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CS184 Final Project Report – Interactive Caustics

For our final project, my group and I choose to create an environment centered around interactive caustics, along with a fairly realistic water surface and environment/texture-mapped images. Caustics are an indirect lighting effect due to light refracted through water and is very difficult to resemble accurately if interactivity is required. Even though caustics seemed like a great idea for the project, I was worried that we wouldn’t be able to achieve the kind of real-time interactions that I had hoped for. It would seem that caustics would be expensive to calculate, and that we would have to sort through the entire math ourselves to find “hacks” to be able to speed up our program. My thoughts were only confirmed after the numerous papers we found regarding caustics, and many were filled and filled with variables, convolutions and just incredibly complex math. At first, we all tried to understand the math because we felt that was the only way to resemble caustics accurately. The main paper that we started with was "Ray Tracing Refraction in Hardware" by Chris Trendall. This paper somewhat threw us off because it was 60 pages of complicated terminology and math; we also weren't even sure whether we would be able to run it on our current hardware. Also, it spoke of doing some sort of backwards ray tracing, and complicated refraction equations.

But eventually, thanks to my partners, more papers were found, and after rooting through them all, "Deep Water Animation and Rendering" by Lasse Jensen and Robert Golias turned out to be the one paper that our project is based upon. Their explanation of caustics was much simpler and more straightforward compared to Trendall’s, and it explained the “hacks” we needed to achieve an interactive caustic environment. The main reason we were able to achieve real-time caustics is due to the fact that our entire environment (surface and depth) is fixed and constant. The refracted ray could be calculated using fairly simple equations based on the light vector and the normal vector of each face. Then we intersect this vector from the surface to the seabed, calculate the illumination, and caustics would appear on the seabed. So based on the height of the surface, and the light position, and the normals of the faces of the surface, we used equations from the paper to map those to caustic triangles on the seabed. My partners had a much better grasp on the actual implementation of caustics, so I decided to focus on the surface of the water, because the structure/movements of the surface were important to achieve beautiful caustics on the seabed.

The papers we found referred to the water surface as "height maps", and mapped triangles on the surface to triangles on the seabed. Therefore, the surface had to be some type of grid, and the grid should be broken up into triangles so that we could use the same caustic implementation as in the papers. At first, we tried creating an .obj file with vertices and faces, but I realized that if we wanted to scale the water (increase its dimensions), creating a new .obj file each time would be far too time-consuming. I then tried dynamically creating a .obj file based on specified dimensions, but it didn’t make sense to have an external file for the water. Why not have the water be internal, since we are not going to be loading in any other object files in this project. Therefore, we thought that a matrix was out best bet because the matrix would hold the height (y-coordinate) of that vertex. Each vertex was defined by its matrix coordinates, and thus we could map these i, j coordinates to x, y coordinates on the screen based on the dimensions specified. For example, if we wanted a grid size of 40, this meant displaying the grid from –20 to –19, so that matrix coordinate (0,0) would map to (-20,-20) to the image plane and (39,39) would map to (19,19). Once we had this basic structure, building the faces was easy, because it was just simple nested for-loops building the adjacent triangles. 

One problem we eventually ran into was that caustics just didn't look that great. Because of the way I mapped the matrix coordinates to the image plane, each triangle had sides of length 1, 1, and 1.4. On the seabed, this looked pretty bad because it just looked like large triangles. When we increased the dimensions of the water, the size of the triangles didn't change, so that essentially did not help improve the caustics. Finally we realized that we shouldn’t just increase the dimensions of the water’s surface; we should keep the dimensions of the surface constant, but decrease the size of the triangles. This meant that the internal matrix must increase in size, but the mapping must change to map to the same dimensions as before. We wanted to keep the surface as a -20 to 19 in the x and z planes, but we wanted to be able to change the size of the triangles. We could do this by increasing the size of the matrix (increasing the number of subdivisions per unit). So for a surface of length 40 (spans from -20 to -19) and we wanted to have approximately 3 subdivisions per unit, we took (40-1)*3 = 117. So the size of our matrix was 117x117. Now the triangles were no longer of length 1x1x1.4, they were 0.375x0.375x0.53. Obviously, calculations on a 117x117 matrix slowed our code down, but we still were able to move the camera around, and create waves at a decent speed. Also, the triangles were about 1/3rd their size, so the caustics looked much better and smoother. Altering the size of the matrix, but keeping the total surface dimension constant was similar to as5 in which we decreased the pixel size to get better resolution. I would have to say that changing the structure of the surface greatly improved our caustics.

Since I had spent most of my time helping build the initial structure, I felt that the next logical step was to create the movements on the water (waves and ripples). I had not explored the possible GL function calls, so I just started with some simple sinusoidal equations and tried to understand how we could implement time in the project so that we could watch a wave/ripple dissapate. This was fairly successful, as you can see from the screenshots on our first deliverable page. At this point, we had not started the caustics, so we had no idea how good the caustics would look with this ripple and wave, but we felt since the grid moved/looked well, the caustics would also. The only downfall was that we could not have multiple waves or ripples because the wave/ripple had to completely die down before it would be able to start a new one. Eventually, after more internet searching, we found out about the glIdleFunc() method and an algorithm to implement interactive ripples without any sinusoidal functions. (The algorithm can be found on the link under the first deliverable of our website) In short, the algorithm is based upon buffers, continually updating based on each other’s past values. After attempting to understand the logic behind the algorithm (velocity, smoothing, etc..), we implemented their simple pseudocode and it worked extremely well. We were now able to create more than one ripple at a time, and it looked fairly realistic. At this point, though, I wasn't sure how to initially create the ripple; I was simply creating an impulse at one of the vertices of the grid bye altering the height at one index of the matrix.

But after my partners had implemented the caustics, it still did not look as we had hoped. Caustics were implemented on a face-by-face pipeline: For each face, we calculated the normal and used the equations from Jensen’s paper to calculate the ray from the vertices of the faces to the seabed, and the illumination of that new caustic face. Adjustments had to be made on the illumination values, and we also had to find a tolerance value so that we could filter out the dim caustics. We still couldn’t see any real results, so we then started working on actually coloring the surface of the water and the caustics. We wanted to make the surface of the water transparent, and we wanted the caustics and surface colors to somewhat blend together. The entire group worked on the alpha-blending/transparency/texture mapping so that we did all the blending in the correct order with the correct calls.  

Even though we had improved the coloring of the environment, the surface color remained choppy and inconsistent, and the caustics did not seem to have any pattern whenever a ripple was created. We knew it was probably due to the ripples, so I spent more time trying to perfect the ripples because once the ripples were improved, our caustics would improve. So rather than creating an impulse at only one vertex of the water surface grid, I played around with altering the heights at the surrounding eight vertices. I tried numerous combinations, trying to understand the physics as explained on the "2D Water" web page, but I ended up just using trial and error. We needed to somehow create the ripple, and as is dampened, it needed to remain smooth and life-like. We played around with taking a weighted average of the cells around that impulse ripple cell and we finally settled on weighing the cells horizontal and vertical to the impulse point more so than the 4 cells diagonal to it. Finally, the color on the surface looked more realistic, and the caustics finally had some circular pattern to them as the ripple was created and dissipated!

Using the newly improved ripples, I created a fairly random algorithm to simulate rain. We thought this interaction was necessary because the more ripples created, the more caustics there would be. I essentially broke up the grid into 16 sections, randomly creating a ripple in one of those sections. Next, I decided to implement a mouse-click function so that if the user clicked on the surface of the water, a ripple would be created. The simplest way I found to implement this (with help from the TA’s) was to use the gluProject() function. It takes in the viewport, projection and model matrices of the environment, and maps vertices to their coordinates on the actual image screen. It is somewhat accurate, but I didn’t spend as much time perfecting it. 

Because the goal of our project was essentially done, we implemented quite a bit of eye candy to make our environment look all the more impressive. I aided in the texture mapping of the bottom seabed, and helped create random particles that would be created during a splash/ripple. One of our initial ideas for eye candy was to throw objects into the water, with shadows on the seabed and caustics on the object. I helped calculate the caustics on the side of the box using plane-line intersections, and it looks fairly decent.

All in all, I would definitely say that this was a successful project. We were able to create a realistic environment, while being able to move the camera around the world and create multiple impulses on the water. After all the research and hard work, we actually have decent looking caustics without the extensive computations.

