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Abstract

Terrain data (elevation) and data that requiretionao be understood (roads, rivers,
contamination levels, vegetation, etc) are curyesttbred in many formats. The United
States Geological Survey provides data such aatabey road location, and satellite
imagery in Spatial Data Transfer Standard (SDT8ph&t. The United States Census
Bureau also provides census data in the SDTS foriftae¢ Milwaukee Metropolitan
Sewerage District provides water quality, watertaonination, and water level data
which can be accessed by running a query on aa@sgabrlhis project investigates
methods that would convert these data from varsousces and in various formats into a
format that solid freeform fabrication machines panduce. This research has allowed
for the rapid creation of highly-detailed, thre@aénsional physical models, which could
open the doorway for future exploration of relasbips between sets of data. This
research involved the investigation of data transt@ndards, meshing algorithms, data
storage formats, and data visualization.
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1. Introduction

When data are examined in a new way or when diftatata are combined new relationships can emerge.
This project is a first step at a new way of loakat terrain data and data that requires locatidret
understood. Wolf-Dieter Rase showed that datartfwatires location to be understood can be created
using solid freeform fabrication (SFF) [1], anduta Jacobs showed that terrain data can be cresitegl
SFF [2]. This project attempts to bring these congmts together to solve some of the problems
encountered by each.

2. Background
2.1. solid freeform fabrication

Solid freeform fabrication is the name for a grafadditive manufacturing processes. These presess
build parts layer by layer from specialized matsrial raditional fabrication processes remove niaitéw



form the required part. Solid freeform fabricatmlfows for the creation of complex geometries hsas a
Klein bottle and a human skull.

SFF is particularly useful for this applicationtagrain can be very complex. Terrain may even
have undercut areas that could not be producethitibnal manufacturing techniques.

2.2. spatial data transfer standard (SDTYS) [3]

The Spatial Data Transfer Standard is intendedvesyao transfer spatial data between dissimilar
computer systems. This standard is used by thieetd§itates Geological Survey (USGS) to provide
geologic information. The SDTS was approved byNBh&onal Institute of Standards and Technology
(NIST) in Federal Information Processing Stand&iéP§) Publication 173 in August 1992.

A SDTS transfer has a specific method of organiziag. Each transfer is a grouping of files in
the 1SO 8211 (FIPS 123) physical file encoding.uélly each file contains one SDTS module. A SDTS
module is a grouping of records, each record imaping of fields, and each field is a grouping of
subfields. The subfield contains the actual dagtis stored. The field specifies how the data ise
interpreted.

The SDTS can be extended by the use of profild® tivo profiles used in this project are the
Topological Vector Profile and the Raster Profilthe data from the USGS that is in the Topological
Vector Profile are the Digital Line Graph (DLG).hi§ data is made up of the following layers: Public
Land Survey System, boundaries, transportation,dgrdphy, hypsography, surface cover, non-vegetativ
surface features, survey controls and markerspsmmade or cultural features. The data in thedRast
Profile are the Digital Elevation Map (DEM). Thdata has one useful layer, the raster layer cdntathe
elevation data.

2.3. mesh / meshing [4]

Let V be a set of points. A mesh M of V is a sitriangles such that:
o Each triangle in M has three vertices of V fordtgners, and intersects no other vertex of V.
o Triangle interiors do not intersect.
o Every point in the convex hull of V is covered byriangle.

Although there are other names, in this paperehefstriangles will be referred to as a mesh, tued
process of forming this mesh will be referred torashing.

Meshing is important to this project because SBEEhmMes cannot build a model from a set of
points; they require a surface model of the objéctmesh created from a set of points will provilis
surface model.

2.4. greedy insertion

The algorithm used to perform the meshing is ‘gygedertion’. This type of algorithm is called gy
because it makes decisions that cannot be chaatmdh. This implementation chooses points that a
not in the mesh and adds them to the mesh onéraga It continues to do this until the mesh dattsa
set of criteria. The point that is chosen for itisa is the point that is farthest from the cutreersion of
the mesh.

There are several benefits to this algorithm: tlesimcontains the smallest number of triangles
possible, the algorithm can be stopped when afipecior value is reached, and the algorithm can b
stopped when a specific point limit is exhausted.

When this algorithm adds a point to a triangldért evaluates the edges surrounding the triangle
for a certain property. It forms the polygon loé thew triangle and the neighbor triangle; thisygoh can
have two possible sets of triangles formed by thgahal. Figure 1 illustrates the point P beindetito
triangle T. Next the polygons APCD, APBE, and CRBE evaluated for the mesh property. If this
evaluation fails the diagonal of the polygon is pped. In polygon APBE this would be swapping edge
PE for edge AB.



Figure 1: simple mesh example

The mesh properties investigated in this projecevaata dependent meshing and Delaunay
meshing. Data dependent meshing chooses the s&trgfles that best match the data being meshed.
Delaunay meshing will swap the edge if the circunieiof the neighbor triangle is not empty; meariing
contains point P. The circumcircle of a triangletie circle formed by the three vertices of tientle.
The grey area illustrated in Figure 2 is an examplaumcircle.

Figure 2: circumcircle example

3. Objective

The objective of this project is to convert terrdata and data that requires location to be urmtzaisrom
various sources to a format that SFF machines aadupe. The data for the terrain model was found i
the form of a SDTS DEM. The other data for the siadn be found in SDTS DLG-3 files, United States
Census Bureau SDTS/TIGER files, and the Milwaukesgrivpolitan Sewerage District Corridor Study
Database which contains water quality data foMileaukee River Basin.

In order to accomplish this integration it was resegy to investigate how to interpret these
various forms of data from their various sourckavas also necessary to construct a frameworlohwvert
these data into a format that the SFF machinesaastruct.

4. Approach



To accomplish these goals several methods wek tiide first was to investigate ways of workindhwi
the SDTS transfers. The second was to investigpatbods of meshing. Before writing new software to
accomplish these goals current software was inyastil.

4.1. SDTStransfer

A first attempt to read a SDTS transfer was usieg@DTS++ library which was produced by the USGS.
This library required another library to build theurce code, and this second library requiredrd.thfhis
method was abandoned due to its complication.

The second attempt to read a SDTS transfer wag tlsnSDTS abstraction library (SDTS_AL)
which was designed and implemented by Frank Wamef8a It was constructed specifically because the
SDTS++ was too complicated for use. After conagltivith the author and reviewing previous worksthi
library was used to successfully read several Sdisfers.

4.2. Meshing

A first attempt to create a mesh was with the Sgapgram constructed by Michael Garland of the
University of lllinois at Urbana-Champaign and PHelckbert formerly of Carnegie Mellon University].[6
Although this program did create meshes, it wag déficult to understand the code.

The second attempt to create a mesh was with tita Tilerary which was the successor of the
Scape library. This library was constructed by Ihiel Garland to fix some of his previous design
mistakes. This library created meshes as wellwast constructed in such a way that extracting the
meshing code for use in the new framework woulcehaeen difficult. The Terra library is also incdetp
and unsupported.

The third attempt to create a mesh was with a neshing library constructed specifically for this
application. This library implements both data eleghent greedy insertion and Delaunay greedy ingerti

4.3. obstacles

The latest version of the meshing algorithm wasnh@mory intensive for use with large scale meshes.
The time was therefore taken to extract and fitliehTerra library meshing components and use them i
this project.

5. Softwar e model

5.1. softwar e model overview

The framework constructed has three stages: tleinjamit stage, the meshing stage, and the datatoutp
stage.

Each of these stages was constructed in such dhataiwhichever version is chosen the interface
to the rest of the software is the same.

5.2. data input

The data input portion of this framework has thiitglio read SDTS DEM transfers, Portable Grey Map
(pgm) images, and bitmap images (bmp).
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Figure 3: data input section class relationships
5.3. meshing

The meshing portion of this framework has the gbih mesh using data dependent greedy insertion,

Delaunay greedy insertion, or using the Terra im@etation.
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Figure 4: meshing section class relationships

5.4. data output

The current framework can write in the ASCII stditbography file (STL) format [7] as well as the &8

polygon file (PLY) format [8]. The PLY format carontain color, while the STL format cannot.
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Figure 5: data output section class relationships

6. lmplementation

The implementation of the framework to accomplish project goals was only difficult when working
within the meshing stage.

6.1. data input

The implementation of this part of the frameworksveasily executed once the intricacies of the uyider
theory for the SDTS transfer were understood, hadrhplementation of the library used was deterdhine

6.2. meshing

The point selection behavior of the greedy insartityorithm was fairly easy to implement. The itis@
and reevaluation, however, caused much troubleeite algorithm had been completed and testing
began a problem was discovered; this meshing &ligorconsumes so much computer memory that it
cannot work with more than 250 points. The time Weerefore taken to extract, finish, and convest t
Terra meshing implementation for use in this framew The Terra meshing algorithm has no trouble
working with the approximately 200,000 points thatke up the current input data set.

6.3. data output

This part of the framework was the easiest to ceteplonce the standards for the file formats tadesl
were understood. The two file formats used weeeABCII STL file format and the ASCII PLY file
format.

7. Future Directions

The use of this framework for the creation of lasgale terrain will require additional work to beng. An
interpreter will be necessary to merge the multippaut files into one grid of points that requireshing.
This is due to the fact that the data in the SDaBdfer is rotated several degrees relative tguitethat it
is transported in.

The questions of which types of data to displawel as how to display them must also be
addressed.

The current meshing algorithm works only for suefchowever, the SFF machines can only
produce solid objects. Several additions were niadeansition from a surface to a solid object.



Implementation of a meshing algorithm that can afgeon a convex hull of points would be a nextdabi
step.

8. Conclusions

This project has led to the investigation of meghafgorithms, data transfer formats, and SFF machin
input file formats.

Figure 6 illustrates a height shaded computer modglted from USGS SDTS DEM data. This
computer model was also successfully created dAFan$achine. Figure 7 illustrates the overlay of a
bitmap onto a model created from USGS SDTS DEM.datds overlay bitmap was created to represent
height coloring as well as USGS SDTS DLG-3 datd, iarintended as an overview of what may be
possible in the future.

Figure 6: An example terrain that has been shadeddon elevation



Figure 7: An example terrain with road overlay
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