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ABSTRACT these programmable shaders has permeated nearly every applica-

The solid map provides a view-independent method for solid tex- tion of high quality rendering, and eIevated_Rgnderman to an in-
turing using an ordinary 2-D surface texture map. The solid map dustry standard for procedural shader description.

transforms a model’s polygons into 2-D texture space without over- Because procedural textures trade computational power for storage
lap. It then rasterizes the polygons in this space, interpolating the space, they have been used extensively in parallel graphics systems
solid texture coordinates across the pixels of the polygon. TheseWhose numerous processors have little internal memory storage.
stored solid texture coordinates are then read by a texture synthesid20] used a Pixel Machine to render models generated by marching
procedure, which generates a color that is stored at the correspondrays through solid procedural textures. [22] implemented procedu-
ing location in the texture map. This texture map when applied ral solid textures on the PixelPlanes parallel image computer, and
to the model’s polygons yields a procedural solid texturing of the [16] developed this into a fully programmable shading system on
model. PixelFlow. However, even fifteen years after its publication, proce-
Artifacts of this method include coverage, sampling, distortion and dural solid texturing has yet to find a real-time implementation in
seams. Four algorithms for mapping polygons into texture space consumer graphics systems, though there have been several recent
without overlap are presented and compared across these artifacts¢alls for it [21; 6].

Applications of the solid map are also presented, including solid Current graphics libraries support solid texturing with the manage-
texturing deformed objects, real time procedural solid texturing, ment of three (or more) texture coordinates, and provide the storage
procedural solid texturing in OpenGL and storing solid textures in of 3-D texture volumes. While modern computers have enough

model description files. memory to store such textures, storage of a 3-D array of texture
colors remains a highly inefficient use of resources since only 2-
1. INTRODUCTION D slices of the texture will appear on the surface polygons. Hence,

Solid texturing [17; 19] is now a well known and often used tool the main roadblock to procedural shading hardware is specification,
! namely extending existing standards to include procedures, and de-

in computer graphics. Solid texturing uses three space coordinates ining h . d ficientl hics AP|
instead of two surface coordinates, removing the need to navigate alermining how to specify a procedure efficiently to a graphics )

surface in order to texture it. It also accurately simulates the sculpt- [8] based a hardware design around a single function capable of
ing of a shape out of a solid substance, such that the features of thegenerating several of the most popular procedural solid textures,
solid appear on the shape’s surface. Solid texturing also providessuch that an extended version of OpenGL could specify a pro-
a simple and direct method for aligning texture features across thecedural texture as a set of parameters to this function. [18] de-
seams at edges, mesh boundaries and intersection curves. scribed a compiler that translates Renderman shading procedures
Solid texturing was necessarily invented in conjunction with pro- into OpenGL source code. The technique is based on costly mul-
cedural texturing, for at the time the concept of storing a 3-D array tipass rendering, and required the extension of the precision of
of texture colors was prohibitively expensive. The use of programs OpenGL's framebuffers. [12] proposed extending OpenGL with
to generate the texture colors given three space coordinates as #ogrammable blending operations to allow it to generate the high
parameter overcame the limitations of memory storage at the ex- quality multipass images using a single blended multitexturing ren-
pense of additional computation time. Compared to stored image dering pass.

textures, procedural textures provide a seemingly infinite amount Rather than depending on an API extension for solid texturing, we
of non-repeating texture across space, and allow higher resolutioninstead rely on a new technique for implementing real-time proce-
textures with more intricate detail. dural solid texturing using the surface texture mapping capabilities
Conversely, many procedural textures, such as those based on thexisting in current graphics API's. The technique uses a data struc-
Perlin noise function, work well with any set of texture coordinates ture we will call thesolid map.Whereas the texture map contains
so long as they vary consistently across the surface. Using solidcolors indexed by two dimensional surface texture coordinates, the
texture coordinates based on the model coordinate system savesolid map contains solid texture coordinates indexed by these same
the user from the burden of surface parameterization to obtain two- two-dimensional surface texture coordinates. Unlike the texture
dimensional surface texturing. map, the solid map uses the 2-d texture coordinates to rasterize
Procedural solid texturing is a central component of the Render- each of the object’s polygons into a unique area of the solid map.
man shading language [7]. An entire high-level little language was This rasterization interpolates the solid texture coordinates across
developed to facilitate the simplified codingsifadersprocedures the polygon in the solid map. The solid texture coordinates in the
invoked during the rendering of a model. The flexibility offered by solid map may then be used as the input to a procedural texture that



generates a corresponding texture map. This texture map, when ap-
plied back onto the model's polygons using standard texture map-
ping, yields a procedural solid texture as shown in Figure 1.
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Figure 3: Model (center), solid texture (left) and surface texture
(right) coordinate spaces.

model’s existing surface texture map coordinates. Prompted by its
recent popularity, this paper documents and describes the solid map
method, and proposes and compares several algorithms to automat-
ically generate surface texture coordinates for use with solid map-
ping.

Section 2 of this paper describes the solid map in detail, using a
. . . . . notation to more rigorously trace the cause of the aliasing artifacts
In addition to real-time progedural solid texturlpg, the solid map it can generate. Section 3 describes four attributes of the solid map-
als_o supports the deformatl_ons of sculpted ObleCtS_' When a realping method and the kind of display artifacts they can cause. Sec-
object deforms, even an object sculpted from a solid, the features ;"4 hresents four different algorithms for laying out an object's
of thg texture on the sur_face d_efor_ms with the sgrface. The te_xture polygons into texture memory and compares them based on the
certainly does not remain static with respect to its own coordinate j s s they generate. Section 5 concludes with recommendations

system as if the deformed Obj(_:"Ct were rescglpted_from the SaMe4qy selecting the appropriate solid mapping technique, describes the
material. [2.6] atte_mpted aSOI.Ut'Or.] \_Nhen they |nvc_=st|gated m.e.thOdSimpIementation of solid mapping in OpenGL, and proposes ideas
for deforming solid textured implicit surfaces using an auxilliary for future work on antialiasing.

coordinate system that deformed with the object. The solid map
allows the features of the solid texture to adhere to the surface,
instead of having the surface "swim” through the material it was 2. THE SOLID MAP

sculpted from, as shown in Figure 2. We will use two simultaneous texture coordinates. The two-dimensional

surfacetexture coordinates = (u, v) and the three-dimensional

solid texture coordinates = (s, t,r). Letx be the coordinates of

a point on a given triangle imodelcoordinates. We will denote

the 2-D surface texture coordinates of this poinudg) and the

3-D solid texture coordinates of this point agx). We will also

denote the coloe = (R, G, B) and the color of a poink on the

surface ag(x). (Following a convention commonly used in para-

metric curves and surfaces research papers, we are using the same

letter for a coordinate and a map that yields that coordinate. We

will attempt to avoid ambiguous cases by appending parentligses

to the letter when it denotes a map.)

Letp : s — c synthesize a procedural solid texture, mapping solid

texture coordinates to a colorc. LetT : u — c be a 2-D texture

map that returns a colergiven surface texture coordinatasFig-

ure 3 pictorially differentiates the two different texture coordinates

and how they are evaluated.

Figure 2: A piece of wood (left) warped by having the solid tex- We use capital letters to denote maps that are implemented with a

ture adhere to the surface (center) versus a warped piece swimmingookup table, such as the texture niEpWe will use the« opera-

through the solid texture (right). tor to denote assignment to this table. For example, the framebuffer
C : (zs,ys) — cis amapping from screen coordinates, ys) to

The solid map is already finding use in mainstream computer graph-a colorc. The frame buffer is implemented as a table, and assign-

ics. [1] described briefly an implementation in Renderman of a ment of an element into this table at index,, y, is denoted as

technique similar to the solid map to store solid textures (and even C(zs, ys) < c.

shading information) using a reference mesh on a view-perpendicule®ince the driving application for this research is real-time procedu-

plane filling the screen to generate a texture map that could be ap-ral solid texturing, we assume a forward “polygon-to-pixels” graph-

plied to a deformed version of the object or even a different ob- ics pipeline. The bulk of the graphics pipeline can be considered

ject altogether. A version of the solid map was also implemented a general projection, which we will denotg that maps vertices

as a tool in AliagWavefront's PowerAnimator [3] and Maya [24]  from 3-D model coordinates to 2-D screen coordinates. Rasteriza-

to generate texture maps of procedural solid textures based on theion takes these screen coordinate vertices and fills in the polygon

Figure 1: A wood-sculpted teapot (front) rendered using a 2-D sur-
face texture map (back) generated from a solid map.




they describe using linear interpolation. Rasterization also linearly Like deferred shading, the solid map implements procedural solid
interpolates other attributes in addition to screen coordinates. It will texturing in multiple phases. In the first phase, the solid map is
be useful for the analysis of the aliasing artifacts to know exactly similarly

when attributes are interpolated across a polygon, as this signals

when continuous functions are discretely sampled. We will indi- S(lerp(u(x))) = lerp(s(x)). ®)

cate that such an interpolat.ion ha_s occured by raste_rization With £5ch polygon is rasterized into the solid mgjusing its surface

the operatoterp(). Hencex is a point on the polygon in model-  teytyre coordinatesi(x). The data it places in the solid map (the
coordinates,r(x) is the screen coordinate corresponding to that gata that gets interpolated across the face of the rasterized poly-
point andlerp(7(x)) reminds us that the coordinates of that pixel gon) is the solid texture coordinatetx). Note that the solid map
were interpolated from the screen coordinates of the polygon's ver- g ., , s is the same resolution as the texture map whereas the

tices. Our goal is to determine an expression for the color of these geferred shading maﬁi : (zs,ys) — s was the same resolution as
pixels and store it in the frame buffét(lerp(w(x))). the display. ’

Standard texture mapping is expressed in this notation as

C(lerp(m(x))) < T (lerp(u(x))). @)

In other words, the color of each pixel in the polygon’s projection
mw(x) is given by the pixel in the texture mépat the coordinate
corresponding to the surface posat

The solid texture coordinates are converted into texture colors in
the second phase by the assignment
T'(u) « p(S(u)). (6)

The color of each pixel in the texture mdpat surface texture co-
ordinatesu is synthesized by the procedural textgren the solid

The notation now gives us an indication of potential aliasing. The texture coordinates in the solid ma&plocated at the same texure
aliasing artifacts introduced by standard texture mapping occur whemroordinatesi.

the sampling rate of the lerp on the LHS of (1) (the resolution of the The texture maff now contains a surface texture that when mapped
polygon’s screen projection) disagrees with the sampling rate of the by the third phase onto the polygons using (1) corresponds to the
lerp on the RHS (the texture’s resolution). Methods for resampling procedural solid texture generated by (2).

the texture map based on the MIP map [25] or the summed-areaBecause the solid map equations (5) and (6) resemble the deffered
table [5] fix this problem by adjusting the lerp sampling density on shading equations (3) and (4), this solid map could be considered
the RHS of (1). deferred shading in the texture map instead of the display. How-
Standard procedural solid texturing is implemented as ever, the benefit of deferred shading is that it reduces the shad-

ing depth complexity to one; only the visible parts of polygons are
C(lerp(m(x))) = p(lerp(s(x))). @)

shaded. The solid map contains all of the model’s polygons without
In this case, the solid texture coordinates stored at each vertex areoverlap,

so every polygon is is “visible” in the solid map and needs
interpolated across the pixels of the polygon’s projection, and a pro- to b_e textured, regard.less of whe_ther It IS V'S,'ble n the display.
cedure is called for each pixel to synthesize the color of that pixel. UNike deferred shading, the solid map is view independent. The

This was the basic texturing technique for a variety of procedural triangl_es are rasterized and the procedural texture is rendered onto
texturing renderers [7; 8]. them in the tgxture buffer only once. The su_rface texture map-
Aliasing from procedural solid texturing occurs when the sampling ping of_the solid map can occur any number of times from arbitrary
rate of the lerp in the LHS of (2) (again the resolution of the poly- viewpoints. i . .

gon’s projection) disagrees with the sampling rate of the RHS (the The real benef_lt of the solid map instead comes from the fact that_
resolution of the polygon sampling the solid texture). Existing the procedure is executed as a second pass, independent of the dis-

methods for antialiasing procedural solid textures include bandlim- play rgsterization of the model. This allows a graphk_:s process to
iting [15] and a gradient magnitude technique [22] which modify rasterize polygons and a host processor to synthesize the texture

the texture procedurp to only generate signals properly sampled for them. By separating rasterization from texture synethlsls, this
by the coordinates discretized by the lerp. procedural solid texturing technique can be implemented in mod-

Deferred shading [14] implements procedural solid texturing in two em plpellnec_i graphics AP.' S: su_ch as OpenGL. We also expect the
i solid map will support antialiasing of the solid texture better than
phases. In the first phase .
deferred shading could.

?) The aliasing artifacts introduced by this method occur when the

sampling rate of the lerp in the LHS of (5) (the surface texture co-
such that the solid texture coordinates are stored in a$hahich ordinates) disagrees with the sampling rate of the RHS (the solid
is the same resolution as the display. Once all of the polygons havetexture coordinates). We find that_ this aliasing is entirely governed
been scan converted, the second phase makes a single shading paB¥ the mapu(), called the u-map, in the LHS of (5).
through every pixel in the frame buffer

Claays) = p(S(re,32) @ 3 THEU-MAP | |

Surface texture mapping uses texture coordinates assigned to poly-
replacing the color with the results of the procedure applied to the gon vertices to define themapu : x + u. If the u-map is one-
stored solid texture coordinates. to-one, then its inverse : u — x parameterizes the surface. The
This representation reveals a shortcoming of deferred shading. An-u-map takes points from the surface into a texture map, which then
tialiasing is diffficult for deferred shading systems since the proce- assigns a color to the point based on its location in the texture map.
dural texture is generated in a separate step of the algorithm thanTypical u-maps are constructed for texture mapping by discretely
the step where the samples have been recorded from the lerp. Unassigning texture coordinates to vertices on the model, and making
less a significant amount of auxilliary information is also recorded, this map continuous by interpolating the texture coordinates across
previous procedural texturing antialiasing algorithms do not apply the faces of the polygons. This interpolation provides an associa-
to deferred shading. tion of texture coordinatea with model coordinates.

S(lerp(w(x))) « lerp(s(x))



Texture mapping does not require the u-map to be 1-1. However, 3.3  Distortion

this is required for the u-map used for solid mapping. The standard texture mapping practice of assigning two-dimensional
In addition to being 1-1, there are several other features of the coordinates to vertices of a three-dimensional model can easily in-
u-map that can reduce the aliasing artifacts sometimes producedroduce distortions in the induced u-map. A distorted surface tex-
by the solid mapping technique. These features of the u-map onturing will not directly distort the solid texturing generated by the

a model’s polygons are the efficiency of the covering of texture solid map. The poink on the surface will still have the same solid
space, scaling, distortion and the number of new boundary edges ittexture coordinates generateddgy regardless of the u-map. How-

introduces, which we call “seams.” ever, differences between neighboring polygons in the resolution of
the solid texture, and its “grain” due to the axes of the texture map,
3.1 Coverage will still be visible. Hence, the u-map used for implementing the

The solid map method depends on the resolution of the solidgnap ~ SOlid map should likewise avoid distortion. _

and the texture map used to sample the solid texture. The u-map Research in non-distorted texture mapping fixes this problem by
is 1-1, placing all of the model's polygons into a rectangle of this assigning texture coordinates such that the resulting u-map is as
resolution without overlap. Theoveragec of the u-map is how  close to similarity as possible, consisting, at least locally, of lit-
effectively the u-map covers the solid map/texure map, utilizing as tle else than rotations, translations and uniform scales. [10], [2],

many pixels in the solid map/texture map as possible, and thereforetextcitemaillot93 and more recently [9] devised global optimization
sampling the solid texture as much as possible. methods that assigned texture coordinates that minimized a distor-

dion metric whereas others such as [23] instead reduced distortion

We measure the u-map coverage as the percentage of the soli ) ) ;
by flattening the polygons onto a cube surrounding the object.

map/texture map that are covered by the images ofitheoly-

gons under the u-map We assume the u-map is locally affine in that it affinely maps model
coordinate triangles into surface texture coordinate triangles, but

M that this affine transformation can be different for each triangle.
c= Z A(ugy,u4,,u45) () For the sake of simplicity, assume also that we have already rotated
i=1 and translated the model coordinate triangle from model space into

the plane of the surface texture space triangle. Ther Ibe the
2 x 2 transformation matrix that represents the linear part of the
rest of the u-map. Note that the linear transformatibeontains

. any distortion components of the u-map for the current triangle.
3.2 Relative Scale The first fundamental form [4] of a linear transformatidns given
Whereas the coverage measures how well the entire u-map utilizeshpy 7 = 4A” — Id whereld is the2 x 2 identity matrix. The first
texture samples, the relative scale indicates how well the u-map uti- fundamental form has been used as a distortion metric for optimiza-
lizes samples locally, per polygon. The solid map can vary widely tjon in non-distorted texture mapping [11]. We will instead use it
from polygon to polygon so the relative scale need not be necessarg measure distortion in the u-map.
ily correlated with the coverage of the u-map. Since the relative scale has already been isolated, we need to factor
We measure the relative scale as the relative change in size betweeniform scales out of the distortion measure. We first label the
the model coordinate polygon and its image under the u-map in sur- elements ofAA” as
face texture coordinates. There are several methods for measuring
the change in size due to a map. The Lispchitz constant of a map AAT = [ a b ] . (10)
finds the closest the map brings any two points relative to their orig- c d
inal distance apart. However, measuring the most severe COMPresy 14 assume without loss of generality thatc d and recall that
sion of a u-map does not seem to be a fair indication of the average, _ . \we then define
number of samples it supports within a given triangle, especially
when the u-map compresses the triangle more in one direction than d
another. stretch = \/j -1
We choose instead to measure the relative scale for a single triangle . .
as the square root of the ratio of the triangle’s area before and after®S the percentage the u-map sretches one coordinate with respect

the u-map is applied, as to the other, and

where A() returns the area of a triangle. We assume the solid
map/texture map is a unit square in surface texture coordinates.

(€]

shear = +/|b| (12)
1 _ Augy, uiy, uiy) 8 . .
scale(Xi, , Xiy, Xig) = A% % %) ® as the percentage that the u-map shears one coordinate into the
(le ? X7'2 ’ ng)
other.
We average the relative scale for all the triangles as
9 g 3.4 Seams
scale = 1 Z scale(t) 9) The u-map used for the solid map is in general different than the
M ter u-map for standard texture mapping. The u-map for standard tex-
_ _ ture mapping is usually continuous, such that a connected texture
v_vheret denotes a triangle arifl denotes ad/ element triangula- maps to a connected mesh of polygons. The u-map for solid map-
tion of the model. ping on the other hand does not necessarily need to be continu-

Since the scale of model coordinates is not related to the scale ofous. Allowing the u-map to be discontinuous changes the optimiza-
texture coordinates, and polygons are not rasterized in model coor-tion problem from a distortion metric minimization problem into a
dinates, the relative scale is not an absolute measure of the u-mappacking problem. Packing can even permit a distortion free u-map.
and only useful for the comparison of different u-maps from the However, such packing-style u-maps introduce a new artifact called
same model into the same texture space. “seams.”



Seamare pixels in the texture buffer covered by the image of more 4.1  Simple Mesh

than one triangle. If the texture for these two triangles is differ- Thesimple meshi-map rasterizes the model’s triangles into texture
ent, then the texture of the pixels on the edge of one triangle can memory as an axis-aligned mesh of uniformly-shaped right trian-
overflow into the other during texture mapping. gles. The simple mesh packing is illustrated in Figure 5. Ideally the
The rules of polygon scan conversion are designed with the goal horizontal triangle strips of the packing will match the topology of

of plotting each pixel in a local polygonal mesh neighborhood only triangle strips in the model.

once. Missing pixels can result in holes or even cracks in the mesh,
whereas plotting the same pixel twice (once for each of two dif-

ferent polygons) can cause pixel flashing as neighboring polygons
battle for ownership of the pixel on their border.

[
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Figure 5: Simple (left) and area-approximating mesh packing of
@) (b) (© (d) triangles.

Figure 4: Seam artifacts in red (a) and (b) corrected by overscan-

ning () and (d). This technique uses the integeto set the adjacent length of the

right triangles, and should be set to

The rules of rasterization do not serve the solid map well, because a=|v2HV/n] (14)

the polygons rasterized in the solid map do not necessarily share the, mayimize the size of triangles in order to efficiently use of the
same mesh topology as they do in model coordinates. Neighboring ey ,re buffer space available.
polygons in the solid map may not be neighboring polygons in the » shortcoming of the simple mesh is that it distributes samples un-

model, and pixels along their bounda_ry Wi|'| ha_ve to decide which evenly, such that large model polygons will get the same number of
polygon they belong to (e.g. the red pixels in Figure 4 (a) and (). tayiure samples as small model polygons.
When the solid map texture is mapped onto the polygon, some of

these boundary pixels may be colored from a completely different 4.2~ Area Approximating

location in solid texture space. The area approximatingy-map is similar to the mesh u-map, but
Furthermore, some polygons rasterized in the solid map might not with a goal to distribute the texture samples more equitably. The
share an edge with any other polygon. Pixels on this edge of this model’s triangles are first sorted by non-increasing area. Then the
polygon might not be covered by the rasterization, and instead of mesh is constructed in horizontal strips, but the scale factmed

the procedural texture, the texture map’s initial (background) color for each strip is set such that the area of the first triangle in each
may be mapped onto the corresponding edge when the model isstrip more closely corresponds to the area of its model-coordinate
displayed (e.g. the white pixels in Figure 4). counterpart. This area approximating sampling is illustrated in Fig-
Seams can be eliminated by overscanning each polygon, ensuringire 5.

that every pixel that covers even a portion of the polygon contains a The problem with packing arbitrarily-shaped triangles into right-
color specific to that polygon. This can be understandably wasteful triangle meshes is that it distorts the shape of the polygon.

and decreases the coverage of the u-map. In Figure 4 (c) and (d),4 3 Polyhedral Projection

we surrounded the second triangle by a one pixel buffer zone, andTh hedral L is designed d di .
rasterized it such that every pixel covered by any portion of the . € polyhedra prOJectlo_ru-map IS gesigne to reduce distortion
in the polygon shape while maintaining a reasonable amount of the

triangle will still have that triangle’s attributes. original mesh topology. The technique projects the model polygons
Seams can also be reduced if the u-map at least partially preserves 9 pology. que proj Polyg

the mesh topology. This can be accomplish by cutting the mesh onto a plane. To reduce the distortion of projection, the projection

at a small number of polvaon edaes. and spreading out sectionsca! 2CCUr on any one of a set of planes of different orientations.
. polyg ges, P 9 .“The 3D object is first segmented into large areas based on the nor-
of polygons in patches. Since the patches are usually not flat, this

) . . mal at each triangle. Every triangle is projected onto the plane clos-
increases the distortion of the u-map. I ST S
est to parallel with it. The sphere in Figure 6 shows this first step.
We measure seams as the length of boundary edges (edges nqt 5 gingle piece self overlaps, additional cuts are added to split the
shared by two polygons) in surface texture space area into smaller pieces. This is the case in the spiral object showed
. o in figure 7.
seam = Z{”ui —wl|,<i,j>€T,<ji>¢T} (13) Every connected piece is then moved in the texture plane to avoid
overlaps. Currently a simple rectangle packing algorithm, using the
texture space bounding boxes, is used.
This method allows a simple control of the overall distortion due to
the mapping function. Every triangle is mapped through a planar
projection.

4. SOLID MAPPING ALGORITHMS The first fundamental form [4] written in the appropriate basis only

depends on the angle between the triangle and the projection
Given the possible artifacts of coverage, relative scale, distortion plane

and seams, several u-map algorithms can be devised to spread out
the model’s surface onto the solid m&pThese algorithms assume 7= < 1 02 ) , (15)
the model is constructed from triangles. 0 s

where< 1,5 > indicates the edge from vertéxto vertexyj, and
assuming triangle vertices ifi are consistently ordered clockwise
or counterclockwise.



Polyhedron| Min. s | Ave. s | Worst | Ave.
Tetra.| 0.333| 0.665| 89% | 56%
Prism| 0.449| 0.731| 80% | 47%
Cube| 0.577| 0.793| 67% | 37%
Octa.| 0.577| 0.893| 67% | 20%

Dodeca.| 0.795| 0.914| 37% | 16%
Icosa.| 0.801| 0.945| 36% | 10%

Figure 9: Polyhedral projection distortion for a tesselated sphere
model.

packing.

While there have been some studies of equilateral triangle packing,
very little work has been performed on the packing of gersrat
lenetriangles. The packing of triangles (and many other shapes)
is an NP-complete problem, and judging by the small amount of
literature, approximate solutions do not appear to be very interest-
ing theoretically. The driving application for packing of general
shapes is the textile industry, which seeks to optimize the use of
fabric for manufacturing clothing. For example, [13] uses a global
— optimization technique to find a locally optimal oriented packing

T,
["’ .-"} 1.I f’g_/ of complex and possibly concave polygons.
i

Figure 6: Projection of mesh polygons onto similarly oriented
planes.

Hence, we propose the followingcalene triangle packinglgo-

rithm as a u-map that maintains triangle shape. The algorithm is a
sub-optimal first-fit strip pack, similar to the area preserving pack-
Figure 7: Cutting a self-overlapping object. ing in Section 4.2. Such algorithms are relatively fast, requiring an
O(nlogn) sort of the items by decreasing size, but otherwise oper-
ate in seveal linear passes through the data. This complexity makes

wheres = cos(a). The deformation value is thefiZ — I|| = the proposed algorithm well suited for the large polygon datasets
1 —s? = sin(a)? used in computer graphics models. Figure 10 overviews the steps

Even though any projection set could be used, we found that in Of the algorithm. Except for the sort in step 3, each step performs a
practice projecting onto the faces of a simple polyhedron gives a linear pass through the triangle data.

good result. The Platonic solids (tetrahedron, cube, octahedron
and dodecahedron, icosahedron) provide uniformly sampled ori-
entations. We found that there is a large performance gap between
the tetrahedron and the cube, and so investigated five-sided non-
regular polyhedra as well. We found the best orientation covering
with 5 planes is achieved using an equilateral triangle based cylin-
der, which we will call gprism,as shown in Figure 8.

. Rotate triangles into a single shared plane.

. Orient longest side of triangles onto x-axis.

. Sort triangles by non-increasing altitude.

. Flip every other triangle vertically about midpoint.
. Pack triangles horizontally along x-axis.

. Group triangles into equal length sections.

. Invert every other group of triangles.

. Stack triangle groups vertically.

O~NOO O WNPE

Figure 10: Scalene triangle packing algorithm.

Figure 8: The five sided prism used as an intermediate between the
tetrahedron and the cube.

The deformation values in Figure 9 were computed using a sphere
tessellated into very small triangles, which is a good sample model
representative for most 3D objects because its polygons uniformly ~ Figure 11: Step 1. Triangles are rotated into the same plane.
span a discrete subset of all orientations.

Figure 9 shows that there is no need to have more than 12 pro-Figure 11 shows the first step of the algorithm, which applies in-
jection planes. The 20 plane projection based on the icosahedrondividual rigid body transformations to the triangles to make them
introduces a lot more seams without a real noticeable improvementall coplanar. This transformation first rotates the polygon’s normal

of the distortion. to be perpendicular to the reference plane, and translates along this
. . rotated normal to place the polygon in this plane.
4.4 Scalene Triangle Packing The second step rotates each triangle in the reference plane such

In order to avoid any distortion, a mapping technique that maintains that its longest edge is horizontal, and the third vertex is above the
the shape of the triangles is needed. This is equivalent to trianglethe x-axis. In this position, it is convenient to label the vertices



left, right and top. It is also convenient to translate the triangle
such that the left vertex is at the origin. Note that any triangle in
this canonical position can be described by three real values: the
x coordinate of the right vertex and theandy coordinates of the

top vertex. Note also that the coordinate of the top vertex is
necessarily between thecoordinates of the left and right vertices,

for if not, then the base of the triangle would not be the longest :
edge. =
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Figure 12: Step 2 rotates and translates triangles in the plane to AvAa =, A TS e AT s
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pl_ace their longest e_dge qlong the x-axis, and Step 3 sorts these %@%@%&%@%%A
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The third step sorts the polygons by non-increasing altitude. Note <R AAA T ANTOLTIGENDOLTIRS
PACAXAGS AV AN/ AVANVAVASNVAN A,

that the altitude is given by thgcoordinate of the top vertex. The A

triangles are now as shown in Figure 12,

The fourth step flips every other triangle vertically, so the fifth step
can pack these triangles horizontally. The alternating orientiations
of the triangles form a toothed pattern of decreasing altitude, as

shown in Figure 13. Note that the triangles lined up this way Sug- gjes toward the top of the packing are very small, or at least have
gest the shape of a bounding quadrilateral, a truncated right t“an'very low altitudes. In any case, they will likely not rasterize. The
gle. packing algorithm preserves the relative size and shape of the poly-
gons so these are the smallest polygons and may be inconsequen-
tial. However, if they are grouped together, say at an area of high
curvature or roughness in the surface, they collectively can form a
sizable section of the surface.

Furthermore, the solid map is view independent, so the shapes and
sizes of the polygons match the model coordinates and not the
screen coordinate. A smaller polygon in model coordinates could

Figure 13: Step 4 alternates triangles into a toothed pattern so that2PPear larger than the rest of the polygons depending on perspec-

o . tive and the viewpoint.
Step 5 can translate them left along the x-axis into a tightly packed . _— . .
conf‘)iguration. ¢ gntyp We depend on the alteration of rasterization rules described in Sec-

tion 3.4 to ensure that large collections of small polygons get ras-
derized appropriately in the packed solid map.

Figure 15: 7,232 triangles packed into a square solid map.

This truncated triangle shape can be packed into a square of th

same area as shown in Figure 14, by slicing the quadrilateral into 4.5 Results and Discussion

segments equal to the width of the square, rotating every other seg- . -
ment180° and stacking the segments vertically. Hence, the fifth ane %ertforrr:eq expetrlmerr:ts gnd gatr:(ered Stat's_lt_'ﬁs ﬁn tZe dretsultf for
step of the algorithm transforms the triangles bound by each seg- 0 datasets. a cartoon head and a kangaroo. 1he héad dataset con-

: . : : -1 tains 3,633 vertices and 7,232 faces. The kangaroo dataset contains
ment of this quadrilateral into the square. Note that triangles will y ) ; .
inevitably intersect the slicing lines of the quadrilateral, and this 23,556 vertices and 45,784 faces. The Performance of the solid

discretization is such that the packing of triangles is not as efficient mapping algorithms are compared in Figure 16.
as packing the quadrilateral segments.

Method | Cover | Scale | Stretch [ Shear [ Comps. | Seam (# edges)
Head Dataset

Simple 100% 183% 51% 3% 7,232 396.82 (21,696)
Area 100% 121% 51% 2% 7,232 333.46 (21,696)

Tetra. 33% 69% 24% 33% 50 14.47 (1,644)

Prism 26% 61% 19% 30% 59 15.06 (1,852)

— Cube 29% 65% 12% 28% 79 17.45 (1,954)

r\lﬁ\r\l Oct. 24% | 60% | 11% | 26% 121 19.12 (2,336)

Dodeca. 24% 60% 6% 21% 154 23.86 (2,828)
Scalene 72% 100% 0% 0% 7,232 372.05 (21,696)

. . Kangaroo Dataset

Figure 14: Steps 5, 6 and 7. Triangles are bounded by a truncated Simple | 100% | 289% | 164% | 41% | 45784 | 956.17 (137,352)
H H H H H Area 100% 201% 165% 28% 45,784 779.51 (137,352,
triangle, which is sliced and packed into a square. Tetra. 18% | sas | 2596 | 19 P 28,98 (13'610))

Prism 20% 56% 16% 0% 307 32.57 (14,624)

. . i i L ) Cube 24% 61% 11% 0% 369 38.97 (15,956)

The trickiest part of the implementation is predicting the size of Octa. | 27% | 68% | 11% | 1% | 555 | 5514(20576)

. . . . Dodeca. 18% 54% 6% 0% 628 54.60 (22,636)
slices of the quadrilateral. The area of the triangles is well less Scalene | 65% | 100% | 0% 0% | 45784 | 983.26(137.352)

than the area of the square they are packed into. We have found

empirically that increasing the square root of the total area of the  Figure 16: Solid mapping algorithm performance statistics.
triangles by 20% yields a packing whose width approximates the

eventual height of the stack of toothed strips. Thecoverwas measured according to the percentage of the texture
The scalene triangle packing is shown in Figure 15, as resulting space the output of the u-map covered. The scale was measured
from the “head” dataset described in the next section. The trian- relative to the distortionless scale of the scalene packing result. Re-



call that larger scales correspond to better sampling. The stretchwith the implementation of a more advanced general polygon pack-
and shear factors are distortion metrics that affect only the “grain” ing algorithm, such as the one described by [13].

of the aliasing of the solid texture, and are both ideally 0%. The While the scalene triangle packing method is the best choice to
components is the number of connected mesh components placedwvoid distortion, and packs texture memory more efficiently than
in texture space. The seam column measures the length of seamshe projection methods, its disregard for mesh topology results in
in u coordinate lengths, and also counts the number of edges in thenumerous seams. These seams are more obvious than the seams
seam as well. resulting from the simple and area approximating meshes because
The simple mesh provides the most efficient use of texture memory, the scalene packing seams bound the packed polygons against the
ensuring that every pixel in the texture map is used. According to texture’s initial (background) color which creates a more noticable
the relative scaling, the simple mesh also provides more samples orartifact than the color of other similarly textured polygons.

average per triangle. The subtle mismatched sampling due to high

distortion rates can be detected in Figure 17 (left). 5. CONCLUSION

The area approximating mesh should do a better job of distributing We have shown how procedural solid texturing can be constructed
more samples to larger polygons, but according to the disappoint- using standard texture mapping functionality. We have also de-
ing relative scale and distortion statistics this does not appear to bescribed and measured several algorithms for implementing the u-
happening. This is likely do to the fact that all triangles in each row map to transform model polygons into the texture map without
are still equally sized. Nonetheless, the larger triangles in Figure 17 overlap.

(center) are better sampled than for the simple-mesh case. We note that unlike surface texture coordinates, solid texture co-
ordinates are not uniformly implemented by graphic file formats.
Using surface texturing of solid textures allows the texture coordi-
nates to be more robustly specified in object files, and also allows
the solid texture to be included as a more compact texture map
image instead of a wasteful 3-D solid texture array. However, if
the u-map does not preserve the topology of the original mesh, the
resulting model description file will necessarily contain multiple
copies of the same model vertex with differentalues, which can
increase the size of some model description files.

5.1 Implementation

For testing a proof-of-concept prototype, we have implemented the
solid map using an existing procedural texturing rasterizer, and
combined Phases 1 and 2 in the solid map construction. Instead
of storing the solid texture coordinates in a solid map, our current
software rasterizer executes the procedural texturing procedure on
the solid texture coordinates as they are interpolated, and stores the
result in the texture map.

We are currently porting the solid map to an OpenGL implementa-
tion. Since the method does not require extension to the OpenGL
API, it can run at the same level as the GLU library, as a utility
library on top of the OpenGL standard functionality.

Since graphics API’s typically do not store texture coordinates in
the frame buffer, we use the color channels to interpolate the solid
texture coordinates. Figure 19 shows a sample implementation of
this technique in OpenGL.

float x[M][3][3]; /* model coords */
float s[M][3][3]; /* solid tex co-

ords */ for = 0, j < m; j++) {
float u[M][3][2]; /* surface tex co- glTexCoord2fv(u[j][0]);
. ) i ords */ glVertex3fv(x[i][O]_);
Figure 18: Head database rendered with wood solid texture (top) . =~ v glTexCoord2fv(ufl[1));
A . . . . . for (=0;j<m i { glVertex3fv(x[j[1]);
with (left) and without (right) overscanning, using the cube projec- glTexCoord2fv(ufj][2));
; umap(flsil.uiD; glVertex3n(x(l[2]);
tion u-map (bottom). }
glBegin(GL_POLYGON)
glColor3fv(s[j][0]);
i ivi iecti Vertex2fy(ufil[o]);
The mesh preserving connectivity makes the polyhedral projection 8550 CH
method the best choice for models with many small polygons, as  g\vertexetvuiiily

. . . glColor3fv(s[jl[2]);
demonstrated in Figure 18. As the number of polygons increases,  gveresetvi2);

their u-map images into the solid map and texture map become, *=""
smaller, because the size (and resolution) of the domains of these
maps remains constant (usually the unit square) regardless of theFigure 19: OpenGL code for Phase 1 (left) and Phase 3 (right) of
number of polygons. The most disappointing result from the pro- the solid mapping technique.

jection methods is the sparse texture space coverage, which also

causes the low scaling results which causes the blocky samplingThe problem with using the color channels to interpolate texture
in Figure 17 (right). These artifacts are caused by the bounding- coordinates is the depth of the color channel. Color channels are
rectangle packing algorithm used to place the connected mesh com-commonly 8 bits deep, which allow 256 levels of quantization of
ponents into texture space. The packing results could be improvedthe solid texture coordinates.




Figure 17: Kangaroo u-map artifacts from simple mesh (left), area approximation (center) and cube projection (right).

Phase 2 of the solid mapping technique reads each solid texturethe Hardware Workshop.
coordinate at each pixel in the solid map, executes the texturing The research of the first two authors are supported in part by a grant
procedure on the solid coordinates, and places the resulting colorfrom Evans and Sutherland Computer Company, thanks especially

in the texture map at the same coordinatem the texture map.

display the results.

5.2 Future Work

The solid map provides a method for procedural solid texturing to
use an intermediate stored image texture. This stored image tex-
ture allows standard texture antialiasing techniques to be applied to
a procedural solid texture. MIP mapping is an obvious technique
to use as it is supported by several graphics libraries. However, 2]
MIP mapping does not apply to the solid mapped triangles in the
texture map because the triangles in the texture map are not nec-
essarily continuously arranged, nor are they necessarily in mesh
proximity. Hence the lower-resolution levels of the MIP map will
include area samples combined from unrelated polygons. One so-
lution would generalize the quadtree MIP map boundary structure
with a k-d tree. Another solution is to pack the triangles along a
space-filling Hilbert curve to better ensure that neighboring poly-

gons in the model are proximate in the texture map.

Another u-map we plan to investigate is the topological cut. Some
new methods based on the Morse theory of meshes are being de-
veloped to find the smallest collection of edges to cut to be able
to spread a given model flat, like a bearskin rug. The number of
cuts necessary is equal to the genus of the model, but the number
of edges needed for each cut may be more than one. Nonetheless,
this topological cut method should greatly decrease the resulting
seams and yield a mesh in the texture map with little topological
difference to the model's polygon mesh. We expect however that

the distortions necessary to spread the model flat will be large.
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