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Abstract

Special features such as ridges, valleys and silhouettes, of a
polygonal scene are usually displayed by explicitly identifying
and then rendering 'edges' for the corresponding geometry. The
candidate edges are identified using the connectivity information,
which requires preprocessing of the data. We present a non-
obvious but surprisingly simple to implement technique to render
such features without connectivity information or preprocessing.
At the hardware level, based only on the vertices of a given flat
polygon, we introduce new polygons, with appropriate color,
shape and orientation, so that they eventually appear as special
features.

1 INTRODUCTION

Sharp features convey a great deal of information with very few
strokes. Technical illustrations, engineering CAD diagrams as
well as non-photo-realistic rendering techniques exploit these
features to enhance the appearance of the underlying graphics
models. The most commonly used features are silhouettes, creases
and intersections. For polygonal meshes, the si.lhouette edges
consists of visible segments of all edges that connect back-facing
polygons to fronrfacing polygons. A crease edge is a ridge if the
dihedral angle between adjacent polygons is less than a threshold.
A crease edge is a valley if the angle is greater than a threshold
(usually a different, and larger one). An intersection edge is the
segment common to the interior of two intersecting polygons.

Many techniques have been explored, most of them in 3D
software applications. For polygonal scenes, silhouettes can be
rendered at interactive rates by techniques described in
[Rossignac92] [Markosian97] [Raskar99] [Gooch99] and
[Hertzmann99]. Similarly, identifying sharp crease edges is
relatively simple when the adjacency information for polygons is
available. The traditional approach is to traverse through the scene
polygon graph and for each edge find the relationship between
adjacent polygons to determine whether it is a silhouette or a
sharp crease edge. If it is, one can render the edge with the rest of
the geometric primitives using a visibility algorithm. However,
explicitly identifying such edges is a cumbersome process, and
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usually not supported by rendering APIs or hardware. The
rendering hardware is typically more suited to working on a small
amount of data at a tinrc. For example, most pipelines accept just
a sequence of trianglcs (or trianglc soups) and all the information
necessary for rendering is contained in the individual triangles.
Therefore, in the absence of special data structures, such edge
operations require random traversals of the scene graph to find
adjacent polygons. Maintaining (or creating) a large adjacency
matrix also increases the memory requirements. Hence, such
operations are left to the 3D software application. In addition, for
dynamic scenes or triangle soups, identifuing ridges and valleys is
a cumbersome task. The extra effort required on the part of the
programmer is probably the primary reason why we do not see
such important fcatures being used by many during visualization.

1.1 Procedural Geometry Generation

We focus on an applouch that renders special features at uniform
widtlr directly into t-he framcbull'cr using a primilive shader slzge
in the graphics pipeline. This allows lbr thc processing ofa single
polygon at a time, as in traditional rendcring, and still display
featules that would otherwise require connectivity information.
We achievc this by introducing additional gcometric primitives in
the scene with no or only small changes in rcst of the rendering
pipeline, and without using additional rendering operations such
as lighting or texture rrrapping. This type of geometric processing
follows the trend of current generation of hardware supporting
prograrnrnable vcftex and ltagrnent operations
lDirectXl [Nvidia0i] lProudlbot0ll. The additional polygons are
to be generated on-chip, without any software assistance.
Specifically, the polygon generation block is inserted between the
vertex-and-prillritivc-asscmbly stage aDd thc vertex-shading stage
of the graphics pipeline (Figure 2). No data other than the vertex
positions and nolnral trl' the polygon and current viewing
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Fioure 2: The new primitiveshadet in the programmable' 
öi"pni.t pipeline. The pixel shader is also modified'

parameters is used. The high level pseudo-code for the primitive

shading block is shown below.

Figure 3 : A desirable simple API calling sequence

The silhouette edges are view-dependent and hence' clearly' do

^""4äf..otpi"d per frame. However, one may wonder why

.^idget ."0 vatlis, wtrich are view independent (and- hence fixed

unäer rigid transformation), should be identified per frame' There

*" ,"ätU reasons' For dynamic scenes with - non-rigid

Jeformations, the relationship between neighboring polygons can

cfrange. fne vertex shaders also allow procedural deformation of

verti;es that can add interesting features For example' a wavmg

flag or chest deformation foi a breathing character can be

uctiieu"a using vertex-level programming' without complete

ieedback to thJ software application [NvidiaOl]' 3D.applications

"r-*"if ", 
vertex shaders ailäw key-ftame animation interpolation

and (vertex) morphing, which affect the dihedral angles at run-

ti*".'ln ,oÄ" .t" casäs, the mesh topology itself can change over

time, affecting the connectivity information' This includes

intentionat seiaration or merging of meshes' . 
LODs' and

subdivision ,,-r.fu."r. When the models are authored so that they

are specified using higher order surfaces' it is often difficult to

afgetralcufly indüate high curvature regions' which become

riäges and valleys after (possibly dynamic) tessellation'

Our goal is to dhectly display special features using only local

.ui.iu,iont. Just as there are no (global) constraints about what

type of polygonal objects can be scan converted' our method does

not OepenO on the object being closed or open' concave or convex'

having cusps or on the genus of the object'

Contribution'
Our main conffibution is a set of techniques to render special

f.utu."t, by using the available information contained in a single

potygon *A *itttout connectivity information' allowing pipelined

hardware imPlementatlon.

2 THE RENDERING PROCESS

The rendering method assumes that the scene consists of oriented

.onu"" potyg:ons. This allows us to distinguish between front and

Uact-facing 
-polygons 

for silhouette calculadons' and ensure

conect noäon oi äheoral angle between adjacent polygons' The

pro."O*", for the four types of special features are completely

independent. Note that, we perform the same four.procedures on

all the polygons in the scene, without knowing a-priori which type

oi tp"äut iäut*e would be visible at that polygon' Depending on

the viewing conditions and the relationship between adjacent

polygons, the appropriate special feature, if enabled' emerges after

rasterization.

For silhouettes and ridges' the additional polygons are

procedurally introduced during the primitive shader stage' The

pixel shader stage is not modified.

ffi
I lf back-facing
I UoOity polygon geometry to display silhouettes

I etse l- if front-facing "/
I nttacn new polygons to display ridges or valleys

1.2 Motivation

Consider the psuedo-code shown in Figure 3 (using as an example

the OpenGL'ept). C* we design hardware to support such API

functönafityf Can we render special features in a scene specified

iy u t.quän 
" 

of individually defined polygons? Rendering

methods tiiut.un pipeline and process a single primitive at a time

appear to win over even efficient methods that requtre

simultaneous operauons on multiple polygons' A common

"*u.pf. 
is the ubiquitous z-buffer for visibility computation'

tUe*räOs that requirJpre-sorting of polygons with respect to the

camera, although elegant, are less popular' Rendering APIs or

hardware also cannot support operations that require conditional

search in datasets of unknown size' Our method thus wins over

the traOitlonat edge rendering approach by allowing for the

t.rO"ti"g of a sinlle polygon at a time' A secondary' but well

tno*n, 
'p.otte* 

wittr expticit edge rendering-is. that the typical

oolunon'ra* conversion pipelines are less efficient when 2D or

5p"'Tin"' segments are diiplayed. The lines are filled at uniform

*iO,tt in...J.n ,pu.", and hence need to be treated separate from

the polygon setuP and fill.
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For valleys and intersections, in addition to the new geometry, a
second depth buffer and a new type of depth test is required.
Thus, both stages, the primitive shader and the pixel shader, are
modified. In the appendix, we describe a less efficient method
using currently available rendering resources.

Figure 4: Silhouettes. Back-facing polygons in red before (left) and
after enlargement (right).

2.1 Silhouettes

The basic idea in our approach is to enlarge each back-facing
polygon so that the projection of the additional part appears
around the projection of the adjacent front-facing polygon, if any
(see Figure 4, shown in flatland). If there is no adjacent front-
facing polygon, the enlarged part of the back-facing polygon
remains hidden behind existing front-läcing polygons. The normal
ofthe back-facing polygon is flipped to ensure that it is not culled
during back-face culling. To achieve a given width in the image
space, the degree of enlargement for each back-facing poiygon is
controlled, depending on its orientation ancl disLance with respect
to the camera. This method is inlluenced by [Rossignac92] and
[Raskar99], but there are two differences. They use two passes of
rendering and consider enlargement using only orthographic (or
weak perspective) projection.

Consider the situation shown in Figurc 5 for computing the
required enlargement (figure in flatland). When wc also consider
the angle between the view vector Vi.e. directior.r fi-om vieu'point

to the vertex, and camera axis Vcctor C, i.e. the vector
perpendicular to the image plane, the enlargemcnt is proportional

to z(V.C)/(V.N), where z is depth of the vertex with respect to the
camera. Both dot products can be easily calculated per polygon

vertex. Note that, the angle (V.N) is also commonly used during

{  - - A r r r  .  h r r < , v

{
Figure 5: The effective projection (green) in the imagc plane of the
polygon enlargement (black). The thickness of the rendcred feature

is contro l led by changing lhe width of  the enlar l jement.

Camera i

t '

i .

the lighting calculations lor highlights produced by specular
reflectance fbr a local viewpoint. The dot product (V.Q is in fact
constant for a given location in image space and radially

symmetric around the principal point. Thus it can be pre-

calculated.

The required enlargement is also dependent on the orientation of

the edge of the polygon. If E is the edge vector, so that cos(a) =

V.E, then the required enlargement is z sin(o) (V.C)/(V.N) in the

direction E x N. The shift in edges converts an n-sided face, with
vefiices Pi, i=0,1..n-'1, edges Ei1, j=(i+1)%n, into 2n-sided planar
polygon. The 2n vertices are givon by

Pt * r",l[Eij x NJzsin(cv)V Cy(V N)]

- 1  . .
where.  k=i , j  arrJ cr  = cos 

' (V 
Ei)

The unif'orm-width silhorrctto ctlgcs can be rendered at different
pixel widths using a pararnctcr. rvsi, to cortrol the enlargement of
back-lacing polygons. If desirecl, inter-esting patterns of silhouette
edges can be rendered by LextuLo mapping the enlarged part.

2 .2  R idges

For render-ing silirouctlcs, rve nroclify each l.lck-facing polygon.

For ridgcs and vallel's. rvc rnotlify instoad each front-facing
polygon. 

' . l  
l r is  idca,  s i r r lc  s i r rp lc.  surpr is ingly has never been

mentioned or explored in thc graphics or geometry literature. Say,
we want to display in black, thc visible part of each edge for
which the dihedral angle between adjacent polygons is less than

or equal to a uscr sclcctrlrlc g.lobal thrcshold d, superimposed on

the or ig inal  modcl  i l 'c lcs i rcr i .  (Str ic t ly  speaking,  d ihedral  angle is

the ang. lo bctrvecn t l : . : ; i i r ; r ; r i ls  i ) l  [so or io] l tod polygons.  For the
sake  o l  s r i r p l i c i t y  , ' l  .  . '
u se  t l l ü  t ü i n l  d i l r L . i ; a l  l r

' '  n ,  as sccn i r r  F igure 6( i ) ,  we wi l l
.r : ) mean unglc botween the 'front'

facos o1- thc correspontirng planes i.e. (1800 - angl-e between

normals)). Typical range of the threshold d is (0,180"), blt this
tcchniquc c:rr.r sup|rrft the cornplcte range of angles (0,,360"). The
t l l c shu l . t  r , r l u -  u : r ' J  t r r l  r t r r J c l i ng  i r r  I r i gu re  I ( i i . t  i s  120 ' .

, 
(i) 

5r-" 
(,,)n.' 
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Figure 6:  Ridqes.  ( i )  I : r r r - tJei r ln. t  oolyQons,  ( i i )  and ( i i i )  b lack quads

at thrcsholC ang o.rr  a. : i )  a i j ic , : l  lo  crch c i l r ;e of  each l ront- facing
po, ' jJn.  ( i r , )  at  a s i r ,  :  r l i j . 'e ,  i i rc  i jLack qLr;ds remain v is ib le.

We ar l r l  b i rck cLr lo ic, l  i ; : r .L . r i i . , rcra ls (or  t lu i i t ls  fbr  short )  to each
edge of each flonl-fucinLr lol_r -Lron. The qLrads are oriented at angle

0u' i t l t  lcspecl  r r r  r1 '1 'p,r rvop'1 ls  seen in Figure 6( i i )  and 6( i i i )  in

f l a t l en t l .  l l r c  , , ; : r i [ r i l i l ) ' c l ' t i r c  o r - i g i na l  and  t he  new  po l ygons  i s
perforned using tho tradiLronal depth bufl'er. As shown in Figure
6( iv) ,  at  r r  sharp ldge,  the applopl i r lc 'cr l rc '  is  h ighl ighted.  When

the dihc.hal an.slc is greiircL lhan 0, thc aLlciu,l quadrilaterals are
hidr lon by t l r .  ; rc i r l r l ,or i ;  , r  l l -ont- i lc i l r : r  polygons.  Figure 7( i )  and
( i i )  show n,  . !  c  r : rdr i la l r : l l "  [hai  r -cnuin h idden af ier  v is ib i l i ty
compLrtat ion rr  6( i i i ) .

A '
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Figure 7: Bidge without sharp angle. (i) and (ii) Black quads are
added, (iii) the quads remain invisible after rasterization

each polygon
l f  front{acing

Color polygon white
F n r  a a e  h  o a { n o  ^ f  t l i n

v v Y v  v l  ! l  ! . ,

Attach new black

{ :};}'l r:l
Figure 8: Valleys. (i) Front-lacing polygons (ii) black quads at angle

/ are added to each edge of each face. When the valley is sharp,
the quads remain hidden. (iii) and (iv) When the valley is not

sharo. the quads become visible.

front of the neighboring polygons. This is the exactly reverse of
the situation for ridges, and hence leads to a more complex
algorithm. How can we 'show' quads that remain occluded and
'hide' quads that appear in front of nearest front-facing polygons?

Our solution involves using two depth buffers for visibility. The
idea of using multiple depth and framebuffers during scan
conversion has been explored by [Rossignac95] and usually
involves many passes of rendering and mixing line and polygon
rendering. Here we present a new technique to trap the
appropriate added quadrilaterals, as shown in Figure 9. The two
depth buffers, z1 and 22, are identical except that depth values in
z2 are slightly larger than corresponding values in z1. The front
envelope of cyan colored region shows values in z1 and the far
envelope shows values inz2.In addition to the traditional greater-
than-test and less-than-test, we also need a new Boolean depth
test, called betvveen-test. It retums Lrue when the incoming
fragment has depth value between the existing values in 21 and
22. The simplified pseudo-code is shown below. The new
quadrilaterals are to be added in the primitive shader stage in
Figure 2 but the update of first and second depth buffers and
depth tests are to be performed as part of the pixel shader stage.

(i) 
,/,,

r7r^o
Y

I f a

polygon
quad at angle I

The width ofthe new quadrilateral, measured perpendicular to the
edge, is determined using the same enlargement technique (Figure
5) used in the previous subsection fbr displaying silhouettes. The
quadrilateral for each edge E;;, i=0,1..n, j=(i+1) mod n, for n-sided
polygon is defined by the two vertices P1 and P; forming the edge
E1 and the two new vertices

P +w., Q.. lzsintuXv Cy(V R,)l
K nclge Ur U' i

where k=i,j, ct, = cos-'(V.Eij), and

normal for the new quad is, R1; = -N cos(0) +.(E;1x N)sin(0)

and vector perpendicular to E;1, Q;1 = -N sin(0) - (E;1x N)cos(0)

The thickness of the rendered 'edge' can be controlled with the

parameter w116ss. The display of sharp ridges is, thus, possible in a

single pass without connectivity, information, simply by

processing one polygon at a time. It is also possible to render

silhouette and sharp edges together in the same rendering pass as

described in the pseudo-code below. Note, again, that for

silhouettes and ridges only the primitive shader stage is modified.

each polygon
lf front-facing

Color polygon white
For each edge of the polygon

Attach new black quad at angle 0
lf back{acing

Enlaroe and color black

2.3 Valleys

Our method for rendering valleys is very similar to that of
rendering ridges, because botlt are types of sharp edges defined by
dihedral angle threshold. Given a user-selectable global threshold

/ for dihedral angle, we would like to display, say in black,
visible part of each edge for which the dihedral angle is greater
than Q , superimposed on the origin-al model if desired. Typical
range of the threshold ,/ is (180,360"). For example, in Figure I,
the threshold is 240'. Similar to Figure 6, we add black
quadrilaterals at angle Qto each edge ofeach front-facing polygon
as shown in Figure 8. When ttre dihedral angle is greater than /
(Figure 8(i) and (ii)), new quadrilaterals appear behind the nearest
front-facing polygons. On the other hand, when the valley is not
sharp (Figure 8(iii) and (iv)), the new quadrilaterals appear in

]For each front-facing polygon

i  Renderthe polygon

I lf (less-thantest(21)) Update color,zl and 22butlel

i For each edge of the polygon
j Render new black quad at angle 0
i lf (between{est(21 ,22)) Update color buffer
t.*_*".. _*_--.*,*

Thus, a new quad never updates the depth buffer. lt is displayed
(i.e. color buffer is updated) only if it lies between the depth
interval trap (shown in cyan in Figure 9(ii)) created by two copies
of the same neighboring front-facing polygon. The polygons in
the scene can be processed in any order.

Consider the example in Figure l0 in flatland. In (i), first the
primitive shading stage adds quads a and a'to polygon A at angle

/. During pixel shading stage, polygon A updates the color buffer
(shown on the image plane), and both depth buffers. The quads a

Figure 9: Using depth interval bufler to trap the added
ouadrilaterals

\d

..,,Ä"""'

(i)
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and a' do not affect the depth buffer. Both a and a' are checked
with between{est to see if they are between previously stored
values in z1 and 22. In this case, they are not and hence they do
not affect the color buffer. In (ii), the polygon B add new quads, b
and b'. During pixel shading, B updates the color, 21 and 22
buffer. The between-test fails for quad b but returns true for quad
b'. Hence black colored quad b' updates the color buffer,
emerging as a special feature. The depth buffer values rematn
unaffected (in this case, correspond to polygon Ä). Hence, if some
polygon later occludes A, the color (as well as depth buffer
values) will be appropriately overwritten. Finally in (iii), the
polygon C adds news quads c and c'. However, the between-test
fails for both quads and no new special features emerge.

{

Figure 10: Steps in rendering valleys.

2.4 lntersections

Although intersections are not encountered in quality graphics
models, imprecise conversions or processing can result in
intersection of polygons. The technique to detect intersection
between two visible front-facing polygons for a given viewpoint
is very similar to the procedure for rendering sharp valleys.

Each fragment during scan conversion of front-facing polygon is
checked to see if it is in the in between z1 and z2 depth range
(Figure ll). For a model with intersections or coplanar polygons,
such fragments will be trapped and rendered if they belong to the
visible front-facing polygons.

and valleys, if the dihedral angle between any two adjacent visible
front-facing polygons is very close to the threshold angle, the so-
called'z-fighting' due to near-coplanarity ofthe polygons and the
new quads is noticeable.

When the special features are rendered very wide (usually more
than 20 pixels), cracks or small gaps can develop (Figure 12.
Tnom in with PDF viewer to see them more clearly.) The cracks
are rarely visible when the features are not rendered very wide.

The four types of geometric features are independent except when
a ridge edge is^ also a silhouette edge. When the threshold ridge
angle 0< 180u, which is usually the case, the new quads
corresponding to the silhouette features will occlude the quads
corresponding to ridge feature. When threshold d > 180', the
rendered feature depends on the dihedral angle between the
adacent front and back-facing polygon. If silhouettes and ridges
are rerdered in the sarne color. sav black, the artifacts can be
avoided.

4 PERFORMANCE

As shown in Figure 2, the new qr-radrilaterals are added in the
pipelino before vertex shading. For silhouette and ridge rendering,
the output format of the primitive shader is same for the original
and the new polygons. Hence. the impact on the design ofthe rest
of the pipeline is mininral. I{endering valley and intersection,
however, involves tagging new quadrilaterals so that they are
processed differently when they reach the pixel shading stage.
The pixel shading stage requires an additional depth buffer and

compar ison lunct ional t ty .

For c:rch cclgc ol a 1-;ont-iriling u sidcd po)ygon, we add two
quacls, one cach lbr a ridge and a valley, i.e. 4n new vertices. For

each backlacing polygon, the enlargement leads to n new

vertices. To evaluate the impact of additional geometry, we need
to look rt thc l.rinclwidlll. lrinsform (part of vertex shader stage)
and fill rate (part of pixel shader stage) performance [Seidel0o].
The filI rate is not a significant issrre bccanse the screen area in
pixels is  only mrr : r , inal ly  h ighcr u l ren the new quads are also
rendered. Nevertheless, thc nunrber of vertex transformations
increascs by a lactor o1'2 to 5. 

'fhe 
overall rendering performance

in many r ;p i icat iorrs is .  hor i 'evcr ' ,  l i rn i tcd by the bandwidth

needed to ltecl veiticcs to tho glalrhics processor rather than the
graphics processor tIlles availrb.le fbr the geometry

[Vlachos0l  ]  [Nvid ia i )  I  j ]Ola;ro98l .  S rncc thc new vert ices are to be
gencrrrcd oir tlii: chirr rho bzuidwidth requirements do not change.
This i.lca rs also c.rploited, fbr example, in tessellating higher-
ordcr '  p:  i :n i t i , . 'cs i :  ( lc |or-cc3 l )Jv i t l ie0l l  r r r  curvcd PN tr iangles in

ATI c l ; ips iVi r r . l ros0 I l .  Ccncr l t iorr  of  nerv ver l ices,  however,
affcots thc p.r f,.lruartc:'s ol verLcx buflc|s and caches.

When l 3l) soi'lrviu-e aprrlicir,ion identifies special features, only a

Figr . r re 12:  Craclr : ;  whcf  r - ! l rdcr ing rr iCo r idg;cs,  cracks disappear
J;r  l r i ; ' ; rcr  r r -ntrcr i r . rg.  under ly in l ;  wirc i rame model .

| (i)

Ir::. 
f

r'Js"
Plane

lnput
\ :

u \a \ , :
a \ :

. . { a

Figure 11: Two intersecting polygon intcriors (left) are displayed by
finding parts trapped between lhe two depth buffers

3 ISSUES

The techniques work wonderfully well for different relationships
among viewpoint, polygons and their neighbors in the mesh.
However, in some cases minor afiifacts ere observed. For ridges

Step (i) (ii) (iii)
\',

l/ \'. ..r

,/ ..)d 
" 

ai oisptavcd
2,4, " ' j '  

'  '  t" 
Pu't

For each front-facing polygon
Render the polygon

lf (less{han{est(21)) Update color,zl and z2 buIIer
Elself (betweentest(21 ,22)) Update colo(=black) buffer
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subset of the scene edges need to be rondered, but thc application

must maintain an edge-bascd data structure for adjacency

computation, and thus also reqitircs sicnif icant mcmory. In ccrtain

cases, it is practically impossiblc to detect the special features

using software application e.g. during on-chip geometry

modification for key frame aniutation interpolation, morphing and

deformation using pro|lrenrrnahlc vcrlcx shrcing stege.

5 CONCLUSION

Atthough at first it appeers rx[hcr rt'rttsulL rntl thcn in retrospect

rather simplistic, the idea of introducng nov geonrctric primitives

leads to a robust and pr';rctical sct of lcclrrriqr"rcs for rcrtdering

special features. To a naivc studcnt, it urv scem impossible to

display edge-based fcatures withoLrt processing edge pr-imitives or

rendering lines.

The main features of our rendclinq mcthod arc sumrnarized

below.

. Single polygon at a time processing

o No preprocessiltg or connectility inlormation allowing the

display of dynamic scenes with non-rigid deformations and

key-fr ame animation intetpol ations

r No explicit identificaLion of special edgcs

r A single traversal ofthe sccne graph (or polygon soup)

o Adding geometry procedurally using only local infolmation

. Adding purely geometric fca[ru-cs wiLhoLrt lighting ot' tcxture

mapping operationsJ allowing the original and the new

primitives to be treated very similarly

o Minimal or no change to authofing tools

Many extensions of the hasic functionality of the primitive shader

are possible. The ner'v quads can bc rendered with appropriate

lighting and texturing lbr additional shapc cues or for non-
photorealistic rendering. Partially transparent front-facing
polygons will display hidden creases in shades of gray. The

silhouette can be made to appear smooth by rendering all back-

facing polygons with curved PN triangles [Vlachos0l]. Currently,

vertex and pixel shading programmability is available in graphics

pipeline, but we can soon expect to see on-chip programmable

shaders that manipulate one complete primitive and sometimes a

collection of primitives. The primitive shader stage will allow

advanced geometry modification, constrained dynamic

tessellation (curved PN triangles with more boundary conditions)

and smooth transition between LODs. The superior polygonal

approximation of the underlying surfaces will lead to higher
quality rendering of special features using our technique. Finally,

when hardware support is lacking, our method can be

implemented as a part of a software library to simplify the
programming task of rendering special features.
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7 APPENDIX

When a dual depth buffer is lacking, the valleys and intersections
can be rendered using one depth and one stencil buffer at the cost
of multiple (upto 3) passes of rendering. The processing does not
require adjacency information or preprocessing.

The details and corresponding code is available on the project
website http://www.cs. unc. ed u/- raskar/N P Fl/.
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