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Glossary

Bspline
A Bspline is a method that generates a line from a series of points by interpolating between them.  Bspline allows for easy creation of complex curves.

Cell Class
Cells are the name I used for a water column.  Since I needed to use the word column to refer to array locations, I chose a the word "cell" for the individual units of water.

Class 
A programming construct in C++ allowing variables to contain associated functions and objects which is useful in Information Hiding.

Frames per second (fps)
The number of times the image on the screen is updated during a single second.

Front-end
An interface usually seen by a user to simplify the information generated by a program.  A web browser is a front end to the World Wide Web.

Granularity
The size of the smallest unit of a larger body.  A single pixel is the smallest grain on a computer screen, if the resolution is 640x480 the granularity is much larger than if the resolution is 1280x1024.

Information Hiding
The idea and practice of keeping the user away from the inner workings of an object in order to simplify their task.  Information hiding is used to simplify programs and make them easier to understand and maintain.

Interactive
A simulation running at more than twenty frames per second

Normal
The normal is the vector perpendicular to a line or surface.

Object
General term used to include all variables in a C++ program, especially objects defined by classes.  This definition is specific to this paper.

OpenGL
Open GL is a freely available graphics library developed by Silicon Graphics used in graphics research and game programming.  

Real-time
A simulation is real-time when one second of simulation results can be computed in one second of wall-clock time.

River Class
The River object contains all the parts of a river-like course of flowing water.  The River contains a list of Segments, a Bspline and a Water Window.

Segment Class
The Segment object contains the geometry for a small section of the River.  It also contains a Water object whose coordinates correspond to the geometry of the segment.

Time Step
The length of simulation time between update values.

Update
An update is the process of changing the values in the simulation to reflect the change in the system over time.  A single update moves the clock forward one time step.


Water Class


The Water class contain an array of Cells.

Water Window
The Water Window contains references to three Water objects.  The Water Window updates the Cells in two of these Water objects during the simulation run.

Abstract


This thesis contains an implementation of a system for physical simulation of fluids as described by O’Brien and Hodgins and then expands it to allow for flow over large areas and rough terrain.  Fluid is contained in discrete columns that interact with each other to transfer fluid, finding an equilibrium solution.  Terrain modeling tools and a simplification method were required for the implementation and testing of the physical model.  


Hierarchical Class arrangement allows for simple creation and control of a large system as well as rapid simplification.  A windowing system simplifies large bodies of water to just the local area in order to allow interactive simulation of a large system.  


Utilizing this method is a practical means to join two physical systems and view the results interactively.  A simple particle example is currently integrated with the system allowing for the user to follow the flow pattern of a river environment.  The simplification of the system allows for another complex simulation to run on top of the current simulation at interactive rates.  






















Chapter I: Introduction

1.  Thesis Statement

For my thesis, I implemented a modified version of the O’Brien and Hodgins

fluid simulation method as defined in their 1995 paper on splashing fluids (8).  The fluid simulation method treats a body of water as a collection of small columns of water interacting with each other over time by comparing their internal pressures and attempting to equalize the pressures in the system.  


The O’Brien and Hodgins method requires that the bodies of water have a flat base layer.  This limits the simulation to impulse disturbances such as rocks striking the surface of the water.  To allow for continuous disturbance such as the flow of water in a river, the system was modified to deal with uneven base layers and keep track of the flow between columns.  While flow between columns happens in a flat base layer, the uneven base layer allows for downhill flow.  Given that the rivers are long, including many columns of water and simulation rates dropped below an interactive threshold, it was necessary to create a simplification routine to deal with only the local area instead of the entire volume of water.  Through implementing these modifications, the useful applications of this method have been greatly increased.


After defining the structure and layout of the fluid simulation, creation of a graphical representation of the fluid was required for assessment of how accurate the simulation was.  This required programming a visual front-end in OpenGL which displayed the results of the simulation as the surface of the water and the riverbed.
2.  Problem Definition

The Objective


The objective of this research was to extend the capabilities of the O’Brien and Hodgins model of fluid simulation to allow for continuous disturbances, such as the water flow in a river, as well as make it useful and simple to integrate into other physical systems for research.  Implementation should be easy to run in parallel on multiple processors to allow for adding separate complex systems for interaction with the fluid.  Creating a future test bed for further research was a major goal of this project.

The Method


The creation of a river is easily accomplished by a graphical tool, created as part of the thesis, that simplifies the job.  This tool creates a smooth path for the river to follow.  The river is then cut up into sections of equal length, called segments, containing a number of water columns called cells.  The number of cells in a segment is small enough to be simulated in real-time and the arrangement of segments into a list creates a simple method of simplifying the river down to just the section around the camera location.  Images of the creation tool can be found in Figures 1 and 2 of Appendix A. 

3.  Review of Relevant Literature

The most useful source of information for the fluid simulation was the paper by

O’Brien and Hodgins that defines their method for modeling fluids.  It gives most of the equations for the basic simulation model, though it falls short on discussing where to derive some specific terms.


Programming in OpenGL was another challenge, which required several sources of information.  The OpenGL Reference Manual defines all the functions of OpenGL and was useful when trying to understand how a certain function was used (9). The OpenGL Programming Guide helped in creating the water surface and setting up the river creation tool (11).  The Programming Guide helped identify how OpenGL did specific graphical operations such as create split screen panes and pointed to the correct functions in the Reference Manual.  Game Programming Gems also included information on how to create good-looking visuals and structural changes which would increase the speed of rendered.  


As background, several of the documents referred to in O’Brien and Hodgins’s bibliography were researched, but most dealt with the Navier-Stokes equations, a set of partial differential equations that are very difficult to understand and implement (11).  They served as a useful description of a method more accurate and finer grained, but requiring more computational power to implement.  Future work in water simulation should probably move in that direction.

4.  Rationale

Computer graphics are showing up everywhere.  It is impossible to watch a movie

or television show with commercials that does not make use of computer effects.  Computer games are also developing more complex representations of their game worlds in order to draw the player into ever more immersive environments.  Desktop Computers are quickly becoming able to run in real-time, simulations previously requiring super computers to run well if at all.


Computer graphics already replace some dangerous stunts and make visual effects easier to create, but skilled computer animators are still required to script and tweak the effects to ensure realism and a visually acceptable result.  Humans are exceptionally good at identifying problems with animated motion that purports to be real.  As the ability to render realistic figures and images became better, the audience became less forgiving of errors in the motion of virtual actors and objects.  


For human motion, motion capture was developed.  Motion capture allows the animators to use actual human movements to be applied to computer generated characters, ensuring realistic motion.  The animation of other objects though, still required much work on the part of the animator.  One method of making things easier is the introduction of a physical system to model and animate these objects so the animator does not have to create movement paths for all the objects.  If a ball is thrown, a physical simulation can determine its ballistic path for the animator.  


Physical environments also contain a vast area of study for computer graphics and engineers in general.  By creating a large physical system that easily integrates into other physical systems, specific research into fields such as path finding and aerodynamics is aided by systems such as fluid simulation.

5.  Impact Statement

The simulation of fluids has several applications.  Most immediately apparent are

the implications in the field of animation, both for computers and movies or television.  Simulating fluids and, in particular, flow is useful for aerodynamics studies and path-finding problems.


Physically simulating fluids can allow animated objects and characters to interact with the fluid without requiring the animator’s attention to the complex issues of creating realistic fluid animation.  In movies like A Bugs Life and Antz the water was created by physical simulation.  Leaves floated on puddles of water and disturbed the surface in a realistic way, water drops slammed into the ground and exploded, and flooding water filled an underground anthill without the animator having to do much work.


Research into aerodynamics is basically the joining of two physical simulations.  The simulation of fluids and the rigid-body simulation of the vehicle tested.  Because rigid body simulation can be very complex, it is necessary to reduce the amount of computation required by the fluid simulation in order to allow interactive simulations, which accept user input instead of generating data after hours of number crunching with no user involvement.


Future work in physical models of water would allow boats, dams, bridges, and erosion studies to be run on the computer before more costly real world tests.  By integrating a rigid body simulation with the water simulation, the stresses and strains placed on a structure or vehicle would be determined and would help eliminate bad ideas early on.  By making this simulation interactive, the user would have control over which tests to run, and data could be collected very quickly.


Physical simulation also allows for testing the ability of a robot’s programming to safely traverse a landscape without risking expensive prototypes.  Independent agents can interact with a virtual environment, reacting dynamically and more accurately to a physically simulated world, than to one made of a collection of polygons that cannot be moved through by the agent.  As we move towards physical models for more aspects of computer generated worlds, useful features appearing without being specifically programmed in.  This provides for simulations that appear to become increasingly lifelike and also allow more complex analysis.  

5.  Overview of Thesis Report


The first chapter of this technical report is an introduction to the thesis project.  It describes the rationale and impacts for the project and discusses the relevant literature.  The second chapter explains how and why the program hierarchy were chosen and the benefits of  that choice.  Chapter three discusses the specifics of the water code and how  it was modified to fit the requirements of the environment.  A discussion of the rendering of the environment is also included.  The fourth chapter will discuss running the simulations and the fifth chapter will discuss the conclusions reached as to the strengths and weaknesses of this system as a method of simulating fluid flow.  There are also two appendices.  The first contains figures and diagrams and the second includes the program code.

Chapter II: Defining a Structure for the Program


While O’Brien and Hodgins gave a fairly complete and straightforward description of the method of simulating fluids, he gave no guidance as to how the simulation data such as volumes and transfer rates should be stored, or how the water should be updated using his equations.  Therefore, the system developed for this thesis required an environment in which the water existed, a method of creating that environment, and a way to update the simulation.  This chapter describes the structure of the program.

1. Determining how to Create the Environment

The requirements for this project are a simulation that runs at interactive if not 

in real-time rates.  The project also requires the ability to have long winding rivers of arbitrary length.  The number of calculations required to simulate the water does not include the time the system would take to render the many polygons of the water surface and the riverbed.  Having both a highly detailed polygonal model and a large number of columns are mutually exclusive without a method to simplify the rendering, the river, or both.  


After attempting to deal with ROAM, an algorithm for simplifying terrain models for rapid rendering and traversal (3), it was immediately evident that to create a river with the level of complexity required would be impossible if it were necessary to deal with an entire terrain system as well.   A change of approach to a tunnel system was decided upon.  


A tunnel system works much like a roadway.  The user or vehicle is constrained to move forward or backward along a path of some width.  The user has the freedom to move anywhere between the edges of the roadway, but cannot leave it.  This allows the system to ignore any of the surrounding area and focus only on the roadway itself.  A tunnel system can also disregard any area behind the user in this situation because a river can only flow in one direction.  This means that anything behind the user does not need to be considered.  Due to twists and turns in a road or river, it is unlikely sections far ahead can be seen by the user, so those too can be ignored.  This leaves only a small section in the immediate area of the user to be simulated and rendered.


The immediate benefit of this reduction, is a reduction in the amount of geometry to be drawn.  Modern computers with 3D accelerator cards can output millions of polygons a second, but because the math of a physical simulation is also involved, minimizing the number of polygons drawn becomes important.  While today’s 3D accelerators take a large portion of the graphical work off the CPU, there is still a load on the processor, which increases with the number of polygons being drawn.  There are problems with implementing this, however.  Continuously checking to see where the user is and eliminating any polygons behind that location requires math on large sets of data and that takes time.  It is much easier to separate the river into sections that can be drawn or not drawn in their entirety.  This requires only a little math to determine the segment containing the user, and that math is performed in generating the user’s position in the world.  Separating the river into sections also allows the water to be split up into similar sections, which are easier to deal with than one giant body of water.

2. Structure of the Tunnel Engine


In order to implement the tunnel engine, it was necessary to first created a single segment of the river in a Segment class.  This class takes a small amount of geometry from the overall river and uses it to generate all the points to define the triangles for rendering and the location of the water, it also contains a link to the next Segment.


Once the Segment class was defined, a River class, which would store all the various data for the river, was created.  The River class includes a Bspline object, the first Segment in the list, and a Water Window.  Generating the geometry of the river is done mostly in the Segments, but choosing which geometry to send to the Segments is done in the River class and requires only the information stored in the Bspline object.


The Bspline class contains an implementation of the formula contained in Foley et al’s reference (4, 494) and a list of control points used in the formula.  This object is simple to create and use.  A Bspline is one of a group of curves known as splines.  Splines are curves generated from control points, which along with the equations control the appearance of the curves.  The choice of Bsplines was easy since, the base code for Bsplines had already been written for an earlier project and they allow for rapid creation of complex curves.


The River class takes the geometry generated from the Bspline and cuts it into pieces, sending those pieces to Segments.  This allows the Segments to generate their geometry and construct a riverbed.  At this point, the tunnel engine was effectively complete, the next step was the introduction of water into the tunnel.

3.  Adding Water to the Tunnel

The heart of this project is the simulation of fluid.  In order to create a flowing river, each Segment must also include a Water object and the River must include a Water Window, both will be discussed in depth in the next chapter.  

The Water object in the Segment gets its geometry from the points that were generated in creating the Segment.  The Segment has no other attachment to the water except to separate the water into pieces that are easier to deal with.  Figure 5 in Appendix A, illustrates a single Segment with a Water object.  The size of the Segment determines the size of the Water object as well.  The number of points that make up a Segment are defined as constants in the program, these numbers also define the size of the Water objects.  Changing the numbers modifies the output of all of the classes discussed so far with the exception of the Bspline class.

Chapter III: The Water Model

1. O’Brien and Hodgins’s Method

O’Brien and Hodgins have a simple method for simulating fluids.  They break a

body of fluid into discrete columns from now on referred to as cells, which have a pressure pushing down on their base from the weight of the fluid, the atmospheric pressure, and any external forces on the system.  An external force might be a rock landing on the fluid surface, or a diver entering a swimming pool.  If one cell is taller than its neighbor, and neither has an external force acting on it, the taller cell will have a greater pressure on its base and therefore push some of its volume into the neighboring cell.  This is illustrated in Appendix A, Figure 3.  This transfer of volume from cell to cell will continue until the system has entered a state of equilibrium, and the cells all have the same height.  


The main difficulty in implementing this simulation, is the method for updating the cells.  Each cell compares itself to its eight neighbors and transfers or receives some volume from those neighbors.  All cells must perform these comparisons, before transfer of volume can occur, to prevent a net gain of volume in the system.  


To solve this problem, an array of eight values for each cell was created.  When the calculations for a cell indicate a transfer of some volume to its neighbor, that value is written into the array location that corresponds to its neighbor and then the negative of that value is stored in the neighbor’s array in the location corresponding to the original cell.  This ensures that the transfer between two cells is consistent in the system.  Given that volume to be transferred between the cell and its neighbor have already been calculated, that value does not need to calculated for the neighbor, consequently, even with eight neighbors, the cells need only be compared with four other cells as opposed to eight.  


Cells cannot have a negative volume, and their values must be checked to keep the system from allowing a cell’s volume to drop below zero.  If this happens, the simulation must adjust the values to satisfy this condition.  Once adjusted, the cell’s volumes are finally changed and the simulation has completed one time step.

2. Extensions Made to O’Brien and Hodgins’s Method

The system as described does not allow for the base of any cell to deviate in the

vertical, or z-axis.  In this system, if two cells have the same height, they will not transfer volume between each other.  If two cells have the same height, but the base of the second has a greater z value that the base of the first, water should transfer from the second cell to the first.  This situation is illustrated in Appendix A, Figure 4.  To state this in basic terms, water will not flow downhill.  


To solve this problem, the difference in z values between the first and second cell’s bases are subtracted from the height of the first cell.  This makes the second cell taller than the first, and volume transfers between the two.  It is important that only the pressure from the weight of the fluid in the cell is modified by the change in height. E External pressures including atmospheric pressure must remain.  Making this change causes downhill flow to emerge from the system.


Because fluid transfer is now related to the base height of a cell, a unique opportunity for making the system more interesting becomes available.  If a cell has a base z value which is much greater than the base z plus the height of its surrounding cells, it cannot accept volume from these neighbors.  If it is initialized with zero volume, it acts as a rock or barrier to the rest of the fluid.  This allows for easily adding obstructions to a pond or river simulation.

3. Simplification

The cells are all Cell objects.  Cell objects contain the height and volume 

information for their part of the body of fluid, as well as the corner points of the base and any external pressures being applied to them.


The Water class contains a two dimensional grid of these Cells.  While the Water class is capable of updating and drawing its own cells, generally this is not desirable.  Water objects are self-contained units that do not consider any outside Water objects when updating themselves.

With downhill flow part of the system, a river becomes practical, however the 

splitting up of the fluid becomes a problem.  The fluid in each section acts like it is trapped inside of infinitely high walls and levels off.  Also problematic is the number of cells present in the River as a whole.  There are far too many cells in a river of any length to update them all every time step and the simulation would not run interactively.  To solve both of these problems, the Water Window class can access the Cells of three adjacent Water objects and only updates two of these at a time to reduce computational lode.  The third Water object is accessed to allow for the Window to move down the river one column at a time without frequently loading new data.  


The Water Window also addresses the problem of flow through the system.  While the two Water objects worth of Cells being updated by the Water Window pass water between each other, the edge cells of the Window act as infinitely tall walls.  The Water Window makes copies of the adjacent columns of cells and updates flow for its edge cells against those volumes.  The Window does not modify those copies however, so the water continues to flow in one end and out the other instead of building up at the bottom and draining from the top.  As the user moves down the river, the Window moves forward one column of cells at a time to keep the user within the Window.

4. Current

The current in the system is calculated in the Water Window and stored in the 

Cell.  There is a vector from the center of a cell to each of its neighboring cells.  Any vector from a cell that is transferring volume to the current cell is thrown out.  The rest are scaled to the magnitude of the volume being transferred and added together.  This produces a vector and magnitude, which can be considered the current of a particular cell.  This current can then be applied to a particle or rigid body as a force modifying the motion of the particle or body.  

5. Rendering

When creating a simulation of this kind, a major goal is an attractive graphical 

representation of the numbers calculated by the system.  Due to varying needs in terms of speed and aesthetics, four different visualization modes were created.  In two of the visualization modes, the corners at the top of each cell are calculated by averaging the heights of the cells sharing that corner.  In the other two, the center of the cell is used for the x and y coordinates and the height is added for the z value.


The first two modes are wireframe and solid modes.  Wireframe connects the averaged corner points with lines.  The normals, vectors perpendicular to a surface used for lighting in OpenGL, are calculated from an average of the normal of each of the cells’ surfaces, for each corner.  This creates a rough lighting that helps visualize the simulation results better.  Wireframe mode also displays lines defining the sides of the cell and its base.  Any cells acting as rocks or barriers are not drawn.


In solid mode, a single cell is covered by two triangles.  The normals are calculated by the average of all the triangles sharing the corner points.  Solid mode gives a much better feel for the physical structure of the water, but the lighting does not look very good.  Rock or barrier cells are rendered as a raised section of the surface.


The second two modes are a NURBS surface rendered either as a wireframe or solid.  A NURBS surface is a Non-Uniform Rational Bspline surface.  OpenGL will create these through one of its libraries.  It will also calculate the required normals.  NURBS have many more triangles in them than the solid surface since they are basically three- dimensional Bsplines interpolating between control points.  Also, since the surface is created by a formula, the normal to any point can be calculated exactly.  These two surfaces look the best by far.  Rock or barrier cells are rendered as gray white blocks separate from the NURB surface.  Rendering methods can be seen in Figure 6 of Appendix A.

Chapter IV: Running the Simulation

1. Impulse Disturbance Simulation

In order to prove that the implementation of O’Brien and Hodgins’s method 

worked, a single Water object was created separate from any of the River hierarchy.  The simulation tested the effects of throwing a rock into a standing pool of water.  A rock is a randomly placed external force on four cells sharing a corner.  The force is multiplied by a value less than one every time step until it becomes a zero value.  


Running this simulation helped to determine the purpose of several of the ambiguous constants in O’Brien and Hodgins’s method.  They describe a value for cross-sectional area and also for pipe length without giving a method to determine their values.  Also hidden in their equations is a damping value needed to get a good simulation.  Much of O’Brien and Hodgins’s work was done in comparison to video of real water splashing.  They tweaked these values to adjust his water so that it looked correct, but did not seem to have systematically defined these values at any point.


After stabilizing the simulation and gaining a handle on the constants, the barrier functionality was added to the water.  This produced excellent results.  The water bounced off the barrier correctly.  Walls with gaps in them created the expected distortions in the wave propagation.  Several configurations were tested and the results appeared to be correct each time.  

When running the simulation at full speed, the ripples seem to dissipate very quickly.  This is because it is difficult to determine size of the simulated water volume based on the images generated on the computer monitor.  Observers tend to like the simulation run at half speed more than at full. It has been argued that running the simulation at half speed simulates a body of water twice as long on each side, or four times as long in total.  


The pond simulation currently simulates 1,600 cells of water in a forty by forty square grid.  When drawing this with a solid surface, real-time frame rates are achieved.  The NURBS rendering takes far more time and renders at fewer than five frames per second, which does not qualifying as being interactive.  For this reason, the NURBS render method is used only when image quality is the most important quality.  A utility to take screenshots was integrated into the program and movies can be generated afterwards to run at full speed.

2. Continuous Disturbance Simulation

The river simulation can be considered a system with continuous disturbances.  The water is constantly flowing through the system.  Runs with barriers show the expected results.  Water levels are higher on the upstream side and lower on the downstream side, which is consistent with faster moving water running into a barrier and slowing down.  Because the water is slowed, after it slides down the edge of the barrier, it cannot fill the area behind the barrier as quickly as the water rushes past, which generates a dip in water level.  Larger barriers would create a more interesting response, but as of now, the barriers are one cell in size.  

The tool made to generate the River hierarchy works well with only a few limitations.  The tool allows for viewing just the simplified section of River and the Water Window.  This runs at interactive rates, though not in real-time.  The addition of the geometry of the river, surprisingly, slows the simulation down significantly.  This is surprising because two Segment’s worth of Water is less than the number of cells in the Impulse Disturbance simulation.

The simulation also allows for a particle, a single point mass, to be propelled

down the river by the current of the river.  The particle bounces off rocks and the riverbank while making its downstream journey.  The velocity of the particle cannot exceed the current in the river, since the particle much like a leaf, is essentially caught by the water.  The simulation runs well and the particle completes the trip downstream with ease.  Further work would increase the particle to a rigid body of some magnitude.

Chapter V: Conclusions

1. Strengths of this Method

This method is useful when simulating fluid in larger simulation environments.  

The system can produce good-looking results, which appear to be accurate.  The system has several features that fall out including current, downhill flow, and rocks.  The River hierarchy allows for rapid and simple reduction of the workload.  The Water Window reduces the complexity of the simulation even further and does not appear to endanger the integrity of the simulation, though this was not verified in this thesis. 


The modifications made to the water system are straightforward to implement, and do not require massive modification to the original system.  The Water Window can be implemented on top of any system being used.  It must be modified slightly for use in larger bodies of water, but could also deal with transferring water along its top and bottom edges and not just the left and right edges.  


The automatic generation of geometry for the riverbed greatly speeds up creating new rivers.  This process can be completed in seconds as opposed to modeling terrain or entering vertices manually.  This should allow creators to spend more time creating geographically accurate rivers as opposed to the geometry of the riverbed.


The simulation was relatively easy to modify to simulate alternate fluids.  Though most of the simulation was done with water, replacing the density of water with the density of mercury gave results, which looked to be reasonable for a pool of mercury.  Unfortunately, it is difficult to test such results.  

2. Weaknesses of this Method

There are several weaknesses of this method.  First there are several problems in 

the implementation of the water.  The use of quadrilaterals was perhaps unwise since the cells are only ambiguously connected to the cells, which share only one corner point.  Hexagons would perhaps be the better choice for a shape.  Hexagons tessellate well and there are no neighbors sharing only one corner.  Every neighbor shares an edge.  It would also only be necessary to calculate six values for each cell.


The units of the simulation are hard to determine.  The granularity of the cells has a lot to do with the response of the system.  A system with 1,600 one meter by one meter columns would behave in much the same way that a simulation with one centimeter by one centimeter columns behaves, even though the size is much greater.  The ambiguous constants do not help determine the proper scale for the simulation.  Since mass and volume never actually enter into the equations, the simulation parameters lack real-world units.
Removing or defining the ambiguous constants would also lead to better and more internally consistent results.  The pipe length and cross-sectional area need a specific definition.


The water system itself has problems, which have nothing to do with any errors or ambiguities.  The system cannot “pour” water into a Water object.  A single cell with the water for an entire Water object does not act like it should in real life.   It immediately expands to the nearby cells instead of adding only the water at the bottom of the cell to it’s neighbors.  Also, a choice was made not to implement the particle system allowing water to separate from the larger body into drops when it moves fast enough.  This reduces the realism of the system.  O’Brien and Hodgins did implement this with decent results.


One of the most significant changes should come in the rendering technique for the surface of the water.  The drawing speed of the NURBS surface is far to slow.  This is probably due to the implementation by the OpenGL libraries.  A new implementation could greatly speed of the rendering of the surface.  A better method for generating surface normals could also solve some of the problems with appearance of the solid surface.


The Water Window is probably not the best approach to simplification.  After almost completing the implementation of the entire thesis project, a better scheme was devised.  By allowing a Cell to hold other Cells, the granularity of the simulation in the local area can be changed. The further Cells would act as a single cell and the closer ones would act more like the Water class.  This would allow for very large fluid bodies, which stretch in all directions as opposed to the linear nature of the Window approach.

3. Interpretation

This system performs in the manner it was intended to while fulfilling the purpose 

for which it was designed.  It can easily be integrated into other simulations, and the water itself looks and acts like water should in many situations.  The ease of integration into other systems has been demonstrated by the inclusion of a particle system to test the current.  The values and forces can be easily accessed and applied to a rigid body simulation or further particle simulation.  


The running speeds also fall within the desired range.  The Impulse simulation shows that the water can be run in real-time by itself.  Original plans had considered installation on a multiprocessor machine.  While this did not occur, the algorithm is easily converted to parallel since the individual calculations do not change the cells initially.  

4. Recommendations  

Continuing this work to implement an elementary rigid body simulation 

before leaving the University of Virginia is planned.  The other recommended enhancements have value and merit additional effort.  Changing the shape of the cells to hexagons would be the most interesting to see, and creating an internally consistent system would also remove some of the hacked nature of this design.  


If the simulation needs to be extremely accurate, a simulation based on the Navier-Stokes equations is necessary, but until then, this system is adequate for the simulations it was designed to run.  
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Appendix A: Figures

Figure 1: Interface for Bspline and River creation utility with spline.  The user places

points in space and the system generates a river bed.
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Figure 2: Interface for Bspline and River creation utility with generated River
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Figure 3: Sample of cells transferring water to each other based on downward pressure and cell height.  Lines between cell tops are average heights.  The large downward areas are the vertical pressure on the bottom of the cell, the sideways arrows indicate the magnitude and direction of fluid flow.  This is not an accurate scale drawing, merely a representation of the procees.
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Figure 4: Two cells of identical height but different base z values.  The right cell should transfer volume to the left, but will not under O’Brien and Hodgins’s system.  By removing the red section of the right column and shortening its height, the pressure on the right column is reduced and fluid will transfer.
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Figure 5: A Segment of River with a Water Object.  The purple line is a continuation of the path for the whole river.  The blue is water and the green and brown piece is the actual geometry of the Segment.
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Figure 6: Modes (from top left to bottom right) Solid, From underside of solid mode, viewing current lines, NURBS wireframe, and NURBS Solid.
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