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Ubersicht

GrofR3e und naturgetreue Umgebungen stellen oft einen unverzichtBastandteil der heuti-
gen Computerspiele dar. Um die Erwartungen der Spieler an lebendigea8pielizu ekillen und
eine tohere Immersion zu bewirken wird daher viel Wert auf die Implementieruny Iuterakti-
onsniglichkeiten mit der Spielumgebung gelegtirFeine niglichst realiaitsnahe Simulation der
Gras ache wurden bislang vor allem Adize beiiglich Animation und Rendering entwickelt. In
diesem Zusammenhang stellt meine Diplomarbeit eine ef ziente Methode zur Siomuleon de-
formierbarem Gras vor, die in Echtzeit auf moderner Graphikhardwargesetzt wird. Die einzel-
nen Grashischel werden bei dieser Implementierungsstrategie in zwei unterbchedkollisions-
abhangig ausgeahlten Typen von Gras- Billboards approximiert. Erstmalig in der neuenhikap
hardware vorhandene Stufen in der Rendering-Pipelinégliaihnen dabei eine Kollisionsbehandlung
direkt auf der GPU. Die Reaktion auf Szeneobjekte erfolgt auf BasisDistance Maps. Wird an-
hand der Auswertung dieser Daten eine Kollision des Szeneobjekts mit emhenmehreren Gras-
Billboards erkannt erfolgt die Verformung der betroffenen Billboalds Fall einer Kollision und
der daraus resultierenden Verformung der Billboards wird eine uimsehteUberdehnungen mit
Hilfe von entfernungsatidngigen Federn zwischen den Vertices unterbundeithréhd des darauf
folgend ablaufenden Regenerationsprozesses, der im RahmenAtiesigreigens entwickelt wurde,
wird die urspiingliche Form der Billboards wieder hergestellt. Dieser Regeneratioress stellt eine
gute Performanz sicher. Die zu rendernden Primitive des Billboardsawexdst vidhrend der Rende-
ringphase zusammengesetzt. Ein auf Ambient-Occlusion basierendkarioe-Volumen eriglicht
die dynamische Beleuchtung der Vertices. Das letztendliche Erschebildthdsr Gras-Ebene wird
schliel3lich anhand des Blendings auf Basis von Alpha-to-CoveraggiggnAbgesehen von der Vor-
stellung der theoretischen Konzepte, die diesen Techniken zugrunda,li®gd im Rahmen dieser
Ausarbeitung abschlieRend auch die Performanz der auf der GPU dittlen Prozesse besprochen.



Abstract

Often large natural environments are essential for todays computer gamesction with the
environment is widely implemented in order to satisfy the player's expectatibadicing scenery
and to help to increase the immersion of the player. Therefore every isffoade towards the imple-
mentation of options for interaction with the game-environment. However, gr eocachieve a grass
simulation as realistic as possible mainly animation and rendering approachgads have been
researched so far. Within this context my work describes an ef ciet iwasimulate a responsive
grass layer with todays graphics cards in real-time. Using the implementatiéegsrantroduced
by this diploma thesis clumps of grass are approximated by two billboard eszpeations. Newly
introduced stages of the rendering pipeline, rst existing on the newhigaghardware, allow the
collision handling to take place on the GPU. Distance maps are employed tondespscene ob-
jects. If the analysis of the distance maps indicates a collision of the scerw wiije one or more
gras billboards the deformation of the concerned billboard takes plagaskof collisions and the
resulting deformation of the billboards, length constraints preserve tipe sti@leformed billboards.
The recovering process developed throughout this thesis takes fleictha deformation caused by
colliding with the scene object and restores the original that is to say théanrmbzl shape for each
of the billboards. Additionally, this regeneration process garantees tteay@rall performance. The
primitives of the billboards are assembled during the rendering procésst Viertices are dynami-
cally lit within an ambient occlusion based irradiance volume. Alpha-to-Gmeeis used to create the
nal appearance of the grass layer. Besides the presentation of theetical concept that provides
the basis of the above-mentioned techniques, the performance cogad®miGPU based handling is
discussed within the latter part of the examination thesis.
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Preface

This diploma thesis describes the results achieved during my diploma thesist prbjeh was
enabled by my supervisors Dr. Christof Rezk-Salama and Prof Dr.e&sdfolb, Computer Graphics
Group of the University of Siegen. The subject of my work was chosgfpersonal interest and is
not af liated to any university project.

Within the project work | extended a standard approach concerningrthdagion of grass uti-
lizing research on the area of cloth simulation and hardware based colligiafiitng to simulate
responsive grass. The workload of the collision handling is shifted to #id {® order to achieve
real-time frame rates. | implemented the system onto the basis of a modern grapgiice working
on DirectX 10.

The work consists of 8 chapters. The rst chapter starts with an exjitemaf the motivation
and gives a short overview of the system. Chapter 2 deals with the psewiank in the eld of grass
simulation, collision detection and cloth simulation. The potentialities of todays GRUwasented
in brief in Chapter 3. The basic components of the grass layer are dsganilChapter 4, including
the animation of the grass billboards. Being the main component of this diploma @lespter 5
tells how to achieve the responsiveness to dynamic objects which are morenghithe grass layer.
Chapter 6 presents the rendering process which utilizes a global illuminatidel marder to achieve
a realistic shading of the grass primitives. The description of the reygomsiss layer is concluded in
Chapter 7 by a presentation of the visual results. In addition the perfasamcerning the collision
system and the rendering system is analyzed. The last chapter sumntiaeizigsloma thesis main
matters and closes with a preview of future work. Finally, the appendixitdesdcGPU-based distance
maps as they are utilized throughout the system.
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Chapter 1

Introduction

State-of-the-art 3D games demonstrate the power of currently availagkigs hardware for render-
ing exciting natural sceneries in real-time. In recent years this task hasdtout to be dif cult due
to the huge number of plants. Therefore, most research applied to Irstareries focused on the
rendering and animation of a great number of plants (blades of gragbssirees etc.) in real-time.
Static level design used in many previous implementations is more and more tepladgnamic
environments that can be modi ed in real-time throughout the gaming pro&assto the fact that
natural behavior is better approximated in the game, the player feels a highersiommehile play-
ing [McMO3]. The more of the player's expectations are satis ed the moga¢halism of the scene
is effected. Furthermore, the dynamic environment is becoming more andanpae of the game
logic: Trees are chopped to obstruct the path, soldiers are creepihdisgriised in the bushes and
objects like boxes need to be moved in order to follow up the path. Following #md tthis work
takes dynamic environments one step further by integrating responaiviéme simulation of grass.
Besides the more natural look-and-feel, responsive grass will signilg improve the challenges in
game play and tactics of modern games.

An ef cient technique for rendering and animation of responsive gimsleveloped, which inte-
grates well into existing game engines. The implementation targets Shader Mgadgihics boards,
including geometry shaders and stream output. Collision detection with dynasmnie sbjects, re-
sponse and recovering are handled directly by the GPU. The systentisesiie following compo-
nents:

Procedural Generation of Billboard Sets:

For a given terrain mesh, billboards for grass blades are generdtedaically by a geometry
shader using a set of texture images which de ne the extent, directiomatlyand the amount
of randomness for the plant cover. This geometry shader is executedareach tile of terrain,
and the results are stored in local video memory using the stream-out capabilitie

Dynamic Objects:
Dynamic objects capable of colliding with the plant cover are representdefiith cube maps
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for ef ciency. These cube maps are computed by projecting the objecth wrto the faces of a
bounding cube. They are updated for each frame to account for aciimigjects. Additionally,
for coarse collision tests, the objects are represented as a union ofl mueber of bounding
spheres.

CPU Predecision:

At run-time a coarse pre-test for collision is performed by the CPU. Theadmlistribution of
the complete plant cover is represented as an octree of axis-alignedibgiioxes. The CPU
checks whether or not the collider objects intersect with an octree nasberding to the results
of this test, detailed collision detection, reaction and recovering is perfoométe GPU.

Collision Pass:

If a collision is possible, a geometry shader rst performs a boundin@reptest, and even-
tually a detailed collision test against the cube-map representation of elidmgmbject. If
a collision is detected, cloth simulation techniques based on spring models dyedhfor
collision reaction.

Recover Pass:

After a collision has occurred the plant cover will smoothly recover. &toee, a tile of bill-
boards will stay active for a xed amount of time after collision. A separaergetry shader
moves the grass blades back to their original position. After the recover iselapsed, the
billboards will be again handled as simple quads.

Runtime Tessellation:

Depending on the outcome of the collision test, a billboard is represented inypke uad
or tessellated into a small mesh to account for possible deformations (collisir@savering
phase).

Rendering: To integrate ground vegetation into a dynamic global lighting environment, a pre-
computed irradiance volume is employed. These technique is adapted Ifsticeandering

of dynamic ground vegetation. To avoid expensive depth-sorting ofaime-gansparent bill-
boards, Alpha-to-Coverage allows order-independent renderirtiieoGPU while maintaining

a consistent visual appearance.



Chapter 2

Related Work

Previous research in simulating interactive grass or plants tends to fitteersan realistic rendering or
on real-time animation as cited in Sectlon]2.1. The lack of grass-interaction aleegssary to go
through a more general range. Therefore studies of hardward baliision detection are employed
as revealed in Sectign 2.2. Furthermore, the cloth models that have in déimeeesign of the grass
structure are outlined in Sectibn P.3.

2.1 Grass Simulation

In general, previous work on grass simulation deals with representaéahtime animation, and
illumination aspects. All three subjects which made up the research on geadssaribed throughout
this section.

2.1.1 Representation

As nature scenes often include a lot of plants (blades of grass, shrebs etc.) the rendering of
a high number of them is still challenging. Furthermore, they cannot be dephlaith complex
geometry in real time. Therefore two main strategies have been applied tals®lpmblem:

Since vegetation is visible from near to very far distances, many of th@agipes make use of
level of detail (LOD) techniques to preserve the real-time constraint. hitpkare close to the camera,
lit and shadowed geometry [GPR3,[BPB06], a 3D volume representation [PC01], or a cluster of
billboards [BCF 05,[FS04] are used to display them. If the distance increases, theybatiéged by
vertical and horizontal slices of 2D textures. Bakay et al. [BH02] marihg complexity without any
LOD approach. They render displaced maps with semi-transparent shglserate the illusion of
grass. Even so itis not easy to apply collision detection or reaction in reabtirgeass blades that are
approximated by these volume rendering approaches. Guerraz etowakvdr, presented an approach
to tread on the grass layer. A primitive is moved along the character's trajastole affecting the
procedural animation process of the grass [GB®. Nevertheless there still is no possibility to react
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to collision, based upon the object's geometry. Additionally, depending oarée where grass is
planted, a great amount of memory is consumed by such volume rendeprnmpapes. Hence an
aperiodic tiling scheme is used to solve the problem [BQ¥,[FS04, BPBQ6]. In such a scheme, the
vegetation is arranged by randomly repeated tiles which store the requd®diata for a chunk of
plants. Thus, the reuse of data ampli es the problem of collision resporestotal tile.

Another approach to render complex geometry, especially grass withtikepdetail, is image
based rendering. Therefore, view-aligned quads with a semi-trargp2d texture, so called bill-
boards, represent an amount of complex geomeétry [MH99]. Thus,ethdering based on images
is much more ef cient than using classical geometry and accordingly, thision response is even
easier to implement. Former suggestions use randomly distrituted [ICO2kaddaligned billboards
[PCO1] in order to approximate grass blades, but this leads to a lack alfgpaeffect. They are
arranged view aligned [WhaD05] and crossed [Pel04] in order to eresivetter volumetric illusion,
depending on the line of sight. All vertices are stored in one large bufftrcin be rendered in one
single draw call[Wha05].

2.1.2 Animation

So far, there exist various techniques to animate grass billboards dffgctéind on the GPU. Almost
all of them project the grass vertices onto a two dimensional grid. Aftelsyéingonometric functions
produce one or more positions depending on periodic values for e@tlpant. Ramraj[[Ram(5]

even extends the model by a wave propagation model, common for watecesirfn addition to the
result determined by the function, each grid point is affected by its neighbdthe result is used
to either rotate or bend the stalk of grass. [In [Pel04] the time and position gptite's vertex are

taken into account as a parameter to the trigonometric function. Afterwagdsitistion's output is

used to translate the vertex along the wind direction. Additionally a blend wisigisigned to each
vertex premultiplied with the resulting bend value before the displacement er twcsimulate the
grass being more or less rigid [Wha(5, Bat06]. A further elaboration @faibproach is delivered
by Tiago Sousd [Sou07]: A texture stores a bending sensitivity for eathx. To receive the nal

displacement of a vertex, the shader sums up triangle waves to generdtsplaeement direction
which nally is multiplied by the per vertex stiffness as well.

2.1.3 Rendering

The rendering of vegetation is a complex task. The research affectspaitta of physically correct
ilumination models namely the global illumination, the local re ection properties, thedcorrect
simulation of the semi-transparent nature of grass as a part of the material.
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2.1.3.1 Global lllumination

Dynamic and global illuminations of natural sceneries are rather dif cultovtieven considering the
great number of plants. The equation for global illumination [K&i86, GTCRa#hnot be evaluated
for complex scenes in real-time. Nonetheless, many approximation technigleeggod results.

In [BCE' 05] the vegetation is lit by precomputing the radiance transfer for each: pk
spherical harmonics de ne an ortho-normal basis over the sphereetioiering equation, which is
parametrized over the hemisphere, can be projected onto the so calledadi@rmonics near the
object's surface. As a result, a transfer vector lled with lighting coefrtig is determined. Such a
vector on the surface de nes how the surface reacts to incident lighagpoint and consequently can
be used for fast illumination during run-time: The lighting environment is ptegeonto the spherical
harmonics basis as well. In the diffuse case, a dot product of the twaiene vectors results in a
realistic illumination based upon the current lighting situation [SKS02]. Bettren al. [BCF 05]
note that natural environments are illuminated by a low-frequency lightingis Bhly two or three
bands are needed to pre-process their plants, which results in lesserdsfper vertex.

Moreover, an approach called ambient occlusion is used to precompmlision information for
a static natural scene [BPB06]. ambient occlusion was rst introdugdaddyden Landis [Lan02]. In
a preprocessing step, an accessibility value as well as an averagantrigjdedirection is computed
for each point of the model. The accessibility value describes the fradtibe bemisphere above the
point which is unoccluded by other parts of the model. At runtime an envirahmap is sampled
along the re ected average incident light direction and the resulting imadiaalue then is attenu-
ated by the accessibility value. Ambient occlusion therefore is an extreme soafidin of spherical
harmonics lighting, but is much easier to implemént [PG04]. However, only olgjiects are covered.
This may lead to artifacts in case grass billboards are deformed. Bunnel0tB treats the polygon
mesh as a set of surface elements in order to apply dynamic ambient occlusieach frame the
rendering equation is performed over these elements, without testingdioided directions. Instead
of this, a shadow approximation function is used to solve the elements adlitgsgitcertain number
of iteration passes over all surface elements are necessary in ordabitizs the results. An addi-
tional rendering of indirect lighting in real-time is possible, but the apprésatho time-consuming
to apply it to all grass billboards. Instead of just computing an ambient doaolusap, Cadet and
Lécussan [CLO7] precompute a static ambient occlusion Volume for the wtehe s The visibility
information for dynamic objects in the scene is then interpolated across thme/slsample points
near the object. A similar volume based approach for approximating the im@lia made by Oat
[Cat06)].

2.1.3.2 Re ectance Model

In order to simulate re ection properties of grass applying the BRDF (Bitimeal Re ectance Dis-
tribution Function) model [MH99] is unsuitable. Boulanger et. al. [BPBO@&duan approximation
to BRDFs, so called BTFs (Bidirectional Texture Function), for their vollraged approach to sim-
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ulate the varying conditions between view direction and incident directiotheR#han using one
semi-transparent image of the grass the texture includes more images ahgaitesl/with another
constellation of view to the incident light direction. Green [Gre04] usedognaach to overcome the
subsurface scattering problem of a light map shaded skin. Insteadnof asly one light map, an
additional diffused version is added. Applying both the scattered and thentigp itself, an illusion
of scattering is produced. Kharlamov et. al. [KC507] used a simple twal$igling model to illu-
minate leaves that are lit from behind. When the view direction and the lighttidineare opposing
a linear interpolation between the transmitted color and the material color @®the nal shaded
color with respect to the angle between both directions. This model comesawitktira textures and
it works for grass as well as for leaves.

2.1.3.3 Blending

Without visual blending between more or less transparent grass billbtadhatural appearance es-
pecially of the grass edges is unpleasant. Alpha blending is a common algtoithlend between
semi-transparent objects, but due to the required depth sorting it isofariffeal. Instead, a more
elaborated algorithm, the so-called screen-door-transparency aasetddo avoid sorting [Wha05].
The alpha channel of a semi-transparent grass texture is modulated wotbeatexture. Then the
alpha test eliminates pixels from rendering and the human eye lIs in the gapsde discrete sam-
ples. The Alpha-to-Coverage feature of modern graphics cardsecasdd to implement a similar
effect. The resulting alpha value is used in a multisample resolution of therreardet to decide
how many subpixels will be written. Afterwards the blending occurs betwleeaubpixels during the
downsampling to the nal resolution [Mye06].

2.2 Collision Detection

As the collision detection based on grass is less explored, collision detelgomittans on a wider
range are examined in order to simulate interactive reaction based on abjgatsy through the
scene. On a global scope many more or less specialized techniques comith tipe problems
of interference and collision detection. Several surveys to collision tieteexist [LG98, Eri04,
TKZ™* 04]. The collision detection usually consists of two phases due to the comaleserof the
colliding set: The so-calledbroad phaseto exclude non colliding objects on a coarser but also
much faster scale and a so-callethfrrow phaséwhere pairs of objects are checked for collision.
Most of the latter techniques are using bounding volume hierarchies. ddwumolumes have been
proven to be very ef cient in the case of rigid objects. Several of thexnetbeen explored, the most
appropriate ones are spheries [Hub96], axis aligned bounding paA&8) [Ber97,[LAMO1], object
oriented bounding boxes [GLM96] and discrete orientation polytapesMKB8,[Zac98]. In case of
deformable objects they have to be updated every frame. However,sheegreat number of grass
billboards which are stored and processed completely on the graphics ynantbthese cannot be
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transferred to the main memory each frame to be tested against such voluongbatFcase GPU
accelerated techniques do solve the collision tests faster with bounding ®ldrhese are mainly
based either on render targets or occlusion culling. Consequently, ttoeiragy is limited to the
image resolution.

Sathe[[Sat06] uses cube maps to approximate the shape of an objectepr@pssing step the
cube map is lled with distance values. These are distances from the cénlter mesh to the outer
shape in each direction. The vertices of one object are tested agaiogbtmap distances of another
object and vice versa during run time. On the one hand, all the tests d&oenpeel on the GPU; on
the other hand texture memory is heavily used. Both, the vertex buffertharaibe maps, must be
available on graphics memory to be loaded in the shader process. Additjdseilie's approach is
only useful for rigid objects.

In [KPO3] the stencil buffer is used to test intersections. In the style ofllaglow volume ap-
proach, at rst, the penetrated object is rendered by writing the dedferburhen the penetrating
object is rendered twice, the rst time with active front faces and incrdéimgrthe stencil buffer and
the second time the back faces are rendered while decrementing the suffiecil Bubsequently, the
rendered stencil values are tested: if the stencil value is not zero, aferatece has occurred. The
main drawback of this method is that each stencil buffer value needs toclogethand therefore a
GPU memory read-back is necessary every frame.

A further approach is given by Heidelberger et. @l. [HTGO03, HTGU4Eky perform the collision
testin three stages. Inthe rst stage the axis aligned bounding boxes iot#nsection of two or more
objects are computed. Furthermore, if an AABB exists the Layered Depthelsn@DI) for such a
box are evaluated. This is done in an iterative process which is determyribe ldepth complexity
of the object. Hence, a LDl is an array of depth-textures that repief®nvolume approximately. A
LDI consists of a number of sorted depth values where each one bdtmagsagment of the object
projected onto the texel. In a last step, the LDIs then can be used to detérmivertex penetrates
an object or if two objects collide. However, they require some buffet-tecks: The rst copy is
made to obtain the depth complexity and after generating the LDI there is abofferread-back to
sort the depth values.

Govindaraju et. al. evaluate a top down approach. Initially, they compute at@ditecolliding
set of objects with the aid of the graphics hardware. At the beginningjattabelong to the colliding
set and then they are sequentially pruned away. The exclusion of ¢eat sbbased upon hardware
accelerated occlusion queries against the rest of the current colligingf an object is fully visible
to one of the view directions along the world-space axes, it is not collidingsanwill be pruned
away. Finally, an exact triangle to triangle intersection test is performedeo@mJ for the remaining
objects to check whether collision occurs to them or hot [GRLMO03, GLMd%pwever, the nal
collision test in this approach is realized on the CPU which leads to perfomtasges.

Kolb et. al. [KLRS04] and Vassilev et. al. [VSCO01] also offered an apph to collision detection
using depth maps which are fully generated and accessed on the GPhurber of depth maps are
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representing the outer shape of an object. At least each depth mapdistaese values and normals.
The collision test then is realized in the shader: At rst the vertex positionaissfiormed to the
projection space of the depth map. After that a lookup into all depth mapssocAifterwards the
depth of the transformed vertex is tested against the depth map distancésrioigke their position,
inside or outside of the object. Similar to Govindaraju et. al., the vertex is assuntedoutside if
at least one test is positive. The distance map approach seems to pbdise fvery reason that all
computations, including the reaction, are done on the GPU.

2.3 Cloth Simulation

Techniques are necessary for simulating deformable objects in ordeetooove the problems of
elongation on the trot of external forces which are applied to the grassdnitle. Especially the cloth
models are of interest. Therefore, Hauth et.|al. [IBE] give a good overview of the physical model
that underlies most cloth-based simulations. In addition, they weigh up tkeaprbcons of several
methods of numerical integration. They also offer a method to render clothcositiplex materials.
The cloth model mostly consists of a spatial coined network of point masseh f@air of adjacent
masses is linked by different stiff springs. These springs are elongatditiched with regard to the
existence of external forces like collision or wind. In dependence orstifiness of the springs a
more or less strong reaction force tries to bring them back to an equilibriunextdinal and internal
forces are integrated over the time. In case of large time steps the stabilitysyistieen is determined
by the integration method applied.

Baraff and Witkin published a cloth simulation model based upon an implicit nuai@niethod to
overcome the stability problems. A scalar energy function is used to accurthadt@ces. Then the
implicit Euler integration generates a linear system which is solved using the etbdonjugate gra-
dients method [BW28]. Even if GPU accelerated methods exist to solve thaatians [BEGSQ3],
the additional computational burden is unnecessary since other methmodtefactive real-time ap-
plications are more practical.

Xavier Provot explicitly integrates the external and internal forces e with the aid of the
forward Euler method. He noticed a less realistic result in small regions aldkie due to less stiff
springs. A post processing step is made to correct their lehgth [Pro@siiér to avoid an increase
of the stiffness of springs which would result in more costly iterations. Fuhnned. al. replace the
cloth forces by several length constraints along the connection of twizlparin order to overcome
the problem of large time steps. Hence, only the post correction stepsjun&o by Provot, are
needed. Then a few iterations over all constraints are performed, alsaragion of one of the springs
affects neighboring springs as well [FGIL03]. Zellner simulates a similarcgmh to Fuhrmann et.
al.. He uses the stream output stage to recurse over the springs. A#t theesonstrained based cloth
simulation is entirely of oaded to the GPU [Zel07].
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Modern Graphics Hardware

Graphic Processing Units (GPUSs) are highly ef cient parallel datagssors. They have major ad-
vantages compared to current Central Processing Units (CPUs) vérenassive data can be par-
allelized and ow control mechanisms are less frequently used. In addgifber, many transitions
over the recent years, the Single Instruction Multiple Data processdh® @fraphics cards are now
offering many programming capabilities of current CPUs and the rendpijpgdine architecture has
been evolved as well.

The techniques which are applied for the solving of responsive gegsthe potentialities of the
fourth generation of graphics cards. A short summary of the innovatiithsespect to the previous
generations is presented in this chapter.

3.1 Graphics Pipeline

The upper part of Figure_3.1 shows the rendering pipeline which is gethin several subsequent
stages, with speci ¢ input and output restrictions. Following the prior pigefthe yellow parts in
Figure[3.1) the input assembler gathers vertex data form several stagantisen the programmable
vertex shaders projects them to the so-called clip space. The rasteiiidsnip fragments with regard
to the declared primitive type and the projected vertices. Afterwards thaegménts are processed
in the programmable fragment shaders. Finally the output merger writessthiénmg pixel values to
their frame buffer location, after passing several so-called fragnperations.

Although the previous version of the rendering pipeline can still be useddhty introduced
programmable geometry shader stage (see Sdction 3.1.1) and the streainstagip (see Figuife 3.1)
both offer possibilities that are rather important especially for the implementafitime collision
system and the rendering system of the grass layer.

! For a more detailed description of the previous graphics pipeline, hawkatdMHI9[WNDS99[ Grald3]

15
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Figure 3.1: The rendering pipeline. The yellow path shows the prior remgipipeline and the green
parts are the newly added extensions. The geometry shader has thmlipo&s generate the nal
topology. In addition, the number of vertices might be ampli ed. The primitivesdarectly written
to the graphics memory whenever the stream output stage is used.

3.1.1 Primitive Based Programming

The programmable geometry shader stage (see Higure 3.1) offersagnamming possibilities based
on primitives. The whole primitive is passed to the shader as an input [[Pég€ the line adjacent
primitive (LineAdj) in Figure 3.1l). Moreover, the input assembler is exjeauly new primitive types
in order to hand over adjacent information to the geometry shader forpeehive [Bly06,[BLOE].
The geometry shader has the ability to operate on its vertices and nally amglifiggnnumber of
primitives by emitting more than one of them at each invocation [BL0O6]. Thiblesaa handling of
six vertices (in the case of a triangle adjacency list) in one shader invocaiighin certain limits,
the geometry shader offers the possibility to create a multiple of the vertice8GBIin addition, it
is possible to write out a primitive type differing from the one passed on the mtpthe same time.
This enables a creation of the nal topology at this stage of the pipeline thetériangle strips in
Figure[3.1). This opens the possibility to re ne mesh topologies during theererg pipeline, for
instance.

Furthermore the geometry shader is able to distribute the primitives to eiglgrremgets simul-
taneously when using the rasterizer back-end. This allows the projedteach primitive to eight
projection spaces in one single render call.

3.1.2 Streaming Architecture

Since the prior data ow does start with 1D vertex buffers and ends uwriting to 2D textures,
a conversion is necessary due to the fact that the output and inputtfoamadifferent from each
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other. Consequently the update of vertices or 1D data on the graphics meittosyt the expensive
read-back to the CPU has often been achieved by several rend2iléextures([Sch06] because
the internal processing was strictly bound to fragments. Furthermoreaayall number of frame
buffers can be used as render targets at once which limits the size ol@aich to one render call.

The stream output stage can be used in order to overcome these limitati@mefdimensional
data as for example vertex buffers: The vertices are written to a 1D vauféer which resides on the
graphics memory. This can be done directly after they are processethby the vertex shader or
the geometry shader without even using the rasterizer back-end [NXB@&her clipping, projec-
tion, primitive setup and rasterization nor the pixel operations take pladgs.shbrtens the updating
process and allows an ef cient update of the vertex data which reqaitgsa minimum of CPU
handling. The stream output stage supports much richer output formatshéhautput merger and
additionally, the stream output buffer is much more exible and larger thamér buffers. However,
the streamed data is restricted to a size of sixteen tuples of one or four datafatemeample oat4
whichmeand6 4 4bytes|[Bly06]. Furthermore, the so-called transform feedback [V} Gfigie
records the streamed data which can be queried by the CPU or can bdingsdly to process the
streamed data in the next GPU pass without any extra CPU intervention.veiQwéuffer cannot be
bound to both the input assembler and the stream output stage at the same time.

The output merger, a common technique for the blending of semi-transpdjents based on the
fragment operations. Therefore an algorithm on the CPU has to sogmailtsansparent objects in
the scene before rendering them. In contrast to this alpha-to-coveshgs the problem without ex-
pensive depth sorting [NX006]. Furthermore depth sorting algorithméeavoided if no absolutely
correct blending between semi-transparent objects is necessarglphaevalue is used to determine
the number of subpixels that will be lled with the current pixel color. Therlolimg between the sub-
pixels is performed while resolving the multisample resolution to the nal imagdutso [Mye06].
Even if alpha-to-coverage is a feature provided by the API it uses the amliéng capabilities of
todays graphics hardware.

3.2 Uni ed Shader Model

Prior programmable pipeline stages were built with a xed number of streawepsors which are
designed to operate either on vertices or pixels. Thus, there was a medra of vertex pipelines
and a relatively large but although xed number of pixel pipelines due tdabethat pixels are more
frequent than vertices. If the stages are xed they can only attain as parébrmance as shader units
are available for the pipeline stage [NV0O06] as illustrated in Figure 3.2(a).

The GPUs dispatch logic of the least graphic card generation can asstgr,\geometry or pixel
tasks dynamically to the available general purpose streaming proceBam@7]. That is possible
because all streaming processors have the same instruction set [[(NpOB)6]. As a consequence,
the implemented uni ed shader model is useful in cases where a heavyleantkis assigned to



CHAPTER 3. MODERN GRAPHICS HARDWARE 18

Vertex Shader
Unified Shader

Fragment Shader : 1 Vertex Workload ‘

I I idle hardware I =z N I
Heavy Geometry Heavy Geometry
Workload Perf=4 Workload Perf=11

Vertex Shader
Unified Shader
I I I Fraﬂmeni Shaier I I I - Pixel Workload r -
Heavy Pixel Heavy Pixel
Workload Perf=8 Workload Perf=11
(@) (b)

Figure 3.2: The advantage of a uni ed shader model. As can be seenireld@(d), heavy workload
on one streaming processor can not be of oaded to the other typeadssors. Instead when a uni ed
instruction set is offered the workload can be distributed over all avaitatdaming processors as is

illustrated in Figuré¢ 3.2(b).

one certain programmable stage. The other programmable stages aresgsieddeently (see Fig-
ure[3.2(D)), for example while streaming a large number of vertices by tisingtream output stage
as the back-end. In this case the fragment shader is not needed attalegBently, the distribution
of the computation is dynamic [NV006] and thus, the balancing of the shiaeline is displaced to

the dispatch unit.

In addition, the shader model supports texture arrays which yield moibiligxto the addressing
of the texture memory: Textures stored in a linear arranged array assigally indexable in the
shader{[Bro0B]. Rather important is the ability to bind each texture of a egtuay as a render target
in the output merger. However, tri-linear interpolation is not supportethfem and in addition there
is the restriction that at up tb024textures can be stored which have to be of the same resolution
[NXX006].



Chapter 4

The Animated Grass Layer

This chapter focuses on structural aspects of how the waving grasartitrary terrains is realized on
the GPU. Therefore, four mayor topics have to be discussed: At iSettiori 4.1, the grass billboards
which are the base element of the responsive grass layer are intdododée next step, the spatial
structure which divides the grass layer into more manageable tiles of ghbsmituls is presented
in Section 4.2. As it is not handy to model each clump of grass separatedy)eaation process is
applied which procedurally generates grass billboards in respect tathimeshape and some user-
de nable parameters. All this will be described in detail in Section 4.3. Fingkygtio 4.4 describes
the animation process which treats a basic property of grass or meadmaalyrihe response to wind.

4.1 Grass Billboards

Since a large area of the terrain is covered by grass objects and sigcapttear quite frequently,
it is not convenient to model each blade of grass separately. Henogy<lof grass are represented
by semi-transparent decal textures which are projected onto quadiilabgects similar to [Pel04],
which results in the nal look of the grass objects. Streaming respectiegigiaring each grass bill-
board in a separate render call overwhelms the CPU. That is why thelghagsards are stored across
two large point lists as the GPU works best on data that can be procegsmahile!.

4.1.1 Grass Objects

Figure[4.1(d) illustrates that a grass object can have two mesh repteEsenta order to account
for deformations which are caused by colliding scene objects. If namefiion has occurred, only
a single quad forms the grass object as it can be seen on the left sideucé[Bid(d). This quad
consists of four edge verticeg:o; V3:.0; Vo2, andvszz [Pel04]. Whenever a collision occurs, the
deformed representation is necessary (for more information see Seltidmérefore, the mesh is
subdivided into 8 4 grid of verticesvi; 2 R3 withj 2 f0;1;2gandi 2 f 0;:::; 3g, as shown on
the right side of Figurg 4.1(a). In addition to the edge vertices the mesh exloder vertices. Itis

19
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Figure 4.1: The grass billboards. Figlire 4.]L(a) shows both représestaf a grass billboard. In
Figure[4.1(0) their memory layout is shown. All billboards of the grass layerstored across two
buffers on the graphics memory. A billboard only exists in one point list at a time

important that all the vertices;; are de ned in world coordinate system. Furthermore, the vertices
Vo:.0; Vo1 andvo2 are xed to the terrain. Consequently, only the vertices withf 1; 2; 3g are able
to respond to any type of force.

4.1.2 The Memory Layout

In general a vertex shader works on a single vertex at a time, and thugptst ds also just a single
vertex. The goal is to retrieve a mesh which consists of the billboard'swpastions. The geometry
shader is used to create the nal mesh of the grass object during theriegd This means that the
complete grass layer is accessed by the graphics pipeline as a large firEéish point-element
contains the whole information of one single billboard which is de ned by thices as well as
some state information described throughout the following sections. Tros&wf such an element
is shown in code samplé 1.

As it is not allowed to bind a buffer to both the stream output stage and to thie asgembler
during the same render call (see Section 3.1.2) a second buffer ofrtileesize is necessary. Both
buffers are created on the graphics memory. If the collision system t@agsdate the billboard data,
one buffer is bound to the input assembler and the other is bound to thmsitgput stage. As a
consequence of the streaming process one billboard exists only in ong wfatbuffers at each point
in time. The other buffer contains obsolete data at the location of the billbseedRiguré 4.1(b)).

Moreover, the grass billboards are grouped into clusters which aral gaitess tiles due to the
spatial octree layout described in short.

10ther primitives than points are able to manage the data for each billboesellas
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/I Billboard Data Definitions

struct BILLBOARD.DATA

f
float3 Vix00 . VERTEXO;
float3  Vix01 : VERTEXZ1;
float3  Vtx02 : VERTEX2;
float3 Vix10 . VERTEXS;
float3  Vix1l : VERTEX4;
float3 Vix12 . VERTEXS5;
float3  Vix20 : VERTEX®6;
float3 Vix21 . VERTEX7;
float3  Vix22 : VERTEXS;
float3 Vix30 . VERTEXO9;
float3 Vix31 . VERTEX10;
float3  Vitx32 : VERTEX11;
float3 GrowDir : GROWDIR;
float3  SpringLens : SPRINGLENGTH;
float RecTime . RECTIME;
float Imageld : IMAGEID;

g;

Code Sample 1: The data layout. Vertex informatign, grow directiondgrw, the initial spring
lengthss, recover time e of the billboard and an inde®image addressing the decal texture are stored
in a single element. Two point lists which are lled with these elements are storéldeographics
memory. By using this structure the maximum spread (sixteen tuples of oatidaiacupied for an
element which is bound to the stream output stage.

4.1.3 Grass Textures

Color Layer ﬁ ﬁ ﬁ
Color Mask

Quadrilateral Mesh Final Grass Shape

(b)

Figure 4.2: The grass textures. Each grass object has an index intxtine tarray as displayed
in Figure[4.2(d). The semi-transparent decal images are randomly disttibuer the grass layer.
Figure[4.2(B) shows how the nal shape of the clump of grass is obtained.

A semi-transparent decal texture is planar projected onto the billboarddridateral mesh, in
order to yield the nal apperance of a clump of grass. The 2D texturéagma number of grass
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blades. Therefore, the color layer provides the material propertieseajréiss whereas the alpha
layer is used as a mask during the blending process (see Section 6rpdment parts of the texture
are used to cut off irrelevant areas of the color layer, as displayedyindf4.2(b). Several grass
textures are randomly repeated over all grass billboards of the plagt icoerder to achieve a sort of
randomness. Thus, a texture array is applied (review Sdctibn 3.2) witctdes an RGBA texture at
each level. Additionally, each of the grass objects stores an ingigyge into this texture array which
is used to address the nal decal texture at run time (see Figurel4.2(a))

4.2 Grass Tiles

Due to the fact that some billboards are not affected by collisions or thantight be invisible, the
rendering of a entire array of the billboards turns out to be not ef ci€herefore, the grass billboards
are organized in tiles which are constituted by a spatial octree structugdhotimding box of a tile is
tested before the collision handling and rendering passes. This imprevesrtormance enormously.
However, the batch size of grass tiles has to be taken into account.

4.2.1 The Octree Structure

@ﬂ@]
s o

Buffer A L I I ‘_[ I | I Dcurrem billboard data
Buffer B I— I I I I I I I Dobsolete billboard data

Figure 4.3: The octree structure. The grass billboards are assignexidotibe's leaf nodes.

It is important to process as many grass billboards as possible duringpassion the GPU for
maximum ef ciency. Thus, the grass layer is divided into disjunctive tilesragg billboards by using
an axis aligned grid which encloses the grass layer. In detail, the grid isedeby a hierarchical
axis aligned octree structurie [MH99]. Eaakis aligned bounding bo§AABB) of an octree level is
subdivided recursively int@ 2 2 subsequent child AABBs in order to build the hierarchy. It is
important that each AABB of the tree, if it is not a leaf node, encloses its &MNBBs. Each leaf
node has an index range addressing those billboard's covered byafmete as shown in Figure 4.3.
That is why the grass billboards are sorted by a pre-process withdrégdhe octree's structure.
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All leaf nodes are stored in a linear memory structure to enable hash indeputations [[Eri04].
This octree hierarchy is necessary during the viewport culling of theergorocess (see Sectionl6.3).
Additionally, the leaf node's size is restricted to be at least as large as testaybject handled by
the collision system including the grass billboards. This prevents the colliggters from missing a
collision between the grass layer and the scene objects as describetiomSé&t

4.2.2 Minimizing Render Calls

Pointlist A

i

Pointlist B

1 Render Call

Pointlist A

o

11
1

Pointlist B

o
[EEN

2 Render Calls

D current grass tiles Pointlist A I I I I I I

D obsolete grass tifes Pointlist B | I I I I I
rendered grass tiles

D rendered batches 4 Render Calls I 0 I 1 I 2 I 3 I

Figure 4.4: The batching process of grass tiles. Grass tiles that aremtdjagraphics memory can
be combined to batches of greater size. As a result those batches sedessisystem calls due to
the GPU based handling as each of them can be passed to the GPU in aesidglecall. The data
is spread over both buffers. In all cases there are less render dadigcifes are passed to the GPU
instead of rendering each tile separately.

During runtime the octree structure is used to decide which of the grass tilekidie processed.
Furthermore, the billboard data is spread over both buffers as a résit prior collision handling:
Some billboards do exist in the swap buffer while others exist in the other However, it is not
suitable to perform a single render call for each of the grass tiles. Thisleaayto a bottleneck
caused by too many render calls.

Subsequently, ranges of billboards which are adjacent in graphics meneasrganized to batches
of grass tiles. These batches are passed to the GPU in a single drivaes shtbwn in Figure 4.4. The
more grass tiles can be grouped, the less system calls occur. The geagiille cannot be arranged
to a coherent index range still have to be rendered in separate callsbathisprocess is applied
whenever grass tiles should be handled by the GPU.
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4.3 Procedural Generation

The grass layer often covers a large area of the terrain. Consequecatiytains thousands of grass
billboards, each consisting of a simple geometry. It is thus obvious to applycadgural technique
on the GPU to generate the grass layer. Diffeientence mapsare used to control the procedural
technique to allow some user-de ned design choices.

4.3.1 The In uence Maps

Grow Plan ~ Grow Direction Map  Messiness Map

Figure 4.5: The in uence maps. The texture images for the grow-plan, iv@-direction and the
deviation, and the resulting plant cover.

Even if the grass layer is procedurally generated, though, it is negessaontrol some local
visual properties while maintaining the generation as user-friendly asbpmsd herefore, a set of
2D maps is used to manage some of the design goals. Unique texture coardigaspread over the
vertices of the terrain's mesh in order to provide a unique value for eftttederrain’s primitives.
These are used to sample the maps at the location of the mesh's vertices.

The map which is applied rst is called grow plan and as diplayed in the upftesfl€igure[4.5.
The texture de nes local scalar densities of the grass layer which waaksimilar manner like the
density map used by Boulanger et. [al.[BPB06] but without the restriction tppked at runtime.
The higher the density, the more grass billboards are planted on the tile ofrthie.teMoreover,
the sampled values of the grow plan are used to fade out the amount eftgithsards in order
to simulate a crossing between fertile and barren ground. A secondcatar-snap called grow-
direction map provides normalized 3D directions which de ne the orientatiomedch of the grass
billboards. Furthermore, another scalar map called messiness-map, i® ygedide an amount for
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the randomness in terms of the grow direction. This map in uences the ambrantlogrowth. Since
the geometry shader creates the plant cover all the maps are coarselgdatrtpe positions of the
terrain's vertices. The resulting plant cover which is based on the mapevssn Figurd 4.b.

Grow Plan Octtree Messiness Map

4.3.2 The Generation Pipeline
Grow Direction Map

0O 0° AN
Oo O:)
(6)
Oq oooO 05 O o

o o

Terrain Mesh Grow-Points Tiled Grow-Points Grass Billboards

Figure 4.6: The generation pipeline. In the rst pass the grow plan is tsgénerate base points
on the terrain's mesh. Next, the octree structure is set up. Finally, the kjthsards are planted on
each base point. Furthermore, the grow-direction map and the messingssexsampled in order to
align the crossed billboards.

The generation pipeline is shown in Figlirel4.6. As the number of billboardst isnown when
starting the procedural process the rst step is the evaluation of thenaalber of grass billboards
and their positions in respect to the user de ned grow map. This set ef faiats is computed on
the GPU and nally read-back to the CPU after each primitive of the terraindegssed. Based on
this information the nal hierarchical octree structure is build. The basetpare distributed over
the octree's leaf nodes. As a result each of these nodes contain®fabsete points. Afterwards,
a geometry shader creates a set of crossed billboards on each offthedes base points. The
procedurally generated grass billboards are then streamed to the graygmwory.

4.3.2.1 Plant Cover Information

In a rst step of the generation the nal number of grass billboards alb agtheir positions are
obtained. Therefore, the grow plan is sampled for each triangle of thartermesh. According to
the sampled value a series of base points is randomly placed on each trigngiidp barycentric
interpolation between the triangle's edge vertices. Furthermore, a texdardicate is interpolated
for each base point. The base points are streamed to the graphics menaatgition, the number of
streamed points is recorded by the graphics hardware and can be dhigiaestream output query
(see Sectiof 3.7.2). Since the nal number of billboards is known, two pisitst which store the
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billboard data (view Sectidn 4.2.2) are allocated on the graphics memory.

The size of the terrain's primitives in uences the density of the plant cagethe operation is
applied on the basis of triangles. As a consequence the grow plan hadiattinmpact on the
density. This is because the same density value may result in a denseaye&s®rca small primitive
and a sparse cover for a large primitive. However, the generation pfahecover information yields
good results in case of planar areas where the size of the triangles is atmfost.

4.3.2.2 Spatial Clustering

After the base points are read-back to the CPU the hierarchical octuetusé is constructed. Each
leaf node of the tree should at least be as large as the largest objdidag the collision system.
Therefore, either the maximum size of the responsive grass billboaridh vwehde ned at startup
or the maximum size of the dynamic collision objects determines the size of the lde$.néds a
consequence, the size of the scene objects must be available at thisfgbhageneration pipeline.
Furthermore, the size of the octree is determined by the number of noddsavhinecessary to cover
the whole grass layer.

In the next step the base points are distributed over all the leaf nodeh. Idgdnode receives
those base points that are covered by their bounding box. As a reshltezd node has a list lled
with the covered base points. Afterwards, each of those lists is againl $toaevertex buffer on the
graphics memory in order to generate the nal billboards on the GPU. Funthrer an index into the
billboard buffers is assigned to each leaf node. During runtime this indeyermakes it possible to
address the grass billboards that are covered by a node.

4.3.2.3 Procedural Grass Billboards

The nal generation of the grass billboards is executed on the GPU. gadis tile is generated in a
separate geometry shader pass. As a result a set of crossedilfpassds is built at each of the leaf
node's base points. Figure 4.7 illustrates the required steps. Furthertmegenerated information
of each billboard is streamed directly to one of the point lists which are ug@mdwuntime.

For each of the base points the normalized directig,, in which the billboard should be ex-
tended is looked up into the grow-direction map. The messiness-map is alsedamprder to
obtain the deviation angle to the grow-direction. The higher the sampled messalge is, the more
the grow-direction is rotated. Therefore, a randomized rotation dyig, orthogonal to the grow
directiondgrow is determined. Both the new grow-direction and the orthogonal rotation axied
the orientation of the billboard (see step three in Figure 4.7). The billboailds eertices are com-
puted with regard to a randomly determined widtland heighth (see step four in Figufe 4.7). The
inner vertices are necessary to de ne the deformed representatiothenare not computed until
a deformation becomes possible (see sdction5.2.3). Nevertheless, theeititiatl of a deformed
quad is stored in order to allow for shape preserving computations aftellision response (see
Section[5.2.8). Therefore the widty, the heights; and the diagonal lengtk, of a quad of the
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Figure 4.7: The procedural billboard generation. For each baseagmotv-direction is looked up in
the grow-direction map. The messiness value determines the deviation obthéigection. Finally,
the crossed billboards are generated along the grow direction.

billboards deformed mesh are stored within the billboard data. As the nalesb&the clump of
grass is achieved due to the projected semi-transparent decal textanelom texture indeidimage
addressing the texture array is also assigned (Please note the billbaetadsyout shown in code
sampléTL).

As the at structure of the billboards is easy to estimate when viewing the billisolaom their
side, for each plant position three grass billboards are generated@sstd([Pel04] as illustrated
in the last step of Figure_4.7. As a consequence the illusion of depth iesreBl®wever, for large
regions where only a small number of grass billboards is planted, the wttate is still estimated.
After all three billboards are arranged their data is streamed through theguoay stored on the
graphics memory.

4.4 Wind Animation

As it is the movement of the grass blades in the wind what gives grass itahatd vivid look,
a major key feature to all grass simulations is the way they react to wind fokeeping in mind
that thousands of billboards have to be animated, the animation technique slobidd too time
consuming. Therefore, a sum of sinus approximations along the windidirggelds a translation
vector which is applied to the upper vertices of each billboard. This reswdtpémiodically movement
along the wind direction which takes local differences over the grassild@geaccount. Furthermore,
the wind animation is applied either during the collision handling or during theerémgl process
which are described throughout the following chapters.

4.4.1 The Wind Translation

For the periodic movement an approximation to the sine function is used intordehieve a realistic
animation. The so-called smooth triangle wave function [Sbu07] is used tlupeoa translation
vector which is applied to the upper vertices of the grass billboards.
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Figure 4.8: The periodic wind function. Figure 4.8(a) shows how the awpthe triangle wave
function is redirected as an input to the smooth function to yield the nal vatigure[4.8(0) displays
the nal wave function (x) as the result of summarizing four of this concatenated functions.

The approximation of sine waves is achieved by concatenating two funstioosti{x) 2 [0; 1] 2
R and triangl€x) 2 [0;1] 2 R. The periodic property is satis ed by the triangle function as can be

seen in the upper left graph of Figlre 4.8(a):

triangle (x) = jfrac(f x+0:5) 2 1j; 4.1)

with x 2 R as the time-dependent parameter. The frkgadunction returns the fractional part efand
f 2 R is the frequency. The range of the periodic repetitiofzisf; (z+1) f]withz 2 Z. Even
if the function is periodic, though, the passage from high to low values eredversa is not smooth
at all. Therefore, the returned value is used to look up the nal value wb&cdunction as shown in

Figure[4.8(3):
smooth(x) =3x? 2x3: (4.2)
As a result the gradient of the triangle function is smoothed. So, the smoathlipgfunction is
obtained by concatenating Equation|4.1 and Equatidn 4.2:
stw(x) = smooth(triwave (x)) :

Even if it is only an approximation to the sine function it is less time consuming[Howdr a
better understanding the function is plotted in Fidure 4]8(a).
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Summing up four of the smooth triangle wave functions, while providing foudeint static
frequencies 2 f 1:975 0:793 0:375, 0:193y to each of them, yields the nal periodic wave function

provided by [[SouQ7] (see Figure 4.8(b)):

X3
x) = stwy (X) ; 4.3)
k=0
wherex depends on several parameters:
X(EW;p) =t Swind * dwind P : (4.4)

As a rst parameter the currenttime2 R is passed. The second parameter is the wind for@&
R3 to account for the wind directiotiying = o 2 R®and the wind strengtying = kwk 2 R. So
far, using only these parameters leads to an identical animation over thegrageelayer, since the
parameters, dying andsying are shared for all the grass billboards. The posifich R? is added in
order to incorporate local differences to the grass layer. The posifiensfor each billboard. There
is still a less noticeable symmetry along the wind direction. However, this caedleated as it is
hard to identify.

Finally, the concatenation of Equatibn 4.3 and Equdtioh 4.4 yields the trans$atémyth which
then in combination with the wind direction is used for the animation:

wind(t; p) = (x(t; w;p)) dwing : (4.5)

4.4.2 The Billboard's Animation

Figure 4.9: The billboard's wind animation. By using the grow direction the kilidts upper edge
vertices are waving along the wind direction with respect to the translationgstre The directed
translation strength wir(@ v, ) is shown in orange.

The animation is reduced to a translation of the billboard's vertices along the dwaction.
Only the undeformed billboards are involved in the animation process. Ifardation occurs the
recovering process takes over the animation of the deformed billboaeSesction 5.213). Thus, if
no deformation happens just the vertieeg andvs;, are subject to wind forces, as the vertivgs
wherei = 0 are xed to the ground.



CHAPTER 4. THE ANIMATED GRASS LAYER 30

inline
float4 ~ Smooth( float4  x )
f
return  x * x * ( 3.0 - 20 * x );
9

inline
float4  Triangle( float4  x )
f
return  abg frac( x + 05 ) * 20 - 10 )

9

inline

float3  Wind( in float3 p )

f
/I Compute the phase shift for the position p with respect to
/I the current wind strength and direction
float phase = ( Time * WindStrength ) + dot( Wind, p );
/I Compute the four translation strengths.
float4 ts = Smooth( Triangle( Frequencies * phase ) );
/I Compute the mean of the four values and
/I return the translation vector.
return ~ Wind * dot(ts, 0.25);

9
inline
void ApplyWindForce( inout float3  Vtx[VTX _CNT], in float3  GrowDir )
f
/I move the upper vertices of the undeformed billboard

ViX[IDX _30] = Vix[IDX _00] + GrowDir + Wind( Vtx[IDX _00] );
Vix[IDX _32] = Vix[IDX _02] + GrowDir + Wind( Vi[IDX _02] );

Code Sample 2: The wind animation. The wind animation moves the upper two edgpes along
the wind direction by summing up four translation strengths. The vaiad , WindStrength, Time
and Frequenciesare constant for each framd=requenciesis a oat4 which stores four different
frequencies.

In order to translate the upper two vertices of the undeformed repréisentéthe billboard, the
initial grow directiondgrow Of the billboard is required. The grow direction was stored for each bill-
board as an additional information due to the procedural generatioagz¢gee Section 4.3.2.3). The
grow direction and the xed ground vertices enable the restoring of thelinitgsh of the billboard.
The reconstructed mesh then is animated with regard to the current winthtiamat the time 2 R

(see Figuré_419):

V3j = Voj + dgrow + Wind(t; vo; ) ; (4.6)

with j 2 f0;29. As a result different translations for both of the upper vertices aplieap
The code samplel 2 shows the implementation of the wind animation. Note that the tvéingtls
used for functiod_4]5 has to be choosen carefully. A translation which isttomg causes visual
unpleasant distortions. Length preserving constraints are applicalbiiéento overcome the problem
of distortions.
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As a result the animation varies over the time with regard to the wind force anddtido-
cal ground positions of each billboard. Moreover the animation is indegveirid prior translations
applied to the upper vertices of each billboard. As a consequence thitesraareconstruction of
the billboard's shape after a deformation (see Sedfionl5.2.3). It shouldrbarked that the wind
animation is applied to each grass billboard separately without consideriogodsed alignment.



Chapter 5

The Collision System

The collision handling of the billboards is the key feature to enhance immaesige The grass should
yield a good reaction to dynamic collision objects. In addition, the processdshaltso not be too time
consuming. The billboards are solely processed on the GPU as the grassidas not affect any
scene object. Due to this fact the objects which cause the deformationwoHavstored on the GPU
as well. That is one of the reasons why implicit models are employed to reptbsecollider objects
during the collision handling as described in Secfion 5.1.

The collision system is a cooperation between a CPU based "broad phaderig on the spatial
organized grass tiles and a GPU based "narrow phase” working orrdlse billboards whenever a
grass tile is affected. The leaf nodes of the octree structure are usediicerthe collision handling
based on the GPU side. In addition, a recovering process is controlledtbyphases as well. The
pipeline is describe in detail throughout Secfiod 5.2.

The billboards are deformed by the collider object if a collision occurss&uiently, a recovering
process brings deformed billboards back to their original shape. Theditllquads which are not
affected by a collision can directly be rendered. In consequence,véralbperformance of the
animated grass layer is preserved dependent on the current reéicogesind the current collisions
occurred. The implementation of the billboard's collision handling is desciib&actiori 5.2.13.

5.1 Implicit Collider Object Representations

The collision detection and its reaction based on the polygonal represaestaticomplex objects
causes computations which are far from ideal. As a consequence thecobijgcts are represented
by implicit image based models as they are optimal to be handled on the GPU.JVdprizoplicit
representations have the advantage that distances are directly gikdmspheds up the penetration
tests with the grass billboards.

Two different types of implicit objects are common: At rst, bounding sp@seare used to avoid
unnecessary collision tests. After pre-decision, subtle tests are magele lyasn so-called depth
cubes. These depth cubes consist of six maps which store relativecdistas well as surface nor-

32
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mals of the collider object. The depth cubes are generated by applying acoenser polygonal
representation which is called collision mesh in order to prevent the grassasdk from unnatural
reactions.

5.1.1 Bounding Spheres

Bounding spheres completely enclose the object's geometry which thegsegpir Thus, they are
used to speed up the collision handling. The ef ciency is based upon fihgitesimplicit formula
which can be used to check for collisions between objects [MH99]. Tirout the collision pipeline
they prevent further collision handling for grass billboards that argpeaetrated by any bounding
sphere (see Section 5.2.3). Furthermore, they are available to the GRiihyconstant registers as
described in Sectidn 5.2.1.1.

5.1.2 Depth Cubes

As the bounding spheres are only usable for coarse preclusionsgeasutter implicit representation
of the object is employed. The implicit representation is more ef cient onhyjcgpghardware due to
the high parallel architecture of the GPU. Therefore, a coarser méist callision mesh is used to
generate the implicit distances in order to overcome the problems which aedclay ne structures
of the dynamic collision object. The collision mesh is projected to each of the fd#des bounding
box. As a result a set of six maps is generated, each one providinyeeligtances from its near
plane to the surface of the collision mesh. In addition they store the surfeweals of the projected
primitives. The information is required for a proper collision detection artismn response as
described in Sectidn5.2.3. This set of textures is called the depth cubeaifjéet [KLRS04].

LX)

Scene Object  Collision Mesh

@)

Figure 5.1: The collision mesh. Figyre 5.1(a) shows the scene object@cdrifesponding collision
mesh. On the left of Figufe 5.1(b) the response with the mesh of the scjeeistshown. The object
is moved away from the viewer. On the right the response is shown if tine stgect is replaced by
its coarser collision mesh. Note the clearly perceptible reaction in contrast tealetion which is

caused by the mesh of the scene object.
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5.1.2.1 The Collision Mesh

The deformed mesh of the billboard is still coarse in contrast to the ne stestf the collision
objects, for example, thin extremities of characters. Possibly, the collisiudlihg based upon the
vertices of the billboard (see Sectibn 5.213.4) computes an unnatural reac¢tierefore, the cube
map is created upon a coarser polygonal mesh, called collision mesh,vas sh&igure[5.1(3).
Although, the sphere-like mesh is much coarser the results of the collisjponss are more pleasant
as illustrated in Figurg 5.1(p).

The depth cube of dynamic objects is updated in each frame. In case thaitaation is applied
to the scene object it is also necessary to animate the collision mesh. Howihehe restriction
of a much higher memory usage these maps can be precomputed if the animekssnacg known
[VSCO1].

5.1.2.2 The Distance Maps

(a) (b) (©)

Figure 5.2: The depth cube. The parameters to generate a distance nshpwarein Figur¢ 5.2(3)
for the projection directiomlo; = (1;0;0). Figure[5.2(B) shows the resulting normal information
mapped to the RGB color range. The resulting distances are shown in Darker areas are
closer to the projection planes than bright areas

The six distance maps of the depth cube are generated on the GPU by sirog plaorthogonal
camera to the center of each face of the object's axis aligned boundinglabetail, the distance
maps are the result of the projection of the mesh onto each face. The permmbich are necessary
to de ne the projection are shown in Figyre 5.2(a). For each of the sixigante map®M ; m =
0;:::; 5 the projection plane is set to the near fagg... The near face is determined with regard
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to the distance map's projection directions. In addition, the far clipping plasetito the far face
ftace- Each projection directiod is one of the six normalized directions along the world space axis.
Furthermore, width and height of the projection plane are set to the widthand heighti;,ce of the
current bounding box face. The origin of the projection spagg is located at the center of the near
plane. These parameters yield an orthographic projection transforniagien pm 2 R* “ (the
transformation is described in detail in apperidix]A.1) which is applied to th&gsrof the collision
mesh:

0
V =VTwc om :

As a result of the projection, the vertices= (Vy; Vy;Vz; 1) 2 R# are transformed from the world
space to the projection space of the distance map. Thereafte;? th¢0; 1] coordinate is the relative
distance of the vertex ° = (vxo; vyo; vzo; 1) to the face of the bounding box. The value is written to
the distance map in respect to the coordinavé)svyo) 2 [ 1;1F (The projection of a single distance
map on the GPU is described in detail in apperdix| A.2). The distance maps déiie cube are
shown in Figur¢ 5.2(¢).

In addition to the relative distances which are important for an appropralisicn test, the
surface normals are stored for each distance map (see 5THe3E surface normals are used
to respond to collision$ [KLRS04] (see Section 5.2.3). De ning the trianghaipves of the collision
mesh by their edge verticeg, v1 andv, the normaln for each primitive is computed by a cross
product between the triangle's edges:

n=(vz2 Vo) (Vi Vo),

wherev; ;i = 0;1;2 are the world coordinates of the primitive's edge vertices. In addition,
they are normalized in order to avoid different lengths which may lead toedigiable reactions.
Accordingly, a lookup at pixel coordinateg;y) into a distance map of the depth cube returns a
surface normal with unit length = n=knk 2 [ 1, 1]3.

The distance maps are updated every frame in order to account fdslp@smations or rotations
of the collider objects. As the geometry shader can distribute primitives to esgtier targets, one
single render call is suf cient to update the depth cube. The depth cugbered using a texture array
which is bound as a render target during projection.

5.2 The Collision Pipeline

The collision pipeline is split into two phases which are working on differergleof the grass layer
as can be seen in Figure b.3. Several processes divide the collisidlingaof the grass billboards
into subsequent passes. These avoid unnecessary computationdasishaf each billboard. On the
top level the collision handling on the CPU is based on each leaf node of titee gtructure (see the
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Figure 5.3: The collision pipeline. The collision handling is splitted into a CPUdpae& working
on grass tiles respectively octree’s leaf nodes and two GPU basedpadte collisions for the grass
billboards. The decisions made on the CPU affect the rendering of theditloo

dark grey box in Figure 51 3).

The GPU handles collisions on the basis of each billboard. In detail this\dejoe the decisions
which are made by the CPU: The grass tiles which collide are updated by lttstooopass high-
lighted by the left green box in Figute 5.3. Those tiles which still have to mcake updated by a
separate recover pass. The recover pass is highlighted by the darklmpx on the right in Figute 5.3.
Both passes are covering the billboard's collision handling as describ®ddnor 5.213. The grass
billboards of the affected tiles are updated via the stream output stagee Wiich are not updated
in any of the two GPU passes are directly rendered. In that case the coligitem does not have
any effect on them.

5.2.1 CPU-Based Predecision

At the beginning of the collision pipeline, a coarse pre-test for the collisipreformed on the CPU.
This test is highlighted by the dark grey box on the top in Figuré 5.3. Thes dmger is tiled by the

octree structure and thus, each leaf node is tested to be affected by aradlfiject (see Sectidn 4.2).
According to the results of this test and the current remaining recover tinmjais marked either as
colliding, non-colliding or recovering. For the colliding nodes the recowee is reset. Furthermore,
a detailed collision detection, reaction and recovering on the basis of tselgjlidoards is performed
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Figure 5.4: The CPU-based handling. Figure 5]4(a) shows the colliday &nd recovering (green)
leaf nodes. The data of the corresponding grass billboards is updatétewstream output stage as
shown in Figurg 5.4(b). Both buffers swap their affected grass biltlsoar two subsequent steps.
During the data streaming the billboards are updated via the geometry shader.

during the GPU based collision pass. Those non colliding leaf nodes whieghdome recover time
left are marked as recovering. As a consequence, some billboardsle&fmodes might be deformed
and so still need to recover. These tiles are updated by the GPU basedrrpass. If a leaf node is
not subject to any further collision handling, it can be directly rendered.

5.2.1.1 Colliding Grass Tiles

The spatial octree structure of the grass layer is used to avoid collisiorbtestd on the GPU. The
centroids of the collider objects are used to determine those grass tiles whithimiigp uenced.

Due to the arrangement of the octree's leaf nodes the search foteaffeodes is reduced to a
single lookup in the octree. A hash index of the leaf node is computed witecegpthe position
of the object's centroids. The hashed leaf node is marked as collidingitiéwtly, their adjacent
nodes are marked as colliding. These nodes are shown in SHiga)ly, a minimal set of
colliding grass billboards is found. This is explained by the fact that all takriledes are created
in a size that leads back to the maximum size of either the collision object's baysplreres or the
maximum extent of the grass billboards (see Sedfion 4]3.2.2). All gatheaed tiles are streamed
throughout the collision pass by using as few as possible render cailswWr8ectior 4.2]1). Before
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they are updated, their recover time is reset.

During the collision pass the current scene object representationscarieed (see Sectidn 5.1).
For each of the batches of colliding grass tiles the corresponding delpéis end bounding spheres
are collected. Each depth cube as well as bounding sphere is passed3Blhbefore the batch of
grass tiles is streamed. In addition, for each collider object the size of ihaleggned bounding box
and each of the six projection transformations are passed. The bolbukrgize is used to map the
relative distances of the depth cubes to world space distances whichgaiieed at the time of the
collision response.

5.2.1.2 Recovering Grass Tiles

The grass tiles that have to be updated as well. As long as a grass tile hasuerrand does not
collide any longer it will be streamed through an additional recovering paske GPU. A recover
time is assigned to each leaf node in order to know which of them needs tadoesred. This time
is reset whenever a collision object intersects with the node or still is a r@igiilan affected node
as described in the previous section. Consequently, the recovering tiime le&f nodes is decreased
when no collision occurs. After the recovering time has elapsed it is estimateédhh billboard
which is covered by that leaf node has been recovered as well. Aaeng\grass tile is illustrated in

Figure{5.4(d).

5.2.2 Updating Grass Tiles

The recovering and colliding grass tiles are updated via the stream outpet @tdhe rendering
pipeline. The GPU receives data on the input and writes the results to a fodatibe graphics
memory. However, the input buffer has to be different from the outpfieb(see Section 3.1.2). That
is why the update of a grass tile involves a transfer of the data from ofer bofanother. The buffer
which contains the current grass tile is bound to the input assembler anthérébaffer receives the
updated data via the stream output stage. The grass tiles are processgt ttvo steps as displayed
in Figure[5.4(0). In each step the grass tiles are grouped to batche=abéigsize to minimize render
calls as already mentioned in Section4.2. All covered billboards are strearttegr corresponding
location in the opposite buffer.

5.2.3 The Billboard's Collision Handling

If a grass tile is subject to an intersection, its billboards are updated by aawoliandling process
which performs different steps, as displayed in Figuré 5.5. As long @slfision occurs, nothing is
done. Whenever a collision becomes possible a re ned mesh is appliedttdadiae collisions which
results in a deformed billboard. If the collision is nished the billboard completetovers to the
undeformed shape. The transition of the unaffected mesh to the defornsacame nally returning
to the undeformed mesh is made by performance considerations. Thuslligierchandling allows
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Figure 5.5: The billboard's states. Collision detection, reaction and reiogvi®r a single billboard.

the grass to respond to collisions. It saves computation resourcescaenett undeformed grass
billboards are not as time consuming as the deformed billboards. Furtherther€PU does not

have any information of the current billboards, thus, all these stepsategsed by the GPU, which
uses the geometry shader and the stream output stage. Moreovercitssaiy to have the ability to
operate on a whole grass billboard at each invocation.

Two different types of grass tiles are handled. The tiles which are hadubgi¢he collision pass
have to go through the whole collision handling process. Those tiles thatithieave to recover
are handled by a separate pass on the GPU. This avoids computatioean/déon the recovering
grass tiles which is caused by the collision tests. Only the parts which compuwtertkat shape are
executed in order to update the billboards (see Figuie 5.3).

If collisions occur or the recovering of tiles is required, the quad mesheobiitboards is not
suf cient for an adequate reaction. The curr@nt 4 vertices of the re ned mesh is computed (see
the rst transition in Figuré 5J5). Two cases are possible: On the one, hfatiné billboard has not
been involved in the collision process, the already wind animated quad isdeas described in
Sectior[ 5.2.3]1. On the other hand, if the billboard still recovers, an intéigoiamong the vertices
of the wind animated mesh and the vertices of the deformed mesh yields thataheape. The
recovering process is outlined in Section 5.2.3.2. The GPU recoverisgepas at this point of the
collision pipeline. Subsequently, the billboards are streamed to the graphiosrgnby using the
stream output stage.

The next steps are applied for those billboards that might be affecteccblision object (see
the collision handling and the collision response states in Figufe 5.5). Pleteséhe bright green
box on the left in Figuré 5]3. The collision test is split into two subseques pArpre-test for each
billboard shows if the grass billboard is in uenced by a scene object. Bintpdistances among the
bounding spheres of the grass billboard and of the scene objectakef/éine grass billboards can
be excluded from subsequent handling as described in Sécfion b.2t® dillboards, as long as no
collision affects them, are streamed via the stream output stage withoutrfbeheéling. Thus, for
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such obviously non-affected billboards only the wind animation and thevegicg is applied during
the collision handling.

Whenever the pre-test is passed an index is returned which speci eliilson object whose
bounding sphere intersects the bounding sphere of the grass billbidzede ned mesh of the bill-
board is then tested for collisions with the depth cube of the indexed colligectolicach vertex of
the billboard is tested separately, as described in detail in Séction 5.2.3x. df @s vertices is found
to be inside of the collision mesh, the vertex is translated along the surfacainafirthe mesh. This
normal is stored in the depth cube in order to resolve the penetration athddsa Section 5.2.3]5.
However, moving each vertex of the billboard separately may lead to visugtheasant distortions.
Thereby, a cloth model based on spring constraints (see the collisidiorescFigure[5.5) is evalu-
ated in order to preserve the overall shape of the clump of grass atheesa Section 5.2.316.

Whenever a collision occurs, the recover time will be reset. As long as thednitlis penetrated
it is not allowed to recover completely. The undeformed state which is solidgtaél by the wind
animation is restored when the penetration has nished (see last transitioguref5.5). After the
collision handling, the updated data of the billboard is streamed as a point primidithe stream
output stage. As a result, the tile's billboards exist in the buffer which isilda the stream output
stage, and thus, they are obsolete in the input buffer.

5.2.3.1 Renement

inline
void Rene( inout float3  Vix[VERTEX _COUNT] )
f
float3  intVix[ 2]
float  horVal, verVal,
float horStep = 1.0/ float (VTX_-CNTHORIZONTAL-L);
float verStep = 1.0/ float (VTX_CNTVERTICAL-1);
/I refine mesh
int idx = 0;
for ( float v=0; v <VTXCNTVERTICAL; v+=1.0 )
f
verVal = v * verStep;
for ( float h=0; h < VTXCNTHORIZONTAL; h+=1.0 )
f
horVal = h * horStep;
/linterpolate among the horizontal edge
intVtx] 0] = lerp(VIX[IDX _00], Vtx[IDX _02], horVal);
intVix] 1] = lerp(Vix[IDX _30], Vix[IDX _32], horVal);
llinterpolate among the vertical edge
Vix[idx++] = lerp(intVix[ 0], intVix[ 1], verVval);

Code Sample 3: The re nement. The positions of the mesh's inner vertieastarpolated bilinear
among the mesh's edge vertices.

Each time a collision becomes possible (see Settion 5.2.3.4) or the billboardcstiers (see
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Section 5.2.3]2), the re nement mesh of the billboard is necessary. As timation is a stateless
process (see Sectign %.4), it is possible to compute the original shapedibynthe wind, without

considering the current state which might be deformed by previous coBisiBn, at rst the wind

animation described in Sectibn 44.2 computes the current upper edgesteftieeresulting vertices
Vo:0; Vo;2 @andvz.o; V3.2 (See Equatioh 416) are bilinear interpolated to obtain the re ned mesh:

vij =(1 )@ )voo+ Vvo)+ (I vzt Vz2);

whergj 2f0;1;2gandi 2f 1;:::;3g. The blendingterms = j=2and = i=3 preserve the network
structure of the re ned mesh. The interpolation is shown in Code Sanmple & rAsult, the3 4
mesh is obtained as needed throughout the subsequent stages of tlendwdisliling.

5.2.3.2 Recovering

wind animated

000

current

deformed

000

E>o@0

000

000

Figure 5.6: The billboard's recovering. The linear interpolation betweelvétices of the deformed
mesh and the vertices of the wind animated mesh results in the representatierbdfoibard with
respect to the recover time left.

After a collision has occured, the grass billboard from now on will smootidypver as long as
there is recover time left. The re ned mesh which is affected by the wind #isawéhe previously
deformed mesh forms the basis of the recovering phase. The linear iatepdetween the deformed
vertices and their wind animated positions with respect to the recovet tipieft results in the current
shape of the grass clump (see Fidurée 5.6):

Vij (1 thedWij + theVij (5.1)

wherei 2 f 1;::;;3gandj 2 f0;:::;29. Furthermorew;; 2 R3 are the vertices obtained by the
previously described re nement step ang 2 R? the last respectively the current recovered vertices
of the billboard. The recover timige: 2 [0; 1] is handled as a relative recover time in respect to a
constant de ned maximum time for recoveribgax 2 R which maps to the relative time Instead
of the linear decreased recover time the cubic functipn2 [0; 1] is used for the interpolation in
order to yield a smoother recovering which starts slow and then recastrs The recovering of a
billboard is shown in Code Samyilé 4
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inline

void Recove(
inout
in
in

float3
float3
float

VIX[VTX _CNT],
WIX[VTX _CNT],
RecTime )

/I Cubic transfer function to yield a smoother recovering

float CubRecTime = RecTime =* RecTime * RecTime;

/I Interpolate all vertices

for (int idx=VTX _CNTHORIZONTAL; idx <VTXCNT; ++idx )
Vix[idx] = lerp(Vix[idx],Wtx[idx], CubRecTime);

Code Sample 4: The recovering. A linear interpolation among the previoe&iyrded mesh and the
current subdivided mesh affected solely by the wind animation yields therdwishape of the grass
billboard in respect to the current remaining recover time. To smooth theew®ng process a cubic
transfer function is applied to the recover time.

After each recover step the recover time is linearly decreased with taephe elapsed timgp
which has passed since the last recovering process:

Lel
trec  trec - (5.2)

tmax

If the recover time falls below zero and no collision occurs the animation ofrdsesdpillboard at that
time will again be handled solely based upon the wind animation. The completergpis very
important for the overall performance.

After each recovering step a collision test (see Settion 5/12.3.4) with trentbilboard's vertices
vij is made. As already mentioned, whenever a collision occurs the recover fiithe affected
billboard is reset to the previous de ned recover titggx, which yieldst,ec = 1.

5.2.3.3 Bounding Sphere Based Preclusion

Only for a small number of the grass billboards penetrations take placet priclusion step prevents
computation for the major part of the grass billboards. The bounding spbstrreturns the index of
the rstobject a collision is detected with. If no valid index is returned it isiassd that no penetration
takes place.

Based on the current deformed or undeformed mesh of the billboardyénage position of the
mesh's edge vertices is assumed to be the cegjerof the sphere that encloses the current shape of
the billboard:

1
Coill = Z(Vo;o + Vo2t V3ot V3p) !

Even if only the edge vertices are used without considering the innere®dfdhe billboard, their
mean point is accurate enough to test for collisions. Therefore, the lehgtle initial undeformed
billboardkdgrowk is used as the sphere's radius. Although the billboard's length is anxippation
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to the exact current bounding sphere's radius it still encloses the gitisoard as it is important.
That is why in the undeformed state the span of the billboard is enlarged to itsiomaxength.

A billboard is not colliding if(kcpii  Copj k)2 > (kdgrowk + robj)2 [Eri04]. cob; is the center
andr op; is the radius of the scene object's bounding sphere.

5.2.3.4 Collision Detection

Collision Mesh

a1 J l.ln'l_oln'ﬁ
i PeR e

Figure 5.7: The depth cube based collision detection. For each of thgeoiramer vertices a collision
is detected. (Left) The collision mesh penetrates the grass billboard. (Minldéght) The depth
tests for the billboard's vertices are shown in the depth map's projectiorespBach of the three
depth constellations represents the depth cube at a different heighte Rleiz that only the orange
vertices are occluded from all sides of the depth cube.

Since a collision is likely to come after the BS test is passed, the re ned (defbor undeformed)
mesh of the billboard goes through a more exact collision test similar to the pédistsl detection
described by [KLRS04]. Therefore, each vertex is tested separately

A collision occurs if the vertex is occluded by the collision mesh along all sieption directions
of the depth cube. The test for the penetration is performed in each akthegection spaces. Thus,
the vertexv = (vyx; Vy; V;; 1) of the grass billboard is transformed:

v'=v Twer om ; (5.3)

wherev ° = (vxo; vyo; vzo; 1) is the transformed vertex of the billboarfywci1 pm is a transformation
from the world coordinate space to the projection space of the curréahdesmap (see Section 5]1.2).
The transformation is done for all the six distance maps.

After the transformation the coordinalg0 of the billboard's vertex is the distance to the projection
plane of the current distance map. The coordina;feandvyO are used to look up the distandénto
the distances map. The vertex is not penetrating along the projection dirédtiensampled value
d of the current distance map is greater than the relative dista}l(:me appendix_Al3 for a detailed

A single transformation to the normalized view volume of the depth cube wildesas well. In that case the tests are
performed in respect to the collider object's coordinate system [KLIRS04
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Code Sample 5: The collision detection. The depth cube based collision detettiee billboard.
The HLSL code fragment shows the collision handling for the billboard'srm@&se collision test is
based upon a distance comparison between the transformed vertex alistdhee which is looked
up into the distance maps. For each of the scene objects a separate methodnweintgdeas the
dynamic assignment of texture slots to samplers at runtime is not supporteel GyPth.

description of distance comparisons). If so, the other distance mapstaested. An collision occurs
if all distance values are smaller thaﬁ. In formal terms the following computations are made:
r=v, d; (5.4)

wherer 2 [0; 1] is the distance between the collision mesh's shape and the billboard veinetkhe
distance map's projection space.rl& 0 the vertex is occluded along the projection direction. The
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vertex collides if all distance mams report the vertex to be occluded as shown in Figure 5.7:

rm>0 8m; (5.5)

wherer , is the result of Equation 5.4 for thrath distance mapM , ;m =0;::;; 5.

The Equation 515 is applied for each vertex of the billboard. For each afdltider objects the
six depth cube transformations as well as the depth cube texture are pasise shader. As texture
slots are not interchangeable after the compilation of the shader coddliiercaletection is divided
into separate function calls, one for each scene object. The index whietuised by the bounding
sphere test is used to identify the correct branch. The shader fragoreerning the depth test for a
single object is outlined in Code Sample 5.

5.2.3.5 Resolving Collisions

Projection Space World Space Collision Mesh
rJ_.l FLLl / -/
LLI_I'r '|o |_I'rl ¢ o / ¢/ o ¢
1 2 3 4

Figure 5.8: The collision response. First the distances of the projectame spre transformed to world
space distances which form the local AABB of the collision mesh. The reagdiiection is looked up
into that distance map which stores the smallest distance between the vertbe aotlision mesh's
surface. Then, all world space distances along the reaction direcé@uarmmed up in order to yield
the reaction strength. Finally, the vertex is translated along the reactiotialirec

If a collision has been detected for a vertex of the grass billboard, its posstimoved in the
direction of the shortest way out of the object's shape. The directioneofaaction depends on the
normal information which is stored in the distance maps of the depth cube [BARB addition, the
reaction strength is obtained in respect to the local bounding box of tiexverhe local bounding
box is formed by the six distances along each of the world space axis aaldmgseach of the distance
maps projection directions, .

At rst, the relative distancesy, 2 [0;1] ;m = 0;:::; 5 (see Equatioh 5l4) are weighted with the
sizes = (Sx;Sy;Sz) 2 R3 of the depth cube's axis aligned bounding box in order to map them to
their corresponding world space distances:

Wm=rIm (dn 9); (5.6)

wherewy, is the world space distance from the vertex to the collision mesh's surfaespect to
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the projection directionl, ; m = f0;:::; 59. Those values then form the local axis aligned bounding
box of the collision mesh in respect to the position of the billboard's verteRRlease note the second
image of Figuré 5]8.

The vertex is translated along the normal veciggc; 2 RS2 of the surface. Therefore, the normal
information of the distance mapis used which provides the shortest distance of the vertex to the
collision mesh's surface:

W Wp8m2f0; ;592 mé6 k: (5.7)
inline
void ResolveCollisiorf inout float3 Vix,
in float3 BoxSize,
in float4 MapValue[ 6] )

/I Find the minimal distance between the vertex and

/I the collision mesh's surface in order to receive the

/I normal which directs along the shortest way out of the
/I object.

float ~ WorldDist[ 6];

WorldDist[ 0] = (MapValue[ 0O]l.w * BoxSize.x);
WorldDist[ 1] = (MapValue[ 1]l.w * BoxSize.x);
WorldDist[ 2] = (MapValue[ 2].w * BoxSize.y);
WorldDist[ 3] = (MapValue[ 3].w =* BoxSize.y);
WorldDist[ 4] = (MapValue[ 4].w +* BoxSize.z);
WorldDist[ 5] = (MapValue[ 5].w =* BoxSize.z);

int  Normldx = 0;
for ( int m=L; m<6; ++m )
if ( WorldDist[m] < WorldDist[Normldx] )
Normldx = m;

/I Compute the reaction strength. Therefore sum up the
/I distances along the normal with respect to

/I the six axis aligned projection directions.

float  ReactStrength = 0.0;

ReactStrength += max( WorldDistf] 0] * MapValue[Normldx].x, 0);
ReactStrength += max( -WorldDist[ 1] * MapValue[Normldx].x, 0);
ReactStrength += max( WorldDistf 2] * MapValue[Normldx].y, 0);
ReactStrength += max( -WorldDist[ 3] * MapValue[Normldx].y, 0);
ReactStrength += max( WorldDistf 4] * MapValue[Normldx].z, 0);
ReactStrength += max( -WorldDist[ 5] * MapValue[Normldx].z, 0);

ReactStrength *= 0.5 ;

/I Translate vertex along the surface normal with respect to
/I the reaction strength.
Vtx += MapValue[Normldx].xyz * ReactStrength;

Code Sample 6: The collision response. The collision reaction for eatdxvetirst the shortest of
the world space distances is found and then the reaction strength is coritpoiddr to translate the
vertex in respect to the surface normal.

In simple terms, the distance mhfs identi ed by the distance which is smaller than the distances
obtained by the other maps. The normalne,c; Of the distance mag is looked up by using the
. . 0. 0 . . . . . .
pixel coordinategv,; vy) of the vertex in the distance map's projection space which were computed
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during the collision detection.
As the normals all have unit length (see Secfion 5.1..2.2), the reaction strehgth means the
magnitude of the translation is evaluated, as also illustrated in the third step ie[Bigur

xXo
Sreact = max(Nreact (dm Wm);0): (5.8)
m=0

The reaction strengtheact 2 R is the total of all the world space distances projected to the surface
normal. As opposite directed vectors yield negative values they are gegcftom the computation.
For this purpose thmax() function prevents the reaction strength from being in uenced by negjativ
distances that are directed contrary to the surface normal.

Finally, the vertexv is translated along the surface normal with respect to the reaction strength
(see function 518) as shown in the last step of Figurk 5.8:

\% V + Sreact Nreact - (5.9)

However, the computation does not translate the vertex to the edge of thedacaling box since
no quadratic function of the world space distances is applied in furlclibrifis&ad of this it is just
guaranteed that the vertex is translated out of the local bounding bois #ag@&nded. The information
of the collision response is shown in Code Sarple 6.

5.2.3.6 Preserving the Grass Shape

Structural Springs g:; Shear Springs @

Figure 5.9: The spring relaxation. After a collision response two typegrofgs are used to preserve
the distances between linked vertices. In Fiduré 5.9 a single recursioovis gbr the upper right
quad which has been distorted. Please note that if the reponsiventhes\@frtices are equal each
spring translates both of the connected vertices along the direction of theigén

Since the translation of the vertices is done separately, the shape of $sehgsato be taken into
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consideration. Therefore, a post correction step is applied. This steprpes the overall shape of the
grass billboard [FGL0O3, Zel07]. In contrast to the previous collisiondling steps, this correction
step accounts the billboard as a networldof 4 vertices. Moreover, the network is expanded by a set
of virtual linear springs. Each of the springs takes care of the distateabn two vertices. Whenever
such a spring is compressed or stretched, which means the connetiwebwdiverge or converge, the
resulting spring force affects their vertices. The vertices are moved #hair connected direction in
respect to the spring's stiffness.

Thus, the spring forck;, 2 R2 between two vertices;;; andvy, withi;k 2f0;:::;3g " j;1 2
f0;:::;29is de ned as:

d';';k;l .
fijit = Kt (Kdigiar K dPjr ) m (5.10)
wheredjjk; = Vi1 Vjj is the direction of the connection between both vertid%ﬁ(;l is the

natural length between the both billboard vertices. The natural lengtindsa the type of spring.
Furthermoreki;x 2 [0; 1]is the stiffness of the spring. A value diresults in a conservative spring
in contrast to a value d¥ which has no effect.

The evolution of the force between the two vertices that have been dedngga spring results
in a translation for each of the vertices. The linear spring constraintsiraetlg applied to each of
the two connected vertices [Zel07] instead of summing up all spring foecessath vertex and nally
adjusting the vertex position [Pra95]. The formula for the adjustment of bertiex positions is:

Vij  Vij + i fijg o and

Vil Vil Tk fiik ;
wherer;; is the responsiveness for vertey andry, is the responsiveness for vertey,. The
responsiveness is added in order to distinguish between xed and feovafbices. In addition, the
restrictionrj; + ry; = 1 is made to preserve the strength of the spring force. As a xed vertex
should not be moved the responsiveness is set to zero, whereas thielenartex then is completely
responsive. If both vertices are not xed they have the same reseoress and thus;; = ry = 0:5.
An example of this type of constrained based forces is given in Code SEmple

As the linkage through springs is built up between neighboring verticestypves of springs are

applied for that purpose. Referring {0 [Pro95], the rst type is a albed structural springwhich
takes care of the compression and stretching of the grass billboard.rnalfterms, the vertices
vij andvi.;; are connected with a verticatructural springand the verticey;; andvi;+1 are
connected by a horizontal structural spring. Their natural Iengljiﬂ”]-;'kc’1 = sp for the horizontal
aligned spring and idi(;’j;k;, = g4 for the vertical aligned springsg is the width ands; is the height of
the billboard's re ned quads. Both lengths in addition with a diagonal lesgiwre stored during the
procedural generation process (see Se¢tioh 4.3). As the groutitksel; are xed the horizontal
structural springs are not applied among them. The second type is shflad springand takes care
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inline

void LenConstraint( inout float3  Vtx0,
in float Resp0,
inout float3  Vix1,
in float SpringLen,

in float SpringStiff )

/I Compute the distance information
float3 DistVec = Vixl - Vix0;
float Distance = length(DistVec);
/I Compute the spring force
float3  SpringForce =
(SpringStiff * (Distance - SpringLen) * (DistVec/Distance));
/I Apply the spring force
Vix0 += Resp0 * SpringForce;
Vitxl -= ( 1-Resp0) = SpringForce;

Code Sample 7: The length constraints. The length constraint functioarpessthe distances be-
tween two vertices with respect to the stiffness of a spring and the strésis adcurs to the spring.
The produced stress then is solved by translating both vertices.

of shear stresses affecting the grass billboards. These springs lin&rtieesv;; andvi.;;j+1 and
the verticesvi+1j andvij +1. Their natural length is equal to the diagonal lengglof the re ned
billboard quad. Both types of springs are shown in Figuré 5.9.

Since the execution of one spring force affects the neighbouring spaimgvell, more iterations
over all springs have to be applied to get a good result due to the stifet @fstiff springs. For less
stiff springs a single iteration also yields visually pleasant results due to tHersmaer of vertices.
The implementation is shown in Code Sanigle 8.
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Code Sample 8: The spring network. The HLSL code shows how the veptaxg network is satis ed
in order to preserve the grass shape after collisions. First the spfilgs aed ground vertices are
resolved. Afterwards the springs among the movable vertices are rel@RedstiffnessSpringStiff

of the springs therefore is passed as a constant to the shader. Ndteetsigfer the springs the more
recursions over all springs have to be executed because each affeicts neighboring springs as
well.



Chapter 6

The Rendering System

Rendering of natural sceneries is a complicated subject especially iftieglisbal illumination is
applied. In addition the process should take as little time as possible and bftgr degree of detail.
Nevertheless, lighting quality has a high in uence on the performance.yNeshniques are often
working together to create a convincing illusion of grassy elds, for edarsphadow mapping, local
illumination model and screen door transparency [Wha05]. The remdefinatural environments
respectively grass turns out to be an arrangement of approximatiorts/sicgl phenomena. The
rendering dealt with in this chapter applies a more physically based global itdimintechnique to
the grass layer. However, the approximation used is still coarse: Arpoegs computes irradiance
information affected by static scene objects. At runtime this information is us#ldrianate each
vertex of the two sided grass billboards. Finally, the alpha channel ofehe-tsansparent decal
texture which covers the billboard is giving the clump of grass its correxiesh

6.1 The Billboard's Rendering Equation

Figure 6.1: The global illumination. The rendering equation is approximateddaich vertex of the
billboard. Scene geometry absorbs some of the environmental light. Aslg sssooth shadows are
cast on the grass billboards. The light that reaches the billboards isteel ¢o the viewer.

51



CHAPTER 6. THE RENDERING SYSTEM 52

For real-time rendering local illumination based upon the object's surfadteis applied. Effects
like transparency, re ections and shadows caused by other objextssanlly not covered. These
effects come with their costs. Global illumination which is applied among scenetsligecompu-
tationally expensive. Thus, objects are lit by approaches which ajppatx global environmental
lighting in order to improve the realism of the scene. Such a technique is ugkohtmate the grass
billboards.

Before the detailed rendering techniques are handled, the rendeuagja@gwhich is approxi-
mated by the render process is explained in short. The equation is diearethe global illumination
model introduced by [GTGB84] and [KajB6]:

z
Lo(p;!o) = (p:'ist o) g(p;!i) Li(p;!i)dli; (6.1)

whereL o(p;! o) is the radiance at poimt traveling in directionl 4. Li(p;! ) is the light directed
along!; to pointp. (p;!i;! o) is the re ectance term de ning the relationship between incoming
and outgoing light relating to the surface at pgint Finally, the occlusion terng(p;!i) 2 f 0; 19
de nes whether or not the point is reachable for the incoming ligiip;! ;). When it is not obscured
the term returns one and otherwise zero. The Equatidn 6.1 computes thg ave between the
surfaces of all scene objects. In other words, the total amount of ingdigint intensity at a point of
a surface depends upon the sum of all light intensity reaching that pomtdther surfaces.

Besides, the equation applied to the grass billboards is less complex andatasscount for
indirect light transport. As a consequence the incoming light is alwayisoemaental lighting. As the
environment is assumed to be far away, the incoming light for each locatiiole ithe grass layer only
depends on the direction. Therefdrg(p;! i) is rewritten ad_eny (! i) which is the environmental
light coming from directiorl ;. However, the equation still covers the second major aspect of global
illumination. That is the occlusion of the environment caused by scene ggometr

z
Lo(P:to) = (Pilii! o) 9(Ps! i) Leny(! i) dl (6.2)

The in uence caused by other objects is reduced to the occlusion teramdecseen in Figuke 6.1.
In a pre-process the irradiance is integrated for a xed set of pointsmiitie grass layer's bounding
volume (see Sectidn 6.2). The irradiance is de ned as:
z
E(P)= 9(p;!'i) Lenv(!i) dl: (6.3)

The only term which is missing compared with Equafiod 6.2 is the re ectance térichweannot
be pre-computed as the vertex normal is required for the re ectancewtatigm. During runtime
Equation 6.P is approximated for the billboard's vertices by sampling the grgeated irradiance
and computing the re ectance as described in Se¢tionl6.3.2.
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6.2 The Irradiance Volume

As the integration of Equation 6.2 on the basis of polygonal objects carndbbe in real-time,
the parts which account for interobject occlusion must be pre-prede§herefore, dynamic global
illumination throughout the grass layer is achieved by pre-computing irreglisriormation within
a volume. This approach is similar to the ambient occlusion volume presente@UV][ The
irradiance for each voxel is determined by sampling an environment map \eitaidhof additional
ambient occlusion information. The captured irradiance samples are stoted texture arrays.
Shifting the irradiance computation into a relatively expensive pre-psotg®llows fast dynamic
global illumination. The irradiance volume is used to dynamically shade the biiflssards in a
static scene at runtime.

6.2.1 Volume Set-Up

YA 1
A

Ambient Occlusion Information
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Z 7

Al ™
S - |
Irradiance Information
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p4 J
ya v 4
WMWQ £ 7
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Figure 6.2: The setup of the irradiance volume. The scene is coveredexyube slices along the y
axis. Each slice stores ambient occlusion quantities as well as irradianceation for each voxel.

The irradiance volume covers the whole grass layer. Therefore it leasatime extent as the
grass layer's bounding volume. The volumetric data is distributed in two testuags: The ambient
occlusion quantities and the irradiance information are stored in differdntés. Each array contains
Nex 2 N layers (with the restriction thatex < 1024as described in Sectign 8.2). Each of the two
dimensional layers summarizes a slice of voxels indh@lane of the world coordinate system. The
slices are oriented along the world spacxis as is shown in Figute 6.2. The number of slicgs as
well as the resolution of the volume has an in uence on the accuracy ofythendically interpolated
data.

6.2.2 Ambient Occlusion Information

Ambient occlusion indicates how much of the positive hemisphere is occlu@degaint in the scene.
Additionally, the average incoming light direction is provided. The informatibrisibility is ob-
tained by employing hardware-based shadow maps. Each of thesevsimaghs is generated in re-
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spect to a random light direction pointing to the hemisphere above the gyassTae iteration over
all shadow maps respectively light directions nally results in the accumulatelient occlusion
information stored for each voxel of the volume.

6.2.2.1 Occlusion Term

The occlusion terng(p;! i), being a part of Equation_8.2, returns whether a point in the scene is
occluded along a directioh; or not. Conceptually, in order to test for occlusion, a ray starts at the
pointp 2 RS2 for which the occlusion has to be determined and is directed to the positivepiesres
above the grass layer. If the ray hits a static scene object the directiariusied and as a consequence
g(p;! i) returns the value zero. If no object is hit, the returned value is one:

8
<0 if p occluded along ;

g(p:ti) =, (6.4)
- 1 else

Casting a ray for each point respectively voxel inside the volume is toerske. Therefore
GPU based distance maps respectively shadow maps [Wil78] are empR$6d]. Such a distance
map stores distances of all shadow emitters with respect of the light dire&@lmndistance of the
shadow emitters is received as a consequence of the transformatiorobfebeto the distance map's
projection space. The projection space is determined by the projectiotialiré¢ and the extent
of the scene's axis aligned bounding box. So the distance map is coveenghibie scene. This
enables to determine occlusion for all voxels of the ambient occlusion volutheu recomputing
the distance map for each voxel: A distance comparison in the distance mgjpstipn space is used
to determine if a voxel is occluded or not (see appehdix A for a more detddisctiption of distance
maps).

Distance maps therefore are very ef cient to test occlusion along atiiredt should be remarked
that the resolution of the maps and the grass layer's extremities determinethia@cof the test.

6.2.2.2 Occlusion Quantities

Ambient occlusion is a technique which is often used for real-time environhugring of diffuse
surfaces[Lan02, PG04]. In general the ambient occlusion data ofrd provides two quantities:
First it supplies how much of the environment is visible at that point. This in&tion is called the
accessibilitya 2 [0;1] of a point. Second, the average direction of incoming light so called bend
normalb 2 R3 is provided [PG04]. Both are used to approximate global illumination effeatsctn
otherwise only be attained by costly computations.

The ambient occlusion quantities for the volume are obtained by an iterativegs over all light
directions. Each light direction is randomly oriented towards the positive ipbietie above the grass
layer. The key part of the computation is the visibility tggp;! ;). Therefore, a distance map for
each light directiorl ; 2 R3 is employed (see the previous Section 6.2.2.1). After projecting all
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= Ty

Figure 6.3: The ambient occlusion information. Each voxel of the irragiartume is tested to
be visible along each light direction. The occlusion test is based upon cistaaps. As a result,
the average unoccluded light directibnis determined for each voxel. In addition, the quantity of
unoccluded directiona is retrieved.

scene objects a lookup with respect to the voxel position determines if thed igoabscured or not
along the projection direction (see apperdix]A.3). Whenever the directioroiscluded it affects the
bend normal as well as the accessibility value for that voxel. More formagdch voxel at position
p 2 RS the accessibility is averaged over all directions:

X
a= — g(p;!i) (6.5)
i=1
wheren is the number of random directions agp; ! ;) is the distance map based occlusion term
from Equation 6.4. In addition, for each voxel the bent normal is caladdate

X
b="" g(p:!i) ! (6.6)
i=1
The distance maps, each of which summarizes occlusion information forehe atong a random
direction, are iteratively applied to the voxels of the volume. This procedspsagied in Figuré 613.
As only eight render targets can be bound in one single render call, lnm&as re ned in batches
of eight slices. Each of these batches then is updated separately by shider. As a result for each
voxel of the volume the average amount of the unoccluded area witlctdsee positive hemisphere
and the bent normal is computed.
The objects serving as occluders must be static. Whenever the constddkiieen them and the
grass layer is modi ed the ambient occlusion quantities have to be recompuutie fiwvhole vqum@.

! Another useful approach is described by [CLO7]: The occlusiorrinégion is stored by using a spatial tree structure
over the scene. The ambient occlusion quantities are dynamically recedyhenever a scene object has moved out of a
tree's node.
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6.2.3 Irradiance Information

ty
A

(a) (b)

Figure 6.4: The irradiance information. The hemisphere above the gsessidacovered by an en-
vironment map. The map is sampled by employing a spherical parameterizatios leént normal
b. The number of unoccluded light directioasdetermines the sampled area of the map (see Fig-
ure[6.4(d)). Both quantities de ne the cone of incoming light for each Mokkhe irradiance volume

(see Figuré¢ 6.4(Db)).

For each voxel of the volume the incoming irradiance is approximated by tisngmbient oc-
clusion information of the voxel. As mentioned in Section 6.1, the irradianceliscesl to environ-
mental lighting. Thereford,. ¢n (! i) is represented by a single environment map which covers the
whole hemisphere over the grass layer (see Figuie 6.4). A blurredgdaim the environment map
approximates the irradiance for a point [PGG04] within the bounding volurtigeajrass layer. This re-
sults in a coarse approximation to the irradiance funétioh 6.3 but it is evalomatel faster and can be
computed on modern graphics hardware. The ambient occlusion quantigastovoxel determines
the irradianceE (see Figure 6.4(b)):

E(b;a)= a envt;dty;dty) ; (6.7)

wheredt, = dt, = a* 2 [0; 1] are the derivatives in each direction of the texture. The derivatives
are determining the area respectively the mip-map level of the environmentnmvamch texture
ltering occurs (see Figurg 6.4(a)). The greater the derivativestheehigher is the interpolated mip-
map level and the more blurred is the returned value. In addition, the samgilesl is multiplied

by the accessibilitya in order to darken areas that are more occluded than others. Thatderiv
based sampling function ef)vbi-linearely interpolates among the texels at coordinat@s|[0; 1]2

of the mip-map. The environment map is de ned in the latitude longitude format.b&€henormal

b =(bby;b) 2 R3 is used to address a point in the environment map (see Higure|6.4(a)). The
mapping to the environment coordinate space is handled by sphericalgiar&zation:
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t = Zi(arctan(%h ); Earccosbz) : (6.8)

Similary to the creation of the ambient occlusion information a pixel shader despight texture
levels of the irradiance volume in one single render call. The precompuéelieince does not account
for dynamic lighting environments. In that case the computation of the irragliafiermation has to
be done during runtime as described by [PG04]. However, this caase®ofe computations for each
fragment of the grass billboards.

6.3 The Rendering Process

apply culling
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Figure 6.5: The render process. The process is divided into twogawsseler to speed up rendering
for those grass tiles that are not affected. Beforehand invisible ciussterculled.

The rendering process is split into two separate render passes witll teghe outcome of the
collision pipeline as can be seen in Figlrg 6.5. Some grass tiles might havaffesxed by collisions
while others have not been updated yet. Before rendering a cullingisititesgrass tiles takes place.
The main difference between both render passes is that the billboardshavie not been updated by
the collision system still have to be animated during the rendering. The graswhiieh are updated
by the collision pipeline might contain deformed billboards. Those deformedhiitts go through a

ner tessellation.
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6.3.1 Culling Grass Tiles

Octree Hierachy

|
_ “[mﬁﬂﬁ
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(a) (b)

[ culled grass tiles

Figure 6.6: The culling techniques. Each node which is not covered byighefrustrum (see Fig-
ure[6.6(a)) or is occluded by other geometry (see Figure 6.6(b)) is duiedrendering.

Often only a small portion of the grass layer is visible. The majority of grassdaitis can be
omitted from rendering. Two culling techniques are applied on the CPU asisigksl in Figuré 616.
The visible set of grass tiles is determined by an intersection calculation basbd bounding boxes
of the hierarchical octree structure and the view frustrum. Afterwafusyviewed leaf nodes are
further tested for occlusion by employing GPU based occlusion querfesy. #oth culling techniques
have been applied the remaining set of grass tiles is rendered.

6.3.1.1 Viewport Culling

As the grass clusters which are outside of the view-frustrum are clippcigckhe rasterizer stage of
the rendering pipeline (see Section]3.1), they can be culled beforekBi@d]. The occlusion test
is based upon the hierarchical octree structure of the grass layerachsog the nodes encloses its
children, the tree can be ef ciently traversed in order to cull the invisibléeso Starting at the root
node all eight child nodes are tested to be outside of the view frustrum.dE#uoh child nodes which
are at least partially visible is traversed. Then its eight child nodes dteefuested for intersection
with the view-frustrum. A branch of the recursion ends if a leaf node ishegor a node is completely
outside or inside of the view-frustrum. All the visible leaf nodes which ardaining grass tiles are
further tested for occlusion as described in the next section.

Before computation it is important to enlarge each bounding box by the maximigms#ons of
the grass billboards. That is necessary as wind animation as well as cotésiponse might have
moved the billboards out of the bounding box. This situation especially sdoubillboards which
are planted near to the boxes border.
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6.3.1.2 Occlusion Queries

The axis aligned bounding boxes of the leaf hodes are used to test whedhks tiles are occluded.
Therefore, the hardware based occlusion query [Sek04] is usafulocclusion query returns the
number of pixels of the render target in uenced by the mesh's rastefiagthents[[CGO3]. Whenever
no pixel is in uenced the object is fully occluded, as is the case if all fragsé&iled the depth test.
Therefore, as a rst step the occluders, for example the terraingadered to the depth buffer which
as a result lls the depth buffer with the depth values of the occluders.e&oh bounding box that
encloses grass billboards and has passed the viewport culling anionausry is performed. Again,

each box is extended by the maximum size of a grass billboard. All grass tiesaiounding box

in uences at least one pixel of the nal image are still rendered.

6.3.2 Shading Grass Billboards
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Figure 6.7: The billboards shading. The process is splitted into a per \lu@ination and a pixel
based shape generation. The rasterized primitives are assembledttdanagdering.

The shading process of the grass billboard uses a series of subssigps to generate the visual
appearance of grass as shown in Figuré 6.7. As a rst step, the nofreatch vertex is derived to
allow for illumination computations: The irradiance at each vertex is combinedthgthe ection
properties of the grass material. Then the billboard's primitives are assenfleally, the material
color and the shape of the corresponding clump of grass are applieddbrasterized fragment. The
shaded semi-transparent appearance is a result of the blendingpbased on multi-sampling.

6.3.2.1 Dynamic Irradiance Sampling

In case the collision system did not update the grass tile before the regpdmnwind animation
described through Sectién 4.4 is applied to each of the undeformed bilthdditinately, during the
dynamic sampling, the vertices of the billboard have to be up to date regaodies®ther they are
handled through the collision system or not.
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Figure 6.8: The dynamic sampling. The irradiarie@s well as the bent normél are interpolated
for each vertex of the billboards within the irradiance volume. The two cldseture slices are
interpolated bi-linearily. Afterwards, a shader based linear interpolat@ds/the nal samplev.

For each vertex of the deformed or undeformed billboard the global illumination information
is sampled within the pre-computed irradiance volume. A tri-linear combinationeogitjht clos-
est voxels of the volume vyields the desired information. As texture arra&ysised, only bilinear
interpolation among the slices is supported (see Seiion 3.1.2). That is so rehy the tri-linear
interpolation is done in the shader. The information is interpolated betweeartipes of the closest
texture slices as shown in Figurel6.8. Furthermore, the slices must be dndiezetly. As the array
is spanned along the y axis, the indices of the upper slige2 N and the lower slics; 2 N are:

S = oor(cy, nNigx) and

Si+1 = ceil(cy nNgex) ;

whereney 2 N is the number of texture slices of the volume= (c;cy;¢;) 2 [O; 1® is the
relative position of the vertex within the vonJéeAs the interpolation is done in the shader, the
interpolation factor between both slices is de ned as:

=MNex G St
The implementation is shown in Code Sanigle 9.
Finally, the tri-linear interpolation within the volume turns out to be:
w=(1 ) vol(cx; Cz;Si+1) + vol(ck; Cz;Si) ; (6.9)

wherew is the tri-linear sampled volume data. Y&ily; s) is the bilinear sampling function among
the slices. For each vertex both the irradiaBcand the bent normdl are interpolated within the

2As the volume covers the whole grass layer the vertex of the billboard &yallecated within the volume.
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inline
float4  GetRelativeCoord in float3  Vix )
f
float4  c;
/I Compute the relative coordinate within the volume
¢ = (Vix - VolumeMinPos) * 1.0 /VolumeSize;
/I Compute the index of the lower slice
float  LowerSlice = oor ( NumSlices * cy );
/I Compute the interpolation factor between both slices
cw = (cy * NumsSlices - LowerSlice);
/I Alter the relative coordinate to the index of the lower sli ce
c.y = LowerSlice;

return C;

Code Sample 9: The relative coordinate. The vaMa@sameMinPos andVolumeSizeare passed to
the shader. They de ne the bounding volume of the grass layer. Pletséhat only the index of the
lower slice is computed. The adjacent slice is found at the following index.

volume (see Sectidn 8.2). As the interpolation of unit length vectors doasenessarily yield a unit
length vector the interpolated bent normal is normalized after interpolatianinfplementation of the
irradiance information is shown in Code Samplé 10. As a result the samplingsatboslynamically
obtain global illumination information per vertex.

inline
float3  Getlrradiance( in floatd ¢ )
f

float3 irradiance[ 2;

/I receive the bi-linearly interpolated irradiance value o f both slices
irradiance[ 0] = IrradianceArray. SampleLevel ( LinearMirrorSam, c.xzy, 0);
cz += 1.0;

irradiance[ 1] = IrradianceArray. SampleLevel ( LinearMirrorSam, c.xzy, 0 )

/I return the value received by tri-linear interpolation
/I between the two closest slices
return  lerp( irradiance[ 0], irradiance[ 1], cw );

Code Sample 10: The irradiance sampling. The relative coordinate insidieatiance volume is
used to sample the irradiance information. The closest slices of the textayeaae addressed by the
y-coordinate. For the sampling of the ambient occlusion information anathetion is called.

As the irradiancde approximates all the incoming light relating to the amount of occlusion and
with respect to the cone of incoming light the last term which is missing in Equiaiibis Ghe re-
ectance term (p;! ;! o). The illumination computation is based upon this information.

6.3.2.2 Per-Vertex lllumination

Due to the complex illumination computations and the massive amount of grass tulilqmer pixel
lighting is avoided. Instead of this, Gouraud shading is implemented which #héfta/ork to the
geometry shader. Each normmalis set up with regard to all adjacent facets of the veutexll the
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Figure 6.9: The per vertex illumination. In Figure 6.9(a) the assembly of tiexveormals is shown.
Each vertex normal is setup with regard to the adjacent triangles of the.vErtem Figuré 6.9(b) up
to Figurg 6.9(d) the components of the billboard's re ectance term are #testr

normalsn; of the triangle primitives that contribute to the normal are integrated as caeeneirs

Figure[6.9(3):

n= ptot . (6.10)

wherek is the number of the triangles that surround the vextexthe resulting normals lead to a
smooth Gouraud shading all over the surface.

Within this step, the re ectance term can be computed as the irradiarzoe the bent normédd
are obtained for each vertex The term constitutes the local re ection properties of grass and is split
into several components as presented in Figure 6.9:

= diff t spect refr : (6.11)

The rst component is the diffuse term which is affected by the nommahd the sampled average
incoming light directiorb (see Figur¢ 6.9(b)):

gre =(jn bj 0:7+0:3) (1;11);

where g 2 [0:3; 1] is the amount of diffuse re ection for all channels RGB. It is constituted by
the angle between the incoming light direction and the normal of the vert€ke more the directions
differ, the smaller the value of the diffuse term. If both directions are petipalar respectively the
surfaces faces away from the light the contribution is minimal. As the billbcaelsit the backfaces
are visible as well. Therefore, the absolute value of the diffuse term iswi@ehn order not to darken
the back faces by mistake. The quad of the billboard should also not tutadioibit is being viewed
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from the side as this causes an unnatural appearance. Thereforangfe of the diffuse terf®; 1] is
mapped to the rand®:3; 1] by an additional ambient amount.
The specular term adds highlights in respect to the view direction (see=f6c(c)):

spec=(1  f)maxn h;0* (1;11);

where spec 2 [0 1 is the amount of specular re ection for all channels RGB= k:gij:gk is the
normalized halfway vector between the view directigrand the average light directidn The effect
of this so-called Blinn-Phong lighting is that brighter highlights are added-evtiee view direction
and the light direction are closely aligned. The maximum is reached if bothreeztimcide. Because
grass tends to have great highlights over its surface the exponent snkaih The interpolation factor
f 2 [0; 0:5] which accounts for the semi-transparent nature of grass blades sighegercentage of
refracted light described in short: The more refracted light affectsittard, the more reduced is
the contribution of the specular component and the higher is the valuelofcases where the grass
billboards are lit from behind and viewed from ahead the refracted lightributes to illumination.
Therefore the tern is determined relating to the angle between the halfway vector and the average
incoming light directiorb:

f = maxh b;0) 05:

The max) function prevents the term from falling below zero and the factor redteeis uence
of back face lighting. This term is similar to the Fresnel Term [MH99].

The more the refracted light affects the illumination the more the material cola toyrellow as
is for plants modeled through a color shsft;, = (1:0;0:9; 0:3) [KCS07]:

refr = f Srefr

where ef; 2 [0; 0:5F is the refracted light.

Combining all components as a result yields the re ectance tertn R3.  is a variation of
the so-called Blinn-Phong model common to computer graphic applications 9MHAS a result of
combining both, the global irradiance and the local re ectance propgegtiesarse approximation to
function[6.2 is computed. However, the nal color is evaluated per pixek fHason for the divided
process is that the surface matedah: 2 [0; 1]° is stored in the semi-transparent decal texture which
is necessary for the nal shape generation. So, the re ectance temmligplied with the irradiance
in order to interpolate as few parameters as possible throughout thézersstage:

Crefl = e:

The implementation is shown in Code Sariple 11. After all ilumination computationsoéfoh
gquad primitives are assembled as described next.
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inline
float3  llluminate( in float3  Vtx, in float3 Norm )
f

/I Compute the relative coordinates.

float4 ¢ = GetRelativeCoord Vix );

/I Sample the bend normal and the irradiance
/I for the vertex

float3 b = GetBendNormal c );

float3 E = Getlrradiance( c );

float3  viewDir = EyePos - Vix;

float3 h = normalize( viewDir + b );

/I How much of the light is transmitted?

float f = saturate( dot(h,-b) ) * 0.5;

/I Evaluate the diffuse term
float  diff = abg dot(Norm,b)) * (1-AMBIENT-AMOUNT) + AMBIENJAMOUNT;
float3 diffColor = diff;

/I Evaluate the specular term

float spec = saturate( dot(Norm,h) );
spec *= Spec;

spec *= Spec;

float3  specColor = ( 1-f) * spec;

/I Evaluate the color shift which simulates transmitted lig ht
float3  refrColor = f  *ColorShift;

/I Return the reflected irradiance
return  E * (diffColor + specColor + refrColor);

Code Sample 11: The illumination. The illumination function is called for each vertesh is part
of an assembled quad primitive. The val@slorShift andEyePosare constant for each frame.

6.3.2.3 Primitive Assembly

As the grass billboards are stored in a single point list the nal triangle priestawe created during
the geometry shader. Either the deformed or the undeformed represemtiatiee billboard exists
depending on whether recovering time is left or not. For each billboard sjxtguadrilaterals are
created depending on its deformation state. When the undeformed statelésecta single quad
Q(Vvo,0; V3:0; Vo:2; V3:2) is streamed. Six quads are streamed in case that recover time is left:

Q(Vv;h;Vv+l;h;Vv;h+l;Vv+1;h+1) 8v=10;1,2g" h=1f0;1g :

The primitive assembly is shown in Code Saniple 12.

After that, each of the vertices receives a texture coordinate. Thigioabe is used for projecting
the decal image onto the assembled primitives respectively rasterized fregiAe the whole image
is addressed through the texture coordinate re[@;gk}z, the coordinates are equidistantly distributed
over the billboard's vertices;; :

o= L

i =lz % idimage) 2 RS;
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whereidimage is the procedural assigned index into the texture array containing the seraparent
images (see Section 4.3.2.3 and Sediion #.1.3). Streaming the previously compytealue and
the texture coordinates per vertex allows to compute the nal appeararng@er pixel level.

inline

void StreamDeformedBillboardQuadg
inout TriangleStream < BILLBOARD.VTX> BillVixStream,
in float3 VIX[VTX _CNT],
in float Imageld )

BILLBOARDVTX BillVtx[  4];
/I 1.)... Compute the texture array coordinates
Il into the decal image (imageld is used)
/I 2.)... Compute the illumination for each vertex
/I 3.) Assemble and stream each quad of the deformed
1 billboard
int ldx[ 4];
for (int v = 0; v <(VTX_CNTVERTICAL-1); v+= 1)
f
for (int h = 0; h <(VTX_CNTHORIZONTAL-L); h+= 1 )
f /I Select the current vertices

ldx[ 0] = v *(VTX_CNT.HORIZONTAL) + h;
ldx[ 1] = (v+ 1) * (VTX_CNTHORIZONTAL) + h;
ldx[ 2] = v * (VTX_CNTHORIZONTAL) + (h+1);
ldx[ 3] = (v+ 1) * (VTX_CNTHORIZONTAL) + (h+1);

/I Compute the projection space coordinates.
for ( int q=0; g<4; ++q )
billVtx[g].ndcPos = mul( float4 (Vix[ldx[q]], 1),
ViewProjection );

/I Stream the quad
BillVtxStream. Append( BillVtx[ 01 )
BillVtxStream. Append( BillVtx[ 11 );
BillVtxStream. Append( BillVtx[ 21 );
BillVtxStream. Append( BillVix[ 3])
BillVtxStream. RestartStrip();

f

Code Sample 12: The primitive assembly. The illumination is computed and the tertnginates
are assigned for each vertex. Afterwards, the function assemblesddgygmitives of the deformed
billboards. These quads are passed through the rasterizer as ao$driasgle strips. In case the
undeformed billboard is rendered, another function is called which ordgsis the quad made up by
the edge vertices.

6.3.2.4 The Final Shape

Even then all the work done so far is based on vertices the nal shafleeafrass as well as the
application of the illumination is done on the base of each pixel: As each clumms$ dplades is
represented by a semi-transparent decal texture, as mentioned in Setinnow for each pixel
of the quadrilateral primitives the decal texture is sampled. The texturelioates and the re ected
irradiance are computed for each vertex throughout the primitive assetestyibed in the previous
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Alpha Layer

Figure 6.10: The edge smoothing. The edges of the grass billboardsaothed by a slight transi-
tion between opaque alpha values and transparent alpha values. iieagieat the multi sampling
resolution determines the nal image quality (compare the result of 2xMSAA tighresult achieved
by 8XMSAA).

section. As a result of the sampling the material calgg 2 [0;1]° as well as the transparency
amat 2 [0;1] are obtained. The nal colocsing for each pixel is computed by multiplying the
material color with the re ected irradiance:

Cfinal = Cmat Erefl

The pixel shader is outlined in Code Saniplé 13.

float4  FinalShapg BILLBOARD_VTX Pix ) : SV _TARGET
f
/I Sample the decal texture
float4  DecalColor = DecalTextures. Sample ( AnisotropWrapSam, Pix.Texcoord );
/I Combine the grass color with the reflected irradiance
DecalColor.xyz *= Pix.ERefl;

return  DecalColor;

Code Sample 13: The nal shape. The sampled color for each pixel is medukdth the re ected
irradiance. This results in the nal color for the pixel. The alpha value efshmpled color is returned
in order to allow for blending.

The thin surface of grass blades does also provide the ability to look thtbegn. That is noticed
best if the viewer is near the grass blade. This semi-transparent natheegrass is simulated with
the aid of the alpha-to-coverage feature (see Settion 3.1.2). The lijeretineen billboards is done
without the necessity of performing expensive depth-sorting whettlegerewer's position changes.
Sub pixels are lled by grass billboards with respect to the transparealc8ma: . The higher the
value of the grass billboard's pixel the more sub pixels of the renderttargelled with the pixel's
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color. The blending occurs during downsampling of the multisample resolutitimetanal image
resolution [Mye0B]: All subpixels are summed up to the nal pixel color. dgestriction only the
most recently rendered grass billboards affect the sub pixels whicimdetethe nal image. But due
to the chaotic nature of grass this is not easy to notice and thus, does/earhaffect on the visual
results.

The shape of the nal grass is also set up by the alpha layer of the meagé. At every pixel of
the quad where the sampled transparency is zero no pixel is rendemtkdermore, the edges of the
grass billboards are smoothed. This is a consequence of the slight trabsitieceen transparent areas
where no blades are placed and opaque areas where blades destapeeof the clump of grass as
shown in Figuré 6.10.



Chapter 7

Results

This chapter presents the results of GPU-Based Responsive Giftassoutlining the visual quality
of the collision system and the rendering system, the performance of bafitisged. Furthermore,
the application to modern real-time engines is expressed.

7.1 Visual Quality

Throughout this section the visual results of the collision handling and tidering process are
described. Example images of different scenes are used to illustratalsmraponents of this system.
In addition, some unpleasant side-effects of the techniques are poirtted o

7.1.1 The Collision Handling

The collision response has the most important in uence on the perceptitre aksponsive grass
layer. Therefore this section shows some example images concerninguakrgsults of the collision
response and recovering.

The rst images Figuré¢ 7.1(p) and Figyre 7.1(b) show the responseeajrtiss after the scene
object has moved through the meadow. The scene is rendered with 6G fpmeecond by using
fourfold multi sampling anti aliasing (4xMSAA). The grass layer containB086grass billboards.
The whole grass on the line of movement is pushed to the side or stampedNoterFgure 7.1(3)).
The space between the legs of the collision mesh has left a trail in the tramgsedagrcan be seen in
Figure[ 7.1(0). Figurg 7.1(c) shows the scene object which is resting imittdie of the meadow. As
can be seen by observing Figlire 7.1(d) the object has left a clearlyeablimprint on the grass.
The collision mesh's shape is easy to estimate within the grass. The resultseftivering process
are presented in Figure 7.2: The scene object is moved along a straigfaflmetion) in the dense
meadow. After the collision has taken place, until the shape is not fully ezedwhe attened grass
billboards smoothly rise back to their original form. The response and tioeeeng yield nice results
in case of chaotic and dense meadows.

68
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(a) (b)

(€ (d)

Figure 7.1: The collision response in a dense meadow. The images shoestiieof the collision

handling in a dense eld of grass. In Figdre 7.1(a) and Figure 7.1(bxttiesion mesh has left a
clearly visible track in the grass. In Figdre 7.1(c) and Figure 7.1(d) theiminpf the scene object is
shown.

The collision response provoked in areas of sparsely planted grassabiltbis displayed in Fig-
ure[7.3. The images show the scene object which is slowly grabbing somathiing grass. The
arm which collides rst produces an undesired response: Instepdgifing the grass in the direction
of the movement the grass is being pushed to the sides. That situation becatse the arm of the
collision mesh has not a sphere-like but rather a longish shape. Fophereslike shapes, sometimes
the wrong reaction direction is looked up in the depth cube. This results inexpacted response.
The scene object has to be approximated by a series of coarser-pbeneshes in order to avoid
such unnaturally reactions. In addition, the angular appearancearfiksd grass billboards is clearly
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(a) (b) (©)

Figure 7.2: The recovering of tramped grass. In this gure the prooéfise recovering is shown.
The scene object has left a clearly visible line of movement in the meadow: a\ftdile the grass
smoothly recovers. Note that the grass is darkening when it is tramped down

(@) (b) (©)

Figure 7.3: The squared look. The gures show a sparsely plantéairelgrom the left Figure 7.3(a)
to the right Figure 7.3(c) the object is moved toward the grass clumps on ti€Pigase note that the
object is in a unnatural way beyond the terrain in order to make the movermssibfe). The longish
shape of the arm causes an unnatural reaction: The billboards dedoghe side of the arm instead
of being pushed in the direction of the movement. In addition, the squaredfaeformed billboards
is easy to estimate.

visible. However, these unpleasant reactions are only noticeable in tbgisas of the grass layer
where grass billboards are sparsely planted.

7.1.2 The Rendering System

The visual appearance of the grass billboards is very important. Thestaspletermined by closely
planted grass and realistic illumination. In this section the results of each cemipafithe rendering
process are shown.

In Figure 7.4(a) all components of the re ectance term are visible at thme $ame. On the left
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Figure 7.4: The visual results of the rendering process. In Figura)tl# grass is shown from the top
view. The results of the re ectance term are visible: from the left to thet tighh specular term is re-
placed by the refraction term. In Figure 7.4(b) the scene object shimmetgtinthe semi-transparent
grass billboard. In Figure 7.4(c) and in Figure 7.4(d) the outcome of tHebitbumination applied
to the grass layer is visible.

the specular term is visible. Please note the bright highlights in contrast tadake ghown in the
middle of the gure. On the right side the effect of the transmitted light is shoWive grass is slightly
shifted to a more yellowish color. The semi-transparent nature of the bilissards is visible in
Figure 7.4(b). The viewer is close to a grass blade and the scene dhjeoiears through it as a result
of the Alpha-to-Coverage feature.

In both, Figure 7.4(c) and Figure 7.4(d), the global illumination becomesl@isibhe random
directions used to create the occlusion information for the grass layer &méy mancentrated along
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a single direction. The smooth transition between shadowed and lit areas gifass layer creates
an idea of the overall illumination of the scene. In the left half of Figure J #hg grass is darkened
by a hill which is located in front of it. From the left to the right side the grasmase and more
illuminated. This makes it easy to identify the light direction. In Figure 7.4(d) thd Igydirected to
the viewer. The rock in front of the viewer casts smooth shadows to thehddtof the grass area.

The dynamic illumination is visible if the grass is pushed down as can be seamntpadng the
images shown in Figure 7.2. Whenever the scene object moves througtadise the grass tramped
down is darker as can be seen in Figure 7.2(a). That is because tamidysampling described in
Section 6.3.2.1 interpolates values between the closest slices of the irexd@nme. The more the
grass is tramped down, the more raise the in uence of the lower slice. Trestehice in general is
occluded by the terrain. Hence, a grass billboard receives less ircadifait is tramped down. That
simulates the shadow which is caused by neighboring blades. The moreatizergcovers the less
it is affected by the lowest slice of the volume. However, this effect relatdsto those billboards
which are located on the lowest level of the grass layer.

7.2 Performance Analysis

Achieving a high performance is one of the major aims of real-time applicatidhgas concerning
the grass layer are designed to reduce the workload of the CPU as mpoksilsle. Therefore the
handling of the billboards is almost completely shifted to the GPU. That is why irsduson the
performance of responsive grass is analyzed with aid of the NVidi&iR&t tool. This tool helps to
identify performance bottlenecks on the GPU. All the tests are made on a AMIDAG64 3500+ 2.2
GHz processor and a GeForce 8800 GTX graphics card with 768 MBIDD&Mory.

7.2.1 Collision Handling

The performance analysis of the collision handling is done by observirgathe scene with different
collision conditions. Only a single collision object is used during the tests. &igdrshows the four
constellations of the same scene running at 30-80 frames per seconule Fi§ shows how much
time is consumed in each GPU pass (of either the collision pipeline or the reggedoess). The

scene contains approximately 37000 billboards which requires 12 MBygephics memory. Each
time the image is rendered with Alpha-to-Coverage enabled and 4xMSAA. d@itithg techniques

prune away all grass tiles that can not be seen at all.

In Figure 7.5(a) the grass layer which smoothly waves in the wind is rediaatie 80 frames per
second. Referring to the diagram 7.6(a) the only pass that causestetions is the rendering pass of
the unaffected grass tiles (RN). The scene is pixel bound as can bedbyiobserving the utilization
graph in Figure 7.5(a). The graph shows the workload balancing ofrttgraammable stages of the

The NVIDIA performance monitor tool is a copyright of the Nvidia Comgtion and comes for free with the restriction
of usage only for the NVidia products. The tool makes it possible to aadhg video cards performance at real-time.
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Figure 7.5: The collision conditions. The gure shows four images with aeiasing number of
deformed grass billboards. In addition, the colliding (green) and rerayéred) leaf nodes of the
octree are displayed in the scene. In Figure 7.5(a) no deformation baseadt at all. From Fig-

ure 7.5(b) to Figure 7.5(d) the number of deformed billboards increa$esgraph on the left corner
in all the gures displays the shader utilization. Each bar shows the peagenf workload caused by
the corresponding shader unit during the last frames: The blue basghe utilization of the pixel

shader unit and the green bar shows the utilization of the geometry stratlekacordingly a red bar

determines the workload caused by the vertex shader.

rendering pipeline: The uni ed streaming processors are utilized to workixels with about 75 per
cent (the blue bar) whereas the geometry shader unit of the pipelineve agtapproximately ten
per cent (the green bar). As the vertex shader (red colored) oskepdhe points to the geometry
shader it has no in uence on the performance at all. Hence, the vdréales does not even demand
the streaming processors. The remaining workload is caused by frafeedqrations. In all scenes
approximately 16 million pixels are processed within the fragment shaddtimgsim many read as
well as write accesses to the frame buffer. These are ampli ed by the Atpltaverage feature
which requires a multisample resolution that in this case is four times higher as the iesolution.



CHAPTER 7. RESULTS 74

@)

©) (d)

Figure 7.6: The performance of the collision handling. The series of aliagishow the time con-
sumed throughout the different scenes of Figure 7.5. Figure 7.6(&) &mure 7.6(d) show the
performance consumed throughout the scenes shown from Figuag WpBto Figure 7.5(d). For each
GPU pass a performance bar is shown. These are the update of therimegagrass tiles (R), the
update of the colliding grass tiles (C), the rendering of the affected tles$RD), and the rendering
of the unaffected grass tiles (RN). Each duration is given in milli-seconds.

In the second constellation shown in Figure 7.5(b) the grass layer igeafféy the collision
object. The nine grass tiles respectively leaf nodes that are tested hhtloeigcollision pass are
displayed by red wireframe boxes. Hardly any of the grass billboaelsféected except those that
are near the collision object. The utilization graph in Figure 7.5(b) showsntlba¢ workload is
caused by other parts of the pipeline as the percentage of the pixel sbadduced in contrast to
the previous case (note the 20 per cent decrease of the blue bar edmptr Figure 7.5(a)). This
time is consumed in the stream output stage which is the back-end of the collz&gen fas can be
noticed by looking at the diagramm 7.6(b) three passes are executed@RtheThe nine grass tiles
are processed by the collision pass (C) which takes the least of all caiopatdime. In the second
pass (RD) those tiles are rendered. The rendering of the rest ofdke lgyer (RN) is consuming the
most time as it envolves most of the grass billboards. The scene is rerd&@drames per second.

In Figure 7.5(c) more leaf nodes of the octree are affected. The teas show the recovering
grass tiles which are updated by the recover pass. In addition, moelgasards are deformed.
Consequently, the performance of the render pass which covers dla¢edpgrass tiles (RD) is de-
creased. As shown in diagram 7.6(c) the consumed time for rendering #fiested billboards is
much higher than the time which is necessary to render the undeformedRidesThis time over-
head is caused by the primitive generation in the geometry shader as wegltlas fendering of the
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high count of primitives. The collision pass (C) in this case stays nearlgtaohbecause only one
single collision object effects the grass layer. The number of collision tests ot increase. The
overall performance is still pixel bound.

The last constellation which is shown in Figure 7.5(d) comes up with nearlyathe sumber of
grass tiles that are updated during the collision handling. But almost eitryaod which is part of
the recovering tiles (the green boxes) is deformed. As a result theresiaampance loss because the
geometry shader has to assemble much more quad primitives (Note the idgpeasentage of the
green bar of the utilization graph in respect to the prior cases). In additierdeformed billboards
cause more workload on the geometry shader as more primitives are crEaitedan be discovered
by observing the high duration of the render pass (RD) of the collidedesalering grass tiles in
the diagram 7.6(d). Furthermore, the primitives are cached on graphinsm&vhich leads to many
read and write operations. In such cases where a great amount ohlilbis deformed the frame
rate decreases to 30 frames per second.

To summarize, the performance of collision handling depends on the nurhpemitives that
are generated and passed through the rasterizer back-end. Botherihary operations as well as
the work that has to be done in the geometry shader stage, are affeciegl tthe rendering. Con-
sequently it is necessary to setup a low recovering time in order to prebereserall performance.
The computational time which is necessary for the collision handling remairssagar{compare the
diagrams in Figure 7.6) and depends on the number of scene objectsvéipthe performance is
still bound by the rasterizer back-end and the frame buffer accesses$eared to in the following
section.

7.2.2 Rendering Process

The rendering system is designed to obtain good global illumination at minimalwtatignal costs.

Therefore the global illumination is done in a preprocessing step. Durimire the computation
is reduced to the dynamic sampling described in Section 6.3.2.1. In this sectimulit e shown

that the illumination does not have signi cant in uence on the overall penfince. Furthermore,
the performance bottleneck is pointed out. Therefore, a scene contantireythan 46000 grass
billboards is regarded with different settings.

In Figure 7.7(a) this scene is rendered with global illumination and 8xMSAAr&mes per sec-
ond are rendered. The raster operations as well as the frame lndémsas are as busy as the shader
units. This can be noticed by observing the utilization diagram 7.8(a) whiolwshow busy each
unit of the rasterizer back-end was during a single draw call. In additientotal frame time (FT)
is displayed (50 frames per second). In cases where global illuminattb8x@dSAA are enabled,
the billboards cause a great amount of workload in the rasterizer matkrbe streaming processors
(which in total require the time of the USH bar in the diagrams of Figure 7.8) alooospletely work
on the pixel level as displayed by the blue bar of the utilization graph in Figdi@). Consequently,
it is absolutely necessary to implement a per vertex illumination due to the high aofqixel work-
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Figure 7.7: The results of different settings. In Figure 7.7(a) the siceremdered with global illu-
mination and 8xMSAA antialiasing. In Figure 7.7(b) the illumination model is repldgea simple
diffuse term. In Figure 7.7(c) the multisample resolution is reduced to 4xMS#mFigure 7.7(d)
the resolution is further reduced to 2xMSAA. The utilization of the progranienabits is shown in
the lower left of the gures. The blue bar represents the utilization of thelgixader. The green bar
shows the utilization of the geometry shader.

load. In Figure 7.7(b) the illumination model is reduced to a simple diffuse terinhwikplaces the
global illumination model described in Section 6.3.2.2. This has no affect covérall performance
as can be made out by comparing diagram 7.8(a) with diagram 7.8(b). iadneush 7.8(b) displays
the utilization of the units while the diffuse term is used. The span of time consimtbd shader
unit (USH) as well as the time which is spent on the per pixel operations (REB) remains almost
unchanged. Since illumination is implemented on a per vertex level and the main tioresiseed in
the rasterizer back-end the performance (see the frame time) is not oeden

The pixel shader code of the render process is kept as short siblpdsee Section 6.3.2.4). As
the pixel operations are utilized with almost the same amount as the pixel stied®ultisample res-
olution of the Alpha-to-Coverage feature is reduced next: In Figure)tié scene is rendered with
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Figure 7.8: The utilization of the rendering pipeline units. The diagrams shewirtte consumed
by the most utilized units during the rendering of Figure 7.8(a) (8xMSAMufe 7.8(b)(Local Illu-

mination), Figure 7.8(c) (4xMSAA) and Figure 7.8(d) (2xMSAA). In batiagram the utilization of
the uni ed shader (USH), the raster operations (ROP) (for exampleghthdest), the frame buffer
accesses (FB) and the overall frame time (FT) are displayed in milli-secdkgl€an be noticed,
the frame time signi cantly depends on the multisample resolution instead of whighuiménation

model does not have an effect on the overall performance (comarer .8(a) with Figure 7.8(b)).

4xMSAA which results in an increased frame rate (FT) (80 frames pe&ms@c Both the rasterizer
operations (ROP) and the frame buffer accesses (FB) are redsigathde seen in diagram 7.8(c).
In addition, the multisample resolution is further reduced which results in atiadd performance
enhancement of 20 frames (Note the diagram 7.8(d)).

As already shown throughout the diagrams in Figure 7.8 the workload sigmily depends on
the multisample resolution whenever a great amount of billboards is rendé¥igh respect to the
multisample resolution, the performance can be signi cantly improved. Hawthwe multisampling
determines the visual quality of the blending process as already desiriBedtion 6.3.2.4.

7.3 Embedding

Most real-time applications employ scene graph engines in order to managentipéexity of large
scenes. The grass layer is embedded in such an engine to improve thigyusathe presented
techniques. A DirectX 10 version of the Nebula 2 engine therefore hes &@eended. The engine
consists of different layers each of which builds an abstraction to its@etijtevel. This is acommon
way to build up a manageable structure on the top of the graphics API as iasinaFigure 7.9(a).
All components of the scene graph are modularly built. Objects respectiméties are managed by

2The nebula engine is a copyright of Radon Labs GmbH.



CHAPTER 7. RESULTS 78

~®
&
-®
-®

API Abstraction Sbjec @ @ 3539
Scene Graph Layer

(@) (b)

Figure 7.9: The scene graph layout. In Figure 7.9(a) the common lay@uenfjine is shown. The
scene graph structure into which the grass layer is embedded is preseigare 7.9(b).

a scene graph hierarchy. Each of those entities is represented hyeagsaph node.

As illustrated in Figure 7.9(b) the grass layer is implemented as a scene grd@lasiwell. This
node comprises all parts which are required by the grass system. Usiegegraph enables to dy-
namically extend or replace components of the system. The leaf nodes afttée are implemented
in form of independent child nodes of the grass layer. These childsnadealso part of the scene
graph. This structure allows the leaf nodes to be looked up within the scapk.dn addition, scene
objects that are able to in uence the grass layer are easily referenmejtfout the scene graph tree
as well. All the interfaces are well-de ned. This makes it possible to offeigaer abstraction of the
supported functionality. The modularity of the components is further inetedse to the distributed
implementation. The CPU makes predecisions on the base of the octree nddhe &PU handles
each grass billboard (see Section 5.2 and Section 6.3).



Chapter 8

Conclusion

This chapter is a conclusion of the provided diploma thesis concerning GB&Hlyesponsive grass
containing a short summary and further considerations. Some limitations amd &8nhancements
are nally presented.

8.1 Summary

Real-time applications such as computer games do more and more simulate largiesoanes. Aside
from the need of real-time rendered trees, bushes and water thegs adneademand for responding
grass. To be able to meet the demands thousands of billboards are usedtéoan illusion of
dense grass vegetation. In combination with wind animation nice visual reselechieved. But
the visual perception is compromised by lack of interactivity: Objects are mahimugh the grass
without leaving a trace. Due to prior hardware constraints a visually plgasilision reaction for a
large area of grass was unachievable. However, exploiting the poteritimldays GPUs, real-time
collision reaction can be achieved as presented in this diploma thesis.

The results of the research in grass simulation are used in order to composss layer on the
base of simple quadrilaterals. During the procedural generation proféise grass billboards they
are tiled to allow a better handling during runtime. Those billboards are madeatdedo the GPU
as point lists. Furthermore, an animation technique for vegetation is employkd grass layer in
order to simulate wind movement. The resulting animated grass layer is preseokegpter four of
this diploma thesis.

Since prior research based on the simulation of grass is limited to rendedragamnation aspects
implementation strategies from other elds of research are consulted oAplpes concerning particle
based collision handling as well as real-time cloth simulations are employed intorgeplement
a collision system as introduced in chapter ve. The collision pipeline is split twtn subsequent
passes: A CPU-based process excludes grass tiles that are obviouaffected by any object colli-
sion. Within the geometry shader, implicit object representations are empioygledect penetrations
and compute a collision response on the base of each vertex. As thatsgpacessing of individual
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vertices may lead to visually unpleasant distortions, a cloth model is evalugteesterve the overall
shape of the grass. After a collision has taken place, the GPU-basedibadiiandling recovers the
simple quad shape of the deformed billboards. The restrictions of the stremut stage make it
necessary to spread out the billboards data over two point lists.

Illumination as a major element of every realistic landscape-imitation was prdsardieapter 6.
To integrate the grass layer into a dynamic global lighting environment, pradgechpradiance vol-
umes are employed. Tri-linear interpolation inside the volume allows a computdtiocicdent light
for each vertex of the grass billboards approximating global illuminationgdoh @ertex. The Gouraud
shading is applied during the assembly of the quad primitives. Semi-transshiaded pixels are
accomplished by multiplying the decal color with the re ected incident light. Alpt&overage
blending concludes the process.

The results presented in chapter seven proof that the generation ob&4#ld responsive grass
(in real-time) is no longer an insolvable challenge. The visual quality in cederse vegetation and
the good performance achieved give a proof of the great suitability dfrtheementation strategies
for achieving large responsive grass layers in todays real-time apptisatio

8.2 Further Considerations

This diploma thesis presents a collision pipeline which swaps data from ofeg tuinother while
responding to collisions. The collision test as well as the response is bpsedeach vertex. A
subsequent step restores the shape of the mesh. This processilyaneeastended as described in
the following section. Additionally, the used techniques might be applicabletfar plants such as
bushes, herbs and crop.

The clearly separated and modular design allows the techniques to betiediggta a large range
of real-time applications. Furthermore, as the billboard-based approactoismimon way to model
grass layers in todays computer games, these implementations can easilysbedadilowever, ap-
plications that are already GPU bound will not pro t from this approach.

8.3 Limitations and Future Work

The approach presented throughout this diploma thesis grants the availatbiggponsive grass for
dense covered landscapes. The results are demonstrating that coligponse works ne for regions
where the at structure of the grass billboards is hardly made out (seto8€7.1.1). However, in
areas where grass is planted sparsely, for example at the bordeesgrfis layer, due to the coarse
tessellated mesh of the billboard the visual impression of the deformed billbbsarguf cient. Two
different approaches, which might also be combinable, might be promigieg wying to solve this
problem: On the one hand the collision handling could be made independdrd data available
for a single primitive. In that case the collision handling for each billboardld/be distributed over
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several streaming passes which allow for more re ned meshes. On thehaihe the quad mesh of
the deformed billboard can be improved by using an interpolation of a higlyzed.

8.3.1 Distributed Spring Relaxation

The billboard's collision response essentially works on each vertexcdflsion occurs, the topology
information is absolutely necessary in order to preserve the shape ofabe (gee Section 5.2.3.6).
However, as a spring affects only neighboring vertices, the collisiguorese can be distributed to

several passes:

Initially, the collisions are resolved during a vertex shader passa result of the per vertex based
collision response unpleasant distortions of the shape may occur. doeinsly, the cloth simulation
model is applied similar to [Zel07]:

Figure 8.1: The primitive independent spring relaxation. The gure shtive relaxation steps for
the quads of a billboard. During a shader pass no relaxed quad maysshartex with it's adjacent
quads. As a consequence four relaxation steps for a billboard adedhee

Four index lists are covering all spring constraints of a billboard as shiowigure 8.1. The
spring mesh of a billboard is relaxed in four streaming passes based ds. gDaring a geometry
shader pass a vertex is only subject to a single quad (one line with adjacemother words, those
quads are relaxed in a render call that does not share a vertexedqiamily, the springs are relaxed
in four steps covering disjunctive quads. After the application of edelxaton pass the unaffected
vertices have to be streamed in order to avoid a distribution of the currerddoitilvertices over both
vertex buffers. Finally, the collisions are resolved and the shape of#ss gillboard is preserved.

It needs to be pointed out that this process causes some additionalmibek@PU. The index lists
have to cover all distorted grass billboards in order to avoid a sepafat@tien for each billboard.
Thus, the lists have to be created dynamically as the amount of collided bileariés. Moreover,
the number of system calls is enlarged.
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Figure 8.2: The curve based assembly. The gure shows the interpolstiveme for an Bzier
surface adopted for the grass billboard. The grass billboard redliffesent degrees of interpolation
along different directions: First each of the six quads is interpolated katiiige The two resulting
guads are interpolated bi-linearly as well. A linear interpolation between thdtirey points yields
the nal interpolated vertex.

8.3.2 Curve based Primitive Interpolation

The billboard's deformed mesh consists of six quads (see Section 6.3f2n&)assembled primitives
are rendered directly, the billboard's shape looks unnaturally anguBezier interpolation between
the mesh's vertices might obtain smoother results, as is shown in Figure &2: T8 control points
require different degrees of interpolation among each of the billboaid®nsions [MH99]. The
parameter range is partitioned into numbers of quads which are necémstmy resolution desired.
As a result the mesh regarding to the number of quads is much smootherreTestudinates and
irradiance information are interpolated as well.

As the angular look of the deformed billboards is only visible from a veryeclossition, an
additional distance based level of detail technique should be applied iriadeoid interpolation of
the billboards further away from the viewer.

INote that some information has to be stored per vertex. E.g. the indeg wéttex is needed in order to compute the
wind animation with respect of the vertex location in the mesh.
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GPU-Based Distance Maps

As GPU-Based distance maps, sometimes called depth maps, are used fibrebathision test as
well as for the occlusion term during the generation of the occlusion volinrthjs section a short
overview of them is presented. Further information can be found in [KAR8r [VSCO1]. Implicit
representations like distance maps provide distances to any point within theogisnaps unit view
volume. Hence, the distance information can directly be used for penettaitnrespectively oc-
clusion tests among objects. Moreover distance maps are especially of ingeoftet GPU based
computations. On the one hand the GPU offers the advantage to easilatgetiem during one
single render call; On the other hand the GPU is optimized for texture lookups.

As a rst step the projection space is de ned as described in section Ahk distance values
are obtained by transforming objects to the distance map's projection speeadction A.2). The
distance map then allows for distance comparisons as described in the clesiiog A.3.

A.1 The Projection Transformation

For the generation of the distance map a projection matgpc: pm 2 R* #is required which
transforms world space positions into the distance map's projection splaeeefdre, the near and far
clipping plane, the width and height of the projection as well as the origin dfii¥€ space are com-
puted in world coordinates in order to build the transformation matrix. Initiallyptiegection basis is
speci ed in world space coordinates= ( Xg; X1;X2) andy = (yo;VY1;Y2) andz = ( zp; z1; z2) with
the restriction that all vectors have unit length and yield an orthonormal.l@&en almost one single
projection directiore is speci ed. The setup is shown for a random basis in gure A.1. Aftedsa
the center of the projection plamehas to be de ned in world space coordinates. If the whole object
or scene is covered, the center then is the closest point to them withtr&siee projection direction
Z and can be determined using bounding volumes. As no point is closer todjeetpn plane, in
that case the near plane value is set to 2edsccordingly the far clipping plang then is equal to the
distance of the projection center to the farthest point of the object régglgscene. The far plane is

INote that orthographic projection is necessary to do so. Perspeatieziion expects a value greater zero
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Figure A.1: The distance map setup. The transformation for the orthagramjection is setup by
the bounding volume and the projection directiorThe generated map then stores relative distances
to the scene geometry with regard to the projection space.

set in order to account for the accuracy of the distance values [MHR®thermore the widtv and
heighth of the projection plane is computed. This can be done on the basis of aibgwatlime as
well, e.g. a bounding box, and is necessary when the whole mesh orlsaete be covered as it is
done normally. By using all parameters, the projection matrix is set up (ait RifectX):

0 1
2
=Xo0 Yo zp O
2
X1 fy1 zz O
Twcr pm = n ) ; (A.1)

X2 y2 72 O

X ¢c y c z cl1l

whereTwc: pm can be thought of as a concatenation of two matrices, a viewing matrix and a
orthographic projection matrik.Both then de ne a view volume in the world space which encloses
the object respectively scene.

A.2 The Projection

After the projection transformatiohwc: pym IS computed, as is described throughout the prior sec-
tion, the vertices = (x;y; z; 1) of the objects then are projected by employing the graphics hardware.
Each vertex of those meshes that should be contained in the distance nedprthisrtransformed us-

ing the following transformations:

0
v . =VTocr we Twcr om (A.2)

2refer to [MH99] for a overview of viewing matrices and projections
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wherev ° = (vxo;vyo; vzo; 1) is the vertex which is transformed from the mesh's object space to the
world space by usind@ oc: wc and then transformed to the depth map's projection space using the
transformatiorm wci pwm -

In the depth map's NDC space tlvé coordinate of the transformed vertex then corresponds to
the relative distance of the vertex to the projection plane. Thus, the smallaltiesofz’ the smaller
the distance of the vertex is to the projection plane. Next, the verticesinsformed to the unit cube
are rasterized. The resulting fragments then are used to assign relatarecds to each pixel of the
2D distance map at the end of the rendering process. Thereatfter, tdnecéisnap can be used to read
relative distance valueatist (x;y) 2 R at the pixel coordinatels;y) as used during the distance tests
as described in the following section.

A.3 The Distance Comparison

After the distance map is lled, the map in combination with the orthographic projedtemsfor-
mation can be used to test for occlusion respectively penetration. Thaatistdormation is looked

up using thegx;y) 2 [0; 1]2 coordinates in the distance map's projection space. Therefore, the point
which should be tested either for collision or occlusion is transformed usinggtime projection trans-
formation applied during the creation:

P’=pTwet om ; (A.3)

wherep °= ( pxo; pyo; pzo; 1) is the projected point anflwc: pm is a transformation from the world
coordinate space to the projection space with respect of the projectiatialire Please note that
the point already has to be de ned in world space coordinates. Now aiol can be tested for
penetration: The point penetrates or is occluded whenever the followindjton turns out to be
true:

p, > dist (p,; p}) : (A.4)

Before the lookup, the coordinates of the transformed p(q:iﬁ:[p;) 2 [ 1;1F has to be mapped to
the distance map's coordinate sp&@gl]°.

Besides, each point that is inside the view volume of the distance maps pnojeptce (see
section A.1) after transformation is located in the unit clib&; 1]° of the distance map's projection
space® Points that are outside of the view volume before projection mapped to theadistzap's
border. Sampling the border returns an initial background value. Thiggbaund value is an extreme
large value which does not satisfy equation A.4, thus, the point is notaextiu

3Note that DirectX maps the coordinqlo,e to[0; 1] instead of 1;1]
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