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Abstract

In computer games and other real-time graphics applications, the ocean surface is typically modeled
as a texture or bump-mapped plane with simple lighting effects. This paper describes a system for
realistically rendering the water surface in real time. Our system can render calm ocean waves with
sophisticated lighting effects at 100 fps on a 680 MHz Pentium 1l with a GeForce 3 graphics card.
The wave geometry is represented view-dependently as a dynamic displacement map with surface
detail described by a dynamic bump map. The illumination model includes reflection, refraction, and
Fresnel effects which are critical for producing the look and feel of water.

CR Categories: 1.3.7 [Three-Dimensional Graphics and Realism]—Color, shading, shadowing, and
texture; 1.3.3 [Picture/Image Generation]|—Bitmap and framebuffer operations;

Keywords: Reflectance, Shading Models, Real-Time Rendering

1 Introduction

Visualization of ocean surfaces is an important topic in computer graphics because itis an element present
in many natural scenes. Although many successful techniques have been developed for realistic ocean
simulation and rendering in the film industry, these techniques are only appropriate for off-line rendering of
animated sequences. Real-time applications such as games typically model the ocean surface as a texture
mapped plane with simple lighting effects, while realistic wave geometry and sophisticated lighting effects
such as reflection, refraction and Fresnel effects are ignored.

The techniques described in this paper make it possible to render in real:tit@¥(fps) the ocean sur-
face using dynamic displacement and bump maps with Fresnel reflection and refraction. These techniques
would be very useful for interactive real-time applications including visual simulators and games.

Our system can be implemented with vertex and pixel shaders in PC graphics cards and game consoles.
The system is based on two key ideas. The firdtresnel bump mapping, which is a technique for
efficiently rendering per-pixel Fresnel reflection and refraction on a dynamic bump map using graphics
hardware. The accurate rendering of Fresnel effects on a dynamic bump map plays a critical role in
recreating the look and feel of the ocean water. Our second ideai e&valependent representation of
wave geometry. This representation can realistically describe geometry of nearby waves, while efficiently
handling distant waves.
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Previous methods either generate very realistic renderings of ocean scenes as an off-line process, or
produce a simulation of the ocean in real-time but lacking sophisticated lighting effects. Currently there
is not a practical solution for fully realistic real-time ocean simulation. This problem is addressed by our
technique which applies well for simulation of calm ocean waves.

1.1 Previous Work

The classic reference on ocean waves rendering is the the work of [Fournier and Reeves 1986].
In [Tessendorf 2001] the fundamental principles for realistic simulation of ocean waves are presented.
These principles include a spectral method for modeling wave geometry and a sophisticated lighting model
of the ocean water. Such techniques are now widely used in the film industry for off-line rendering of an-
imation sequences.

[Premoze and Ashikhmin 2001] presented a method for wave generation on water surfaces. They also
presented a light transport approach for computing the complex lighting effects of the ocean. However,
their physically-based approach for wave simulation and rendering is time-consuming and impractical for
real-time applications.

A survey of different methods for deep water animation can be found in [Jensen 2001]. The author also
discusses hardware acceleration techniques for ocean rendering.

[Schneider and Westermann 2001] introduced a method for real-time visual simulation of a water sur-
face in a container. They used NURBS to model the water surface and environment cube mapping for
reflection and refraction. The Fresnel term was approximately evaluated using a formula from [Schlick
1994].

Fresnel reflection using image-based techniques is discussed in [Cabral et al. 1999].

Recently, [Hinsinger et al. 2002] proposed an algorithm to animate the ocean waves in real time. Com-
bined with a simple lighting model, the ocean waves (with<38 mesh resolution) can be rendered at
20 fps on a 800 MHz Pentium Ill. Unfortunately, the performance of their system is still lower than the
performance requirement in real-time applications (ideall§0 fps). Furthermore, they do not simulate
Fresnel effects.

2 System Overview

In this section we give an overview of our real-time ocean simulation system. Our pipeline can be divided
into two stages, preprocessing and rendering, as shown in Figure 1.

In the preprocessing stage, we perform an ocean wave simulation to generate a dynamic displacement
map and a dynamic bump map. The displacement map is used to model the wave geometry, while the
bump map is applied during the rendering stage to enhance the details of the wave surface. The bump
map is augmented with a pre-computed Fresnel texture for fast evaluation of the Fresnel term on the bump
map. We also construct a view-dependent representation of ocean wave geometry in the preprocessing
stage. This representation consists of a near patch and a far patch.

For each view, the rendering stage takes four passes on a GeForce 3 graphics card. The first two passe:
generate the reflection and refraction maps. The third pass calculates the shadow map for the sunlight.
This pass is very low cost. The final rendering pass draws the view dependent wave geometry with bump
mapping, reflection, refraction, Fresnel effects, sunlight reflection and shadows. The fact that the final
rendering can be done in a single pass is very important for rendering speed because of the high fill rate



of water rendering. This efficiency is attributable to our system design which carefully moves much of the
work load to the preprocessing stage.
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Figure 1: System overview.

2.1 Ocean Simulation and Patch Construction

We apply the spectral method of [Tessendorf 2001] to generate ocean wave shapes and dynamics. This
is a statistical model based on experimental observations from the oceanographic literature. Specifically,

we use the following formula to generate a height field representing the ocean waves over a rectangular
region:

h(p,t) = Zﬁ(k,t)exp(ik- p) (1)

wheret is time andk = (2rm/Ly, 2rim/L;) is a two-dimensional vecton, m are integers that belong to
the intervalsn € [-N/2,N/2], me [-M/2,M/2], andL is a length parameter. The simulation results
in a time-variant height field defined as a functiuip,t) at discrete pointg = (nLx/N,mL,/M). Here,

L = (Lx, L) is a scale parameter aritfl,N) is the grid resolution. More details of this method can be
found in [Tessendorf 2001].

We sample this height field at different spatial resolutions to get representations of ocean waves at dif-
ferent scales. Basically, we need both low- and high-frequency sampling. The low-frequency grid is used
to construct a displacement map that tiles the ocean surface. The high-frequency grid describes the fine
details on wave surfaces through a bump map. For both displacement and bump maps, we appropriately
sample above the Nyquist limit of the functitwp,t) in space and time, by considering all compatible
frequency components due to the discretization. These samples are played cyclically to simulate the wave
dynamics during animation.

We should remark that our system can use any method that generates a ocean surface as a tileable heigh
field. The method we currently use is the one adopted by the entertainment industry.



2.2 Reflection, Refraction, and Shadow Maps

We generate reflection / refraction maps by rendering all objects above / under the water plane to textures.
In the open ocean, light is both scattered and absorbed by the volume of water. This water attenuation
effect is approximated by shading effects during the refraction map generation. We use a new fog-from-
depth shader. A shadow map is rendered into the alpha channel of the reflection map. Both reflection and
refraction maps are used as projective texture maps during rendering.

To generate the reflection map, we first transform all objects above the water surface to its symmetric
position under the ocean plane. Then we render these objects from the given viewpoint and save the result
into the reflection texture map.

2.3 Final Rendering

After we obtain the reflection map, refraction map and shadow map, we can render the ocean surface using
the GPU. In the vertex shader we first transform the ocean surface according to the current viewpoint.
Then, we generate texture coordinates at each vertex for the bump map, reflection map and refraction
map. In the pixel shader, we load the bump value. Then, we find the Fresnel term, reflection color, and
refraction color for each pixel. The bump value is used in this step to perturb the texture coordinates.
After computing the specular color caused by sunlight for each pixel, we finally composite all components
together.

3 View-dependent Wave Geometry

In this section we discuss the generation of view-dependent wave geometry for efficient rendering.

The height field computed blg(p,t) is buit to tile seamlessly an arbitrarily large ocean plane. The
purpose of the view-dependent representation of wave geometry is to compactly describe the waves in the
viewing frustum. As shown in Figure 2(a), the view-dependent representation of wave geometry consists
of anear and afar surface patch, which together cover an ocean surface region that is a slightly larger than
the ocean surface in the current view frustum (shown as dotted red lines).

A good view-dependent wave geometry is vital to ocean rendering. Unlike terrains [Duchaineau et al.
1997], the ocean is largely planar and the far away waves are thus not occluded. We efficiently handle
these waves by the far patch with a dynamic bump map. The far patch is pre-computed and can be used
for any view point above the ocean surface, leading to big savings in the rendering stage.

To describe the geometric details of the ocean waves near the viewpoint, a fixed-size planar near patch
is used to represent the height field around the viewpoint. The size of the near patch is large enough to
cover all ocean waves with visible height variations for all viewing heights and directions. The height
field of the near patch is sampled from the tiled displacement map. Note that the resolution of the near
patch changes with the height of the view point. We maintain a continuous level of detail representation
(LOD) for this purpose. This LOD structure is a binary tree similar to [Duchaineau et al. 1997]. This tree
is generated by a procedure that determines the refinement level based on the viewpoint height.

The far patch is used to fill the visible ocean surface from the far-end of the near patch to the horizon
(see Figure 2(b)). The far patch is planar and waves are represented by a bump map on the ocean plane.
To avoid generating the far patch for each frame, we construct the far patch in the pre-processing stage. As
shown in Figure 2(b), for a viewpoint located at the origin with the viewing direction rotating around the
x-axis, the visible area on the ocean plane (at heightand for some constant field of view) is bounded
by two conic curves.
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Figure 2: (a) Top view of the view—dependent wave geometry. The blue wire-frame mesh represents the
far patch. The black wire-frame mesh represents the near patch. (b) The conic curves (in green) bounding
the far patch. The curves are definedyby —H anda 2x% = 22+ 1.

The far patch is tessellated based on the viewing distance using the two conic curves. Thus the far patch
can be used for all views obtained by rotating the viewing direction around the x-axis.

When the viewpoint moves along the y-axis, we just extend the far patch to cover the new visible area
on the ocean surface. If the viewing direction rotates around the y-axis, we rotate the far patch to the
corresponding visible area. Thus the pre-computed far patch can be used for any view above the ocean
surface. To stitch the far patch and near patch seamlessly, we force the lyerghig) of the vertices
on the near patch’s boundary to be zero. To avoid overlapping and blending between the two patches,
during rendering we process triangles of the far patch in the following way: First, triangles that are totally
contained in the near patch region are culled; Then for triangles that are partly in the near patch, we move
their inside vertices to the near patch boundary.

The far patch allows efficient view frustum culling, so that only triangles between the near and far planes
are rendered.

4 Realistic Rendering of Ocean Waves

In this section we describe a physical lighting model of ocean waves. As in [Tessendorf 2001], we also
assume that the ocean surface is “nearly perfect specular reflector”. That is, we treat the ocean surface as
a set of locally planar facets. Because each facet is regarded as a perfect mirror, for any view vector

we only consider the incident rays coming from the reflection diredtiand refraction directioR. The

view vectorV and reflection ray. have the same angle with respect to the surface naNnaihile the
refraction rayR follows the Snell’s rule. Thus the radiance along the view directdaan be computed

by:
Cwater= I:CreflectjL (1- I:)Crefract’

where theF is the Fresnel term.



4.1 Fresnel Term

The Fresnel term can be computed by

_1(g—c)? (c(g+c) —1)2
AT 2(g+c)2 (H (c(g—c) +1)2) ’

(2)

wherec =cos8 =L-H, g =n(A)?+c?—1andn, = ',;tgg

Here, n, andn; are indices of refraction of the two media (air and watdt).is the normalized half
vector of lighting vectolL and view vectoV. For the ocean surfacel is the same as the local surface
normalN. Because=L-H =L-N =V -N, the Fresnel term is a function ¥f- N. The Fresnel term
varies quickly on the ocean surface due to normal variation of the detailed waves. Thus, the color variation

across the resulting image due to Fresnel is the most important feature of ocean surface appearance.

4.2 Reflection

The reflection color can be directly traced along the reflection dire¢tier®N — V. However, if high-
dynamic range images cannot be used to represent the irradiance, we must compute the @flggtion
caused by the environment, and the reflecﬁgBecularcaused by the light source (sunlight) separately.

So theCreﬂectis computed as

C C

envir+C

reflect ™ specular

4.3 Refraction

Given the view vecto¥, the refraction ray directioR can be computed by Snell’s rule. Thus, we have:
n;sin(6) = nysin(6).

The azimuth angle of the refraction vector is the same as the azimuth angle of the viewAcector

The refraction color also contains two parts: the refraction color of the object under theGatem
and the color of the water voluntié‘wol. Thus, the refraction color is computed as

C C

refract= “wvol T Cbottom

The refracted object color is computed as:

_ —KS
Cbottom_ Cobje ’

WhereCObj is the object color ani is the diffuse extinction coefficient of wate®; is the distance in the

ocean from the object point to the camera.

The color of the water volume is determined by several factors, such as intensity of the incident sunlight
Isun, extinction coefficient of watec, scattering coefficient of watdy, diffuse extinction coefficient of
waterK, and so on. The water color can be computed by the following simplified formula:

Corvol = /Sc blgyreSe Kdl,

in whichsis the length of the underwater path of the sunlight to bimtthe water.



5 Real-Time Implementation

In this section we discuss in detail our implementation for realistic real-time rendering of ocean waves.

The rendering pass draws the waves with Fresnel reflection and refraction in addition to the specular
reflection caused by the sunlight. In the case of calm ocean waves simulated in our system, occlusion
between waves is modeled by the displacement map. We augment the flat triangles of this displacement
map with a bump map to model the detail of the ocean surface. Specifically, for the ocean gutface
hyater We tile bump maps on it. Thus, for each positiony, z), its normal(0, 1,0) after bump mapping
becomegdu, v'1— du2 — dv2,dv), in which f(x,z) = (du,dv) is the bump map value for this position.

In our system, the ocean color is computed according to the following equation:

Cuwater= I:abové:’reflect+ (1- FabovgcrefractjL Ashadov?specular (3)

The Frgsnel _ternIFabove
normalized view vector.

= F(V-N), whereN is the bump-map modified surface normal ands the

5.1 Fresnel Bump Mapping

To implement the Fresnel effect, we pre-compute the Fresnel term and store it into a texture map. [Heidrich
and Seidel 1999] used a 1D texture map for the Fresnel term, which is indexédNbyUnfortunately,
evaluating bottN andV - N per-pixel for a dynamic bump map will introduce too much burden for the final
rendering step, making a single-pass implementation of this step unlikely. To address this issue, we store
the pre-computed Fresnel term into a 2D texture map. By assuming that the surface normal points towards
the positiveZ direction in the local coordinate frame, the 2D Fresnel texture stores the Fresnel term for all
possible view directions. For each texslt), we compute the Fresnel value for the normalized local view
vectorV = (s—0.5,t—0.5,1/1— (s—0.5)2— (t — 0.5)2). Figure 3 shows the coordinate frame used for
Fresnel texture construction and the resulting Fresnel texture.
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Figure 3: Fresnel texture construction.

Given a pointP = (Xp,Yp,Zp) On the ocean surface, we can compute the normalized view direction
V = (xv, W, 2y) for this point. Because the normal of the flat ocean surface is towards the pgsatig
we use(xy,2,) as texture coordinates for the Fresnel texture map. (To get the Fresnel value for this point,
we need to rotate the view vector into the local coordinate frame defined for the Fresnel texture.) When the
normal atP is bumped by(du, dv), the Fresnel term changes accordingly. However, it is computationally



expensive to find the Fresnel value for this bumped normal. As shown in Figure 4, instead of bumping
the normal for Fresnel term computation, we bump the view vect@ray, —dv) directly. Thus, we can
easily find the Fresnel term by looking g, — du, z, — dv) in the Fresnel texture.
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Figure 4: Fresnel texture look-up for a bump-mapped surface.

The main advantage of our technique is that it can accurately evaluate the Fresnel term with a single
texture fetch command in the pixel shader of the GeForce 3 graphics card. [Schneider and Westermann
2001] approximately evaluated the Fresnel term using a formulae from [Schlick 1994]. Their approach
would require about six arithmetic operations to evaluate the Fresnel term, which is a serious burden on
the pixel shader since it has only a small number of commands.

5.2 Reflection and Refraction

The reflection color caused by the environment can be computed from the reflection map or environment
map. We generate a reflection map for each frame. To do so, we regard the ocean surface as a flat mirror
and then transform all objects above the water to their mirror position with respect to the ocean surface.
After rendering all transformed objects into a texture, we can map them on the ocean surface by projective
texture mapping.

For a bumped ocean surface, it is difficult to trace the bumped reflection direction to get the correct
result. An alternative solution is to shift the original reflection map coordinates by the scaled bump map
values(du,dv), as shown in Figure 5. The result is only correct for some rays. However, our experiments
show that the result is acceptable.

As mentioned before, even for a flat ocean surface, we need to compute the refraction direction for each
view vector, which is complicated. Previous methods [NVIDIA 2002] usually compute the refraction
direction for each vertex and then interpolate the refraction vector at each pixel. In our implementation,
the refraction effect is approximated by scaling the underwater scene aloryattis. We scale the
underwater scene and then render it into the refraction map for each frame.

In the refraction map, the refraction color is approximated with the following equation:

Crefract: afog(d)cdeepwater+ (1- afog(d)) Cobj’ (4)

whereafog(d) is the exponent function of the water depth, which is used to simulate the water volume

transmission effects. Similar to the reflection map, we apply the refraction map for the bumped ocean
surface. We bump the texture coordinates to approximate the disturbed refraction rays.
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Figure 5: Reflection map generation (1D case).

5.3 Specular Computation

The specular color resulting from directional sunlight is approximated by the Phong model. The Fresnel
effect for the specular reflection is ignored. To compute the specular color for each pixel, we store the
normalized view vector in the RGB channel of the Fresnel texture. Similar to Fresnel computation, the
normalized bumped view vector is found in the Fresnel texture and is then used to cdmpR)é for

each pixel, wher® is the reflected sunlight direction with respect to the default ocean surface normal
(0,1,0), andV is the view direction. The parameteis specified before rendering. Note that specular
color is attenuated by the shadow map.

5.4 Final Rendering Pass

Figure 6 shows the single-pass implementation of the final rendering on a GeForce 3 graphics card. We
input the patch mesh vertices’ 2D positions (i.e., coordinates on the ocean plane) into the vertex shader.
To compute the lighting effects, we also input the viewpoint position and the sunlight direction. In the
vertex shader, we first transform the mesh to the world space and then find its vertex heights by looking in
the displacement map. Then the vertex’s 2D position on the ocean plane is used as the texture coordinates
for the bump map, reflection map, and refraction map.

In the pixel shader, for each pixel, the bump map is used to perturb the Fresnel, reflection, and refraction
texture coordinates. Using the perturbed texture coordinates we can obtain the corresponding components
by texture lookups. After computing the specular color resulting from the sunlight, we combine all these
components together to get the final pixel color.

6 Results and Final Comments

Figure 7 shows three different views that demonstrate sky illumination, shadows, reflection, refraction
and Fresnel effects. Figure 7(a) highlights the sky illumination, Figure 7(b) emphasizes reflections and
shadows, Figure 7(c) reveals refraction and Fresnel effects. These images come from a 3D game and they
were grabbed directly from the screen. The companion video demonstrates that, with our techniques, it is



possible to render in real time ocean waves with sophisticated lighting effects including Fresnel reflection
and refraction with today’s GPU.
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Figure 6: Final rendering in a single pass.
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Figure 7: 3D game with realistic ocean rendering.



