are two main steps in the algorithm: computing acient
each projection by enclosing the re ected triangle into an enclos- bounding shape, and testing each fragment for rejection. The for-
ing shape, then discarding the extra fragments. The main drawbackmer is done by the geometry engine. We have designed two meth-
is that they render every scene triangle for every camera, resultingods for this task: one using triangles (section 3.3), the other using
in a large number of triangles rendered. Llagtdal. [2006; 2007] guads (section 3.4). The former ers tighter spatial bounds, while
introduced a logarithmic non-linear projection method for optimal the latter has a smaller geometric complexity. Testing fragments
sampling in shadow maps and presentedlient methods for practi-  for rejection is done in the fragment engine, and uses a ray-triangle
cal rasterization on the GPU, including enclosing each projected tri- intersection method (section 3.5) filer and Trumbore 1997].

angle into an enclosing shape, then discarding the extra fragments. . . . . .
9 9 P 9 9 In section 3.2, we review the generic properties of our non-linear

Our work shares some similarities with previous work[Lloyd et al. projections. We prove that for each of them, the projection of a
2006; Hou et al. 2006; Fournier 2005], including the use of an en- triangle is a curved triangle.

closing shape for non-linear projection. Compared to these previ-

ous work, the speci ¢ of our work is that by restricting ourselves 3.2 Non-linear Projections

to a speci c class of non-linear projections with a single center of

projection, we are able to provide a tighter bounding shape. Espe-We are working with speci ¢ non-linear projections, namely pro-
cially, the projection of a triangle is always a single curved triangle, jections with a single center of projection, depending only on the

and we render each scene triangle only once. Wer @ compre- directionto the projected point, with radial symmetry. As a conse-
hensive mathematical analysis of the projection methods, giving the quence, they are all de ned by an equation in the farm f( ).
equation of a curved edge, providing tighter bounds. From a direction in 3D, expressed in spherical coordinates)

we get a position in screen space expressed in polar coordinates
3 The algorithm (r; ). We add the restriction that the functidnmust be convex.

Table 1 lists interesting non-linear projections we have identi ed
. . that fall in this class, along with their equations.

3.1 Overview of the Algorithm

As all our projections being de ned by = f( ), we can visualize
The core of our algorithm is identical to previous work [Lloyd etal. them as a surfaces of revoluti&) of equation:
2006; Hou et al. 2006; Fournier 2005] (see Fig. 2 for pseudo-code); r £()
we treat each primitive separately. Each graphics primitive (usually z= — = —= Q)
a triangle) will be projected into a non-linear shape (a curved trian- tan  tan
gle). We rst compute a bounding shape for the projection of the Computing the projection of a poiM is equivalent to nding the
primitive, then for each fragment in the bounding shape, we back- intersection betwee8 and the QM) line, then projecting this in-
project it to the plane of the original primitive, and test whether it tersection to the projection plane (see Fig. 4(d)).
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[ Name [  Equation | Surface | Properties ]
Useful for indirect Tighting: the screen size of the op-
jects is proportional to their solid angle times the cosjne
Cos-Sphere r =sin of the angle with the normal. Combined with their rad
ance, stored in each pixel, we get the incoming indirgct
lighting from the picture created

Paraboloid ;= 1cos Projects a half-universe onto a disc with minimal area
sin and angular distortions.

p_ Fish-eye lenses are used in photography to give a view
Fish-Eye (1)| r="2sin; of the half-universe, with some distortions. This form|of
sh-eye lenses is the most common in sh-eye lenses.

This form of sh-eye lenses is regarded by some as het-
Fish-Eye (2) r=2 ter than the previous, but is very hard to make in camera
lenses.

A Equal-area projection: the screen space area of|ob-

Lambert r= pm jects is proportional to the solid angle they subtend,
making this the ideal projection for ambient occlusion

elds.

Table 1: The non-linear projections we have identi ed, with their mathematical de nition and properties. Each projection transforms a point
in spherical coordinate§; ; ) into a point expressed in polar coordinates= f( ); ).

We consider an triangle in 3D spac&HBC], and are interested in  3.3.1 Bounding each edge
its projection in screen space. The projection of each IXB) (s

simp;:y tfhe in‘tersfe.ction betweﬁp t.he plaﬁb_ﬁ(B) ‘f’mq the §ur1;ac$. We start with an edgeAB] of the original primitive. We know the
As the functionf is convex, this intersection is in a single piece. projection of its endpointsaA® and B°, as well as the linear edge

Thus, each line in 3D space projects to a single continuous curve 'n{SAOB(ﬂ connecting them in projection space. This linear edge is not

screen space. As a consequence, each triangle in 3D space projec o
to a single curved triangle in screen space. equal to the projection oﬁﬂ[B]_, the curved edgedPBY, but the two
are connected at the endpoints.

3.3 Triangle bounding shape The distance between them is therefore nuA%andB®, so it must
have at least one extremum betwerandBC. For our non-linear
projections, using mathematical analysis (section 4), we can prove
that this extremum is unique, and compute its position.

We then check the respective positions of this extremum and the
triangle with respect to the lineAfBY. If the extremum and the
triangle are on the same side of the line, thatef] is an acceptable
bounding line for this edge. Otherwise, the line parallel ABEf|
passing through this maximum point is the bounding line. As we
used lines parallel to the original lines, the resulting set of lines

ives us a triangle in projection space, that encloses the projected
Figure 3: (left) Enclosing a curved triangle with three lines, (right) ’?riangle (see Figg. 3). prol P proj

We bound each edge using a line tangent to the curved edge.

3.3.2 Clipping by the projection boundar
In this section, we compute a triangle-based bounding shape for pping by pro) y

the projection of a 3D triangle. We treat each edge of the 3D tri- ) o . )
angle separately. For each edge, we generate an oriented line inVeé have to do a speci ¢ treatment when the original triangle is
screen space, such that the curved edge is included into its half-clipped by the projection boundary:

space. Combining these three lines gives us a triangle in projection

space, that encloses the projection of the triangle (see Fig. 3). When two vertices are clipped, we are left with a curved tri-
angle, whose edges are the clipped edges and the boundary of

Most of the time, this method does not change the number of ver- the projection space (see Fig. 4(b)). We treat this triangle as a

tices in the primitive: a triangle is converted into a triangle. If the normal triangle.

triangle is clipped by the projection boundary, however, it can re-

sultin two triangles being generated (see Fig. 4(a) and (b)). And for When a single vertex is clipped (see Fig. 4(a)), we have a

some elongated triangles, the non-linear projection results in angles guadrangle in 3D space, the projection boundary being the

larger than (see Fig. 4(c)); such triangles have to be subdivided, extra edge. This corresponds to 2 triangles. We treat each of

and each of the new triangles can also be clipped, resulting in up to these triangles separately, thus doubling the number of ver-

4 triangles being generated. tices.
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@) (b) (©) (d)

Figure 4: In some circumstances, we need to add extra vertices to the enclosing shape. (a) one of the vertices is clipped by the projection
boundary, creating 2 triangles in 3D, so it is replaced by two larger 2D triangles, resulting in 3 extra vertices. (b) two vertices are clipped by
the projection boundary, we keep a single triangle. (c) after projection, some angles are larger. tiinneed to subdivide these, resulting

in two triangles (which can also be clipped). Hence the maximum output is four triangle for each input triangle. (d) The projections we have
identi ed can be expressed as surfaces in 3D. Projecting an edge is equivalent to nding the intersection between this surface and a plane,
then projecting this intersection on the projection plane. Here, the cosine-sphere projection, where the surface is a hemisphere, and x, y the
axis of a supporting ellipse.

3.3.3 Angles larger than 3.5 Fragment testing and interpolation

. h L ’ andle i q The main step in our algorithm is testing whether each fragment
In sorlne cr:rcumrs]tance?, tbe pro;ecrt]lon 3 a t_rlalng e |sha CUVED actually belongs in the projected primitive; this step is identical to
triangle where the angle between the edges is larger thesee previous work [Lloyd et al. 2006; Hou et al. 2006; Fournier 2005].
Fig. 4(c)). These usually corresponds to thin triangles that are close ¢ jnt is the coordinates of the current fragment, and informa-
to the horizon. This situation makes it impossible for our three iqn apout the original primitive in 3D: the vertices and the normal
bounding lines to connect into a triangle that contains the curved (4 {he plane. We rst convert the fragment coordinates into a ray
triangle. When we detect that case, we subdivide the original trian- direction in 3D space. As we have screen coordinates, it requires

gle, and bound each triangle separately. This case can not happeR,mnting the third coordinate, which depends on the projection
on any of the triangles after the subdivision, because we subdivide ,athod.

at the problematic angle: the angle at the new triangles is half the

angle at the original triangle, thus smaller than This direction, combined with the projection center, de nes aray in
3D space. We test this ray for intersection with the original primi-
tive. We use for this the algorithm by dfler and Trumbore [1997],

as we have found it to be faster than other algorithms on modern
GPUs.

In most circumstances, this method replaces a triangle with another there is an intersection, this algorithm also gives us the barycen-
triangle. When the curved triangle is close to a linear triangle, the tric coordinates of the intersection point. We use these to interpo-
bounding triangle will be close to the curved triangle,_ resulting in  |ate the coordinates and values for the point: depth, color, normal,
a smaller overdraw. However, in the worst case, a triangle can be exture coordinates. Because of the non-linearity of the projection
clipped by the projection boundary, then each of the triangles will ethod, none of these can be linearly interpolated in screen space.

be split because of an angle larger thaafter projection, resulting  \e output these values, including depth in theoordinate of the
in 4 triangles being output for a single 3D triangle. As the speed fragment.

of the geometry engine depends on the maximum number of trian-
gles that the shader can output, this worst case is slowing down the
triangle-bounding method signi cantly.

3.3.4 Analysis

3.6 Implementation details

Computing the enclosing primitive for each 3D primitive is done
3.4 Quad bounding shape in the geometry engine. We take as input the coordinates of the

vertices, and output the 2D coordinates, in screen space, of the en-

closing primitive. The geometry shader outputs the vertices of the
We now bound the curved triangle by a quad. We start by treating enclosing shape in screen space. All the information about the orig-
each edge of the 3D triangle separately. For each edge, we computénal primitive is output as constant parameters for this shape: ver-
a bounding quad that encloses the curved edge. We then computeices, normal to the plane and characteristics such as color, normals
a bounding box or a bounding quad for these bounding elements.and texture coordinates. Testing whether a given fragment belongs
This method results in a larger overdraw, but it is also more robust, to the actual projection, as well as interpolating the values for each
as itdoes not require line intersections. Since it consistently outputs fragment, is done in the fragment shader.
a single quad for each triangle, the geometry pass is roughly three
times faster than with the previous method.

For each edge: we compute a bounding quad, using the geometric 4 Mathematical AnaIySIS of Specic non-

properties of the curved edge (obtained with a mathematical analy- linear projections

sis, see section 4).

Enclosing the triangle: is trivially done by union of their axis- In this section, we conduct a mathematical analysis of speci ¢ non-
aligned bounding box. Other methods provide a tighter t, at the linear projections (see Table 1), and give the equation of the projec-
expense of computation time. tion of a linear edge. All our projections are de ned by f( ),
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(a) Cosine-sphere: ellipse arcs.

(b) Paraboloid: circle arcs.

(c) Fish-Eye 1. (d) Fish-Eye 2.

Figure 5: Non-linear projections convert straight lines in 3D into curves in screen space.

and we can visualize them as a surfaces of revoluligsee equa-
tion 1).

Computing the projection of a poiM is equivalent to nding the
intersection between this surfaeand the line OQM), then pro-

jecting this intersection to the projection plane. In all this section,

we consider an edge in 3D spacAB], and we are interested in

its projection in screen space (see Fig. 4(d)). The projection of the

supporting line AB) is the intersection between the plar@AB)
and the surfac&. Noting n the normal to the planedAB), with-

intersection of the plang)AB) and the spher8. Computing

the tangent to that circular arc at any point is easy, through a
rotation of =2 in the plane. We use the middle of the circle
arc, then take its tangent in th©AB) plane. The projection

of the tangent to the circle is the tangent to the ellipse.

for an enclosing quad: we have the projections of the end
point of the ellipse arc, and the axis of the ellipse. We use
these to create a bounding quad.

out loss of generality we can orient the coordinate system in screen4.2  Paraboloid Projection

space so that the axis is aligned witm. nis de ned by its angle
with thez axis, , and the equation of the plan@AB) is:

Xxsin +zcos =0 2

The intersection of the plane and the projection surface is:

X = ; (3)

tan tan
In screen space, we have (by de nitionrf

Ry =r2= ()2 (4)

4.1 Cosine-Sphere Projection

For the cosine-sphere projection, we havesin , and thus:

cos
X = -
tan
cos = xtan
2 = 1 Xtarf

Plugging this into equation 4, we get:

2
_CO’; +y=1 (5)

Thus the projection of a line is an ellipse arc (see Fig. 5(a)). The

ellipse is centered on the center of projecti®dnwvhose great axis is
the intersection of the plan©@B) with the projection plane. This
ellipse is the projection of a circle in the plan®@AB) (the inter-

section between this plane and the hemisphere). This information

helps in nding enclosing shapes.

for an enclosing line: instead of considering the ellipse arc in
projection space, we consider the circular arc de ned by the

For the paraboloid projection, we have:

1 cos
sin
2 = 1 cos
1+ cos
ro_ cos

tan 1+ cos

r =

xtan

r? + xtan = 1+ xtan

1+cos

2 1 2xtan

r

Plugging this last result into equation 4, we get:

X+y* = 1 2xtan
(x+tan )2+y* = 1+tarf
1
2 —
(x+tan 2 +y?> = o5 (6)

Thus the projection of a line is a circle arc (see Fig. 5(b)). The circle
is centered on th& axis (de ned byn), at a distance tan of O,
with a radius equal toscos . This information makes it easy to
nd enclosing shapes:

for an enclosing line: we know the endpoints of the arc, and
the center of the circle. We can easily nd the middle of the
arc,C, and the tangent to the circle@tis an enclosing line.

for an enclosing quad: as we know the endpoints of the arc
and the center of the circle, itis easy to nd an enclosing quad.

4.3 Fish-Eye Lenses (1)

For the rst type of sh-eye lenses, we have= pisin(:Z). Ob-
taining an equation for the curves generated is tricky. Using

r
Xtan = —
tan
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Figure 6: Generic bounding strategy: we enclose each curved edge
by its secanfA’BY and a circle arc, whose radius is equal to the
maximum radius on the edge, then enclose the circle arc by its tan-
gent.

Figure 7: Time spent in each step of the algorithm, for several

we obtain easily: projections and bounding methodsacadescene, 2800 triangles).

1 r?
xtan = p—— @)

2 r? endpoints. The secant line forms the basis of our quad, and two
To invert this equation, we use the change of variables1 r2 lines orthogonal to the secant form the sides. For the last line, we

anda = xtan . We can solve the resulting polynomialun take the maximum value af in the interval (which is at one of
the endpoints), then take a tangent to a circle with this radius. The
u= a a pale resulting quad encloses the edge, although it is over-conservative.

2

. . , 4.5 Lambert conformal projection
Replacingu by 1 (x? + y?), we get the equation of the curve in 5 Lambert conformal projectio

cartesian coordinates: Although the equation of Lambert's conformal projection looks

, X _ very di erent from the equation of the rst sh-eye projection, the
y¥=1 x > xtan Xtart +4 (8) two surfaces of revolution they give are identical, and the two pro-
jections are actually the same (becausecbs = 2sir? 3). Thus
Which de nes a convex curve, symmetric with respect toxlagis. the strategy designed for the rst type of sh-eye lenses will also
r is maximal forx = 0 (r = 1), minimal fory = O (see Fig. 5(c)). work for Lambert Conformal projection.

To nd an enclosing quad, we do not need to actually compute this
equation, though. We rst nd the projection of the endpoints. The
secant (the line joining the endpoints in screen space) gives us ON€ur observation of four sample non-linear projections brings us to
of the sides of the quad. We take two lines orthogonal to the secantdevise 2 ceneric boundin stF;ate that shl?)uljd work for m?)st non-
for two other sides. For the remaining side, we take the maximum i g i . Qll V\?y’ b that f Il th .
value ofr (which is reached at one of the end points, build a circle IN€ar projections in our class. Vve observe that for all the projec

arc of radiusr with the same angular extent, and take a line that gogsmvgﬁi:%?hffgsndéctth; ?r:gjgg;[éor\]/vi(ilt\ 2 lrlggillfs 2 cuo;;vt%xlcfuor;/e,
encloses this circle (see Fig. 6). y P ' g

x = 0, and a radius minimal foy = 0. Assuming these properties
hold for a particular projection method, the bounding strategy used
for both Fish-Eye lenses projections will work (see Fig. 6):

4.6 Generic bounding strategy

4.4 Fish-Eye Lenses (2)

For the second type of Fish-Eye lenses, we have2 = . Thus we project the endpoints of the edge,
have easily as a function of, but we didn't nd a simple equation

for the curve expressed in Cartesian coordinates. However, we can
express the equation of the curve in polar coordinates;( ):

the line joining these endpoints in screen space provides one
side of the bounding quad,

two lines orthogonal to the secant provide two other sides,

1
cos = nally, for bounding the external side of the curve, we take the
tan tan | ) X =0 .
: maximum radius (which is reached at one of the endpoints),
2 1 . : X :
r = —arctan — build a circle arc with that radius and the same angular extent
cos tan as the projection of the edge and take the tangent at the middle
2 i .
r = 1+ —arctancos tan ) of this arc

This method may result in substantial overdraw (the bounding quad
is much larger than the projection of the edge).

This functionr( ) de nes a convex curve (see Fig. 5(d)), symmetric

with respect to thex axis. r has a single minimum, on theaxis,

wherer =1 2 and two maxima on thg axis, where = 1.

5 Results and Discussion

All the timings in this section were computed on a Core 2 Duo at
This information makes it possible to nd an enclosing quad for 2.4 GHz, and the latest mid range graphic card (Nvidia 8800 GT
each projected edge (see Fig. 6). We know the projection of the 512 MB/ driver 169.02).
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5.1 Test scenes Color | Depth | Coverage

(ms) | (ms) (ms)
We have chosen 4 input scenes, with varying object complexity, | 6 512 S12cubemap | 2590 | 548 490
ranging from a relatively low number of primitives up to 560K tri- 2 512 512 paraboloids 716 157 121
angles. The rst oneFacade(see Fig. 10, in the color section), 6 16 16 cubemap 8.8 5.2 4.8
is showing a city street with a small number of textured polygons. 2 16 16 paraboloids 34 2.6 2.4
By varying the level of detail on the houses, we make the polygon | © 512 512hemicube | 1500 | 375 320
count vary from 600 to 4900 triangles. The second cfemple 1 512 512 paraboloid | 375 79 61
(see Fig. 8(a), in the color section), consists of 4K triangles. It is 1 512 512spheremag 433 71 61
our overdraw “worst case”, because it consists of columns, made of | 1 512 512 Lambert 396 80 67
many thin triangles. The third on€haracters(see Fig. 9, in the 5 16 16 hemicube 7.1 4.3 4.0
color section) contains some high-resolution characters on a sim- | 1 16 16 paraboloid 25 19 16

ple background. The last onBatio (see Fig. 8(b) and (c), in the

color section) is a large furnished room, with 560K triangles. It has Table 2: Comparison between hemicutigbe rendering and non-
both large polygons (for the oor, the walls and the roof) and tiny linear projections (in ms)Racadescene, with 1900 triangles).
polygons.e.g.for the leaves of the plants and the furnitures.

5.2 Cost for each step of the algorithm be a limitation for using our algorithm on very large scenes.
Our rst goal is to understand how the GPU is working on our al- ] ) )

gorithm, and to identify the bottlenecks depending on the test scene5.3  Comparison with hemicube/full cube

and the projection. In this section, we are testing a full rendering,

with shadow mapping inside the projection and per-pixel lighting. one of the key uses of non-linear projections is to render a full
We have run our program in several degraded rendering modes, t0yjew of the virtual world,e.g. for environment mapping, for indi-
identify the cost for each step. For example, to measure the costyect lighting or for shadow maps for omnidirectional light sources.
of the geometry shader, we run the program without a geometry por these applications, the other usual method is to compute a
shader, measure the rendering time and compare with the renderyemijcupe, if you need a view of the half-universe, or a full cube
ing time with the geometry shader. We did the same thing with no it yoy need information for all the directions. The drawback is that

fragments output, no lighting computation, no shadow map com- he hemicube requires 5 dérent linear projections, and the full
putation and not texturing the output. We also measured the total o pe. 6.

number of fragments accessed by the algorithm (using occlusion

queries), and compared it with the number of fragments output, t0 \ve have run a comparison between non-linear projections and
measure the amount of overdraw caused by our method. We com-hemjcube or full cube rendering of our test scenes (see Fig. 9 and
pared these timings with the classical GLSL pipeline, with shadow Tapje 2). We computed the hemicubes and full cubes using the
mapping and per-pixel lighting, but with no geometry shader. fastest method (at the time of writing), inside a Frame-&uOb-
V_ject. We can compare either a full cube rendering with two non-
linear projections, or a hemicube with a single non-linear projec-
tion. We have tested computing environment maps (with per-pixel
lighting and shadow mapping), shadow maps (just computing the
depth of the fragment) and coverage maps (just testing whether the
Jragment is covered or not).

Table 3 and Fig. 7 show our results, for our test scenes and for se
eral projection methods One important and expected result is that
the geometry step takes longer for the triangle bounding strategy
than for the quad bounding strategy (approximately twice as long).
This is due to the worst case scenario for the triangle bounding
strategy, which corresponds to four triangles being created, wherea
the quad bounding strategy consistently outputs two triangles. The
time spent in theay-casting step is related to the amount of over-
draw: we have to shoot a ray for each pixel in the bounding shape.
In this step, the triangle bounding strategy outperforms the quad

bounding strategy, because of a smaller amount of overdraw. The X . e
hold for larger scenes, if the rendering becomes geometry-limited,

two sh-eye lenses methods perform very poorly for this particu- A : . - S
lar scene, because of the huge amount of overdraw they generateput it is important in that it shows that non-linear projections are a

Lighting corresponds to the per-pixel lighting: unsurprisngly, itis Practical alternative to hemicube or cube renderings.
more or less constant for all projection methods, including the stan-

dard method with per-pixel lighting. Perhaps the more surprising 54 Qverdraw

result is that theshadow mappingstep takes much longer with the
triangle bounding strategy than with the quad bounding strategy.
We are still investigating this, but we suspect that elongated trian-

les result in frequent cache misses in the shadow map. Finally, the' | )
g g b 4 pixels accesed by our algorithm, for the two bounding methods.

time in thetexturing step is also related to the amount of overdraw, q disol he b . i 4. whil
because we have to transfer the information needed to compute texR€dGreen display the barycentric coordinates computed, while

ture coordinates for each fragment accessed, even if it's going to peblue shows discarded pixels. Several important informations are

discarded. The amount of information transferred is slowing down ViSible in these pictures: rst, for the smaller triangles in each of the
the fragment shader. hi-resolution characters, the triangle bounding method provides an

almost perfect t, resulting in a low percentage of overdraw, 37 %.
In Table 3, the results for our largest test scene Pdit#o) show that Second, the triangle bounding method results in some very elon-
the cost of the geometry step has increased dramatically. This maygated triangles, which has a badeet on caching schemes. Third,
the front-most triangle of the ground has been clipped, and replaced
1A le containing all our results and measurements is also included in by two triangles. Fourth, altough the quad bounding method gener-
the supplemental materials. ates a larger overdraw (107 %), it still runs faster on this scene.

The main result is that the non-linear projections consistently out-
perform the hemicube and the cube rendering. For this test scene, it
seems that the time required to create each projection and view frus-
tum is slowing down the hemicubes rendering. This result may not

As our method encloses the curved projection of each primitive in a
larger one, there is a certain amount of overdraw. Fig. 9 shows the
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covered| rendered| overdraw || vertex | geometry| raycasting| lighting | shadow| texturing || Total | Ratio

(K pix) (K pix) (ms) (ms) (ms) (ms) (ms) (ms) (ms)
GL 249 0% 0.40 - - 0.33 0.06 0.45 1.25 | 100%
ST 308 173 78% 0.41 0.57 0.13 0.34 0.57 0.24 2.25 | 180%
PT 406 197 106% 0.41 0.69 0.16 0.39 0.70 0.17 2.52 | 202%
SQ 897 173 418% 0.41 0.40 0.33 0.44 0.26 0.36 2.20 | 176%
PQ 714 181 294% 0.40 0.36 0.29 0.42 0.22 0.37 2.06 | 165%
Lensl 5089 172 2859% 0.40 0.47 2.55 0.53 0.61 0.65 5.21 | 417%
Lens2 5006 172 2810% 0.40 0.44 2.00 0.79 0.49 0.62 4,74 | 379%
600 702 181 288% 0.39 0.16 0.26 0.44 0.17 0.13 1.55 | 128%
2800 714 181 294% 0.40 0.36 0.29 0.42 0.22 0.37 2.06 | 165%
4900 786 182 332% 0.45 0.52 0.29 0.43 0.27 0.49 2.44 | 185%
Temple PQ| 1950 250 680% 0.17 0.33 0.77 0.63 0.42 0.57 2.88 | 461%
Patio PQ 1271 335 279% 7.55 31.47 0.86 0.24 5.93 38.28 79.85 | 600%

Table 3: Rendering times for our algorithm, with the cost of theadent steps. The rst 7 lines are for the Facade scene (2800 triangles),
for several projection method$5L (standard GLSL rendering with per pixel lightindx is Spherical mapPx is Parabola map; X uses
triangles enclosing shape; whil&xuses quad bounding box. The next three lines are for Facade wighegit scene complexity for the PQ
algorithm. The last two lines are for larger scenes.

6 Conclusion and Future Directions Graphics InternationalSpringer, 397—408.

In this paper, we have presented a robust algorithm for handling Fournier, G. |20|05' Cacht_afs rtnplzlplest_fe;cal'r,tels progrartmr:agleis
speci ¢ non-linear projections inside the graphics pipeline. Our g?]lgtlﬁgsﬁ Cljjni\%?iel_ssc;nel interactit de Teclarement globa
algorithm works both for direct display of the non-linear projection, ! Y )

e.g. a sh-eye lens inside a video game, or for indirect uss. Heidrich, W., and Seidel, H.-P. 1998. View-independent environ-
when rendering a shadow map with a paraboloid projection. ment maps. IiGraphics Hardware '98

As with previous work, we start by bouding the projection of each Hou, X., Wei, L.-Y., Shum H.-Y., and Guo, B. 2006. Real-time
shape, then discard extra fragments inside the bounding shape. Our multi-perspective rendering on graphics hardwareRémdering
contributions are twofold. First: two derent methods for bound- Techniques 2006: Eurographics Symposium on Rendering
ing the non-linear projections, one based on triangles that is opti-
mal in fragments but requires more work in the geometry engine,
the other based on quads that is optimal for the geometry engine X h . f
but can causes moreqoverdraw. SecF())nd: a mathen%atical a)r/1alygis of Techniques 2004: Eurographics Symposium on Rendering 2004
several non-linear projection methods, where we show that some 179-184.

of them have simple expressions, and thus lend themselves to easy ymler, J. J.,andBauer, M. L. 2000. Fish-eye lens designs and
bounding through geometric tools. their relative performance. iBurrent Developments in Lens De-
Although non-linear projections are slower than linear projections, sign and Optical Systems Engineeri®PIE, 360-369.

the extra cost is manageable. As a single non-linear projection canaine S., Qransaari, H., Kontkanen J., Lehtinen J., andAila,
replace up to ve linear projections (in a hemicube), itcan evenbe  T. 2007. Incremental instant radiosity for real-time indirect il-

Kautz, J., Lehtinen J.,and Aila, T. 2004. Hemispherical ras-
terization for self-shadowing of dynamic objects. Rendering

a practical alternative, both for rendering time and memory cost. lumination. InRendering Techniques 2007 (Proceedings of the
Eurographics Symposium on Renderirjj7—286.
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@ ;I'empletest: lscgne (‘.”( tt.ri- (b) Patio test scene (560K tri- (b) Patio test scene (560K
angles, _parabolold projection, angles, paraboloid projection, triangles, spherical projection,
6 ms). The columns generates a 108 ms) 112 ms)

lot of overdraw.

Figure 8: TempleandPatiotest scenes.

(b) Paraboloid projection (used (c) Triangle bounding: (d) Quad bounding:

(a) Linear projection. for the environment map). 37 % overdraw, 107 ms. 107 % overdraw, 63 ms.

Figure 9: The overdraw generated dharactersest scene (177 K triangles), with the paraboloid projection.

(b) Hemicube view, 512+ 4 (512 (c) Paraboloid projection, 5%2 pixels,

(a) Linear projection. 256) pixels, 1.5's. 0.37s,

Figure 10: TheFacadeéest scene, with hemicube and paraboloid projection (1400 triangles).



