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Efficient Analysis Using Custom Interactive Visualization Tools at a Superfund Site1

Gustavious Williams2 and Lisa Durham3

Custom visualization analysis programs were developed and used to analyze contaminant
transport calculations from a three-dimensional numerical groundwater flow model developed for
a Department of Energy Superfund site. The site hydrogeology, which is highly heterogenous,
includes both fractured limestone and dolomite and alluvium deposits. Three-dimensional
interactive visualization techniques were used to understand and analyze the three-dimensional,
double-porosity modeling results. A graphical object oriented programming environment was
applied to efficiently develop custom visualization programs in a coarse-grained data structure
language.

Comparisons were made, using the results from the three-dimensional, finite-difference
model, between traditional two-dimensional analyses (contour and vector plots) and interactive
three-dimensional techniques. Subjective comparison areas include the accuracy of analysis, the
ability to understand the results of three-dimensional contaminant transport simulation, and the
capability to transmit the results of the analysis to the project management. In addition, a
quantitative comparison was made on the time required to develop a thorough analysis of the
modeling results. The conclusions from the comparative study showed that the visualization
analysis provided an increased awareness of the contaminant transport mechanisms, provided neiv
insights into contaminant migration, and resulted in a significant time savings.

Introduction [j[r. Q ., ;yu?

Scientific visualization is a growing area with many research interests, one area of development

has been Graphically Oriented Modular Visualization Environments"(GOMVEs) such as the apE (The Ohio

Supercompter Graphics Project, 1990), Khoros (Rasure, 1991) and IRIS Explorer (SGI, 1992b). GOMVE's

allow a user to develop an application using a visual programming editor (VPE) in much the same way

as drawing a flow chart. Pre-existing subroutines, or modules, mat preform specific tasks are laid out on

a work area and "wired" together. The GOMVE provides a common data structure and manages all tasks

such as memory access, data transport, and access to any other required system resources. Using these

tools, environmental modelers with little or no graphical programming experience can develop, extend,

and use custom visualization packages.
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The application development environments provided by the GOMVE systems are extremely

flexible and can be divided into multiple usage levels: "traditional application usage, application building,

application prototyping, and coniponent writing" (SGI, 1192a). The two areas most interesting to

environmental modelers are the application building and component writing levels. With this ability,

environmental modelers can develop custom visualization tools and extend the development environment

to include task specific modules for use in custom visualization programs.

Application building is a straight forward task with a VPE. A modeler simply builds a graphical

flowchart of the application code using icons that represent different computational modules. For

example, Figure 1 illustrates a simple visualization application. The first (left) module reads the data, the

second scales the data to a user defined range, the third calculates contour values, and the fourth displays

the results. This program was developed by choosing each of the modules and placing them on the

workspace. The input and output ports of each module were then "wired" together to create the data flow



path. Data enters from the data reading module, passes

through the computational modules, and is viewed in tine

viewing module. Each module can also have a control panel

to define specific tasks and values. For example, the contour

, i 3H
module shown in Figure 1 has controls for the following: [ L , ( |

module,
turning off or on contours for i, ;, or fc axis; setting the

minimum and maximum levels for the contours; and setting the number of contours to produce in the

chosen range. The control panel for this module is shown in Figure 2.

Programs developed in this manner are rapidly and easily produced, and also rapidly modified

and extended. In many cases a modeler would start with a simple program, such as the one shown in

Figure 1, and add to it as the need arose. In this manner a complex program may be produced. This

programming tool facilitates model analysis as it allows the modeler to interactively evaluate the model

data and determine what graphical representation to use next.

The ability to write components for the GOMVE also aides the environmental modeler. By writing

additional components a programmer can easily extend a GOMVE to work effectively within a desired

specialty. For example, we have added a three-dimensional krieging module to the IRIS Explorer

language. This was accomplished by coding the mathematical subroutines required in FORTRAN 77 code.

With this code as the basis, tools supplied with the GOMVE were used to "wrap" this code in the required

data handling structures and communication protocols. No knowledge of these structures was required

by the programmer. Rather graphical links were made between the computational subroutine to the

generated module wrappers for input and were linked back to the Explorer data structure to complete

the module definition. The module code, now complete with data wrappers, was then compiled and

placed with tine other modules in our application development environment toolbox.

The ability to specialize the toolkits for different fields can greatly extend a GOMVE's usefulness.

Without this type of extensibility, modelers may be forced to use tools developed for other fields. While

tools developed for other fields may work satisfactory, it is more efficient to use tools designed with



specific applications in mind. The ability to custom design and build application modules facilitates the

development of custom visualization programs for each individual problem.

In this paper, a GOMVE was applied to tine analysis of a complex modeling problem preformed

at the quarry of the Weldon Spring site, a U.S. Department of Energy (DOE) Superfund site. The tools

and techniques developed are compared to standard two-dimensional non-interactive techniques such as

contour plotting. Comparisons are made between the two approaches on the accuracy and the ability to

understand the results, as well as, the capability to transmit these results to a non-specialist. The time

required to preform the analyses are also compared.

Site Location and Description

The Weldon Spring quarry is part of a DOE facility located in St. Charles County, Missouri,

approximately 48 km (30 mi) west of St. Louis and about 8 km (5 mi) southwest of the city of Weldon

Spring (Figure 3). The quarry is surrounded by the Weldon Spring Wildlife Area, which is largely

undisturbed, heavily wooded, and contains regions of heavy underbrush.

The quarry was excavated into a limestone bluff of the Kimmswick Limestone that forms a valley

wall at the edge of the Missouri River floodplain. The relatively flat alluvial floodplain extends southward

from the bluff to the Missouri River, with natural relief of less than 3 m (12 ft). Topography of the area

north of the quarry is rugged and characterized by deeply incised valleys into predominantly carbonate

upland bedrock with total relief approaching 30 m (100 ft).

The quarry is about 300 m (1,000 ft) long by 140 m (450 ft) wide and covers an area of

approximately 3.6 ha (9 acres). Originally the quarry was used to supply limestone and sand for

construction. The site was later used for disposal of soils and other materials contaminated the

trinitrotoluene (TNT) during the 1940's and 1950's and the disposal of low-level radioactive wastes during

the 1950's and 1960's. There are several surface water features in the vicinity of the

quarry. Nearby streams include Little Femme Osage Creek to the west, an unnamed tributary of the Little

Femme Osage Creek to the north, and Femme Osage Creek to the southwest. The Missouri River is

located approximately 1.6 km (1 mi) southeast of the quarry.



N

1

.y~

\

CHEMCM. ^ - ~ -
PLANT AREA^>—

I iif

' Waldon
Spring

( -

• , J SL Paters

<n Sptlng Hstfthls

^

/

S •:

4
\.

r v-

, #

7""
SI

r

Charles Co

St. Louis Co

U.S. 40/61

r
i.

\s);. /

— •

asss

V . . .

•—~—*—U/£-4-

/ — ^ V>ilLLINOIS
/ MISSOURIV*

/ _j y
': St. Louis^y?T

( Q

' //! j

iH^. / 9 ! f ? f
St. Louis Co. •'';' o 2 i i

.7/ Madison Co.

1

&S '

/

/

H

SMU.

1

MAC

Figure 3 Location map showing the site of the Weldon Spring superfund site in relationship to St.
Louis.

Groundwater in the study area occurs in

the alluvium of the Missouri River and Femme

Osage and Little Femme Osage Creeks, and the

carbonate and sandstone bedrock units present in

the upland areas and beneath die alluvium. The

St. Charles County Wellfield is located about 0.8

km (0.5 mi) southeast of the quarry. Nine

production wells completed in the alluvium south Figure 4 Site map showing the relationship of the
quarry to various surface features in the area,

of the quarry supply water to portions of St.

Charles County to a maximum capacity of 90 million liters/day (24 MGD).



Geologic Setting

The Weldon Spring quarry is located in low limestone hills near the west bank of the Missouri

River. The mid-Ordovician bedrock of the quarry area is predominantly limestone and dolomite. In the

vicinity of the quarry, the carbonate rocks dip to the northeast at a gradient of 11 to 15 m/km (60 to 80

ft/mi) (Berkeley Geosciences Associates 1984).

The bedrock is overlain in the upland areas by 3 to 12 m (10 to 40 ft) of silty clay derived

primarily from glacial loess and till. Figure 5 shows an idealized geological cross-section through the

quarry and continuing in a northwest to southeast direction to the Missouri River. As indicated in Figure

5, the walls of the quarry expose the Ordovician Kimmswick Limestone, while the bedrock floor of the

quarry, presently covered with debris, lies in the upper portion of the Decorah Formation.

The Kimmswick Limestone, mined during quarry operation, is predominantly a crystalline

limestone about 21 m (70 ft) thick. It is characterized by solution-enlarged features associated with the

intersection of vertical joints and bedding planes.

The Decorah Formation is 6 to 12 m (20 to 40 ft) thick; its upper portion is predominantly

composed of fossiliferous limestone with shaley partings (Berkeley Geosciences Associates 1984). The

Decorah Formation contains shale beds and is considered to be a leaky confining layer on a regional scale;

however, at the quarry the confining capabilities of this formation may be limited by the presence of

vertical joints and fractures and quarrying operations that penetrated the top 5 m (15 ft) of the formation

(Kleeschulte et al, 1986 and MK-Ferguson Company and Jacobs Engineering Group, 1989). Underlying

the Kimmswick and Decorah formations is the Plattin Formation, a thinly bedded, very fine crystalline,

dolomitic limestone. Below the Plattin Limestone are the Ordovician Joachim Dolomite and the St. Peter

Sandstone.

East and south of the quarry (Figure 5) fine- to coarse-grained Quaternary alluvial deposits, sand,

and gravels unconformably contact the Plattin, Decorah, and Kimmswick formations. Locally, the

alluvium is composed of a surficial layer of 3 m (10 ft) of silt underlain by about 6 m (20 ft) of sand. The

thickness of the silt layer increases toward the river. The water-bearing alluvium is a major contributor

to the domestic water supplies of St. Charles County.
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Figure 5 Geologic cross-section of the quarry she.-, :ng the underlying rock formations.

The alluvium north of the Femme Osage Slough consists of very fine-grained clays and silts of

apparently low hydraulic conductivity and extends downward to the limestone bedrock. South of the

slough, the alluvial aquifer becomes thicker and more permeable with correspondingly higher values of

hydraulic conductivity and groundwater velocity (MK-Ferguson Company and Jacobs Engineering Group,,

1989).

The formations included in the groundwater modeling study include the upper three bedrock

units, Kimmswick Limestone, Decorah Formation, the Plattin Formation and the alluvium which comprise

the shallow unconfined aquifer.

Groundwater

Groundwater flow in the vicinity of the Weldon Spring quarry occurs in alluvium, and fractured

limestone. Two lithologically distinct unconfined aquifers comprise (he near-surface groundwater regime

in the vicinity of the quarry. The first is a predominantly limestone bedrock aquifer beneath the quarry

and the second is an alluvial aquifer beneath the Femme Osage Slough and the Missouri River; the

aquifers connect in the vicinity of the Femme Osage Slough.

In the study area groundwater flow is primarily from north to south as determined from 39 DOE

monitoring wells located at the quarry and surrounding areas. Of these wells, 14 monitor bedrock water

levels and water quality near the quarry (MK-Ferguson Company and Jacobs Engineering Group, 1989).

The remaining monitoring wells (25) are completed in the alluvium/soils above the bedrock, north, south



and east of the slough. In addition, four St. Charles County monitoring wells completed in the alluvium

are monitored by the DOE.

The groundwater flow direction from the southern portion of the quarry toward the Femme

Osage Slough has not been well established. Groundwater levels in the bedrock consistently measure

about 3 m (10 ft) higher than elevations in the alluvium near the slough. This abrupt change in water

level at the interface of the two groundwater regimes indicates a poor hydraulic connection between the

limestone bedrock aquifer and the alluvium (MK-Ferguson Company and Jacobs Engineering Group,

1989). South of the slough, groundwater flow is affected by the Missouri River floodplain gradient, by

the St. Charles County Wellfield pumping rate and river stage.

Numerical Model

A three-dimensional double-porosity groundwater flow and contaminant transport model is being

developed to test the understanding of the hydrological processes in the unconfined multi-layer aquifer

at the Weldon Spring quarry and surrounding areas. To achieve this objective, numerous modeling

simulations are being performed to validate the current conceptual model and to investigate the effects

of fractures, solution features, and the abrupt change in lithology on groundwater flow and contaminant

transport. Once developed, the calibrated model may be used to evaluate the potential for migration of

contaminants from the quarry to the St. Charles County Wellfield and, if necessary, also to evaluate

remedial-action alternatives. The modeling study is in preliminary stages and is currently ongoing. Site-

specific data were used to develop the conceptual model and to obtain modeling input parameters such

as hydraulic conductivity, porosity, width and spacing of fractures, etc., (MK-Ferguson Company and

Jacobs Engineering Group 19S9; Layne-Western Company, Inc. 1986; Berkeley Geosciences Associates 1984;

Kleeschulte and Emmett 1986).

On the basis of the site-specific data, a finite-difference grid was developed for the model as

shown in Figure 6. It was designed to be consistent with the areal extent of the region of interest,

boundary conditions and the primary features of the hydrogelogical system. The grid was aligned with

the north to south groundwater flow direction to simplify the boundary conditions. As shown in Figure



6, the left and right boundaries which correspond

to stream lines, are modeled as no flow

conditions, while the top and bottom boundaries

are modeled as a constant head conditions as

represented by the water-table surface and the

Missouri river. In the vertical direction, 7 layers

are used to simulate the lithology; in the planar

view, each layer is comprised of 900 nodes. In the Figure 6 Weldon Spring-quarry finite difference grid
showing St. Charles County Well field and the

immediate vicinity of the quarry, the nodal quarry.

spacing is 100 ft.

The quarry, which is located in the center of the fine grid spacing, was treated as a constant

strength contaminant source until remediation started, at which point it was treated as a time decreasing

contaminant source. In all the simulations the nine municipal wells were assumed to be in operation and

pumping at a constant rate representative of historical pumping records.

The numerical code selected to model groundwater and contaminant transport at the quarry is

the Sandia Waste-Isolation Flow and Transport (SWIFT II). SWIFT II is fully transient (with steady-state

options), three-dimensional, finite-difference code, which solves the coupled equations for flow and

transport in geologic media. SWIFT II was expanded from SWIFT to simulate groundwater flow and

transport processes in geologic media that contain fractures (Reeves et al. 1986 and 1990).

SWIFT II is a finite difference code that solves the following global transient-state equations for

flow, and radionuclide transport (Reeves, 1986):

Fluid:

(1)

Radionuclide r:
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Equations (1) and (2), along with equations for brine and heat transport are coupled by auxiliary relations

for:

Darcy flux ji:

£-(|J.(vP-fv2j (3)

and pressure dependant equations for porosity, fluid density, fluid viscosity, fluid enthalpy, fluid internal

energy, and rock internal energy.

In fractured regions of the system, in which the dual-porosity approach is applied, two sets of

equations are solved, one for the processes in the fractures and the other for the processes in the matrix.

The fracture-porosity equations describing flow and transport for the fractured regions are identical to the

porous zone, except for the sink/source terms representing exchange processes with the matrix.

These equations, and others not given, are cast in a finite difference formulation (see Reeves 1986)

with a linear coupling present in the accumulation and source/sink terms treated by the technique of

formal Gaussian elimination. The remaining non-linear coupling is treated by iterative techniques the

details of which are discussed in Reeves 1986.

The code was written in FORTRAN 77 for mainframe computers, and modified to run on Silicon

Graphics Incorporated's UNIX workstations. In addition to modifying the code to compile and run on

UNIX workstations, output routines were modified to strip operator readable output statements from the

output files. The resulting files give simulation output numbers with no clarifying statements. This;

allows the simulation code to be interactively coupled to the visualization routines developed in this

paper.



In order to facilitate this modeling effort, accurate tools to evaluate model simulations in a time

efficient manner were needed. In addition to tools to aid the modelers, these simulations need to be

transferred to other technical areas, such as risk calculation, and to the interested regulatory and public

bodies

Tool Development

The IRIS Explorer (SGI 1992a, SGI 1992b) GOMVE was chosen for this project. This development

environment has graphical, object oriented programming tools that interface to an underlying coarse-

grained data flow language. Custom programming, using the VPE provided by Explorer is time efficient.

The VPE allows programmers and modelers to develop custom routines by using graphical workpads to

outline the program logic and data flow. This connected diagram is the final program. Besides freeing

the programmer from such considerations as syntax errors, programs developed in this manner are readily

modified.

Data Translation

IRIS Explorer contains a tool called DataScribe that is designed to aid a programmer in developing

custom data translation modules for use in the Explorer workspace. DataScribe was used in this project

to develop two custom data reader/translation modules for output from the SWIFT II contaminant

transport model. SWIFT II generates a file with the structure shown in Figure 7 where Nx, Ny, and Nz

are the number of nodes in the X, Y, and Z-directions; AX, AY, and AZ are the coordinates for each node

on the X, Y, and Z axes; Vx, Vy, and Vz are the X, Y, arid Z components of the groundwater velocity at

each node as indicated by the subscript: and C1>u...CNx>Ny#N, are the contaminant values at each node

indicated by the subscript. This output file needs to be translated to the data structure understood by

Explorer. This Explorer structure is the C language data structure shown in Figure 8. The Explorer data

structure is quite complex and would require a significant amount of programming time to write a

translation program, however, by using DataScribe environmental modelers are able to write these

complex data translation routines.



The data translation module was written

by flow charting the structure of the SWIFT II

output file on the Datascribe workspace. Figure

9 shows the graphical structure that was built to

match the SWIFT II output file format.

The left side Figure 9 shows four separate

data structures which correspond to the data

structure in the SWIFT II output file. The first is

a vector of integers labeled Dims, the second is a

vector of floats labeled Coords, the third is a

three-dimensional array of vectors labeled

Velocity, and the fourth is a three-dimensional

array of floats labeled Contaminant. The

graphical program shown in Figure 9 processes

data in the following way. The first line of the

output file contains three integers which define

the size of the computational grid. These

numbers are read into the integer vector labeled

Dims. Next in the output file are the coordinate

values for the X, Y, and Z, axes of the grid which

are read into a floating point valued vector of a

length determined by the dimensions of the grid.

After the axes values are the velocity data which

are read into a three-dimensional array of floating

point vectors. The array indices correspond to

the grid location of each velocity value, while the

vector of length three holds the values for the

N. Ny N ,
AX, AX2 AX3...

. . .AXNX., AXH,X

AY, AY2 AY3...

...AYNy., AYNy

AZ, AZ, AZj...

,I,1 * YlAA *Z l ,U

.I.2 Vyi.l.2 V ZU,2
fl(3 Vy, ,w VzW j 3

Ny V z N l

1,1,2 Q,13—

Ny-l,Nz-l *ZNx-I.Ny-l,Nz-l

Figure 7 Format of the data output file from SWIFT
II.

Coordinate type
enumeration:
typedef enum {

cx_coord_unijbrm.
cx_coordjperimeter,
cx_cooi!>_curvilineAr

j cxCoordType;

Coordinate information:
typedef struct csCooni 1

cxDataCHr cllr;
long nDim;
long "dims;
cxCoordType

coordh/pe;
union 1

struct f
float *bBox

1 cx_coord_unijbrm;
struct {

long sumCoord;
float

"permimCoord;
1 cx_coord_perimeter;

long nCoordVar;
float 'values;

1 cx_coord_curvilinear;

Ic;

Data information:
typedef struct cxDatal

cxDataCtlr ctlr;
long nDim;
long *dims;
long nDataVar;

cxPrimType primType;
union 1

struct 1
char "values;

i cx_prim_byte;
struct f

short "values;
1 cx_prim_short;
struct f

long "values;
} cxjprimjong;
struct (

float "values;
1 cx_prim_float;
struct (

double "values;
1 cx_prim double;

id;
1 cxData;
typedef enum f

cx_prim_byte;
cx_prim_short;
cx_prim_long;
cx_frim_float;
cx_prim_double;

J cxPrimType;

Lattice structure:
typedef struct cxLaltice 1

cxDataCtlr ctlr;
long nDim;
long "dims;
cxData "data:
cxCoord "coord;

) cxLattice;

Figure 8 C language structures for the Explorer data
lattice.



Figure 9 Datascribe workspace screen showing the SWIFT II output file structure on the left and the
IRIS Explorer data structure on the right.

velocity in each of the three directions. The contaminant data is read into a three-dimensional array of

floating point values. Both the velocity array and the contaminant array are sized according to the values

of the Dims vector, which allows data from different size grids to be read in without modifying the

program. A data reader/translator is programmed by producing a graphical structure that mimics the

format of the SWIFT II output file.

Translation of the data from the SWIFT II format to the Explorer data structure is achieved by

connecting each data component from the SWIFT It output file to the corresponding component of the

Explorer structure. For example, the graphical icon that represents the SWIFT II data array was connected

to the graphical icon that represents the Explorer structure data array. Connecting these icons is

accomplished by "opening" the i/o ports on each side of tine template to access a list of the available items

for the template. One item from the list is selected and "wired" to the desired item in the other template.

In this example, DataScribe has been used to create a file reader/translator that reads a model output file



and translates it to the Explorer data structure. In

addition it is possible write translators to translate

data from Explorer to a user defined format, or

from one user defined format to another.

Using the visual programming tools of

DataScribe, this data reader/translator routine was

written in approximately two hours by an

^ Layers 1 through 7. Maximum contoura!
2.26E-6 and contoured at 2.26E-7 intervals.

experienced user of the system. To program a R g u r e w Two-dimensional contours generated by
the program SURFER from SWIFT II data,

similar routine using standard code would require

a programmer familiar with both the model,

SWIFT II, and the complex C language Explorer

data structure. Using the graphical editing tools,

a competent modeler with a working knowledge

of the visualization data structure can develop

their own reader/translation routines in a

reasonable amount of time and customized for

individual projects. Figure 11 Three-dimensional iso-surfaces generated
by a custom program developed using Explorer
using the same data as above.

Visualization Tool Development

Visualization begins by an evaluation of the physics of the problem by asking questions such as;

what are the general mechanisms at work and how are they best represented? For the Weldon Spring

quarry contaminant transport model two mechanisms were chosen, the vector flow field, and the

contaminant plume. In addition to these physical mechanisms, the location of the quarry and the county

wellfield were also of interest. There are several ways to represent each of these items. Historically

contaminant plumes are represented by two-dimensional contours produced by taking data slices at

intervals through a three-dimensional data set as shown in Figure 10. The construction of the three-

dimensional representation of the plume is left to be completed in the mind of the analyst. It is much



more intuitive to represent the three-dimensional contaminant plume as a three-dimensional geometric

object as shown in Figure 11. Friedhoff (1991) put forth the thesis that the goal of computer graphics is

to do these types of extrapolations, while the computer user concentrates on the implications of the data.

Vector flow fields are generally represented by two-dimensional plots of arrows. However, the

physics of the phenomena of interest are best represented by some form of time or motion dependant

animation. One of the most effective methods of portraying flow fields is through the use of particle

animation. A swarm of particles are released at a point of interest and the location of each particle is

stepped through the flow field. The movement of each particle is in the direction of the flow vector at

the particle's starting point and moves a distance proportional to the vector's magnitude. This illustration

can be made more useful by having each particle trace out it's path as it moves through the flow field.

In addition to portraying flow fi»_ Ids as a time series animation the development and growth of a

contaminant plume may also be illustrated in this manner.

In addition to animating time series data, the ability to interactively look at the data from different

angles is helpful to an analyst. The data can be rotated, moved closer to or further away from, and even

different graphical data representations turned on and off as the modeler evaluates the data to better

understand the computational results and their implications. By understanding what is required to

analyze the data, a modeler can begin to write a custom visualization program. Later as the analysis

progresses the program can be modified to meet unforseen needs.

As the data representations are chosen, the modeler can start to form the program flow chart using

the graphical programming environment in Explorer. As a data flow path is conceived, it can be drawn

on the Explorer workspace. Data might be read in, cropped on a region of interest, and then passed to

a module to produce a geometrical representation of the results. The data can be manipulated, rotated,

recombined, or subtracted from the original data lattice as it moves along the data flow path in a program.

Data streams may be split to be recombined mathematically in a geometrical representation or they may

have separate termination points. Using the concept of a data path and the graphical workspace, a

programs's logic, structure, and working code are all produced at the same time.
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Figure 12 Example program to generate 5 separate iso-surfaces and aid the analyst in determining
which data regions are of interest.

The program that produced Figure 11 and 13 is shown in Figure 12. In order to provide an

example of the Explorer programming process, this program, or map as it is called in Explorer, will be

explained. Many maps such as the one illustrated start as simple routines to do a single task, such as

create a single valued iso-surface, then become gradually more complex as the modeler continues to look

at the data in more detail.

Many modules have user selectable parameters in addition to the data ports that each module has

to connect to the data flow path. These parameters are accessed and changed by a module's control panel.

Modules have two control panels, a small one as shown be the tubes module, and a large one as shown

by the iso-surface module (Figure 12). In this map only the tubes module has it's small control panel

open, and only the iso-surface module has it's large control panel open.

The map shown in Figure 12 has several data flow paths that progress from the left to the right

on the figure. Two of the left most modules, ReadSwiftVelPrl and ReadWellLoc, are data

reader/translator modules. The ReadSwiftVelPrl module is the data reader/translator module described



previously. The program is written by charting a path for a unit of data, such as the array of contaminant

values, through any necessary computational routines to a display routine. The data flow paths are

indicated by the wires the run from one module to another.

In this map the data flow path from the well location module to the display module is the most

direct. The data is read and translated by the ReadWellLoc module and then passed to the tubes module.

The tubes module translates the data, a vector field of vectors (each well location is defined by a three-

dimensional coordinate while each well orientation is defined by a three-dimensional vector) to graphical

objects. The tubes module is used to display vector fields. The module's small control panel, seen in

Figure 12, has a slider by which the scale of the tubes generated may be changed. In addition to the well

data, this module is connected to a module that generates a colormap which colors the tubes representing

the wells according to a sealer field. From the tubes module, the data is passed to the render module to

be displayed.

The data flow path from the module that reads the SWIFT II contaminant transport results is

slightly more complicated. As shown in Figure 12, the data from this module splits and goes to four

different types of modules: a bounding box module, which displays the computational grid; a histogram

module, which displays a histogram of the data; an iso-surface module; and a samplecrop module for

selecting only parts of the data. The samplecrop module in turn connects to four other iso-surface

modules. All five iso-surface modules are connected to a colormap module, which will color each iso-

surface according to the chosen colormap. The colormap module has a control panel (not shown) that

allows the analyst to modify the color map to best display the data of interest. The iso-surface module's

control panels can set the value of the iso-surface, as well as how it is displayed. The histogram module,

which is useful in determining the ranges of data that are interesting, has it's own display, which is not

shown, as well as numerous controls. The iso-surface and boundingbox modules then connect to the

render module for the display of the data. The render module provides the analyst the ability to view

the data interactively, to rotate it, move closer or further away from it, or change the manner in which

it is displayed.



The example described above, shows a typical Explorer program. The program is produced as

the data flow logic is conceived and charted. To use a common programming language, such as C or

FORTRAN, to produce a program that reads in data, creates and renders iso-surfaces, and have interactive

user control (as the program shown in Figure 12 has) would require several months of effort and a high

level of programming expertise. Using the graphical programming environment provided by Explorer,

a environmental modeler familiar with the system and the concepts of a data flow language, could

produce a working program in a few hours.

Comparisons

Comparisons between the different analysis techniques were made by two groundwater modelers.

These modelers, while familiar with basic computer operations and the FORTRAN programming

language, were not computer programmers with experience in writing visualization programs in standard

languages such as C or FORTRAN. These modelers were familiar with the SWIFT II computational model

and its output. On modeler had approximately four months of experience with the Explorer graphical

object oriented programming environment, while the other modeler had no previous experience with this

type of programming.

Custom visualization programs developed using the Explorer GOMVE were compared with the

previous method of processing the SWIFT II output data. The previous method (referred to as the two-

dimensional analysis in this paper) used the program SURFER to produce contour and vector plots. These

plots were made using the SURFER program both interactively and in a batch mode. All SURFER plots

were made on an IBM model 70 personal computer that used an Intel 80386 chip. The Explorer designed

programs were run on Silicon Graphics Incorporated UNIX workstations, an IRIS Indigo and an IRIS

4D/35Tg.

The two different approaches to analyzing the three-dimensional data generated by the SWIFT

II model are compared on the basis of accuracy of the analysis, the ability to understand the processes

involved, the ability to transmit the results of the analysis to others, and the time required to complete

the analysis.



Accuracy

Three-dimensional analysis techniques were more accurate than two-dimensional techniques for

analyzing the model of the Weldon Spring quarry. The ability to interactively work with the data also

improved the accuracy of the analysis. The Weldon Spring quarry shows significant three-dimensional

effects. A large component of the groundwater flow in the vicinity of the quarry is vertical. Consequently

the transport of contaminant from the quarry also show significant vertical migration. These flow

directions are difficult to perceive using a set of stacked contours even if the slices are in the vertical

direction. With a three-dimensional representation, the effect of the abrupt change in lithology on the

movement of the contaminant plume are more apparent. Without the three-dimensional representations,

the impacts from contaminant migration are difficult to identify.



Figure 13 Figure showing the lin»onng ut the contaminant plume beneath the quarry. Also shown
in the figure are the municipal wells. The point at which the plume crosses the soil-rock interface is
readily apparent.

One of the most interesting features noted during analysis was the behavior of the contaminant

plume as it crossed the rock-soil interface. At this location there was a significant reduction in the level

of contamination and the plume movement accelerated. The bedrock-alluvium interface strikes northwest

across the grid and dips at an angle of approximately forty-five degrees. Both the three-dimensionality

and the interactive nature of the Explorer based analysis program provided new insights relative to the

analysis by the two-dimensional methods. The effect of the bedrock-alluvium interface could be clearly

seen in the three-dimensional plots, while it was difficult to identify in the two-dimensional contours.

In studying the two-dimensional plot of the upper layer it appeared that the plume had not left the

bedrock and migrated to the alluvium. Using the interactive tools, an analyst adjusted the value of the

iso-surface to evaluate small concentrations of contaminants in the course of the investigation. When this

was completed it was clear that a dilute plume of contamination was moving rapidly through the



alluvium. The three-dimensional plot showed that the plume moved perpendicular to the bedrock-

alluvium interface until crossing, and then moved directly toward the Missouri river. The plume was also

noted to be fully penetrating once it reached the alluvium, while in the rock layers it did not reach the

bottom of the model.

Also observed from the three-dimensional plot was the fingering of the plume beneath the quarry

as a result of the vertical lithology. This vertical fingering is readily apparent, as shown in Figure 13, in

the plot of the iso-surface, but almost unnoticeable in the two-dimensional contour plots of Figure 9.

Understanding

The ability to see a three-dimensional representation of the model results greatly aided in the

understanding of the three-dimensional nature of the problem. As discussed above the interaction at the

bedrock-alluvium interface was much better understood, as was the movement of the contaminant in the

aquifer. It was believed that contaminant transport in the aquifer was mostly horizontal with vertical

movement mostly occurring from diffusion using two-dimensional non-interactive methods. It was

apparent that vertical convective transport of the contaminant was taking place, especially once the plume

crossed the bedrock-alluvium interface using the interactive analysis.

The understanding of the model resu'ts was increased through the ability to easily view the data

using different representations. For example, the data could be shown as an iso-surface, which gives a

single value, to which a series of contour layers could be added. Once this was done, the value of the

iso-surface could be changed through a range of values and the results viewed. A three-dimensional

representation of the vector flow field could be made with the vector arrows color coded contaminant

concentrations. The vector field could then be displayed with the county wellfield shown as tubes. This

type of display aided the modelers in rapidly identifying potential threats to the wellfield from the

contaminant migration. Using a two-dimensional method of analysis, the well locations, the three-

dimensional vector flow field, and the values of contamination could not be displayed effectively on a

single plot. This composition of various visualization techniques greatly aided the analysts in their

understanding of the problem. The ability to switch easily between the various graphical representations



of the model data enabled the analysts to use and combine the representations that most effectively

presented the type of impact being evaluated.

One of the most effective tools, according to the analysts in this study, was the ability to

interactively change and view the model results from a variety of angles. Each data representation could

be rotated, zoomed in on, changed, or turned on or off in real time. In addition to rotations, light sources

can be interactively changed and material representations altered. For example, iso-surfaces can be made

semi-transparent to show internal features. This ability to view the data contrasted sharply with the two-

dimensional approach where significant time was required to change something as minor as the plot scale.

Analysts also noted that they explored data extremes more readily using the custom tools. The

attributed this fact to the ease in which this could be done. By simply turning a dial or moving a slider

a data range could be changed and viewed almost instantly. This type of response to a parameter change

let the analysts "play" with the data. Words such as "the feel" of the data were used to describe how this

affected the understanding of the problem.

Overall the analysts in this study felt that the use of these new tools had heightened their

understanding of the model results. They noted the wide range of techniques available for data

representation, the ability to interact with the model, and the "instant" result of any changes made.

Transmission of Results

One of the major successes of this study was in the transmission of modeling results to non-

modeling people. This was most obvious in the time series animations of plume movements. However,

even single time point representations of the contaminant plume, especially if the receiving person could

interactively view the data, helped in the understanding of the full three-dimensional nature of the physics

of the problem. While groundwater modelers have experience extending a series of two-dimensional

contour plots to a mental picture of a three-dimensional contaminant plume, this knowledge is much

better transmitted using a picture of an actual three-dimensional object.

In addition to the use of three dimensional and moving representations of the data, color was a

major contributor to the ease of understanding results. The use of color, as well as other data



representations, allows an analyst to easily show the inter-relation of a number of variables. Without these

options it is difficult to show interesting parameters such as the contaminant plume and the vector flow

field at the same time.

Analysis Time

It was difficult estimate the time required for the different analyses. Writing the data

read/translation modules, as described above, took an experienced Explorer user approximately two hours

per module and writing these modules to extend the Explorer GOMVE is a one time exercise. A future

modeling effort that uses the SWIFT II computational program will have access to these modules for the

development of visualization programs. However, the time required for writing the actual visualization

programs was much more difficult to measure. Each analyst noted that a particular visualization program

would start quite simple, on the order of three to five modules. This would take an experienced Explorer

user ten minutes or less to develop. As (he data analysis progressed, the visualization program would

become more complex. Thus, the actual time required to write the finished program is difficult to

measure. The analysts found that they constantly modified and changed any given visualization program.

Usually different programs were written for different basic tasks, but these were constantly modified

during the course of results evaluation.

It was also difficult to measure the time required to evaluate a given problem. Once the data

read/translate modules were written it was possib'e to evaluate early model time step results while the

SWIFT II model was still running. Not only could the results be quickly called up on the screen, but

modelers noted that it was faster and easier to spot trends in the results. One effect of this was to increase

the number of SWIFT II simulations. Less desirable simulations could be quickly eliminated and good

simulations more rapidly evaluated. Part of these result seemed to stem from the fact that if a modeler

is given three days to solve a problem, the full three days will be used. By using these interactive tools,

a more thorough evaluation was completed.

Evaluation of individual SWIFT II runs was more rapid using the custom visualization tools. To

produce a single series of contour plots using the SURFER program and an IBM model 70,80386 personal



computer required approximately twenty minutes. This was calculated from the time SWIFT II simulation

completed until a print of the contours was produced. These contours were produced using a batch file,

thus no time was wasted waiting for an operator response. If after viewing these plots it was felt a

change was needed, an additional twenty minutes was required. Using the custom visualization tools

changes were interactive. For example, using the contouring module, a modeler could interactively

change the level, or levels, being contoured, the axis or axes being contoured, in addition to the number

or value of the contours. The time ranged from one to fifteen seconds from when the change was made

at the module control panel until the results were displayed in the render module. In addition items such

as color maps, and viewing angles experience the same type of rapid responses.

The modelers in this study expressed the conclusion the analysis was much faster and more

thorough using the custom tools. The reasons for this conclusion range from using better data

representations, which aid in observation of trends and effects, to the actual time savings for doing similar

types of data plots. All modelers noted significant time savings, though again these were difficult to

measure due to the way in which the modelers changed their analysis methods.

Conclusions

This study shows that experienced graphic programmers are no longer required to write custom

visualization programs. Using graphical oriented modular visualization environments, modelers can write

their own custom programs. These programs can be readily modified to fit the problem at hand and give

the modeler a wide range of new tools to use for data analysis, physical understanding of the problem,

and transmission of results to others. In addition to the range of techniques opened up to the modelers,

using this approach to data visualization results in a time savings. This time savings can be used to finish

a project earlier or to provide a more complete study in the same amount of time.

By writing their own visualization programs, modelers can more closely match the graphical

representation of the data to the specific analysis need. This results in a better understanding of the

problem, as well as a time savings. The programs written in this manner are easily modified, so the actual



act of writing the visualization program and analyzing the data are not separate steps. Programs are

modified during data analysis to improve the modeler's insight and to better represent the data aspects

of interest.

Plots and pictures from these custom visualization programs are more effective in the transmission

of model results to non-modelers. This results from visual representations that more closely match the

actual physics of the problem, the ability to show the interaction of several variables at once, and the

ability to interactively study and view the model data. Again this promotes accuracy and produces a time

savings. Accuracy is increased through the lack of misunderstanding of model data during transmission.

Generally, there is a time savings due to the decreased need for lengthy explanations of plots.

This study shows the effectiveness of using the new graphical object oriented programming

environments for data visualization. As more modelers start using this approach, the number and range

of custom modules will increase providing even more tools to facilitate data analysis. As modelers

become more familiar with what types of visualization techniques are available and become comfortable

in their use, analysis and presentation will become more effective.
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