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Abstract:
Water from subsurface systems comprises the largest majority of all the earth’s drinking water, yet
common waste disposal practices are continuously degrading the quality of our water resources. The
contamination problem of subsurface water systems has been obvious for some time, although recently
the problem has become progressively worse. In order to maintain the quality of our drinking water, it
is necessary to develop techniques for extracting contaminating substances from the groundwater.
When developing these extraction techniques, the predominant problem is visualizing the groundwater
system. In this paper we describe a system that has been developed, using three dimensional computer
graphics, to display models of groundwater systems including the watertable surface, the ground
surface, and the pollution plume. We will show some examples of output using superficial data for a
groundwater pollution system. 
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ABSTRACT

Water from subsurface systems comprises the largest majority of all the earth’s 
drinking water, yet common waste disposal practices are continuously degrading the 
quality of our water resources. The contamination problem of subsurface water 
systems has been obvious for some time, although recently the problem has become 
progressively worse. In order to maintain the quality of our drinking water, it is 
necessary to develop techniques for extracting contaminating substances from the 
groundwater. When developing these extraction techniques, the predominant problem 
is visualizing the groundwater system. In this paper we describe a system that has 
been developed, using three dimensional computer graphics, to display models of 
groundwater systems including the watertable surface, the ground surface, and the 
pollution plume. We will show some examples of output using superficial data for a 
groundwater pollution system.
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CHAPTER I 

INTRODUCTION

Contamination of the earth’s water supplies poses a serious threat to the 

environment. Petroleum, chemicals, and toxic waste are polluting the oceans, lakes, 

streams, and groundwater supplies of the earth on a daily basis. While there has 

been a growing concern over surface water pollution, this concern has not been shared 

with the subsurface environment. In fact, many solutions to the surface water 

problems, such as deep-well injection of liquid wastes and sanitary landfill for solid 

wastes, can lead to increased groundwater pollution [2] and [10]. Another major 

problem with groundwater contamination is the length of time it takes for a water 

table to cleanse itself (residence time). River water has a residence time of 

approximately two weeks whereas groundwater moves slowly and residence times in 

the 10’s, 100’s, and even 1000’s of years are not uncommon. To prevent the 

deterioration of groundwater quality, it has become necessary to develop a 

methodology for monitoring, analyzing, and predicting the movement of contaminants 

through groundwater. The hope of formulating such a methodology has motivated the 

development of many predictive tools in the form of mathematical models designed to 

simulate the transport of contaminants through groundwater systems [1] and [9]. 

This paper describes a visualization project that has been developed using computer 

graphics to monitor contaminant plumes which may be derived from these predictive 

methods. ,

Of all the earth’s water reserves, groundwater is the most difficult to monitor. 

Because of the heterogeneities inherent in subsurface systems, zones of degraded 

groundwater can be very difficult to detect. The U.S. Environmental Protection
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Agency has reported that almost every known instance of aquifer contamination has 

been discovered only after a water-supply well has been affected [5]. In order to 

detect and remove groundwater contamination, one must first understand the 

behavior of groundwater. Difficulty in understanding groundwater behavior is 

primarily due to the visualization obstacle. To truly understand the situation, it is 

necessary to have an accurate visual model of the contaminant system. Our project 

uses three dimensional computer graphics techniques to display the ground and water 

surface features needed for visualizing a groundwater pollution scenario.

The minimum visual information needed to understand a groundwater 

pollution scenario is: the ground surface features, the watertable surface features, the 

pollution plume, and the different concentration levels of the pollution plume. In 

addition to these basic features, two enhancements have been implemented to further 

increase the usefulness of our system: the ability to draw contour lines on both the 

ground and watertable surfaces and the ability to approximate the distances between 

the two surfaces. A brief discussion of how all of these features are used follows. A 

more detailed discussion is contained in Chapter 2.

In our visualization system, ground and water surface features are simulated 

using spline surfaces, or a collection of small patches which together form a smooth 

surface. To generate the spline surfaces used for the ground and watertable surfaces, 

a variable set of (x,y,z) positional data control points, usually in rectangular form, are 

needed for each surface. These control points are not actual points on the surfaces 

themselves, but instead act as weights to control the shape of the surfaces local to 

them. Because of this, the surfaces which are generated are not totally accurate, but 

they are a reasonably close approximation.



-3-

Generating the pollution plume requires a collection of data values which 

consist of an (x,y,z) position, and a contaminant concentration value from I to 10 (I 

being the lowest concentration). The data points are used to create a collection of 

uniformly spaced points contained within a sphere, herein called a starburst. The 

reason for using these starbursts is to achieve a reasonable amount of anti-aliasing, 

or blending when all the starbursts are displayed at once. In other words, when all 

the starbursts have been generated and displayed, the result is a smooth, realistic 

looking pollution plume. Another advantage to this type of plume, as opposed to using 

a solid, opaque plume, is the ability to see the multiple concentration levels through 

one another.

Concentration levels of the pollution plume are shown using different color 

levels. Ten unique colors are used to display concentration levels from high, though 

moderate, to low. For instance, high concentration is shown using bright red as the 

color. Concentration levels between high and moderate are shown using colors which
I

fade from red to yellow. Concentration values from moderate to low are shown by 

fading from yellow to cyan. These three colors (red, yellow, and cyan) provide good 

color separation so varying concentration levels can easily be distinguished.

The technique used for drawing contour lines on the ground and watertable 

surfaces is very similar to the technique used for generating the surfaces themselves. 

Equations which are used for generating the spline surfaces are also used for drawing 

contour lines. Minimum and maximum elevations and interval size are required for 

the contour drawing routine, along with the same set of control points used for 

generating the surface.



Calculating the distance between the ground and watertable surfaces is 

accomplished using an iterative method based on a two dimensional Newton’s method 

[4]. An (x,y) coordinate pair, input by the viewer, is used to approximate the 

parameters (s and t) used to generate the surface. Given an initial guess for 

parameters s and t, each cycle of the iteration process generates a closer 

approximation of the actual s and t values. Iteration continues until the s and t fall 

within a given epsilon of their actual values. The iterative method is used on both 

surfaces with the same set of input.

In Chapter 3, we cover the data structures used in each of the above mentioned 

modules and discuss the screen updating process. Finally in Chapter 4, we cover 

conclusions and new directions and give some additional examples of program output.
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CHAPTER 2

SIMULATION MODEL

This chapter contains a detailed description of each major component of the 

visualization system. Although some components are related to each other in one way 

or another, they will each be discussed separately under their corresponding sub

headings.

Modeling the Ground and Watertable Surfaces

The ground and watertable surfaces are probably the most important 

components of our system, both as visualization and discussion tools. As visualization 

tools, the surfaces direct the viewer’s attention to the appropriate locations of the 

scene. As discussion tools, they set up the basis for virtually every other component 

of our system. Therefore, a great deal of this chapter will be concentrated on the 

discussion of these surfaces.

Ground and water surfaces are developed using a database of information 

about the surfaces. Each entity in the database contains an (x, y) coordinate pair, a 

watertable elevation Z1, and a ground elevation z2. The coordinate (x, y, z2) defines a 

point on the ground surface, while (x, y, Z1) defines a point on the watertable surface 

directly under (x, y, z2).

Constructing surfaces is based on a mathematical model for parametric cubic 

curves. A parametric cubic curve is a smooth curve which is defined using three 

parametric equations (one each for x, y, and z). Using parametric equations, instead 

of equations based on the x, y, and z variables themselves, eliminates the problem of 

handling infinite slopes. Parametric equations are functions of a single parameter
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such as t, such that O < £ < I. Instead of using slopes, parametric equations use 

tangent vectors which need never be infinite. Parametric cubic curve equations can 

easily be generalized to parametric bicubic surface equations by defining cubic 

equations of two parameters, s and t. Varying both parameters from 0 to I defines 

all points on a surface patch. If one parameter is assigned a constant value and the 

other parameter is varied from 0 to I, the result is a cubic curve.

What follows is not intended to be an exhaustive discussion to the mathematics 

of parametric bicubic surfaces. For a more detailed discussion, see [6] and [3]. We 

will merely cover the mathematics sufficient for understanding of this document,

The evaluation of a point on a bicubic surface patch may be expressed as a 

matrix multiplication of the form:

x = X(s,t) = SMPxMtT*, (2.1)
y  = Y(s,t) = SMPyMrT*, (2.2)
z = Z(s,t) = SMPzMtT*. (2.3)

where s and t are assumed to be between 0 and I. A "T" superscript indicates the

transpose of a matrix. Henceforth, only the equations for x will be stated explicitly;

y  and z are exactly analogous.

In the equations above, the vectors S  and T  are:

S  = [s3 s2 s f  ]
T = [ f f t  1]

and matrix M  in the B-Spline formulation is:

- I  3 -3 I' 
3 -6  3 0 

-3 0 3 0 
1 4  1 0
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P  contains the coordinates of the 16 control points defining the patch. In a B- 

Spline patch, Px takes the following form:

x I - U j - I * U - 1 X M , j - l X i+2, j - 1

X i - U J x U X i+U j X U 2 , j

X i - U J + l X i> /+ I Xi+2, j+ l

X i~U j+ 2 XU + 2 ^ i+ i ,  y+2 * i+ 2 ,/+ 2

In the above matrix, # - , Xui j , xiJ+1, and xi+1j +1 approximate the four comer 

points of the x patch. All other values are points which surround the patch.

The parametric surface defined above is called a B-Spline surface. B-Spline 

surfaces do not in general interpolate (pass through) any control points, but they are 

continuous and also have continuity of tangent vector and of curvature (that is, their 

first and second derivatives are continuous at the endpoints). Other types of surfaces 

which do interpolate the control points exist, but have continuity only for the first 

order derivatives, not for the second. A B-Spline surface is generally a smoother 

surface, but because the surface does not interpolate the control points, it is usually 

not a completely accurate approximation of the actual surface. Even so, B-Splines are 

still well suited for modeling the ground and water surfaces of our system. A sample 

watertable surface using B-Splines can be seen in Figure I.

Transparency

Transparent surfaces greatly enhance the visual understanding of the system. 

For instance, it is necessary to be able to see the pollution plume under the water 

surface, or see the water surface under the ground surface. The transparency 

technique used in our system is called screen-door transparency [8].
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FIGURE I 
B -Spline Exam ple

Screen-door transparency is implemented by imposing a bit mask which defines 

which pixels can be affected by subsequent graphics primitives. A 4x4 cell, which is 

duplicated over the entire screen, contains 16 bits which can be set to 0 or I (pixel-off 

and pixel-on respectively). Thus, there are 17 levels of transparency: 0 (opaque) 

through 16 (completely transparent), based on the total number of bits set to I. The 

bits in the mask correspond to the bits in the 4x4 transparency pattern in the 

following manner:

15 14 13 12 11 10 9 8 7 6 5 4 3 2 I 0

0 I 2 3

4 5 6 7

8 9 10 11

maps into:
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12 13 14 15

To prevent the transparency’s "texture" from dominating the scene, the bits in 

the transparency mask must be distributed as evenly as possible when viewed as a 

4x4 square. The following pattern is used:

I 13 4 16

9 5 12 8

3 15 2 14

11 7 10 6

That is, place the first write-protected pixel in location I, the second in location 2, and 

so forth. In this way, the transparency pattern is as smooth as possible. Figure 2 

shows a ground surface with transparency level 14 over the water surface with 

transparency 7.

FIGURE 2
T ransparent Surfaces
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ModeIing the Pollution Plume

The pollution plume in our system is a graphical display of contaminant which 

has been dissolved in the water. Pollutants such as petroleum, which float on the 

water surface instead of dissolving, are not considered, but our system could be 

generalized to accommodate this situation (see Chapter 4). Instead, our system will 

display ten levels of dissolved pollutant concentration using ten distinct colors to 

separate the levels.

The U.S. Environmental Protection Agency has established water quality 

standards for drinking water that vary to a large degree depending on the constituent. 

For example, the recommended concentration limit for chlorine (Cl) in drinking water 

is 250 mg/fi, while the limit for hydrogen sulfide (H2S) is 0.05 mg/C. Because of the 

radical differences in the EPA limits, it is up to the user to decide the range for each 

of the ten concentration levels in the system. Concentration levels are represented 

using a scale from I to 10. A concentration level of I  would be a very low percentage 

of pollution to water and a level 10 would be very high. The ten colors used by the 

system are shown in Figure 3.

A database is used for storing information about the plume. Each entity of the 

database contains an {x,y,z) location and a concentration level. The number of 

separate entities in the database is unbound, it is dependent only on the application. 

Each entity is used by the system to generate a single unit of the pollution plume on 

the screen (a starburst).

A starburst is a set of three concentric spherical shells. On the surface of each 

shell are a set of points ( of each pixel are equidistant from that pixel. Each shell of 

the starburst contains progressively more points as the shells progress outward.
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H I G H  L O H

FIGURE 3
P o llu tion  P lum e Colors

A triangular approximation of each shell of the starburst is used to obtain 

equidistant points. A triangle is an excellent approximation because the three vertices 

of an octant of a sphere form an equilateral triangle. We first start with an 

octahedron as our approximation of the sphere and use recursive subdivision to divide 

each triangular side of the octahedron into four equal triangles. Each input triangle 

with vertices labeled [0, I, 2] as shown in Figure 4 will be transformed into four new 

triangles [0, b, a], [6, I, c], [a, b, c], and [a, c, 2]. The subdivision process makes three 

new points, namely a, b, and c, by calculating the midpoint of each of the sides of the 

triangle. Points a, b, and c must then be normalized before constructing the four new

triangles. Normalizing the points is accomplished using the following equation:

I

\Ja2+b2+c2
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1

FIGURE 4
T riangle Su bd iv ision

Glassner [7] describes another method of generating equidistant points on the 

surface of a cylinder and mapping them onto the surface of a sphere.

In our system, a starburst is used, as opposed to a solid sphere, to add depth 

to the plume. A solid sphere reduces the field of view of the plume to that of a two- 

dimensional solid, whereas a starburst allows one to view multiple concentration 

levels through one another. A starburst also adds an inherent color blending effect 

to the plume. A fully generated pollution plume is shown in Figure 5.

Notice that only the surface of the water is shown in Figure 5. In actuality, 

the water should fully surround the pollution plume. Our system displays only the 

water surface to reduce visual confusion between the water and the plume. It is much 

easier to examine the pollution plume without the obstruction of the water.
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FIGURE 5 
P ollu tion  P lum e

Calculating the Distance Between Surfaces 

Knowing the distance between the earth’s surface and the watertable surface 

can be very useful information, especially when determining the cost of extracting 

pollution from groundwater. The most significant portion of the cost of a pollutant 

extraction process is drilling a well (or series of wells).

Our system has the capability of approximating the distance between the 

ground and water surfaces by calculating the elevations of both surfaces and 

subtracting the watertable surface from the ground surface. Approximating the 

elevations of the surfaces is accomplished using equations 2.1, 2.2, and 2.3:

x = X(s,t) = SMP1M rTfr, (2.1)
y = Y(s,t) = SMPyMrTfr, (2.2)
z = Z(s,t) = SMPzMrI ir- (2.3)
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FIGURE 6 
V iew er In teraction

Equation 2.3 is the equation used for determining the elevation, based on an 

(x,y) location on the ground surface. Here, x and y  are supplied by the user via an 

interactive routine which allows the user to select a point on the ground surface (see 

Figure 6). The x and y  values, in conjunction with equations 2.1 and 2.2 respectively, 

can be used to approximate the parameters s and t. Once s and t have been found, 

the approximate elevations of the two surfaces can be obtained directly from equation 

2.3.

The reason the term approximate is used when referring to calculating 

elevations is because the method which can be used to calculate the parameters s and 

t is an iterative approximation technique based on Newton’s method for approximating 

zeroes in functions. In the case of a polynomial equation in one variable, Newton’s 

method has a simple geometric interpretation. We must have an initial guess for the 

solution to the equation F(x) = 0. If X0 is our initial guess, we calculate the tangent
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Fr(X0). The next approximation, X1, is given by the point where the tangent crosses the

%-axis. For a more detailed explanation of Newton’s method, see [4].

In this document, we will limit ourselves to the application of Newton’s method

to the solution of a system of two polynomial equations (namely s and t). We want to

determine the values' of s and t where (X(s,t) - x) = (Y(s,t) - y) = 0, and we have two

initial guesses S0 and t0, which in our case are both 0.5 (the center of the surface

patch). The next, or better, approximations are given by:

S m  = S i + AS, (2.4)
Ti+1 = Ti + AT, (2.5)

where AS and AT are the Newton steps:

AS  =

SFdG _ dFdG 
ds dt dt ds

and

A T  =

dFdG  
ds dt

-  G—
ds

dFdG 
dt ds

After the Newton steps have been calculated and S0 and t 0 iterated, the new 

values of S1 and t x are plugged into the same equations to get. successively closer 

approximations to the solution. Iteration continues UntilA-(S^j) - x and Y(S^ti) - y  are 

both sufficiently close to zero.

Once s and t have been found, the elevations of both the ground and watertable 

surfaces can be calculated by direct substitution into equation 2.3. Because the
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internal representation of both surfaces is identical, there is no need to repeat this 

process for each surface.

Drawing Contour Lines

The final step in our visualization model is superimposing contour lines on the 

ground and water surfaces. Contour lines greatly enhance the viewer’s ability to 

interpret the surfaces. Figure 7 shows two pictures of a watertable surface, displayed 

with and without contour lines. Even with the shading effects due to the light source, 

the addition of contour lines greatly enhances the viewer’s interpretation of the 

surface. This enhancement is most noticeable at the well in the upper left-hand 

comer of the surface.

Because the spline surfaces used in this system were calculated in hardware, 

the positional data used for displaying these surfaces is unavailable. Therefore, the 

B-Sphne surface equations used for generating the surfaces must be re-used to draw 

the contour lines:

x = X(sJ) = SMP3M rTw, (2.1)
y  = Y(s,t) = SMPyMrrF f (2.2)
z = Z(s,t) = SMPzMrF . (2.3)

The basic idea of the contouring algorithm is to acquire the elevations of the 

surface at each point on the surface. If a point happens to be at the same elevation 

as a desired contour line, the contour line is drawn through that point. Contour lines 

are calculated, one patch at a time, for each patch on the surface. A full discussion 

of this algorithm can be found in a document pending publication, by Starkey [11].
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FIGURE 7 
C ontour L ines
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CHAPTER 3 

IMPLEMENTATION

We now move our discussion of the implementation of our visualization system 

which was developed on a Hewlett Packard 350SKX graphics workstation using HP- 

UX version 6.0 and the Starbase graphics package. The 350SRX has a high-speed 

graphics accelerator which performs many of its graphics routines in hardware to gain 

the extra speed needed for compute-intensive routines.

In this chapter, we will discuss the data structures and scene updating of our 

system.

Major Data Structures Used

As with any computer program, every module in the program has its own data 

structures to control the ,organization of the data within the module. Even though its 

data structures are unique to each module, they must also be used to bind the 

modules together to form the final working system. In this section, we will discuss 

the data structures used by each module of our program.

Ground and Watertable Surfaces

Both the ground and watertable surfaces use identical data structures because 

the two surfaces, in reality, are similar with the exception of their elevations. The 

surfaces each use a three-dimensional array of (x,y,z) control points (ground_j)ts_3d 

and water_pts_3d) which are passed to the surface generating routine. The size of the 

arrays are determined dynamically from the rectangular size of the array (the number
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of rows and columns) which is stored as the first line in the surface control point 

database.

Calculating the surfaces themselves is done in hardware using the graphics 

accelerator of the HP 350SRX. Because of this, the data structures of the B-Spline 

surface algorithm will not be discussed. For a thorough explanation of the process, 

consult the Hewlett-Packard Starbase Graphics Reference [8].

The Pollution Plume

Because the plume is made up of many simple entities (starbursts) which are 

independent of each other, the only data structures used by the module are the data 

structures used for the starburst. The pixel values which make up a starburst are 

calculated once and stored using the following C structures: 

typedef struct {
float x, y, z;

} point;

typedef struct {
point pt[3];
double area;

} triangle;

typedef struct {
int npoly;
triangle *poly;

} object;

object star_pointsl, star_points2, star_points3; 

where star_points# are the three shells of the starburst. The number of pixel values 

stored in each of the structures is proportional to the density of the starburst at each 

shell. For example, all starbursts used for this paper have 128, 512, and 2084 points
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on each shell respectively. This corresponds to 3, 4, and 5 levels of recursion of the 

starburst generation algorithm for each shell respectively.

Each starburst is drawn independently, that is, the position, color, etc, of one 

starburst does not affect any other starburst. After the plume is completely drawn, 

it appears to the viewer that the plume has a real structure, but actually, this is only 

an illusion created by clustering many independent starbursts together.

Determining Distance Between Surfaces

Determining the distance between the ground and watertable surfaces requires 

calculating the approximate elevations of both surfaces. This process is identical for 

both surfaces, therefore the same data structures are used in both cases. The 

algorithm requires a 4x4x3 array of (x,y,z) control points called patch which defines 

the patch on which the locator is positioned, along with its nearest neighbors. The 

algorithm breaks the input matrix into three 4x4 matricies x_patch, y_patch, and 

z_patch, which are used to build x jna t, y jn a t, and z jn a t  in the following way:

MatMatMatMultCspline_mat, x_patch, spline_mat_trans, x_mat);
MatMatMatMult(spline_mat, y_patch, spline_mat_trans, y_mat);
MatMatMatMult(spline_mat, z_patch, spline_mat_trans, z_mat);

where splinejnat is a 4x4 matrix for storing the B-Spline matrix and 

splinejnatjtrans is the transpose of splinejnat. The three input matrices: 

splinejnat, x_patch, and splinejnatjtrans, are multiplied together using matrix 

multiplication giving x jn a t  (y jna t and z jn a t  are exactly analogous). Once x jn a t  and 

y jn a t  have been calculated, they are used by Newton’s method for finding the s and 

t parameters.
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Newton’s method uses two vectors s_vec and tjoec which are the vectors S  and 

T  defined in equations (2.1, 2.2, and 2.3). These two vectors are used in the iteration 

process for finding parameters s and t. Once s and t have been calculated, the 

elevation of the surfaces is obtained by:

z_val = VecMatVecMult(s_vec, z_mat, t_vec); 

which takes a vector, a matrix, and a vector, and outputs a scalar. The elevations of 

both surfaces are found by using a z jn a t  from each surface.

Drawing Contour Lines

The contouring algorithm takes as input either ground_pts_3d or water_pts_3d

(described earlier in this chapter), depending on which surface contour lines are
/

desired, and stores it in a structure called in_surface. The algorithm breaks

in_surface into single 4x4x3 arrays called patch and draws contours on each patch one

at a time. Patch contains the (x,y,z) values of each of the four corners of the patch and

their nearest neighbors. When calculating patch for patches which lie on the edge of

a surface, it is impossible to get the nearest neighbors for the side of the patch on the

surface edge. To solve this problem, we use another structure called big_surface. If

injsurface isNxM xS, then big_surface is (iV+2)x(M+2)x3. In other words, big_surface

is simply in_surface with extra control points around each of the outer four edges.

The outside edges of bigjsurface are determined in the following way:

for (i = I; i <= rows; i++)
for (j = 0; j < 3; j++) {

hig_surface[i][0][j] = 2 * big_surface[i][ 1][j]
- big_surface [i] [2] [j ];

big_surface[i][cols+l][j] = 2 * big_surface[i][cols][j]
- big_surface[i][cols-l][j];

} /* end for */
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The above routine defines the outside rows of bigjsurface, the outside columns are 

exactly analogous.

As the contouring algorithm operates on a single patch, it keeps track of the 

intersection points of the square grid using an Nx2 array of s and t values called 

outlist, where N  is Resn * 8. Resn is a user defined constant used for determining the 

step size of s and t. For example, if Resn is 5 then the step size for s and t would be 

0 .2 .

When all intersection points have been found the points defined in outlist are 

connected. If there are only two points in outlist a straight line is used to connect the 

points, otherwise a spline curve is used.

Updating the Scene

Having the ability to view the system from any angle is very important to fully 

understanding the given groundwater pollution scenario. Every time the viewer 

wishes to change the reference angle, the entire system must be reconstructed piece 

by piece. Because of the computational time complexity involved in displaying the 

system, each component of the system is displayed separately. That is, the ground 

surface, the watertable surface, the pollution plume, etc, are all displayed as separate 

entities. This way, the viewer can find the exact desired reference angle before 

generating the entire scene.

To speed up the angle locating process, the water surface is initially drawn as 

a wire frame mesh as shown in Figure 8. The wireframe is drawn almost instantly 

using the graphics accelerator of the 350SRX. By using this wireframe representation 

of the water surface, the desired viewing angle can be obtained easily and quickly



FIGURE 8 
Wire Fram e M esh

before beginning the B-Spline surface generation.

Interaction with the computer is controlled through a device called a knob box. 

A knob box is an input device with nine dials (or knobs) which can be moved left or 

right. Each knob can be defined to vary input over a specified range. When a knob 

is turned all the way to the left, the input from the knob would be at the minimum 

value in the range. As the knob is turned to the right, the input value becomes 

progressively larger until the maximum range value is reached. When the viewer is 

interacting with the knob box, the knob positions are constantly being monitored. As 

soon as the computer senses that a knob has been moved, the picture is updated.

For our system, only six of the nine knobs are used. The first three knobs 

control the position of the camera relative to the water surface and the second three 

knobs control the camera reference point on the water surface, which is initially
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defined to be the exact center of the surface. Moving the camera is done using 

spherical coordinates (coordinates in rho (p), theta (9), and phi (<())).

Figure 9 shows the spherical coordinate system. Angle 0 defines the camera 

angle relative to the positive y-axis, angle if defines the camera angle relative to the 

positive %-axis, and length p defines the distance from the camera to the origin of the 

coordinate system.

Spherical coordinates are used, as opposed to Cartesian coordinates, because 

moving an object using spherical coordinates is easier to mentally visualize than 

moving an object in cartesian coordinates (i.e. the object can be moved left or right, 

up or down, or in or out, and the object always stays a distance p from the reference 

point on the water surface).

Converting from spherical coordinates to cartesian coordinates can be done 

using the following equations:

% = p sintj) cos8 (3.1)
y = p sin§ sinQ (3.2)
z = p cos<j> (3.3)

After finding the desired reference angle, the water surface can be drawn using 

B-Sphne surfaces as described earlier. The time required to display any of the B- 

Spline surfaces used in our system is approximately between 10 and 15 seconds. To 

display the entire system including the ground surface, the water surface, the 

pollution plume, and contour lines on either or both surfaces can take anywhere from 

one to two minutes. Therefore, the wireframe representation greatly reduces the time 

and complexity of finding the desired reference angle.
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FIGURE 9
Sp herica l C oordinate System
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CHAPTER 4

CONCLUSIONS AND NEW DIRECTIONS

The system described in this document is a computerized visualization tool 

used to study the effects of pollution in subsurface watertables. The system includes 

the features necessary to view the ground and watertable surfaces and a plume of 

dissolved contaminant. Figure 10 shows a final example of our visualization system. 

The ground surface is shown with contour lines and a transparency index of 11 while 

the water surface has a transparency index of 7.

FIGURE 10
F in a l G roundw ater System

Although our system is an excellent tool for visualizing a groundwater scenario 

for the dissolved pollutant case, it does not deal with the floating pollutants such as 

petroleum. To generalize our system for the non-dissolved case, a new pollutant 

display scheme must be developed. One such scheme is to display the pollutant as 

another B-Spline surface, superimposed over the water surface. Pollutant surfaces
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would not necessarily be the same shape, or color, as the water surfaces so the two 

could be easily distinguished. The multiple color feature could be used, in this case, 

to signify the depth of the pollutant at any particular location.

Another important addition to the system would be the ability to incorporate 

into the system, any of the mathematical predictive methods currently available for 

estimating pollution flow over an extended time interval [1] and [9], With such 

capabilities, the system could, when given the initial conditions, predict the shape of 

the pollution plume after any length of time.

A research grant is currently being sought to further develop this system to 

include the features mentioned above. Much remains to be done to reach the ultimate 

goal of a fully interactive visual. and predictive tool for studying groundwater 

pollution.
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