Marijn Kentie 1213660
m.a.kentie@student.tudelft.nl
IN4151 Computer Graphics Assignment 2

On-GPU ray traced terrain

1. Introduction

2. Background

3. Implementation

4. Observations an®Results

5. Conclusions and improvements
6. References

A. Pixel shader

& Temain -— - - - o




1. Introduction

Before the prevalence of polygdrased 3D accelerated
graphics, voxebased terrain was a populapproachto
drawingthe environments for game and simulation
software (see Figure 1). This terrain was always drawt
by the CPU, and the introduction of fast hardware
accelerated triangle renderingughed voxels to the

SPEED:L3T

background. Unpopular as theyrrentlyare, voxel gy . - ch 24
terrains do have a number of advantages over their oo | '
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polygonal counterparts: cureesurfaces and regime
deformations are possible, and the terrain is extremelyj Figure 1: Voxel terrain in the video
easy to generate from a height map texture (see Figure gameComanche

2). A height map codes terrain heigasan image. In a
grayscale image, for example, white can mean maximum
height while black means the base level.

Modern, fully programmable GPUs are equipped with
flexible pixel shading units with facilities such as fast
texture lookups and support for branching. As such, it
seems promising to use the GPU to draw pspce

terrain. This report details an experiment to do this: using
a height map to draw terrain completely on the GPU,
requiring a minimal amount of vertex datdase of
implementation, features, flexibility and performance are
investigated.

Figure2: Height map image




2. Background

Using the GPU to create the illusion of relief is a staple technigtresivideo game industrysump
mapping, a technique which uses a lookup texture to wagurface's normgland as such influence
its lighting) has been used for years to create the illusion of defiihexample to draw the bumpy
bricks ofa wall Parallax mapping builds thisby modifying the actual texture UV coordinates. Both
are described ifil]. Finally, relief mapping], also known as parallax occlusion mapgBigextends
this further by allowing the perturbations to occlude one anotheigure 3 shows a comparison of
the mentioned techniques; note the differences in quality at grazing angles. Clearly, parallax
occlusion mapping creates the best illusiof relief.

Figure3: Left to right: bump mapping, parallax mapping, parallax occlusion mapping

Unlike the other techniges, parallax occlusion mapping is basegenpixel ray tracingRays are
traced from the viewpoint into th@bject A height mapgswith voxel terrain) is used to describe the
terrain and mapped onto the surfacAs the height map texture is on a surface that can have an
arbitrary orientation, the ray is first transformed into texture (tangent) spdhes allows comparison
of the ray position with the height map

As the ray is traced, its height is compared to tieégght map value. When the ray has ended up
undemeaththe height map, tracing is stopped and the 'sgyositionin the texture plands used to

index the diffuse texture for the surface: itdssplayed asvarped and the illusion of depth is created.
Usually, the height map is used to create the illusion of the surface being pushed down, as shown in
Figure 3Thisallows the technique to be used on the original object, with no additional geometry
attached specifically for the effecAdditionally, note tlat the technique doesn't generate proper
silhouettes.

Parallax occlusion mapping was chosen as the basis for the GPU terrain implementation. Its height
map-based algorithm, use in curregieneration video games (i.e. reléthe applications), and
promisingvisual quality suggested it to be a good starting point.



3. Implementation

This section describes the process of creating the sample application used to investigate GPU based
terrain rendering. Section 3.1 lays out the general approach, 3.2 goes intogh#oo of a fixed

function styleshader for testing, and 3.3 describes the terrain ray tracing shader. Sections 3.4 to 3.8
detail various extra functionality that was added. Finally,gh8s intooperation of thedemo
application.Figure 4and the tile pageshow screen captusof the final resultThe final terrain pixel
shader isncluded in appendix A.

Figure4: Final terrain




3.1 Approach

The implementation of the terrain ray tracing was done completely from scratch. The application was
created using C++ and Direct3D 10. D3D10 was chosen as it is centered around using the
programmable (shaet) pipeline as opposed to being designed mostly for fixed function work.
Additionally, it was chosen because using it would be educational to the author, who ontyibad
immediate mode OpenGL experieng®m earlier graphics courses. Education was also the reason
why the application was created from scratch: doing this would give insight in how shaders are set up
and in which ways they interact with CRidle data.

Looking at the parallax occlusion mapping papers, it was deemed possible to draw the terrain by ray
tracing inside a cube. All surfaces would have terrain drawn on them where needed, giving the
illusion of actuallypeing surrounded by it, similar to in a VR cave. For simplicity's sake a unit cube
was chosen for this, and as such, the first goal was to get this cube set up and remdisesthat for

all discussed shaders no geometry other than this one unit cusenisto the GPU. Although the
application uses a vertex format with support for normals, color, fetcdebugging purposes, only

the vertex position is ever set; none of the other parameters are used.

3.2 Fixed function style shader

Both to get the hangf working with shaders, and to test
the construction of aforementioned unit cube, first a fixe
function style shader was created. This shader does
nothing more than apply the viewing and projection
transforms (there is no world transform as the world
consists of only this unit cube) and shadirging the
vertex coordinates as color. Figusshows this shader in
wireframe mode.

One problem that arose at this point was the fact that
rendering such as simple scene led to a fraate of Figure5: Vertex data shown by
7000+ frames per second. This actually made the fixed function style shader in
application ehave in a laggy fashion, perhaps due to wireframe mode

overhead involved in processing so many frames. As such,

a timer was added to restrict the franrate to a maximum of 66PS

3.3 Ray tracing

The ray tracing part of the terrain shadebased on the

viewer 4 steps describedbr parallax occlusion mapping[2]. A ray
0.0 5 is traced from the viewer to thevorld spaceposition of
‘,2‘/ the pixel that is being rendered. When the ray has ended
B - up ‘under’ the height map (i.e. its height is less than that
depth assigned to the height map value at its position), its
position in the height map texture is used to sample the
1.0 . object's (diffuse) texture. This warping of the object

Figure6: Height map ray tracing.




texture creates the illusion oktief. Figure6 shows the procedure: tracing is done betweghand
‘B, an intersection is found &aB'. In this 2D example, point 3's X coordinate would then be used for
texture mapping.

Thereferencedpapercalled for transforming the ray to tangent spaddis way, arbitrary surfaces
could be parallax mapped. However, as in our case we are working with aalaxied unit cube,

the transformationcanbe left out.Instead, the original, preransform vertex coordinates are passed
to the pixel shader. These ansed aghe end coordinates, 'B' in figui@

The eye point ialsopassed into the vertex shader as a parameter. At first it was tried to extract the
eye pont from the translation part of the view transform matrix, but this proved impossible as view
rotations influence this translation column. As such, the program's camera handling routines were
modified to build the view matrix from separateeye point.

The usedray coordinatesnatch the world coordinates: X and Z are the flat plane, and Y is the height.
As such, when tracinthe ray's Y coordinate is checked with the height map value, and upon
intersection its X and Z values are used for the texture mmappihe pixel shader's task is to perform
this tracing between the pixéhterpolated eye and end coordinates.

The actual tracing is done in a loop, by adding a fraction of the normalized view direction vector to
the eye position each iteration. Thisew direction vector is calculated by subtracting the eye
position from the ray end position. Both have been interpolated from the vertex shader stage. The
size of the fractiorusedeach iteration determinethe numbers of samples taken; in the shadésit
cdculated as the useprovided sample amount divided by the viewing ray length. The higher the
number of samples taken, the more accurate intersections are found. This results in higher visual
guality. When an intersection has been found, the tracing Isoghiorted and the found intersection

is used for texture mapping, as discussed.

Multiple constructionsvere triedfor the actual tracing loop. The first attempt was a wHdep

which aborted when the ray went outside of the unit cube. A disadvantage of this was that six checks
had to be made (one for each box face), which was found to be relatively slow. The stteomok

was to have a whilédoop abort when the length of the traced ray was equal to or larger than that of

the nonnormalized viewing direction vector. This was fraught with glitches as inaccuracies meant
tracing was often ended too late.

Finally, a simie solution was found: a fdoop which is executed once for each sample tak€his
combines good accuracy with a simple, single check to determine whether the ray has been fully
traced.Additionally, an advantage of the ft@op construction is that thé&racing is bound to be
stopped. Whildoop based methods with break constructions led to GPU restarts when mistakes
were made which resulted in infinite loops.

Although standard parallaxcclusion mapping does not creatghouettes, this technique doeH.the
ray has been completely traced without finding an intersecttbis means the viewer was looking
over, not at, the terrain for that pixel. The current pixel is discarded; discarding alhtensection
pixels creates the terrain's silhouette. Thegossible as the tracing is done inside a 3D cube:
intersections will always be found for the floor, but not for the walls and roof.



As the terrain is contained in an unit cube, by default its (maximum) height and X/Z side sizes are the
same. To be ablto create lower terrain while still keeping the same height resolution, a height scale
factor was added. All height map reads are scaled by this factor, resulting in decreased terrain height.
Additionally, if the eye point is above the maximum terraimgié (which can now be less than the

height of the cube), the ray start is moved to that maximum heggtb not waste time sampling

where no terrain can ever b&urthermore, the moved ray start point is verified to be still in the

cube; if not, the rays discarded.

Finally, the number of repeats of the diffuse texture can be set. However, a singieekightion
texture was found to look more pleasing, especially from high up where texture repeats become very
apparent.

3.4 Sampling improvements

Twoimprovements were made tobtaina better qualityversusperformancetradeoff. Firstly,

dynamic sampling rate selection was added. Steep rays, i.e. looking down on the terrain, do not
need ashigh a sample rate to findorrect intersection as @as grazing the terrain do (for grazing rays
thereis a chance of, for example, going 'through' a hill). A method to sekgitablesampling rate
between a set minimum and maximum is givef3]: linear interpolation betweenhe minimum and
maximumratesis used, using the dot product of the normal and viewing direction as the ratio. As in
our case the algorithris always applied to a cube, no normals are needed (or even set) and one
minus the viewing direction Y coordinateuised as the ratio instead.

The second sampling improvement was the addition of a binary search step. After the linear search
as described in 3.3 has found an intersection, a set number of binary search steps are taken between
this intersection and the pregus ray positionwhich liesoutside the height volumeThis way, the

effect of shooting too 'deep' into the terrain is alleviated with very little performance ¢agtire7

shows a steegectionof terrain with binary search disabled and enablewjfititerations)



Figure7: Binary search step disabled and enabled.

3.5 Skybox

As the terrain has proper silhouettaspr-intersection pixels are by default filled with the standard
viewport color. To create a more attractive scene, a skybox was added. No extra vertex data was
used forthis: in an additional pass, the unit cube is resized (expanded in the XZ plane and decreased
in height) and positioned around the terrain cube. A cube map texture depicting sky and terrain is
applied; cubemap texture coordinates are simply generated énihix's vertex shademhe skybox is
clearly visible in the various screenshots in tiejsort.

3.6 Deformations

Height maps carasilybe modified, especiallcompared
to mesh data. As such, adding deformations such as
craters to the rendered landscape is rather simple. Figur
8 shows the terrain deformed with some craters.

Note that in the demo program, deformations are create
by copying a crateheightmap b a second texture, which
is sampled together with the height map. As such, two
texture reads are needed, but this was significantly easié
to implement. Additionally, it allows different resolutions

ErFigure8: Deformed terrain




for the deformatiorr and height map textures and it alle the deformations to be turned off.

3.7 Occlusion

For the terrain taactuallybe useful in for example video games, itshie able to interact with

standard polygonal objects. One interaction is collision detection, which is not covered by the demo
applcation. Occlusion between the terrain and polygonal objects, howevérhesbrightly colored

cube shown in the various screen captures is a polygonal object: it is the unit cube, resized and
reoriented, in an extra rendering pass. Occlusion with theaiaris accomplishetdy having the

terrain pixel shader output a depth value in conjunction with its coltie depth value is calculated

by transforming the view direction rayhich the ray tracing steps alorfgpm world to projection

space and taking its Z coordinate divided by itsatfrdinate

3.8 Lighting

Applying lighting to the terrain requires normaighich are obviously different from those of the

cube it is rendered arThe terrain normalsan eitherbe stored in a normal map texture, as used in
bump mapping, or calculated on the fly obtaining the height map gradient, for example using

Sobel filtef3]. Normal and height map data can be combined together in one RGBA teatute

quicky looked upOn the other hand, calculating the normals on the fly is more broadly applicable:

no preprocessing is needed, and the height map can be generated or deformeat-iime. In the

demo appliation the on the fly approach is used. A Sobel filter is used on the height map texture to
calculate its derivatives. From these the normal is easily constructed. The Sobel filter code was found
online[4].

Once the normal for each rendered pixel is known, standard diffuse and specular lighting are easily
applied. The result of this is shown in Figure 4.

3.9 The application

Starting the demo application is simply a matter of running its execut&gart from the viewpoint
window, it also launches a console window which shows the various controls the viewport accepts.
Movement is standarV/A/S/Dkeys, looking around can be done by holding down the right mouse
button and draggingPressing the 'C' key adds deformations to the landscapatures such as

binary search and lighting can be toggled on and off, see the console output for more information.

The program's shaders are spread over multiple .fx files; these files dieéiisbaders and passes

used by Direct3DHeader.fxtcontains definitions of the various structures, samplers and states.
Terrain3.fXs the main effect file that is executed by the program: it describes the passes and
contains the ray tracing, lighting and bigagearch code. In turn it includes three other files.
Skybox.fxcontains the vertex and pixel shaders which transform the unit cube into a textured skybox.
Smallbox.htransforms the unit cube into the small, colored cube used to test occlusion. Finally,
Sobel.fxholds the code which calculates normal data from the height map.

4. Observations and result s
While developing and running the demo application, a number of observations were made.



4.1 Ease of use, flexibility

Although creating the demo applicatiovas quite time consuming due to lack of understanding and,
evenmore sq lack of experience, for a seasoned graphics programmer the technique should be
straightforwardto implement.Creating contentor the techniqueis not very difficult: only a height
map texture is needed, and polygonal objects work together with the terrain without problems.

The terrain is simple to deform, and standard lighting methods work with it. One possible
disadvantage of using this type of terrain is that it locks one inttogushaders: OpenGL style
texture/lighting calls will not influence it. But then, modern graphics programming is already largely
shader driven, as evidenced by DirectX 10's lack of fixed function support.

In short, this type of terrain is reasonably simfmeémplement, while not subjecting the rest of the
application it is used in to any significant limitations.

4.2 Quality and performance

The visual quality of the terrain is determined by two main factors: ray sample rate and height map
resolution. Higheray sample rate result in more precise intersections, and prevent 'floating'
segments as shown in Figure 9, where no intersection was found for some points. Unfortunately,
increasing the sampling rate linearly increases the amount of work that needsdorie. 512

samplegper ray was found to give reasonablisual quality, depending on the terrain steepn€eEks.

match the crispness of polygonal terrain, extremely high numbers of samples, such as 2000+, had to
be used.

Height map resolution has the simpiffect of determining how rounded the terrain looks. The
height map idilinearfiltered when it is sampled, and as such it does not look grainy (Figure 10
shows the scene with filtering off). However, this is obviously no subsfibntieigher resolution
textures, and closeip hills can be seen to consist of discrete slofbesnpiness in Figure L1Bligher
resolution height maps are of course larger in memory, and slower to sample.

Figure9: Sampling artifacts FigurelO: Terrain with no bilinear filtering




