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Abstract

In this thesis we present a conservative, from-region,usiéeh culling method based on factoriz-
ing the 4D visibility problem into horizontal and verticabmponents. The visibility of the two
components is solved asymmetrically. The horizontal camepbis based on parameterization of
the ray space using two concentric squares. The visibifithe vertical component is solved by
incrementally merging umbrae within vertical slices. Bhsa the horizontal parameterization we
decompose the flicult from-region visibility problem in 3D into many simpléom-region prob-
lems in 2D vertical slices. The technique is designed sottiehorizontal and vertical operations
can be éiciently realized together and accelerated by modern geatardware. Similar to image-
based from-point methods, we use an occlusion map to engsibdity; however, the image-space
occlusion map is in the ray space rather than in the primatespdhis map maintains the con-
servative aggregated umbra created by the occluders pexte® far. Our results show that the
culling time and the size of the computed potentially visibét depend on the size of the viewcell.
For moderate viewcells for walk-through applications, semative occlusion culling of large urban
scenes takes less than a second, and the size of the pdyeritiddle set is only about two times

larger than the size of the exact visible set.

This work was published iIACM Transactions on GraphifisSCO03].
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Chapter 1

Introduction

Modem graphics workstations are capable of renderingaligcenes with a few million polygons at
interactive frame-rates. Yet, for scenes describing laingeal environments (such as urban scenes)
or containing extremely detailed structures, renderingeal time remains a challenge.

In many such complex virtual scenes the visible part of thelehédrom various viewpoints
is quite small with respect to the full model (see Figure .1.Graphics hardware is capable of
removing the hidden parts by applying zffar or similar techniques. However, such techniques
require "feeding” the hardware with huge amounts of geoyrtétt is rendered, colored and lighted,
where ultimately most of it turns out to be occluded and isalided. As expected this is ifieient

and better solutions are available.

Figure 1.1: A view of a large urban model consisting of 26.8drigles. In the left image, the parts
visible from a region located at the junction of two stre@iggfeen) are colored. In the right image,
only the buildings with some visible parts are displayed.
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Visibility culling is the process offéiciently identifying theVisibility Set(VS), the set of objects
that are visible and should be rendered, thereby significeeducing the size of the model required
for rendering. Conservative solutions gain speedup byestnating the VS and identifying the
Potential Visibility Se{PVS), the set of objects that might be visibleSePV S). Clearly, the hidden
parts depend on the position of the viewer, the view frustaohthe actual model.

Methods that compute the visibility from a point are necesapplied in each frame dur-
ing rendering [GKM93, CT96, ZMHH97, HM®®7, BHS98]. Recently, based on earlier meth-
ods [ARB90, TS91, Tel92a, FST92], more attention is devidefiom-regionmethods where the
computed visibility is valid for a region rather than a smgloint [COFHZ98, SVNB99, GSF99,
SDDS00, DDTP00, WWS00]. These methods take advantage efdimd spatial coherence, and
the computational cost of the visibility calculations is@tized over consecutive frames. Still, it
is desirable to be able to compute from-region visibility-tba-fly, not having to resort tofisline
methods that require excessive storage space.

The from-region visibility problem is considered signifitly harder than the from-point visi-
bility one. To decide whether an objestis (partially) visible or occluded from a regi@hrequires
detecting whether there exists at least a single ray the¢$€aand intersect$ before it intersects
an occluder. This is inherently a 4-dimensional problemd2e, Dur99]. Although exact solu-
tions are possible [BP01, NBGO02], they are overly expensB@me methods have been restricted
to dealing with 2.5D scenes [KCOCO01, BWWO01, WWSO01]. The agsion of 2.5D occluders
is quite reasonable in practice, especially in walkthroagplications where architectural models
can be well approximated conservatively by 2.5D shapes. edery for more general scenes, it is
necessary to have a culling method that can correctly dehlthe occlusion of a larger domain of

shapes.

1.1 Ray-space techniques

Visibility problems and in particular occlusion problems aften expressed as problems in line
spaces. Consider for example, the following basic occlupimblem in 2D. Given a line segment
C, an objectA is occluded from any point o@ by a set of object®;, if all the lines intersecting

andA also intersect the union @;. Using the line space, lines in the primal space are mapped to
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points. To tell whether the union &; is blocking all the rays that leav@ towardsA can be solved
by simple Boolean operation in line space.

The mapping between 2D lines and points is commonly definetidgodficients of the lines
in the primal space. The line= ax + bis mapped to the poing( —b) in the line parameter space.
All the lines that intersect a segmeftin the primal space are mapped to a double wedge in the
parameter space, and we call this thetprint of A. All the lines intersecting the union of segments
B; are mapped to the union of their footprints. All the linesgdag through two given segmems
andC are the intersection of their footprints.

Now, the above occlusion problem can be expressed as a sBoplean set operation of the
footprints (see Figure 1.2). One nice property of this sarigea is that it yields an exact solution,
and considers all types of possible occlusions. Howeueresan exact solution is not an important
property, one can use a discrete space, and get a consersaklition. Still, as we shall see, this
conservative solution captures all types of occlusions shghtly overestimates the visibility due

to the conservative discretization.

| Jl

. R

/ A /XK
c WanWe /

@) (b)

Figure 1.2: Boolean operations in dual space can be useddmuge visibility between two line
segments. In (a), the orange segments are mutually occhydéite blue segments. In (b), Boolean
set operations are applied to the double-wedge footpiantisst visibility. WanWe (in dark orange)
represents all lines passing through batandC; thus,A andC are mutually hidden if and only if
WaNW is a subset of the union of occluder footprints (in blue).

In 2D the above (double wedge) footprints can be discret@etidrawn as polygons, and their
union and intersections can be applied in image-spaca)gadvantage of fast per-pixel Boolean
operations preformed by common graphics hardware. Althdugeems simple at first, the above

solution has a number of problems that prevent a straigh#iar implementation.
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First, the above-mentioned choice of mapping is not optiasathe line space is unbounded.
This causes serious problems for all lines with largeffodents, because for practical reasons the
line space must be bounded.

Second, a direct extension to the 3D case is not as easy as &Dtlcase since the parameter
space of 3D lines has high dimensionality. In general, 3@dihave four degrees of freedom.
However, since we are usually interested in an asymmesibility problem, another dimension is
required to specify the origin of the lines, which are thugarded asays But the visibility in 2D
alone is not of much interest. It might be the case that mosteobbjects are detected as occluded

in flatland, while actually being visible in 2.5D due to thearious heights.

A

(0,1) (1,1)

() (b)

Figure 1.3: Arayl in the primal space is mapped to a pdlrt) is the ray space.

1.1.1 Visibility in Line space

To better understand how visibility can be solved in linecgpdet us consider a simple case where
one tests the visibility between two given parallel segméhaand A. The segmenC represents
the viewing region, and the object in question for which we test whetlfers visible or not by a
collection of occluding segmen@ For that simple case we can use the parameterization utead
by [KCOCO01].

We define a bounded two-dimensional ray space, such thay esgroriginating onC and
intersectingA corresponds to a point in this space. The visibility is daiaed by “marking”all

points in the ray space that represent rays that pass thmegjirding segments. Visibility is then
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p
A(t) /
T(0)
C (0,0 C(t) (1,0)
(@) (b)

Figure 1.4: All the rays passing through a point p are mappedline in the ray space, which in
particular included (1).

detected by checking whether there is at least one poinh#sanot been “marked”.

A
0,1)
1
T(v1)
Vo
AQt)
T(vo)
C cl)

(1.1
(0,0) (1,0)

() (b)
Figure 1.5: Rays passing through a segment are mapped {oea diel.

More precisely, parameterifeandA as{C(t)|0 < t < 1} and{A(t)|0 < t < 1}, respectively. LeU
be the unit squargx,y)|0 < x,y < 1}, such that a pointqy) in U corresponds to the ray originating
atC(x) and passing througA(y) (see Figure 1.3).

Define a mapping: R2—/ that maps each poirge R? to the collection of points iri/ that
correspond to rays passing throughFor anypeR?, 7 (p) is a line segment ifi{ (see Figure 1.4)
. It should be noted that this property is valid only providadt A andC are parallel lines (see

[LSCOO03]).
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A

0,1) 1,1)

(
At)
(

C (0,0) cw) 1,0)

() (b)
Figure 1.6: Rays passing through a segment are mapped tdiedoedge.

For a segment e O, parameterized ag/(t)|0<t<1}, 7(v) is defined to be the continuous
collection of segment&r (v(t))|0 <t < 1}. This collection is bounded by the segment&/(0)) and
7 (v(1)) that correspond to the end-pointswofin general, it forms either a trapeze (Figure 1.5) or
a double-triangle (Figure 1.6), depending on whether te dontainingv intersects the interior of
both parallel segments andC. As mentioned earlier the mapping of a segment in primalejsac

called thefootprint of the segment.

A
(0,1) (1,1)
\
At)
S
C 0,0 C(t) (1,0)
@ (b)

Figure 1.7: The footprints of the three segments cover thieeaiay space, implying thak is hidden
from C.

This implies a simple exact algorithm for determining wieetA is visible fromC: for each

segment/€ O create its footprint irk{ and compute the union of these footprints (i.&.co 7 (V).
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Figure 1.8: The footprints of the three segments do not ctinveentire ray space, implying thAt
is visible from some point .

This computation can be performed in worst-case opti@(aF) time without employing complex
data structures [dBvKOS97]. & and A are mutually visible, there is a poim, € U that is not
contained in this union. The poim, corresponds to a visibility ray that intersect b@fandA (see
Figures 1.7and 1.8).

This mapping defines a bounded ray space as opposed to thieeififie space of the above-
mentioned transforms. This is a crucial advantage that ipethre discretization of the ray space,
and the rasterization of the footprints by by graphics cards

However, this ray space is not a global one, but a view-deg@ncy space. It requires the
construction of a dedicated ray space to determine theilitigibf each individual objectA. Also
this ray space is valid only for the portion of the segmengs ithtersect the shaft defined Byand
A. This requires clipping, that is, to first compute the partid the segments that intersect the shaft
among all the candidate occluding segments in the scen@ninast, a global ray space allows the
construction of a single occlusion maps by mapping all tredunlers and then using this map in ray
space to test the visibility of many objects. In the follogiisection we will study such a global ray

space.
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1.2 Plicker coordinates

The simple mapping of lineg = ax + bin primal space to pointsa( —b) in line space defines an
unbounded line space. Instead of the explicit line reptasen, we can use an implicit equation
for alinel. Letl : ax+by+c= 0. Now, the linel is mapped to a homogeneous line space, where
| is mapped to the point§ = (a,b,c) andl; = —(a,b,c), wherel] andl’ represent two opposite
oriented lines. If we are given the oriented line by two oedepointsl : p — q thenl” = (py -

Gy Px— ik, PxCly — Pydq) or the minors o[ P by ]

ax qy 1
Normalizing the cofficients will introduce singularities. Instead, the homagencoordinates

are kept as points in a 3D linear space [BP01]. This meansath#tte points along a half-line
intersecting the origin, represent the same line in the grgpace. In other words, an oriented line

in 2D is mapped to a half-line emerging from the origin in tlizl®he space (see Figure 1.9).

(@) (b)

Figure 1.9: The implicit equation for lineis mapped to two opposite oriented lin€sandl’. The
oriented linemis mapped to the single oriented lin& in the ray space.

All the oriented lines intersecting a poigtmap to a plangp* = {(X,y,2)|pxX+ pyy +z = 0},
subdividing the line space into two half spacps,andp*. Oriented lines that seg from the left
(counterclockwise arounp) reside inp;, whereas oriented lines that seérom the right reside in

p: (see Figure 1.10).

1.2.1 Footprint of a line segment

All the oriented lines that intersect a lines segmanimap to its footprint%*, a 3D volumetric

double-wedge (hourglass) in the line space. We denotedhbtgiint byF(ab). To understand how
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k —

Ny

xXv

(@) (b)

Figure 1.10: The mapping of the poiptand the four oriented lindsl,m andp to the Plicker ray-
space. The mapping @fis the planep* which coincides with* andm®*. The oriented liné& seesp
at its right, thus, it maps to thg® half-space. Similarlyn maps top; half-space.

the footprint is built we need to examine the mapping of batt-points to line space (see Figure
1.11). The pointss andb map to the planea” andb* and the supporting ling, is mapped to their
intersection. Oriented lines that intersattcan either see poirt at their right and poinb at their

left (such as the oriented limg and thus € {a* Nb }. Similarly, me {a;nb*}.

YA Kk

() (b)

Figure 1.11: (a) A line segmenb and some oriented lines that intersect it. (b) A slice viewhef
resulting 3D Plucker ray space.

1.2.2 Oriented lines intersecting two line segments

The footprint of the set of lines that intersect two disjdine segment$ andO is the intersection
of their 3D footprintsF(S) andF(O). The result of this intersection are two pyramids with afoi
apex at the origin (see Figure 1.12a,b). The footprint oftiltered set of lines that first intersekt
and then interse@ is a single pyramid. This pyrami®(S, O) is represented by itslocker polygon
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B(S, 0), whose vertices lie on the boundary half-lines of the pydafsee Figure 1.12c). Notice that
the blocker polygon need not be planar since its verticeg mgresent the induced pyramid. The

vertices can be normalized to the unit sphere centered aritjie of line-space.

\ FoIFO)
©)

slice plane

(@) (b)

Figure 1.12: (a) Two line segmen® and O in primal space. The supporting lin@ and bd
construct the umbra cast Iyfrom S (in cyan). The separating linesl andbc construct the partial
visible area frons behindO (in yellow). (b) The intersection of the two footprinkS) andF(O) in
ray space represents all the oriented lines that pass thizath S andO. (c) A different slice-view
from the slicing plane in (b) showing the blocker polygg(s, O).

1.3 Visibility Preprocessing for Urban Scenes using Line Sgce Sub-
division

In [BWWO01] they present a method for conservatively prepesing the visibility in a 2.5D scene,
where occluders are limited to vertical trapezoids suchulglibg facades and the viewcell is a
polyhedron made up of several vertical faces. This allowesatlgorithm to mainly operate on the
top view 2D orthographic projection of the scene. The adieahts are considered when necessary.
The algorithm hierarchically traverses the scene usingtadellike partitioning, maintaining the
accumulated occlusion in line-space. Each kd-cell, in adimpn approximate front-to-back order,
is tested against the current occlusion in line-space. Aleahcell that is visible is recursively
tested, a visible leaf cell contributes its contained eattirapezoids as occluders, augmenting the
occlusion. The above mentioned hierarchical frameworkased on two operations: viewcell to
kd-cell visibility test and aggregating occlusion in lispace. Since the viewcell and the kd-cell are

both composed of vertical trapezoids, these operationsestb the following operations between
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vertical trapezoids: maintaining the visibility inforni@t in line space cast by a set of vertical
occluders, testing the visibility between a face of the delvand a face of a kd-tree cell and

aggregating occlusion of newly found to be visible vertitapezoids.

1.3.1 Maintaining the occlusion information in ray space

To capture the occlusion information from a viewcell fef8eand a set of previously identified
occluders{O;}, we maintain the set dilocker polygong JB;i(S,O;). For reasons that will be clear
later, we maintain this union as a series of disjoint pohaiaells, forming a subdivision of the ray
space. Notice, that since these polygons do not reside osathe plane, their intersection can be
performed either on the unit sphere or simply by pair-wigersecting edges in accordance to their
induced plane with the origin (see Figure 1.13). EachCéti the projective ray space is associated
with a list of blocker polygon8c, (see Figure 1.14), arranged in the order they are seen. Nggani
for every pointl*eC, the associated rayin primal space intersects the exact set of occlugss

in the specified order. The subdivision of the ray space i ingrementally, separately for all the
faces of the viewcell. For each occlud@i(and a viewcell fac&) we compute the blocker polygon
P(S, O) and identify the cells already in the ray space subdividia intersecP. For each such cell
C we test the visibility ofO in primary space with respect to the set of occluders wighithis will

be explained in the following section). @ turns out to be visible then it is either also associated

with C or C is subdivided, otherwis® is hidden by all rays if€ and thus can be ignored.

() (b)

Figure 1.13: (a) Two blocker polygorid and Q and their intersectiof?Q on the unit sphere. (b)
Calculating the intersection poigt of ;q; andp1p; by intersecting their associated plargsand
o, also passing through the origin, and normalizing back éauthit sphere.
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(b)

Figure 1.14: (a) The projection of a viewcell faGeand three occludeD;,0, and Oz onto the
ground plane. The non-occluded funnels fr8rare denoted b¥a, Eg andEc. (b) A slice-view of
the plicker ray space subdivision induced by the occluddte the ordering of the occluders in
the relevant cells.

1.3.2 Testing visibility using the ray space

An important aspect of this algorithm is determining vikipifrom a viewcell faceS to an object
O (either a potential occluder or one of the faces of some Ki-daitially, the blocker polygon
P(S,0) is constructed and segmented into disjoint subdivisidls €@, according to the existing
line space subdivision. Separately, with the ray spacecediio such a cel)*, we solve the
visibility of O from S. For eachO;eQ*, build two shadow planes; andr,, against which clip the
top edge ofO (see Figure 1.15). Due to concavity, this results in at mostwasible fragment. If
there is indeed such a fragmef is not completely occluded) then it's end-points are magped
an edge in line space which is used to sub-divide the@glladdingO to the occluder lists in the

appropriate cells.

N smsmsmmman

(b)

Figure 1.15: The two shadow planes andrs. The first planezo is constructed by connecting the
top edge ofO with a vertex of the top edge &. The second planeg is constructed by connecting
the top edge o8 with a vertex of the top edge @. In (a) a top view and in (b) a front view.
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G 3

(a) side view (b) top view (c) slice view

Figure 1.16: The shaft (light cyan) between two paralleldsok andB is defined between the six
supporting planesT (top) andG (ground),L andR (left and right) and~5 andFg (induced by the

relevant faces of the kd-cell and the viewcell). The slieaw(c) shows the 2D visibility within the
plane, parameterizing the rays source and target with twenpeterss andt.

1.4 Hardware-accelerated from-region visibility using a dial ray space

In [KCOCO01] they introduce a new approach for solving 2.5Bihility using the 2D ray-space
between parallel line segments, as described in 1.1.1l&8Iynio other hierarchical frameworks, a
kd-hierarchy of the entire scene is used to accelerate thiegcalgorithm. Occluders must be 2.5D
primitives, but not limited to vertical trapezoids as in [BV01]. The viewcell however, must be a
box aligned with the kd-tree axes.

The key-observation behind this work is that the visibibgtween two aligned boxes (the view-
cell and some kd-tree cell) in a 2.5D world reduces to a 2Dbilisi problem on the plane through
the roofs (see Figure 1.15a).

Their framework works as follows. First a kd-tree hierarehyuilt for the scene. The culling
algorithm traverses the tree top-down, testing the box to\nsibility (viewcell to kd-cell). A
visible non-leaf kd-cell is further traversed, a visibl@fleell is added to the PVS whereas an

occluded kd-cell is culled along with its sub-hierarchy.

1.4.1 Visibility between two aligned boxes

In a 2.5D world, two axis aligned boxésandB are mutually visible if and only if there upper rims
(roof-tops) are. The set of occluders reduces tostheft the volume between the six supporting

planes (see Figure 1.16a,b).
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The visibility test betweer andB is performed as follows. First, the occluders in the shadt ar
intersected with the top visibility plane. Occluders theg ahorter than this plane do not occlude
and are omitted. The intersections produces polygons otofh@lane which are considered as
individual line segment (see Figure 1.16c). Using the patanzation described in 1.1.1, each
line segment induces a simple polygonal footprint. Eaclipioat is rastered conservatively to the
frame-bdfer using the graphics hardware (see Figure 1.17). If theeerly space is not fully
covered by these footprints thénandB are mutually visible (see Figures 1.7 and 1.7). Testing for

full coverage can also be performed in hardware by using ¢okision query extension.

Figure 1.17: The footprint of an occluder is conservativalsterized by coloring only fully covered
pixels.

1.5 Occluder fusion

There are two main approaches for aggregating umbrae. Bhafiproach uses ray-parameterization
to capture the visibility information of an object into someometric region (usually a polygonal
footprint) and apply Boolean operations to determine WlisflfKCOCO01, BP01]. The second ap-
proach fuses individual intersecting umbrae into large raahDDTP00, SDDSO0Q].
Ray space techniques, as described in 1.1, are well suitedyfpegating umbrae, yet arditi
cult to extend to 3D due to the high dimensionality of the paeter space (5 degrees of freedom).
A different approach for occluder fusion is to incrementally toigs an aggregate umbra in pri-
mal space. An occluder fusion occurs whenever individuddnam intersect [SDDS00, DDTPOQ]. It
should be noted that umbra intersection is fiisient condition but not a necessary one; see Figure
1.18, where three non-intersecting umbrae yield a largecggée umbra.

Occluder fusion algorithms that are based on umbra inteoseare realized in discrete space.
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viewcell ®

Figure 1.18: Example of occlusion due to non-intersectingotae. The brown object is fully
occluded only by the aggregation of the umbrae of all ocetidelowever, none of the individual
umbrae intersects.

Schaufler et al.[SDDS00] maintain discretized versionfiefumbrae and extend them by generat-
ing large boxes that intersect the discrete umbrae. Duraald[®DTPOOQ] use discrete projection
planes placed near each occluder to capture their umbradardJimsion is accomplished by pro-
jecting the projected planes from one to the next based oscaeté convolution operation.

As shall be described next, our solution combines both ofatheve techniques. We use a
ray space technique (horizontally) combined with an umbeaging occluder fusion technique

(vertically).

(@) (b)

Figure 1.19: The two components of our factorization. (a¢ @konometric (top-view) projection
of a scene consisting of the viewcell (in yellow) and progelcscene objects (vertical triangles). (b)
A vertical plane where the line segments are the intersesiid this plane with some of the scene
triangles. If the triangles are non-vertical, the top-viemnsists of triangles and the vertical plane
consists of arbitrary oriented segments, rather thancatmines.

1.6 Overview

Our technique is based on a factorization of 4D visibilitjoihorizontal and vertical components.
We define a bounded non-singular parameterization for thed@izontal component by a vertical

(axonometric) projection of the objects onto the grouné (zplane). In Section 2.1 we show that
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Figure 1.20: Thairectional-plane Rs,t) and thedirectional-umbra P(st) is the vertical plane
defined by the horizontal ray directios,{). The intersection of a polygon witR(s,t) is a line
segment which casts a directional-umbra with respect toigvecell.

the footprint of the projected object is composed of a fewgohs in the parameter space.

Each point §t) in the parameter space represents a horizontal direcéidinthe rays in the
3D primal space that agree with a givet] direction define a vertical slice, which we call the
directional plane(see Figure 1.20). Note that the intersection of a triangkd the directional
plane is a line segment, and it castdigectional umbra For each directional plane we maintain
an aggregated umbra created by the occluders. The aggtegatea for all horizontal directions
is maintained in thecclusion map A hierarchical front to back traversal of the objects isduse
to perform visibility queries and to update the occlusionpm& he footprints of the objects are
conservatively discretized and drawn by the graphics harelyand the occlusion map is represented
by a discrete ray space.

The rest of the thesis is organized as follows. In Chapter 2leseribe the 2D (horizontal)
parameterization and the treatment of the vertical commremncluding with how to combine
the horizontal and vertical components to solve the vigybih 3D. The hardware implementation

details are described in Chapter 2.4 and the results areriegsin Chapter 3.
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Ray Space Factorization

The common duality oR? is a correspondence between 2D lifes ax+ b in the primal space
and points & —b) in the dual space. This parameterization is unbounded;wgrievents its simple
discretization. We present afiirent parameterization of 2D lines. We choose to pararaeterily
the oriented lines (rays) that emerge from a given 2D squiatecell. This parameterization does
not have singularities and the parameter space is boundedidition, as shown below, all the rays
that leave the viewcell and intersect a triangle, form agddot in the parameter space that can be

represented by a few polygons.

2.1 The parameter space

Given a square viewcell, a representation of rays that reatgi from this viewcell is defined as
follows. Each ray is represented by its two intersectionthwivo concentric squares: an inner
square (which is the viewcell) and an outer square (see &igura)). This representation can be
regarded as the 2D case of the two-plane parameterizatiog msiltiple slabs [GGSC96, LHI6].
Parameters andt are associated with the inner and outer squares, respgcfsee Figure
2.1(a)). They are assigned an arbitrary range, for exartipeynit square & s,t < 1. We choose
the size of the outer square edge to be of about twice the Gthe mner square edge. Any ray that
starts inside the viewcell must intersect both the inner@utér squares. Thus, each such ray r is

represented by a pair of parametsrandt, that correspond to its intersections with the inner and
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Figure 2.1: The footprint of a point is a line segment. Thesnagssing through a point in the primal
space (in (a)) are mapped to line segments in the parametee ¢p). The rays passing through a
segmeni in the primal space are mapped to the area bounded by the oywifds of the endpoints
of A.

outer squares, respectively. The parameter space is bdbandecach ray has a mapping.

The intersection poirttof a ray with the outer square is either on a vertical edge aradntal
edge. We choose to map the ray only to poistt) Guch that the edges of the inner and outer squares
associated witts andt, respectively, are parallel. This parameterization séfptures all emanating
rays, since each ray intersects at least one parallel imteoater edge pair. It is also possible that
the same ray intersects the inner square twice on paraliglsedats; ands,. We choose to map
such rays to two pointss{,t;) and (s,,t1) to avoid the need to distinguish between them. It should

be noted that although some rays are mapped to two pointegphesentation is still unique.

2.1.1 The footprint of a 2D triangle

Let us define thdootprint of a geometric primitive as the set of all points in the paremepace
that refer to rays that intersect the primitive. We will noesdribe the shape of the footprint of a
point, a segment and finally a triangle.

All the rays that intersect some poigere mapped to a set of segments in the parameter space.
To compute the footprint off we need to consider the eight pairs of parallel edges of tharsg.
Each pair defines a ling(s) = as+p in the parameter space. Since the range of Isadhdt is
bounded, the footprint of is a segment on the ling(s) bounded by the domain afandt (see
Figure 2.1(b)).
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(a) (b)

Figure 2.2: The subdivision of the footprint of a triangle) The orthographic projection of the
triangle. Each vertex has a distinct color. (b) Part of theapeeter space footprint. The line
segments are shown in the same color as their corresponelitiges. The footprint is divided into

different regions, each region representing rays that haveuthe pair of entry and exit edges. The
color of each region corresponds to the vertex that is shaydmbth edges.

t=0 14

The footprint of a segmerA = Q10 is a set of polygons in the parameter space. Let us look
at each pair of parallel edges of the parameter squaresaselyaand capture the rays that hit the
parallel edges and the segment. For a fixed valueoof the inner edge, the range of corresponding
t's defines a vertical segmetfs t) : t € [tg, (9), tq,(S)]} in the parameter space (see Figure 2.1). Since
tq, (S) andtg,(s) are linear functions o§, the set of the vertical segments of allefines a polygon
(maybe non-simple) in the parameter space. Given an aspgsgment, its footprint consists of up
to six polygons out of the eight possible pairs of parallelesg edges. However, in most cases no
more than four are required.

The footprint of a 2D triangle is the union of the footprintsits edges. In general, the triangle
is subdivided into three regions according to the pairs ¢fyesnd exit edges, and the footprint of

each region is generated as above (see Figure 2.2).

2.2 Visibility within a vertical plane

So far we have shown the first part of our factorization, teathe parameterization of horizontal
rays leaving a viewcell and passing through a 2D trianglex Me continue to describe the second
part of the factorization — the visibility within a verticdirectional plane. We traverse the cells of a
kd-tree in a front-to-back order and interleave occlusesig against the occlusion map and umbra
merging to maintain it. It consists of: (i) How to perform magity queries, and (ii) How to perform

occluder fusion.
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2.2.1 \Vertical visibility query

Let (sit) be a point in the parameter space representing some fixé&bhtal ray. We denote by
P(st) the vertical planethat corresponds to that direction, and Kythe intersection of the axis-
aligned viewcell withP(s,t) (see Figure 2.3). LeR be an arbitrary 3D triangle; the line segment
B = Pp1p2 is its intersection withP(s,t). The segmenB casts adirectional umbrawith respect to

K within P(s t), which is defined by the supporting linésand¢, (“t" stands fortop and“b” for
bottom see Figure 2.3). The two valuesanday, denote thesupporting-anglegsorresponding td;
and¢y, respectively. These two values encode the directionalrambB within the vertical plane
P(s,t). The angle values are represented by their tangents asoiusof (S t) (see the appendix).

Hereafter we refer to these valuesaagleswhile we mean their tangents.

Figure 2.3: The directional planeP(s,t) is the vertical plane that corresponds to the horizontal
direction s t). Its intersection with the viewcell is the rectand{e and the intersection with the
triangleR is the segmenB = Pip2. The directional umbra dB with respect tK is defined by the
supporting lineg; and¢, or, alternatively, by the supporting anglesanday. The horizontal visi-
bility component ofR is computed by parameterizing the horizontal rays thaRhfthe orthogonal
projection ofR onto the ground).

Let Q be some other line segment withigs,t) that is behindB according to the front-to-back
order with respect to the viewcell. Determining whetkis occluded byB translates into testing
whether the umbra dB containsQ. This test is fairly simple using the pair of supporting-isg
as it only requires testing whether both endpointfare inside the umbra d. This is done by
comparing the supporting-angles®ith those ofQ, as illustrated in Figure 2.4. The front-to-back

order guarantees that the tested segment is always bel@ratttuders; therefore the supporting
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Figure 2.4: Visibility test within a vertical plane. The aeroulated umbra is represented by the
supporting anglea; anday corresponding to the supporting lingsand¢, respectively. The line
segmeniQ is occluded if both of its endpoints are within the accunedatimbra, i.es; < a; and

B = ap.

lines are sfficient for the visibility test.

2.2.2 Occluder fusion

In the vertical directional plane, umbra aggregation isqrered by testing umbra intersection and
fusing occluders. In general, the supporting lines alonaatainiquely describe the umbra. As de-
picted in Figure 2.5(a), adding the separating lines to ¢peasentation defines the umbra uniquely
by pinpointing the endpoints, and allows to test whethermtimdrae intersect. Whether the umbra
of Q intersects the umbra &, can be determined by a series of simple angle comparisaQsotl

B (see Figure 2.5). If umbra intersection occu@sandB can be fused into a new “virtual occluder”
segment that represents the aggregated occlusi@p arid B. Figure 2.5(g—h) describes how to
create this segment. It is important to note that the fusedrans valid only for testing occlusion
of ocludees placed behind all the occluders that createdritiza.

Note that the test of merging the umbra@fwith the umbra ofB is order-independent. Since
often Q does not merge witlB, we maintainB as the union of a number of umbr&g EitherQ
merges with one of th&’s or it creates another umbra component. We believe thatdlp a
small number of umbrae is enough to converge into a large eoggd umbra, but the number of
Bi’'s required is often order-dependent. Processing adjameméarby triangles is likely to rapidly
merge small umbrae into one larger umbra. Thus, an approgior@ering of the occluders is
more dficient. This implies that maintaining only a small number oflara components, possibly
even a single one, might not be too conservative. The \igikiést based on a small number

of umbrae is conservative, since if an object is visible fatstprint is not fully contained in the
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full aggregated umbra, and therefore cannot be containadyirof its subsets. In particular, for the
scenes with low vertical complexity that we tested, mamiteyg a single umbra in the occlusion map
is dficient enough in the sense that it captures most of the oodwsid produces a tight PVS. In
our current implementation, we ignore the last umbra corapbthat didn’t merge with the existing
umbra. Typically man-made scenes have a strong verticareabe and after some umbra-merging
steps, the umbra grows to capture most of the occlusion. Hewe true 3D models, with no
preferable orientation, such as a flying asteroid, maiirtgionly one umbra is overly conservative

and indfective.

2.3 Putting it all together

In the previous section we described the visibility withidieectional plane. We combine the two
parts of our factorization: the vertical (directional) iiity and the horizontal footprints, together
with front to back scene traversal, exploiting the fact @ilathe directional (vertical) computations
can be performed in parallel.

The footprints are conservatively discretized before egingdj, as in WS99, DDTP00, KCOCO1].
Each pixel in the discrete footprint represents a direatigtane §t). We augment the “flat” dis-
crete footprint of a given triangle by adding four valyes ..., v3} to each of its pixels. These values
represent the angles of the four supporting and separatieg &ssociated with the triangle and the
viewcell. More precisely, leR be a 3D triangle and Ié®’ denote the vertical projection & (see
Figure 2.6). LetF(R’) denote the footprint oR’ in the parameter space. Each pat)eF(R)
defines a directional plani(s,t) that emanates from the viewcell and intersdgts Along each
direction 1), the occlusion oRis expressed by the two supporting angigs, t) andap(s,t), and
the two separating angl@s(st) and
overlinaery(s,t). In the following, we denote these four valueswpy {vo, ..., Va}.

For eachv;, the footprintF(R’) is augmented into a 30s(t,Vv) parameter space, yielding four
3D footprints. These footprints are surfaces, which can dreputed using shading operations
available on advanced graphics hardware. Alternativbly tan be conservatively approximated
using simple polygons (see the appendix for details). Tingbkes the use of conventional graphics

hardware to generate them rapidly. Note that the discretgpffimt is a conservative discretization
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of the domain and the values of a continuous function, ré&tier their sampling.

By conservatively discretizing the bounded parameter espalt the per-§,t) visibility oper-
ations, described in Section 2.2, are performed using pei-pperations supported by modern
graphics hardware. This takes advantage of the fact thatitbetional operations are independent
of each other. The visibility tests and umbra merging opanatare performed in parallel across
the parameter space. In this setting the discrete occlusamis an array, where each of its entries
contains a series of four valugs that is, four values for each umbra component. The dethilseo

hardware implementation are described in Section 2.4.

2.3.1 Hierarchical visibility culling

The original objects of the scene are inserted into a kd-tBaring the algorithm execution, the
kd-tree has two functions. First, it serves as a means tersavhe scene in a front-to-back order.
Second, it allows culling of large portions of the model. Kaetree is traversed top-down, so that
early on, large kd-tree cells of the hierarchy can be dafessehidden and culled with all their sub-
trees. If a leaf of the tree is still visible, then the visilyilof each bounding box associated with it
is tested. If a bounding box is visible, the triangles bouhuteit are defined as potentially visible.
In scenes with significant occlusion, the objects closee¢ovtbwcell rapidly fill the occlusion map,
and most of the back larger kd-cells are detected as hiddenemphasize that the from-region
front-to-back order of the kd-cells is a strict order rattien approximate [BPO1]. The strict order
is guaranteed by using large kd-cells whose splitting [garexer intersect any viewcells.

The umbra merging is applied while traversing the kd-treatfto-back. Whenever a leaf node
is detected as visible, the polygons in that leaf are consilas occluders and their footprints are
inserted into the occlusion map, while possibly merginghwite existing umbrae created so far
during the traversal. Merging umbrae simplifies the ocolushap and increases the occlusion. Op-
tionally, before updating the occlusion map, the visipilif individual polygons in the potentially
visible leaf can be tested to tighten the PVS. The pseudoitoBeure 2.7 summarizes the entire

process.
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2.4 Hardware implementation

We first describe a simpler scheme that uses only 2.5D oadudie handle 2.5D occluders we use
a “half-umbra”, where only the top supporting angég)(is stored. The bottom supporting angle
is always zero, and no separating angles are needed sincedheler umbrae always intersect.
We encoder; using the z-coordinate of the 2D footprint by conservayiveiearly approximating

it from belowabove for occludgoccludee, respectively, as described in the appendixingegis-
ibility of an occludee translates into testing the vistiilof its footprint while disabling z-biiier
updates to protect the occlusion map. This is accelerated tise hardware occlusion flag. Umbra
fusion is implemented by enabling z{ber updates and drawing the occluder footprint.

To handle 3D occluders we need to use a series of top and bestipporting and separating
angles. However, due the limitation of currently availabéedware, the occlusion map stores only
a single directional umbra per direction, compactly placedifferent regions of a single z-fiar.
Testing visibility of an occludee translates into testingether the top or bottom supporting foot-
prints are visible when rendered using the/bmtom occlusion map z-lfiers. Again, rendering
is performed while z-bfier updates are disabled. Umbra fusion is implemented bynd¢esthether
the new umbra intersects the current umbra in the occlusiem ior a given occluder, its four sup-
porting and separating angles are required to be testedheithcclusion map. This is implemented
in two passes, where in the first one the stencitdauis used to mask locations where the umbra
intersects, and in the second pass thefidus actually updated where the stencil test passes.

Note that this two-pass scheme is expensive since eachdecaieeds to be drawn twice by the
hardware. Our current implementation is reported fania GeForce4 Ti graphics card. Theipia
GeForce FX card allows more flexibility. Since we implemeiitenly with an emulator, we cannot
report the acceleration expected. However, the GeForceafKprovides stronger fragment shader
functionality to support the calculation of the directibmanbra within each slice. In particular,
tana = H/L (see appendix) can be computed without approximation.

Our implementation is usingvimia’s Cg shader language. We use the available 32bit floating-
point PButers (denoteacclusionPB) to store the global occlusion map, thus allowing four 32bit
floating-point precision values in eacf ) pixel to store the exaat values. We use an additional

32bit floating-point bifer (denotedkempPB) for temporary storage. Augmenting the occlusion
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map with the umbra of an occluder triandkeis performed as follows. We usgclusionPB as
input texture andempPB for output. We render the 2D footprint &, thus triggering fragment-
shader code ingt) pixels that represent directional planes that interBedt each such pixel, the
fragment shader calculates the intersection segmeRtawfd the corresponding directional plane,
and extracts the exact separating and supporting anglesl(es). The current umbra at each pixel
is read fromocclusionPB. The read occlusion angles are compared to the newly ctécuémgles
of R as explained in Figure 2.5. Where fusion is possible, thedusnbra, represented by four
newy; values, is output ttempPB; otherwise the pixel is killed. The above yields the set aEfs
within tempPB containing the fused umbra. Whether any umbra fusion hagrat is identified
by the occlusion query extension that tests if not all pixegse killed. In that case, the 2D footprint
is rendered again while settingmpPB as input texture andcclusionPB as output. The fragment
shader simply copies the updated valuesddusionPB.

Testing the visibility of a potential occluddeis performed by settingcclusionPB as input
texture andempPB as output. The fragment-shader calculates onlyitkalues that represent sup-
porting angles, reads the occlusion supporting angles éestusionPB and performs the compar-
ison between them as explained in Figure 2.4. The shadertkél pixels that represent directional
planes whereimR is occluded and outputs some arbitrary value for pixels @/Reis visible. The
visibility test is performed by using the occlusion queryegsion to test if not all pixels were killed.

As a future extension to support multiple umbrae per slice suggest to pack 8 half-float (16
bit floating point) values in the 32bit floating poiRBuffers. This allows storing two umbrae per
pixel in the occlusion map. Another, more general approashlavbe to use multiple 32bit floating
point PBuffers to store the occlusion map. However, since it is currentlypossible to output to
more than a single Itter, augmenting such an occlusion map probably requirespleutendering

passes which is thus overly expensive.
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(9) (h)

Figure 2.5: (a) Representing umbrae solely by the suppmplities does not provide a unique def-
inition. The segment# and B have the same supporting lines, though they cairéint umbrae.
Adding separating lines pinpoints the location of the emaljsoof the segment, thus defining the
umbra uniquely. (b)-(h) Diierent cases of occluder fusion within a vertical slice. Tégasating
lines are dashed and supporting lines are solid. The supgangles of the segments arg ay
(red) ands, By (blue). Separating angles are denotedvyry, Bt, Bb- In cases (b)—(d), the umbra
of one segment isontainedin the area between the supporting lines of the other segtiheméfore
the first segment’s occlusion makes no contribution evehaftivo umbrae intersect. This case
happens when; < 8; andap > By (or vice versa, i.ea < B). In such a case we “throw out” the
contained segment and keep just the other one. If the abowpartson condition doesn’t hold, we
test whether we are in situations (e) or (f), where no umideasection occurs. The tests ang> f;

(e) orap > By (f). If these tests fail as well, then there must be umbrarsetetion (g). We replace
the two segments by a new “virtual” occluder segment (seertéiege segmentin (g)), i.e. we insert
into the occlusion map the following angleg; = maxXat,Bt}, yo = Min{ap, Bb}, y1 = Minjax, B},

v = maxXap,Bp} (see (h)). It is easy to prove that any ray that leaves theog#hvand intersects
the new segment must be also blocked by at least one of thelthgegments. Thus, any occludee
placedbehindboth old segments, is occluded by the virtual occludiéit is occluded by the old
segments.
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(@) (b)

Figure 2.6: Footprint of the triangl® in the (s,t,v) parameter space. (a) The supporting and sepa-

rating angles oR (ay, ap, a;, @p) in the primal space. (b) The augmented footpFR(R') into the 3D
(s t,v) parameter space. Eacht)eF (R) is associated with they values (denoting the supporting
and separating angles within the vertical pld*s,t). Note that thev; surfaces abové&(R’) are
rational surfaces that can be conservatively approximasaty polygons (see the appendix).

PVS <0
CalculateVisibility (kd_tree . root)

CalculateVisibilty (curr_kd_cell)
if TestVisibility(curr_kd_cell) / current kd-cell is visible
if cur_kd_cell.IsLeaf()
PVS « PVS U curr_kd_cell.getTriangles()
AugmentOcclusionMap(curkd_cell.getTriangles())
else
foreach kd_child € curr_kd_cell.children in f2b order
CalculateVisibility (kd_child)
end foreach
endif
else
return // current kd-cell occluded= terminate
endif

end

Figure 2.7: Pseudocode of the overall occlusion cullingesné
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Results

We have implemented the technique and integrated it int@itdhical occlusion culling mecha-
nism based on a kd-tree data-structure. The results wetitegr@r are of our current implementation
on a 2GHz P4 machine withvinia GeForce4 Ti graphics card. We used a randomly generated
urban model controlled by a large set of parameters whicimel@fiodel size, density, distribution

of heights, regularity, etc. Some of the buildings consigparts of the shape of the letteFsand

T, and some buildings have a number of parking decks in theirffoors as a means of increasing
the vertical complexity of the urban model. Unlike commooamestructed urban models, here the
buildings consist of several floors, each being a 3D box. Tdiklings are between 9-12 units in
width and length and are rotated by at most,3Bus they are not axis-aligned. See Figure 3.1 where
only the visible buildings are colored, while the occludeg®are in gray.

We also generated a non-realistic model, which we call the-fiield”, that consists of randomly
generated boxes. The boxes have arbitrary size up *d@€@L0O units and arbitrary orientation
(see Figure 3.2) that form a highly complex 3D model. Witts timodel we tested and analyzed
the behavior of our technique in the vertical direction. Tenplexity of the box-field model is
apparent in Figure 3.2(b). The model is not too dense, scstitae geometry deep inside the box-
field is visible. Since a single visible node necessarilyseauan entire branch of the kd-tree to be
visible, it avoids the early culling of a large portion of ttiee, reducing theffectiveness of the use

of a hierarchy.
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Figure 3.1: The city model consisting of 26.8M triangles). Tae view from above. The viewcell
is located in a junction (in green) where distant geometrysible. (b) A typical view from inside
the viewcell during a walkthrough. The viewcell size is<25x2.5 units.

Cell Off-junction viewcells In-junction viewcells
size || Time PVS/VS Time PVS/VS
3 || 0.31| 2412/1760| 0.40| 8832/6824
9 || 0.41| 2840/ 2632 | 0.51| 12184/9072
14 || 0.58 | 3592/2894 | 0.96| 13576/9184
20 || 0.71| 4568/2928 | 1.56 | 18304/ 9888
25 || 0.78 | 5224/2960| 2.01 | 21608/ 10072

Table 3.1: Results for the urban scene consisting of 26.8Mdtes. Cell sizedenotes the length
and width of the viewcell; the height of all viewcells is 2.5its. PVSandVSsize is given in
triangles,Timerefers to culling-time in seconds. The results are takem fwo types of viewcells:
Off-junctionviewcells are within some city block, whereigsjunction viewcells are positioned on
the junction of two long avenues. The buildings are betwedt?Qnits in width and length and are
rotated by at most 30about the axes.

We approximated the exact visibility set (VS) by samplingwneandom viewpoints and view-
directions with a from-point algorithm. By running enougim®ples (around 1000), at some point
the sampled VS converges and gets very close to the exactab®sr3.1 and 3.2 summarize the
results for the urban model and the box-field model. The sabtempare the performance of the
technique in terms of speed and culling conservativenbsss{te of the PVS vs. the VS). When the
viewcell is placed in the junction of two long avenues the W8 aonsequently the PVS are much
larger than the VS of a viewcell placed elsewhere. Similatyshown in Table 3.2, by moving the

viewcell away from the box-field we increased the size of ti&PWhen the viewcell is closer to
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Figure 3.2: The box field model, 20.7M polygons. In (a), thérermodel is displayed. Gray
polygons are those detected as hidden, colored ones aie\asid the red polygons belong to the
PVS although they are occluded. The area around the vieweslicleared to increase the portion
of the visible geometry. (b) A view from inside the viewcédilsvs the complexity of the scene. The
viewcell size is 2620x10.

Cell Near viewcell Far viewcell

size || Time PVS/VS Time PVS/VS

5 || 0.93| 4864/1312 | 3.22 | 35456/ 14224
10 | 1.10| 6032/1424 | 3.45| 37072/ 14256
15 || 1.27 | 7184/1552 | 3.59 | 38912/ 14304
20 || 1.39| 8176/1632 | 3.71 | 40080/ 14416
30 || 1.87 | 13136/ 2400 | 4.04 | 43248/ 14672

Table 3.2: Results for the box-field scene consisting of K0ti7angles with respect to fferent
viewcell sizes Near viewceliis a type of a viewcell located from within the field (as seefigure
3.2(a)) whereagar viewcellis a type located outside and far from the field. The heightliof a
viewcells is 10 units.

the scene, the objects are larger and occlude much more.

The degree of conservativeness of the vertical umbrae netgchnique depends on the number
of umbrae maintained in the occlusion map. Table 3.3 reghdagesults of computing the PVS
using a half umbra and a full umbra for the urban scene. Halimabra captures only the occlusion
of 2.5D occluders. Maintaining a single full umbra redudsss $ize of the PVS, at the expense of
longer computation time. On current cards it would be toeesjve to implement an occlusion map
with multiple umbrae, since it would require a stack of tegtiand a multi-pass which significantly

slows down per-pixel operations (see also Section 2.4).
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Viewcell VS Half-umbra Full umbra

size size PVSsize | Time PVSsize | Time

3 7536 | 28296 | 0.966 | 18968 | 1.354
9 7720 | 31936 | 1.149| 22368 | 1.704
14 7808 | 33504 | 1.184| 22576 | 1.745
25 8304 | 36480 | 1.253| 24520 | 1.845

Table 3.3: Comparison between cullinffextiveness using only 2.5D occluders and by using 3D
occluders on a urban city model consisting of 20M triangksn-2.5D occluders compose 30% of
the scene occluders. VS and PVS sizes are in triangles.

All our tests show that the culling time is directly depentden two interdependent factors: (i)
the number of visibility queries, and (ii) the number of tisi triangles (occluders). Due to the
hierarchy, the technique can deal with a huge model, buidfisly as long as the size of the VS is
small. A small VS means that only a small number of triangsegsible, which implies that only a
small number of kd-cells in the hierarchy is tested.

Regarding the conservativeness of the technique, as shmoilue tables, our current implemen-
tation yields a PVS which is quite conservative. Howeves,dhsolute size of the PVS is relatively
small (in our tests it is less than1@% of the full model) and bounded for dense scenes, so common
graphics hardware can render it in real-time. Moreover,effiectiveness of the technique is not
measured for a single view, but over time, for a large numlbdrames. Assuming the scene is
rendered at 30 frames per second, at least hundreds of framegnerated within one viewcell,
and the actual cost of generating the PVS can be amortizediowe

Another important factor is the resolution of the ray sp&diearly it takes more time to render in
high resolution than in lower resolution. Moreover, thetais hardware-based visibility test is also
proportional to the resolution. Our tests show that the moatlinear function of the resolution. In
general, a high resolution ray space yields a less consen\RYS. Table 3.4 reports these numbers.
We found that 51% 512 is an €ective resolution, and all the results reported here arfe this ray
space resolution.

Our results analyze the method as function of the viewcedl.SiVe can see a clear dependency
between the viewcell size and the size of the PVS, and coesdguhe culling time. The challenge
is to treat viewcells that are large relative to the averaggudler. Our results show that the culling

time grows more slowly than the viewcell size, suggestirag tbr these scenes our technique is not
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too sensitive to the viewcell size, but rather to the sizénef\¥S. This implies that at the negligible

cost of testing the visibility of another large kd-cell, wautd cull a scene which is twice as large.
Finally, we tested the algorithm on the Vienna2000 modetWwhepresents abouk3km of the

city [Vienna2000]. We checked two types of viewcells: snaaitl large, and generated twdrdrent

kd-trees, respectively. Polygons crossing the kd-cellndaties are split. Figure 3.3 is a view of

a culling result from a large viewcell. The results are régrin Table 3.5. It can be seen that

for the smaller viewcells, the PVS is reasonably tight, raggt about 2—2.6 times of the VS size,

while for large viewcells the PV/§'S ratio grows to about 6—7. This is because the conservative

approximations (see appendix) are sensitive to the viéwizad and thus play a significant role for

larger viewcells.

Resolution PVS size | Percentage | Time (sec.)
128128 || 36936 | 0.14% 0.626
256<256 27920 | 0.10% 1.217
512512 21608 | 0.08% 2.011
10241024 || 14168 | 0.05% 5.335

Table 3.4: The fect of the frame-bflier resolution on the PVS size and the computation time. PVS
size is given in triangles angkercentages the size of the PVS relative to the full model consisting of
26.8M triangles. The PVS was computed from a viewcell of 8&e25x2.5 units. For comparison,
the VS size is 10072 triangles.

3.1 Discussion

Our factorization method decomposes the 3D from-regioibiity problem into many simpler
from-region problems in 2D vertical slices. The solutionas/mmetric as it treats the vertical
dimension diferently than the horizontal one. While the latter is almostce (it is conservative
only due to discretization), the former assumes vertichkoence in the scene that guarantees that a
significant portion of individual umbrae intersect and neerue to gravity, realistic models tend to
have a general vertical orientation and typically theittieat complexity is low. One can argue that

if the simplest vertical complexity is 2.5D, then more veatly complex models are somewhere
between 2.5D and 3D. In that sense we claim that conceptu@llytechnique can treat “3B-

scenes, while in practice due to current hardware limitatioe treat “2.5B3-¢” scenes.
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The methods presented by Durand et al. [DDTPO0O] and Schaaifedr [SDDS00] handle 3D
from-region visibility by fusing occluders based on 3D umntersection. As we mentioned above,
umbra intersection is a conservative approach, which wel@mmly within the vertical slices,
where the visibility coherence is typically large. In c@df, in the horizontal direction we use a
ray-parameterization which is exact up to discretizatibthe polygonal footprint. This allows to
increase the horizontal dimensions of the viewcell witlpees to the average occluder size.

The from-region techniques [KCCO00, KCOCO01, BWWO01] ardtiém to 2.5D occlusion. Bit-
tner et al. [BWWO01] also use a 2D ray space parameterizaliiocontrast to us, their 2D visibility is
used to detect the set of potential occluders for a given BlgEct, while we use the parameteriza-
tion for the decomposition of the from-region problem. A l@jnt in the design of our algorithm is
that it uses anccludee-independendy space. This is in contrast to thecludee-dependerndy pa-
rameterization used in [KCOCO0L1], where the parametedras valid only for objects in the shaft
defined by the viewcell and the given kd-cell. The view-dejesm parameterization necessarily
requires a repeated clipping of the entire scene with eatheofiew-dependent shafts. The view-
independent ray space allows the scene to be traversednintértvack order, where each visible

object is accessed only once to update the occlusion map.

Figure 3.3: A view of the culling result for the Vienna 2000deh The viewcell is colored in blue.
Viewcell size is 156150x2m.

Nirenstein et al. [NBG02] also solve the 3D from-region peob in ray space. However, they
provide an exact solution using high-dimensional spacégwcannot compete in speed with con-

servative solutions.
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Small viewcells Large viewcells
Size || Time PVS/VS Size || Time PVS/VS
3 || 0.18| 964/424 | 50 | 0.36 | 3396/ 502
14 || 0.19| 1216/514 | 100 || 0.45| 4424/ 744
25 | 0.22| 1546/592 | 150 || 0.58 | 5720/ 930

Table 3.5: Results for the Vienna2000 model. The height efaihildings is 2.2-50.8m (18.6m on
average).Sizedenotes the length and width of the viewcell in meters; thghteof all viewcells is
2m. The total number of triangles is 87k (for small viewcelad 72k (for larger cells). The reason
for the diference is that the 67k triangles of the original model ar¢ apltoss kd-cells boundaries.

3.2 Conclusions

We have presented a from-region visibility technique tlakes advantage of the capabilities of
the advanced graphics hardware to compute from-regiobiltigi The technique is based on the
factorization of the 4D problem into horizontal and verticamponents. A notable property of
our solution is that it is asymmetric, since it favors theibamtal component over the vertical one.
The footprints drawn on the horizontal plane are exact, ugigoretization, while in the vertical
direction we employ a conservative occluder fusion tealmidrhis is based on the observation that
in common scenes there is a preferable orientation sinceettieal direction is less complex.

As discussed above, the current implementation of the decléusion in the vertical direc-
tion is conservative. One can consider other hardwarastagdsimplementations and adapt them to
the available hardware capabilities. We believe that inftitere, graphics cards will include new
features that will facilitate the implementation of fromgion visibility techniques. This is espe-
cially vital for remote walkthrough applications whererfigpoint calculations on the server are not

applicable due to network latency.
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Appendix

Here we describe the calculation of the supporting and aépgrangles and their conservative
rasterization over the footprint. We choose to considettdhgents of the angles because they can
be easily computed and maintain the order relation betwegles.

Given a 3D trianglérand a directional slicB(s,t), denote the intersection Bfwith P(s,t) by Q.
The bottom supporting angteis given byv = tana = H/L (see Figure 4.1(b)). We will only discuss
the bottom supporting angles; the other supporting andagépg angles can be handled in a similar
fashion.H andL are functions of¢ t), and we would like to interpolatgs,t) = H(s,t)/L(s,t) across
the horizontal § t) footprint of R to obtain the 3D footprint in thes(t,v) parameter space.

L is the horizontal distance between the considered endpbi@tand the front of the viewcell
(i.e. the part of the viewcell closest ). In Figure 4.1(a)L = A1]lv1 — Vol|. Defineny =1 tguy. It

can be easily verified that:
_ <Up-—Vp, N1 >

A= .
<V1—Vp, N1 >

Sincevg = Mg + (M1 — Mg) andvy = Ng + t(N1 — Np), we obtain by substitution that

_ ais+ag
1™ bystbot+bs’

where

ap =—-<Mp—-Mp, Ny >, a3 =<Ug— Mo, N1 >,



Chapter 4: Appendix 40

uo )
No t N+

@) (b) ()

Figure 4.1: (a) The red line denotes the 3D segment, as se@rafbove. The height of endpoing
is hp and the height ofi; is h;. A ray is shot from point/g on the viewcell boundary to the poinf
on the outer square boundary. (b) Measuring angles by thegents. Here, tan= H/L, wherea
is the bottom supporting angle of the segm@nH is the height of the lower endpoint f, andL
is its the horizontal distance from the viewcell front. (@pgResentindHd as an interpolation of the
heights of the endpointéy andh;.

b1 =a;, bo =< N;—Ng, n1>, bs=<Ng—Mp, ny>.

Now, let us compute the functiad, which is the height of the considered endpoint®fnote
that when we compute the top supporting and separating ah@)e height is measured from the
top of the viewcell). Letyy andh; be the heights of the endpoints of the considered edd¥(sée
Figures 4.1(a),(c)). TheH = hg + A2(hy — hg). It is thus stficient to calculatel, as a function
of sandt. Denoten, =1 Vgvi. Then similarly to1;, A, can be written as

<Vp—Up, N2 >

Ao = .
< Uq-—Ug, N2>

Assume M; = (Mix, Miy), Ni = (Nix,Ny), i=0,1 We can writen; explicitly as

After substituting this explicit form in the equation @4, we get

_ s+ apt+ag
2~ byis+ byt + bg’
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where the numbers; andbj, j=1,2,3 are constants (they depend b, N; and the segment end-

points only). ThusH is a first-order rational function ¢fandt.

Linear approximation. The value of|vy —vgl| is between somédn,i, anddmnax Over the entire ¢ t)

footprint. ThusL can be conservatively approximated by a first order ratiuradtion of s, t:

dmind1(s.t) < L(St) < dmaxdi(s 1)

How to linearly approximatéd/L? First, eitheH or L are conservatively approximated by a con-
stant. It is preferable to take the “less changing” functionthat purpose. If the height does not
change muchhp ~ h;), thenH should be set to a constant. Otherwikes set to a constant which
is the minimglmaximal distance of a point in the viewcell from the segméartpccludefoccludee
accordingly. The function that is not set to a constant carfubider approximated by a plane.

Suppose we have
ais+at+ag  Fi(st)

FSY = B st b1 05 - Falst)’

whereF = H or F = L. The point &,t) is in a compact polygonal domakl Fi(s,t) has the same
sign asF,(s,t), becausd-(st) is positive. Thus, we only need to computge = maxF,(s,t) and
mp = minF»(s t) over the domairP, by testing its vertices. Then, supposing w.l.o.g. thats
positive:

ai;S+axt+ag <F(st) < 1S+ aot+ag

For even tighter approximation, we triangul&eising “cutting ears” algorithm [Mei75] and com-

pute linear approximations &f over each triangle.
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