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Preface

Digital manipulation of landform is revolutionizing how our built environment is
designed and constructed. On a technical level, three-dimensional geometric modeling
of topography has its origins at the interface of geographic information systems (GIS)
and computer aided geometric modeling (CAD): the former with its representations of
spatial attribute information with digital terrain in several representations
(Triangulated Irregular Networks, contour lines, etc.); the latter focusing primarily on
the parameterization and combination of geometric primitives. The broadening of
these two disciplines to embrace new surveying and navigation advances, e.g. global
positioning systems (GPS), together with developments in engineering on the
application side, are leading to powerful new suites of functionality. There has been a
pronounced need for a forum where these traditionally separate parties can interact.

These proceedings contain the technical papers selected and formally presented as
part of the scientific program of the First International Symposium on Digital Earth
Moving, 2001 (DEM 2001) held September 5-7, 2001 at the CIM Institute for
Computing Science and Industrial Technologies of the University of Applied Science
of Southern Switzerland (SUPSI-iCIMSI) in Manno (Lugano), Switzerland. It is the
first volume published on this explicit theme. Thirty-six submissions were received,
from fifteen countries, with thirteen select papers and posters presented in the official
program and in this publication.

DEM 2001 gathered for the first time in one place key representatives from
commercial, academic, public, and private sectors who are driving the use and
development of these new earth moving capabilities. The disparate domains of civil,
petroleum, mining, and construction engineering, landscape architecture and
planning, computer science, telecommunications, computational geometry, military,
and geomorphology were represented.  New commercial software, hardware, research
innovations, and application solutions and data requirements were prime topics
featured and open for discussion and scholarly debate. All approaches weighed the
concerns: 

1. Geometric manipulation - editing 3D geometric surfaces,
2. Visualization - seeing a 3D image or model, and
3. Accuracy - correct quantitative information for analysis and construction purposes.

DEM 2001 submission presentations were divided into the following themes:

� Automated Construction
� Topographic Form Parameterization
� "Off-the-Shelf" Software
� Digital Terrain Data
� Real-Time Representation

In addition, a workshop day with the theme, “The Digital Construction Process”,
was held on September 4 at the Unique Airport Renovation construction site in
Zürich. The goal was to provide participants with hands-on access to the tools that
currently comprise the new digital earth moving construction cycle – from surveying
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using GPS, to bulldozer selection and operation, CAD/CAM integration and use, and
follow-up quality control. Contractors for the Zürich International Airport Renovation
Project have systematized state-of-the-art technology, and participants were treated to
direct access to the equipment, together with a detailed project overview.

It was a key objective of DEM 2001 to engage both the technical and the cultural
dimensions to new ways of working with digital earth. Traditions within the
heretofore industrial cultures involved, must remain open to evolve abreast of
innovations if they are to be fruitfully put into action and profited from. The panel
discussion held at the conclusion of the symposium laid out an agenda for follow-up
meetings and future research and instruction. It is our wish that DEM 2001 will serve
as the first of several further international initiatives that bring active parties together
in this emerging sub-speciality area. SUPSI-iCIMSI has demonstrated its continuing
desire and commitment to facilitate and serve the needs as expressed by participating
industrial partners.

The General Co-chairs of the symposium wish to gratefully acknowledge the
participation of all of the presenters of papers and posters, the official sponsors of the
symposium and their generous support in bringing together key aspects of the
technology both to the symposium venue and workshop, and members of the
Scientific and Organizing Committees. We also gratefully acknowledge the
competent administrative support of Eric Jaminet, Giuseppe Morzanti, and Cinzia
Dolci all staff at SUPSI-iCIMSI.

September 2001            Bernardo Ferroni
Caroline Y. Westort
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Zürich Airport Extension Project: Digital Support for
Earthwork Construction

Albert Brunner

Project Director
Zürich Airport Extension Project (Zürich Flughafen Aufbau)

Zürich International Airport, Switzerland
Albert.Brunner@uniqueairport.com

Abstract. The expansion of Zurich Airport is one of the major projects to adapt
public transport infrastructure in Switzerland to future requirements. Zurich
Airport is not among Europe’s biggest airports (currently number 7 in terms of
movements and number 10 in terms of passengers), but aims at remaining a
leading airport in terms of quality, passenger satisfaction and also concerning
environmental aspects. Major facility development will help to overcome
existing bottlenecks and to cope with future demands. The latest forecasts for
Zurich Airport estimate that the volume of traffic handled at the airport will
have risen to 34 million passengers and 380’000 movements in 2010.
Compared to traffic numbers in 2000, the growth rate is 50 per cent in terms of
passengers. Construction activities for the 5 expansion phase take place over
almost the entire airport area. And this will take place at an airport already
operating beyond its capacity limit. Due to the delays in the legal and
concession procedures, realization of the new facilities has become more and
more urgent. A very precise phasing-in, including close coordination with the
operating requirements, is essential in this case. For a high speed construction
process, the contractors use highly sophisticated, modern technical equipment
(e.g. GPS, Global Positioning System, for exact excavation or pavement). Main
challenge will be to complete this extension within the tight schedule, without
interference between construction activities and the airport operation and last
but certainly not least, without fatalities. 
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Designed Landforms

Stephen M. Ervin

Director of Computer Resources,
Assistant Dean for Information Technology

Lecturer in Landscape Architecture
Harvard Design School (a.k.a. GSD)

Harvard University, Cambridge, Massachusetts, USA
sme@gsd.harvard.edu

Abstract. Earth is the raw material and foundation for many designed works of
architecture, landscape architecture and urban design. From carefully controlled
agricultural landforms (terraced rice paddies, contour plowing) to earth-covered
structures and structural earth forms, from pre-historic burial mounds to modern
’earthworks art’, people have always molded the earth’s surfaces to their needs
and fancies. Constrained by geological history and climatic imperatives, but
also freed by modern technology and structural techniques, designed earthforms
take on a wide range of forms. Landscape architects use landforms to control
drainage and circulation, to complement designs of buildings and vegetation,
and as expressive material in its own right. Techniques of representation of
landforms have evolved in the past century from engraving and hachure as
epitomized in early topographic maps, to a wide range of technologically
sophisticated formats, including laser-gathered point-clouds, triangulated
irregular nets, NURB surfaces and grid meshes, cross sections, solid models
and procedural and algorithmic descriptions. Modern digital techniques open up
new avenues for describing and building earthforms - but still to serve our
needs and fancies. 
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Terraffectors and the Art of Consensus Building

Gary Huber

President & Lead Feature Programmer
3D Nature LLC

Abstract.  We are an earth-moving species. The surface of the earth the world
over is testament to that fact. From the irrigation canals and funerary mounds of
ancient cultures to modern day dams, mines, quarries, road cuts, basements and
golf courses the evidence is plain: We are obsessed with reshaping the world
beneath our feet. Earth sculpting has always been and remains an expensive
endeavor. The carpenter’s adage, “Measure twice, cut once,” applies here as
well. In today’s competitive markets, thorough planning and accurate volume
assessment are more important than ever. Digital technologies are emerging as
critical components of the planning process. Not only do they expedite the
tedious drafting chores involved with any significant construction project but,
coupled with high-resolution terrain models and aerial imagery, they allow the
engineer far greater insight and computational accuracy than was previously
possible. Financial and social concerns frequently converge upon the design
engineer encouraging the evaluation of multiple design alternatives and creative
solutions. The final design must satisfy a wide range of stakeholders’ objectives
including maximum aesthetic appeal, minimal environmental damage, and of
course financial viability. Again digital technologies have much to offer when it
comes to optimizing design among such disparate constraints. Communication
of ideas between designer and stakeholders is the key to resolving differences
and visualization is the key to communication. Software especially enabled for
visualizing the natural and engineered landscape is a valuable asset to designers
who need to communicate. Software with these capabilities is commercially
available and has been helping stakeholders reach consensus for nearly a
decade. In particular one software package, World Construction Setâ, embodies
a unique and powerful approach to modeling engineered elements of the
landscape. It is a procedural landform geometry engine built into a
photorealistic renderer. Using terrain models, lines, polygons, cross-section
profiles, material descriptions, foliage images and 3D objects, the esoteric plans
of the designer are transformed into understandable, believable representations -
pictures which accurately and artistically communicate the designer’s ideas to
the technical and non-technical audience alike. These digitial tools have been
dubbed Terraffectorsä and have evolved to fill the visualization needs of
transportation, mining, reservoir and site planning engineers, golf course and
ski resort designers, landscape architects and even the film and game
development industries, all of whom have a common need to portray their
unique view of the earth. As Terraffector technology is adapted by this wide
spectrum of users new needs are exposed. The technology continues to evolve
in an ongoing effort to fulfill these needs. The future of this technology is as
much in the hands and minds of its users as it is of its developers. Recent and
imminent Terraffector advances are illustrated in this presentation along with a
discussion of trends that guide this Terraffected path we travel.

Terraffector is a trademark and World Construction Set is a registered
trademark of 3D Nature, LLC.



GPS –Based Earthmoving for Construction

Craig L. Koehrsen, William C. Sahm, and Claude W. Keefer

Caterpillar Inc., 100 N. E. Adams AB9740, Peoria, Illinois, 61629, USA
{koehrcl, sahmwc, keefecw}@cat.com

Abstract. Advances in on-board machine computing, display, and wireless
communication technology have revolutionized earthmoving in construction.
Efficient construction operation demands that the right people have the right
information at the right time.   Caterpillar’s Computer Aided Earthmoving
System (CAES) meets this demand by providing real-time integration of
planning and operations by providing the means to display plans to the machine
operator immediately after they are created.   CAES also turns the earthmoving
machine into a survey instrument, which is used to continuously survey the
terrain as the machine works.  In addition to providing terrain data, other
information, such as productivity and machine utilization, is available from the
Caterpillar Computer Aided Earthmoving System.

1 Introduction

Caterpillar’s Computer Aided Earthmoving System (CAES), which was developed in
conjunction with Trimble Navigation, is used on construction machines to give
operators information about earthmoving tasks to be performed in a concise and
easily understood manner.  CAES allows the machine operator to view the machine’s
location and a color-coded work plan in real-time. As the operator works, terrain data
and machine position information are updated using Real-Time Kinematic (RTK)
Global Positioning System (GPS) technology providing continuous information to the
operator about his progress toward completion of a design. With its on-board display
and electronically transmitted data, CAES dramatically improves the efficiency of
earthmoving production.  CAES also greatly enhances site operations by providing
site management personnel with information on the status of the work and the
productivity of the machines performing the work.

2 Typical Machine Applications and System Components

CAES is the software that runs on the computer on-board the earthmoving machine.
CAES combines GPS position data with information received from the construction
office via a radio network to provide a daylight readable color display to the operator.
Using this display, the operator is able to work to a design without relying on survey
stakes and flags.

CAES can be used on most earthmoving equipment with the most widely used
machines including track-type tractors, hydraulic front shovels, cable or rope shovels,
compactors, motor graders, wheel tractor scrapers, and wheel loaders.  CAES
applications include grade material, material control, and compaction.  This document
will concentrate on grade control applications.

C.Y. Westort (Ed.): DEM 2001, LNCS 2181, pp. 4−17, 2001.
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In addition to the on-board system, there is a suite of office products and field
hardware.  The basic system components associated with all of these applications are
identified in the following table.

Table 1.  Basic System Component
Component Description
METS
Office
Software

METScomms and METSmanager make up the METS office
software and are used to manage file conversions and site terrain
data manipulation.  METScomms reads design files in standard
DXF (AutoCAD) formats and converts them to CAES (CAT)
format files.  METS then sends designs to machines over the radio
network and keeps the master site models up-to-date by merging
terrain data sent from machines.  It also schedules productivity and
diagnostic reports from machines.

CAESoffice CAESoffice gives the user the ability to view design files before
they are sent to the machines and to compare these designs to the
current state of the construction site.  CAESoffice also allows the
user to view machine locations and updated terrain models from
CAES-equipped machines in near real time.

Productivity
Data Viewer

Reporting tool used to display productivity information sent from
the machines.  Productivity information includes volumes of
material moved, material types and machine utilization.

Global
Positioning
System
Reference
Station

Continuously monitors GPS data in timing, measurement, etc., then
transmits or records reference information for those errors. The
GPS reference station helps in obtaining the most accurate
positioning data possible.

Radio
Network

Transmits GPS reference data to all machines and routes design
files, diagnostics, productivity data and terrain updates to
appropriate location.

CAES
On-Board
Software
and
Hardware

 CAES Software
 Rugged High-Resolution Color Display and Computer (CD1040)
 TC900 Dual Port Radio
 GPS 740 Receiver and Power Supply
 L1/L2 GPS Antenna

3 Design Process

Caterpillar provides construction planners or surveyors with the ability to create a
design, evaluate the design while comparing it to the current state of the construction
site, make changes or refinements, and deliver it to a machine operator without
creating a paper plot or driving a survey stake.  The process can all be accomplished
from the construction office with two-way communication between the office and the
earthmoving machines.

5GPS−Based Earthmoving for Construction



3.1 The Earthmoving Process

Construction design generally includes using a construction planning or survey
software package to create an elevation design to which the machine operators should
work.  This design may be a simple production dozing design such as a dual sloped
plan for field drainage or a much more complex design such as super-elevated curves.

Designs are developed using a survey of the site and the identification of various
natural and man-made structures.  Traditionally, these designs are transferred to the
field by placing survey stakes at key locations. The number of stakes that must be
used depends on the complexity of the design.  It is impossible to supply enough
survey stakes to convey the same resolution that was in the original design.  Field
foremen and paper plans usually supplement the survey information. As the job
progresses, additional surveys may be required to convey information on the next
phase, to make changes to the current work, and to document completed work against
plan. This conventional process is time-consuming and it contains numerous
opportunities for error.

Designs are developed using familiar software packages and then exported into a
standard DXF file.  Using CAES, the design may now be easily transferred to the
operator by sending it over the radio network to the on-board display.  This process
quickly provides the operator with the entire design, which can be used, to better plan
the work, while maintaining the original design resolution.  The need for staking is
eliminated and the as-built surfaces are returned to the office in near real-time.
Changes in the design, which would traditionally require re-staking, are quickly
completed by sending a new design file to the machine.

The following sections describe in detail the design process using CAES in the
earthmoving information age.

3.2 CAES Data Flow

Once a project has been selected, the first step is typically to obtain the existing, or
original, ground topography.  The design engineer creates a plan using one of a
multitude of civil engineering software design packages. The designs are exported
from the planning software into a standard format, such as AutoCAD DXF, and then
passed on to an office software application called METS.  METS consists of
METScomms, which does the actual file conversion and communications, and
METSmanager, which provides the user interface for METScomms.  The DXF file is
converted to a CAT file format, which is compatible with the CAES on-board
software.  The converted file may then be viewed with CAESoffice to verify that it
depicts the desired plan and is compared to the existing topography.  The design is
then sent across the radio network to CAES on-board the machine.

6 C.L. Koehrsen, W.C. Sahm, and C.W. Keefer



Fig. 1. CAES Data Flow Diagram

The CAES Data Flow diagram depicts how data from original sources is transferred
from the survey software to METS and then transferred out to the CAES-equipped
machine.  As the terrain is updated in the field, CAES sends pieces of terrain data
back to METScomms, which are used to update the site terrain data.  The data may
then be exported back to the design planning software.  CAES also sends productivity
information on volumes of material moved and machine utilization.

3.3 Design Conversion

The elevation design work for the site is done using the construction planning or
survey software package.  Preferably, elevation designs are represented as a
Triangular Irregular Network (TIN) comprised of 3DFACES or closed
3DPOLYLINEs.  A CAES compatible format file is then created from the TIN that is
provided.  Alternately, the elevation design can be represented as a set of POINTs,
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Design File

Terrestrial
Survey Data
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Photogrammetry

Design Criteria
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Productivity
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Current
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LINEs, and 3DPOLYLINEs that accurately describe the design surface.
METScomms will then convert the design to a CAES compatible TIN file that will be
used by the on-board system.

3.4 Design Verification

Once the design is completed and a CAT file is created, the CAT file containing the
elevation design can be sent immediately to the CAES system onboard the machine.
Additionally, CAESoffice provides capabilities to preview the elevation design and
compare it to the existing topography of the site.

Fig. 2. CAESoffice Design Verification

Figure 2 shows a CAESoffice session used to verify a simple dozing design.  Plan
views, with or without displaying TIN lines, can be used to verify cuts and fills, while
specific elevations of the design may be examined using a virtual mouse-driven
machine.

The upper left plan view shows the cuts and fills on the design versus the current
ground. In this session, areas to be cut are shown in red (medium gray), areas that are
on-grade are green (light gray), and areas to be filled are blue (dark gray).  The upper
right view is an elevation picture of the design.  The display shows how varying
shades of gray are used to display the different elevations.  Zooming functions allow
users to look at specific design areas in more detail.  The TIN line display is
especially useful for determining if the construction planning or survey software has
created a TIN that accurately reflects the intentions of the designer.

The two profile views show how the design and current ground varies.  Profiles
may be displayed parallel to or perpendicular to the direction of the machine.  Two
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other windows also give views of the point of interest on the display.  The digital
view displays the virtual machine position. This window provides the CAESoffice
user with positions in site coordinates so spot elevation checks can be done for any
point on the design.  The gauge view graphically shows the cut or fills at a given
point.

The productivity window in the lower right corner displays the values to cut and
fill.  These values give a quick check of how much material must be added or
removed to complete the design.

These CAESoffice features give the user the ability to quickly evaluate multiple
elevation designs in great detail without leaving the office.  Design revisions can be
viewed and corrections and improvements made before the designs are implemented
in the field.

3.5 Design Transfer

After verifying that the CAT elevation design file is accurate, the user can deliver the
design to the machine operator.  The user selects the CAT file in the file window and
drags it to the machine icon.  This action prompts the user to specify a priority for the
file transfer and indicate whether this file should be displayed immediately to the
operator or stored onboard to be selected at a later time. Ideally, designs are created,
converted, and verified before they are needed on the machine.

3.6 Data Collection

CAES provides construction personnel with data that has historically been very
difficult or even impossible to obtain.  Examples of this type of data are continuous
surveys of each area in which a machine is working and up-to-the-minute terrain
maps showing progress toward the final design throughout the construction process.
CAES also sends productivity and diagnostic information to the office for further
processing.  Wireless transfers of designs from the office to the field may be sent as
soon as changes are identified.  Because Caterpillar transfers this type of information
throughout the construction site over the wireless network and the existing
construction computer network, construction personnel can have the information they
need when they need it.

9GPS−Based Earthmoving for Construction



4 On-Board CAES Display

Fig. 3. CAES Display in Track-Type Tractor Cab

CAES was developed by Caterpillar to provide machine operators with the
information they need to do their job more efficiently.   It does this by giving the
operator a real-time view of required cuts and fills based on the current elevation and
the design.  This process effectively combines planning and field operations.  The
CAES display is a rugged easy to use system that incorporates RTK GPS data with
design information.

Unlike grade stakes or other external visual design aids, the CAES display may be
used day or night with the same consistent results.  This grade control display can
effectively replace surveyed stakes if desired, or it can complement existing methods
of earthmoving by reducing surveying cycles and improving operator efficiency.

4.1 Display Configuration

CAES displays are highly configurable.  An office system is used to select the
windows desired for the particular operation.  Multiple screens may be configured
each having multiple windows.  Window selections include plan views, profile views,
gauges, and a variety of text based informational windows. The following sections
describe some of the available windows and show a sample configuration.  Once the
window configuration is complete, it is sent to the machine where the desired
windows are displayed.

The tool bar at the top of the screen is also configurable.  The order and type of
keys are selected when the windows are configured.  Individual tools are selected
from a palette of available functions.  Each screen may have its own set of tools
selected for the specific application.   During normal operation, very little interaction
is needed with the display software.  The tools do give the operator an intuitive
interface.

10 C.L. Koehrsen, W.C. Sahm, and C.W. Keefer



Fig. 4. CAES display screen.  Multiple screens may be configured for each application

4.2 Plan View

CAES plan views display the current position and orientation of the machine on the
design plan.  As the machine moves and the terrain model is updated, the plan view is
immediately updated with the new information.  The plan view is color coded to show
the operator exactly where the terrain needs to be cut or filled. Plan view colors may
be changed, but in general once the display turns green, the terrain is within the
predefined on-grade tolerance.  The machine position is also continuously updated as
GPS positions.  Tools are available to zoom in or out, to rotate the display, or to
center the machine in the display.  Multiple plan views may be displayed in the same
screen.  This allows the operator to zoom in on a specific work area in one window
while still displaying the entire plan.

4.3 Profile Window

The profile window also displays grade information.  A cross-sectional view of the
terrain either in the direction of heading or perpendicular to the heading direction is
displayed.  The profile window may be configured to display all active designs as
well as the current elevation, and the original surface elevation.  This means that
information that may be hidden in the plan view, (which only shows the primary
design) may be visible in the profile window.  Profile traces are color-coded to so that
each elevation layer is displayed in a different color.  Tools are available to change
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the length of the profile and to toggle whether the profile is viewed parallel or
perpendicular to the machine.

4.4 Depth Gauge

The depth gauge gives the operator a quick visual reference to determine the cut or fill
value at the current machine location.  This window is again color-coded.  The default
on-grade color is green and the on-grade tolerance is configurable.  In the above
example, the operator needs to cut 2.69 feet at the current point where the machine is
working.

4.5 Digital Windows

Digital windows may be configured to display a wide variety of values.  These
include information on current position, slope, time, elapsed time, or even
measurement values such as distance or slope from a set point to the current position.
Digital window background colors may also be configured to provide additional
information.  For example, the background colors may display the current state of the
GPS receiver or be set to cut or fill colors.

In the display example above, there are four different digital windows.  One displays
the current time, another the current elevation with the background color showing the
current GPS accuracy (green indicates a fixed GPS solution).  The third window
shows the cut value with a cut color background, and the last one is displaying the
current slope and roll values for the machine.

4.6 Productivity and Diagnostic Display Screens

Screens are also available to give operators productivity information.  Data is
available on volume of material moved on a design, cut and fill rates, and cycle times.
Diagnostic screens may be used to provide basic troubleshooting support to operators
or support personnel.

5 Machine Monitoring and Site Status in the Office

As noted in the data flow section, CAES continuously sends real-time terrain updates
and machine positions to the office. This onboard information including the
machine’s topographical databases, position, productivity, and diagnostics, are
transmitted from CAES on the machines to the office over the radio network.  The
terrain updates are incorporated by METScomms into the master site models.
CAESoffice may then be used to view the current system state.

5.1 CAESoffice Functionality

CAESoffice is a virtual window into the construction site because it gives the user a
real-time view to information collected onboard CAES-equipped machines.
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CAESoffice is very flexible and has more functions than can be described in this
document.  Previous sections already outlined how CAESoffice enables construction
planning personnel to preview elevation designs and compare them to the current
topography before sending them to the machines.  A few more examples will be
provided in this section to give a glimpse of the many applications of CAESoffice.

Since CAESoffice can be distributed on a computer network, construction
personnel in operations, planning, and management can all use CAESoffice to stay in
touch with the current state of the construction.  CAESoffice can deliver the
information to the people who need it when they need it so that decisions can be made
on a timely basis using current information.

5.2 Export of Site Status Information

In addition to viewing terrain data in CAESoffice, the current terrain may also be
exported so that it may be used by site planning or development software.  It is
exported in a user defined ASCII file format to provide needed flexibility to the
customer.  Since CAES is constantly surveying the terrain, the exported data is a very
complete and is an up-to-date model of the current ground.  This data is then also the
record of the as-built surface and may be used to document the completion of a
project.

6 Machine Productivity

CAES on-board is responsible for deriving the productivity data from a number of
different sources including GPS, the radio network, onboard sensors, onboard
switches, and third party interface information which supply information from other
on-board systems.  The onboard system writes the data to a file, which is later sent to
the office over the radio network.  The onboard system is also responsible for
displaying summary information to the operator’s screen on the machine.

Each CAES application collects its own set of specific productivity data.  Volume
data is collected for all grade and slope applications.  Machine utilization, which
shows the amount of time the machine is working versus the time it is stationary or
off, is generated for all machines.  Track-type tractors collect cycle information.
Other types of productivity information are available for other applications such as
material control.  The following sections provide examples of some cycle and volume
reports.

Productivity information to the office may be scheduled through METSmanager so
that updates occur on a regular interval.  This productivity information will then be
uploaded automatically to the productivity database where reports may be generated.
All original files are archived for later reference.
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Fig. 5. Productivity Block Diagram

6.1 Productivity Information

Various kinds of productivity information are available on each machine type.
Productivity information is available to both the machine operator through
productivity screens and to office personnel through the files sent from the machines.
These files are incorporated into the office productivity reporting tools.
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6.2 Track-Type Tractor Cycle Information

A typical production cycle for a track type tractor consists of the machine digging,
carrying the material, dumping the material, and then returning back to another dig
point.  Thus there is a forward leg of the cycle and a reverse leg.  Calculations of
cycle data include number of cycles since last reset; average cycles per hour; average
cycle distance; average cycle slope and average forward and reverse speeds.

Fig. 6. Track-Type Tractor Cycle

6.3 TTT Cycle Productivity Report

This report is intended to compares the productivity of several machines using cycle
data. The sample report quickly shows the average cycle times with forward time,
reverse time, and stationary time for a fleet of machines.  The table provides
additional information on the average cycle times.
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Mach Name Total Cycles AveDuration Std Dev MinDuration MaxDuration
Tractor  3 50 80 3.3 70.2 90.7

Tractor 8 21 98 4.2 82.3 114.5

Tractor 2 14 155 14.7 112.5 189.9

Fig. 7. Sample Cycle Report
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6.4 Volume Reports

Volume data is collected on the amount of material cut or filled.  Volumes are
calculated by comparing the current ground or original ground to the design. The
original ground is simply a current ground archived at some point in time.  This may
be when the project started or at some intermediate point when productivity was reset.
Volumes are calculated in real-time as the machine moves and the terrain is updated.
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Machine Name Average Fwd Vel Average Rev Vel Average Slope
Tractor 0001 3.1 4.3 .01
Tractor 0005 2 3.3 .025
Tractor 0003 2.7 4.0 -.01

Fig. 8. Sample Volume Report

7 Conclusion

The advances in computing and communications associated with the digital age have
advanced earthmoving in construction to same magnitude that they have
revolutionized other industries.  With high technology information products such as
Caterpillar’s Computer Aided Earthmoving System, the earthmoving machines have
become real-time, high accuracy, surveying instruments.  Additionally, with wireless
data transfer capability, these systems have streamlined the earthmoving process by
providing the office personnel with real-time topographic updates and providing the
transfer of design changes to machine operators in the field with no loss of productive
time.
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Abstract. This paper addresses the reconstruction of an object shape
model from a set of digitized profiles, or scanlines. The reconstruction is
approached in two main phases. Firstly, a hierarchical simplification of
the original data set is performed which is aimed at discarding irrelevant
data and at providing different levels of detail of the data set. Secondly,
a shape signature is computed to characterize the shape of each profile
and to reconstruct important feature lines. Feature lines can be used to
delimitate meaningful surface patches on the reconstructed mesh (seg-
mentation). Even if the proposed approach is presented in the specific
context of Reverse Engineering, its application and usefulness is more
general as it will be discussed for the geographical domain.

1 Introduction

Issues related to surface reconstruction occur in a variety of applications: dig-
ital terrain modelling, surface reconstruction from range or laser scanner data,
interactive surface sketching. The methods developed have been mainly defined
on a case by case manner to exploit partial structures on the data: for instance,
algorithms for reconstructing surfaces from contours make heavy use of the par-
ticular spatial distribution of the data [22]. Methods developed for unorganized
points, that is, methods which do not make any assumption on the spatial dis-
tribution of the data, generally use neighbouring properties of the points for
reconstructing locally the surface in a piece-wise fashion [1,6,9]. The type of
surface to be reconstructed usually depends on the application context: for ex-
ample, in digital terrain modelling, a mesh-based interpolation of the data set
is generally considered satisfactory while in reverse engineering more complex
surface representations may be required.

Reverse engineering is an interesting approach to object design and produc-
tion: dense samplings of real parts or prototypes are transformed into CAD
models, thus providing a great flexibility to the design phase. Reverse engineer-
ing enables to produce objects when original drawings or documentations are
unavailable and it makes also possible to re-engineer an existing part after anal-
ysis and/or modifications [12,23]. At a very general level, the reverse engineering
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flow starts with the acquisition of sampled points on the object surface, using
non-contact methods, such as laser or magnetic fields, or tactile methods, such
as mechanical probes touching the surface along predefined paths. The acquired
data are transformed into an intermediate geometric model, usually a triangular
mesh, which is further processed in order to obtain a CAD model of the object
using different methods to achieve freeform surface patches. Therefore, the main
purpose of reverse engineering is to convert discrete data sets into piecewise
smooth, continuous models. A basic step towards the creation of a CAD-like
model is the segmentation which provides a grouping of the data or a decom-
position of the intermediate model into subsets belonging to elementary surface
types [12,13,23].

The approaches used for the segmentation process are general or dedicated.
The first ones use only a general knowledge of the surface to execute the segmen-
tation while dedicated approaches, which are preferable, search for particular
structures related to the application’s environment. For example, it might be
preferable to represent a cylindrical hole by one functional face to be manufac-
tured by grinding or drilling, instead of approximating it by facets. Therefore,
the decomposition into functional patches for CAD/CAM applications is one of
the main topics in this research area [23]. Furthermore, surface decomposition
is used in spatial data handling for the automatic extraction of morphological
features and for the classification and characterization of features of the terrain
relief. Therefore, many common issues and problems may be found in reverse en-
gineering and digital surface modelling: the reconstruction of a geometric model,
which interpolates the samples, and the recognition of meaningful subsets in the
geometric model.

While we firstly approached these problems in the context of digital terrain
modelling [20], the work here presented is mainly concerned with an application
to reverse engineering. The aim is to define a high-level polyhedral model of the
object surface, as a triangulation constrained to feature lines [15,19]. Assuming
that data are distributed along vertical sections, corresponding to scanlines, our
approach is described by the following steps:
– data simplification with a multiresolution technique: this aims at reducing the

samples to a minimal number discarding those which do not locate important
shape features;

– profile analysis: geometric analysis of each simplified profile to classify its
points according to their contribute to define the profile shape;

– feature lines detection: extraction of feature lines, or key curves, achieved by
joining points which lie on adjacent scanning lines and which are judged to
be similar according to the measures defined in the previous step.

The purpose of simplification is the reduction of sampled points to prevent the
construction of bulky models whose large amount of data is usually a bottle neck
for the analysis phase. The simplification is performed line by line, exploiting
the spatial distribution of samples along planes, and the method used ensures to
keep the simplification error within a user-defined range. This step is obviously
relevant to the geographic domain, where the amount of data needed to faithfully
represent a terrain is very big, and the proposed approach may be used for
simplifying profiles as well as contour lines.
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Once the scanning lines are reduced to the required levels of detail, a multires-
olution representation of the lines is used to distinguish between points locating
global or local features on the profiles. The scale and two geometric measures
characterize the shape feature induced by each point on the simplified scanline.
In this application the geometric measures are finalized to the classification and
extraction of features meaningful in the CAD/CAM environment, such as slots
or pockets, but the classification might be changed in order to fit other applica-
tion domains. Finally, the object feature lines are obtained linking points that
lye on adjacent scanning lines and which are judged similar according to the
defined measures.

A first version of this process was applied to the description of seafloor relief,
where bathymetric profiles, seen as vertical sections of the surface, were analyzed
to extract and characterize elongated features such as ridges and ravines [18].
Using the scale-based description of each profile, a schematized representation
was defined to characterize the shape of the seafloor around characteristic lines.

The paper is organized as follows. First, the simplification technique, which is
a 3D extension of the tolerance band method, is presented in section 2. Then, the
measures used to classify the shape features of the scanning lines are introduced
in section 3. Finally the feature lines reconstruction and considerations about
the segmentation process are given in section 4.

2 Simplification

New acquisition technologies have accelerated, on the one hand, the manufactur-
ing process providing dense data set in order to achieve accurate reconstructed
products and have brought, on the other hand, the need of discarding redundant
information. Therefore, it is needed to reduce the input data set maintaining
points with a high information content, preserving the shape and controlling the
approximation error [8,16]. The full automation of the simplification process,
which has been addressed by several authors [3,4,17], represents an open issue.

First of all, the sampled object is assumed to be a 2.5D surface with points
distributed along slicing planes, which define a sequence of scanning lines,
whose definition is given below.

Definition. Let be F := {(x, y, z) ∈ IR3 : f(x, y) = z, (x, y) ∈ D} the
graph of a single-valued function f : D ⊆ IR2 �→ IR which defines the ob-
ject surface and S := {(x, y, z) ∈ IR3 : ax + by + c = 0} a plane (a �= 0
or b �= 0). A scanning line L is an ordered sequence of (n + 1) points
L := {P0(x0, y0, f(x0, y0)), . . . , Pn(xn, yn, f(xn, yn))} such that L ⊆ F ∩ S
and at least one between (x0, . . . , xn) and (y0, . . . , yn) is a closely increasing
or closely decreasing sequence. Then, the sampling of F with respect to the
scanning direction defined by the normal vector (a, b, 1) to a set of planes
Si = {(x, y, z) ∈ IR3 : ax + by + ci = 0} i = 0, . . . , k is represented by L0, . . . , Lk

where each Li is the scanning line on F with respect to Si.
At this stage, we will assume that measurement errors introduced during

the acquisition have been already analyzed. This means that only spikes and
noise points, which can be identified in a simple way, have been processed and
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Fig. 1. Original scanning line (376 points) rendered with points (a), without (b), and
the simplified line (31 points). The reduction rate is about 92%.

eliminated. Global filters (i.e. median, averaging, gaussian filters), if required,
can be applied at the end of the feature lines extraction avoiding problems in
the identification of features. See section 4 for more details.

The aim of line simplification is the reduction of the points number of L,
that is, the definition of a new line L

′
with fewer points such that L

′ ⊆ L. This
is also due to our application constraint, that is, the requirement of avoiding
points displacement, which forces us to select points in the original set only
and prevents us to use wavelet-based techniques which do not guarantee this
property [20].

Therefore, the simplification method is based on a 3D extension of the Dou-
glas and Peucker algorithm [5,10,15,19,21] commonly used for cartographic ap-
plications. The basic idea of this method, which produces the least area and
vector displacement from the original line [14], is the use of a tolerance band
whose width is related to the scale of detail which can be considered irrelevant.
Given a tolerance band α0 (see fig.4), the polyline at issue is approximated by:

– the line segment FL if the farthest point P ∗ from this segment is less or
equal to α0, otherwise

– we will split the chain in P ∗ applying the criterion recursively to the new
polylines FP ∗ and P ∗L.

Selected points are finally chained to produce the simplified scanning line. In
fig.1, it is shown an example of the application of this algorithm with a given
tolerance band. The original scanning line (fig.1(a) and 1(b)) is composed of 376
points and the simplified one (fig.1(c)) has only 31 points, with a reduction of
92%.

In our application, the algorithm has been implemented using a tolerance
cylinder instead of a rectangle so that 3D curves can be simplified [19,20]. Our
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Fig. 2. The points remaining with an αn band (a), and those (b) remaining with the
use of αn−1.

approach to line simplification is twofold: it aims at reducing the number of
points and also at evaluating the scale of the shape feature introduced by each
point. In this sense, this algorithm enables a classification among points of local
and global importance using a multiresolution approach 1. This model is based on
the use of a set of tolerance bands whose size varies in the α-set {α0, . . . , αn :
0 < α0 ≤ . . . ≤ αn, n ≥ 1}. Each element of the α-set is called α-width and
it represents the value of a tolerance band. The minimum width α0 is chosen
in relation with the maximum acceptable error for the simplification, while αn

corresponds to the dimension of the maximum enclosing rectangle containing the
original line. Given a line in the input data set, L

′
will indicate the simplified

scanning line with the width α0.
Applying the Douglas-Peucker algorithm to L

′
using the greatest band αn the

set Pn will be defined (see fig. 2(a)). Using the αn−1-width we will find a new set
Pn−1 such that Pn ⊆ Pn−1, since αn−1 < αn, (see fig.2(b)). Therefore, applying
the whole α-set to L

′
we obtain the sequence Pi ⊆ Pi−1 ∀i = 2, . . . , n where Pi

is the set of points detected with the tolerance band αi.

Fig. 3. A simplified scanning line with different shape features.

Our simplification method starts using the largest αn-width of the α-set and
labelling the points in Pn with the width αn. The algorithm is applied again
with band αn−1 and the remaining points, not previously labelled, are marked
1 It is possible to set up a model for the multiresolution model and to evaluate the
error induced in the simplification process with the use of the Hausdorff distance.
For further readings we refer to [15,21].
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with this new value. The algorithm is iteratively applied with decreasing values
in the α-set, and, at the end, the classification of the points will reflect the
contribute of each point to the overall line shape. Therefore, points found with
a greater tolerance band will locate global features while points found with a
smaller value are related to local shape elements. The accuracy of the process
is strictly related to the width of the smallest band α0 and all lines have to be
simplified using the same α-set of tolerance bands. Problems may arise due to
the unbalanced density and dimension of the shape features. The α-set can be
set up considering the largest bounding box αn, the minimum levels of detail α0
and defining the other tolerance bands using an uniform distribution

αi := α0 +
αn − α0

n
× i i = 1, . . . , n.

This choice may create problems when the shape features of a line are very
different: a possible solution can be achieved using a re-calibration of the α-set.

Fig. 4. The points remaining with an αn band (a) and those remaining with the use
of αn−1.

3 Scanning Line Analysis

The aim of scanning line analysis is the classification of shape features and it
represents the basis for the reconstruction of features. This process relies on
the assumption that the object is well sampled, that is, we assume that the
shape of adjacent scanning lines is similar. Feature lines of the object will be
constructed as a set of similar points: therefore, it is necessary to classify points
of the simplified lines in order to be able to evaluate shape similarity among
them. As described in the previous section, using the Douglas-Peucker method
with a user defined α-set it is possible to obtain a first classification of points
with respect to the size of the shape features they introduce [15,19].

Because of the scale is not sufficient to classify a linear shape other geometric
parameters have to be considered. For example, in fig.3 line is shown where
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Fig. 5. Basic shape elements classification.

points are classified at the same scale but whose shape is different; points A
and C are similar but point B differs. Therefore, we can say that A and B have
the same information with respect to shape size even thought they are related
to shape features of different type. Two measures are introduced to distinguish
different shape features; the first one used to code the type of feature and the
second one, based on angular parameters, to locate its orientation in space. These
measures characterize the curvature and the local orientation of linear shapes
[2,7,11]. Since the number of points which describes a feature is three or four,
we have adopted a classification scheme which uses at most three points in the
neighborhood of the focus point (all the possible configurations are shown in
fig.5 and described in table 1). Moreover, with this classification we have tried
to identify shapes which are meaningful for producing a decomposition which is
relevant with respect to basic features in CAD applications. This choice provides
flexibility especially for the recognition of features and it will be discussed in
section 4. For each configuration, the square represents the point at which the
label will be linked. Table 1 can be improved using different geometric criterions
for the identification of other shape elements introducing a possible application
of the model for geographical information systems and for a more general pattern
recognition process.

The primitive shape elements described in fig.5 are defined in table 1.
We underline that the object surface is assumed to be a height field (2.5D),
and that A, B, M, C ∈ IR3 are points used to identify a given configura-
tion, where M is the focus point. Finally, det(A, M, B) is the determinant
of the matrix used to indicate if AMB is a left or a right turn on the slicing plane.

The second classification is based on angular measures and it is necessary to
distinguish among shape features (fig. 7,9). Three angular measures are intro-
duced considering the same triplet of points as before. In fig.6, the geometric
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Table 1. Mathematical description of the primitive shape elements. The equality re-
lations have to be considered ”at most equal” with respect to the scanning error.

Description Properties

Max (V slot reversed) zA < zM , zM > zB

Min (V slot up) zA > zM , zM < zB

U shaped protusion 1 (U slot reversed 1) zA < zM , zM = zB , zB > zC

U shaped protusion 2 (U slot reversed 2) zA < zB , zM = zB , zM > zC

Step up 1 zA < zM , zM = zB , zB < zC

Step up 2 zA < zB , zB = zM , zM < zC

U shaped depression 1 (U slot 1) zA > zM , zM = zB , zB < zC

U shaped depression 2 (U slot 2) zA > zB , zM = zB , zM < zC

Step down 1 zA > zM , zM = zB , zB > zC

Step down 2 zA > zB , zM = zB , zM > zC

Left up slope zA < zM , zM < zB , det(A, M, B) > 0
Right up slope zA < zM , zM < zB , det(A, M, B) < 0
Right down slope zA > zM , zM > zB , det(A, M, B) < 0
Left down slope zA > zM , zM > zB , det(A, M, B) > 0

representation of the values used to quantify this measures is given for a right-
up-slope feature and according to table 1.

Fig. 6. Configuration type right-up slope and its characteristic angles.

The angles evaluate the amplitude and the orientation of the feature. For
example, the amplitude at point M1 is given by the angle β1 defined by the line
segments AM1 and M1B (see fig.7, 9). Similarly, the orientation of the shape
feature at M1 is given by the angles α1 and α2. For each shape feature, these
two latter angles are computed by considering a horizontal line of reference and
are evaluated as the minimum angles between the reference line and the segment
defined by the focus point and the previous (resp. next) one. Using the α-set, the
previous classification and the angles previously defined we are able to introduce
three basic similarity ”relations” on the input data set:

– α-width similarity: P ∈ LP , Q ∈ LQ

P∼αQ ⇐⇒ width(P ) = width(Q)
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where width(K) is the α-width that characterizes the point K in its scanning
line,

– feature similarity: P ∈ LP , Q ∈ LQ

P∼T Q ⇐⇒ T (P ) = T (Q)

where T (K) represents the class of point K according to table 1,
– geometry similarity: P ∈ LP , Q ∈ LQ

P∼GQ ⇐⇒ their orientation and inner angles are similar

(i.e they differ less than a given threshold).

4 Feature Line Detection

We underline that segmentation can be developed in different ways which de-
pend on the spatial organization of sampled data introduced by scanning tech-
niques. For instance, our approach try to extract feature lines starting from a
set of scanning lines exploiting the neighboring information implicitly defined
by points connectivity. Its application is therefore restricted to a specific struc-
ture in the input data set. Other methods [6,9] produce an arbitrary surface
segmentation where the patches decomposition are based on the simplification
of an underlining triangulation. This approach is not suitable for reverse engi-
neering applications because important shape elements, such as sharp edges and
lines, can not be identified. Other methods use a discrete curvature approxima-
tion to segment the surface into mechanical meaningful patches [23], introduced
by scanning techniques. These methods are more general, with respect to the
organization of the input data set, than our model but they require a strong
preprocessing (i.e simplification, smoothing, etc., etc.) of the given polyhedral
surface where sharp elements may be deleted or changed loosing important shape
information for the segmentation process.

Beside shape characterization, the measures suggested (i.e. α-set and angles)
for the evaluation of the similarity are intended for the reconstruction of feature
lines using the similarity relations previously defined. Indeed, we are trying to
recognize automatically feature lines in a direction almost orthogonal to the
scanning direction, by linking similar points from one scanning line to the next
one.

More precisely, the detection of the feature lines can be explained as follows:
starting from a feature point, similar points are searched in the adjacent scan-
lines which are selected as candidates for joining. The distance among points is
considered because the reliability of the line reconstruction decreases when the
first one increases. This is achieved using an influence cone [20] with a variable
axis oriented in the direction of the line which we want to reconstruct, is used
to select parts of adjacent lines that are relevant for the reconstruction. Among
points falling within the influence cone, one or more similar points are selected
and linked to the point at issue. The similarity of two points is based on the
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Fig. 7. Angles used to classify shape features.

relations previously introduced: two points P and Q can be joined with a line
segment if

P ∼α Q and, P ∼T Q, and P ∼G Q.

The three relations can be used with the same weight, meaning that each mea-
sures equally contribute to the identification of feature, or different weights can
be associated. This means that, using a set of weight W and some knowledge
about the surface, it is possible to improve the quality of the feature lines detec-
tion. For example, we can decide a different set of weights for a natural surface,
like a terrain or a seafloor, with respect to a synthetic surface like that of a man-
ufacturing object taking into account its morphology and regularity. Moreover,
different weights can be applied to an iterative analysis of the same surface, for
example giving more importance to the scale in the first step and to geometry in
the second one. Obviously, the scanning direction is fundamental for the feature
lines detection process, as those ones whose direction is almost parallel to the
scan direction will be, in general, impossible to detect with this approach.

In general, a point can be connected to more than one point giving rise
to a split of the feature lines (see fig.8). Another difficulty faced during the
reconstruction is the problem of feature lines intersection which should not be
in principle admitted beside specific situations.

5 Future Work and Conclusion

The main contributions of this paper concerns:

– the organization of the simplified data set in a multiresolution scheme which
allows us to distinguish among global and local features of each profile,

– the use of similarity measures to automatically extract feature lines from the
set of scanning lines.

Since each scanline is fully characterized by the scale and shape of its points, it
turns out that scanlines can be decomposed in parts corresponding to meaning-
ful shape features of the object model. This is one step towards the automatic
segmentation of the reduced data set into patches delimited by the extracted
feature lines. Moreover, we believe that the multiresolution representation
of the scanning lines will allow us to detect simple and compound features
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(a)

(b)

(c)

Fig. 8. Example of segmentation applied to a boot sole: (a) input object, (b) points
classification (c) feature lines reconstruction.
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Fig. 9. Classification of features based on angular measures.

(e.g. nested slots), therefore providing a manufacture-oriented segmentation of
the data set. Future work will mainly consist in the full development of the
segmentation step. With respect to previous approaches, based for example
on wavelets [20], the hierarchical use of tolerance bands does not cause any
smoothing effect or points displacement avoiding the smooth of sharp edges in
the samples. Moreover, another advantage we foresee is the correction of samples
using the extracted feature lines, mainly for straightening edges or correcting
almost perpendicular faces, which may be slightly distorted by the sampling step.
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7. Falcidieno, B., Spagnuolo, M.: Shape abstraction tools for modeling complex ob-
jects. Proc. of the International Conference on Shape Modeling and Applications,
1997, IEEE Computer Society Press, Los Alamos, CA.

8. Fisher, A.: A multi-level for reverse engineering and rapid prototyping in remote
CAD systems. Computer Aided Design 32 (2000), 27-38.

9. Guo, B.: Surface reconstruction from point to splines. Computer-Aided Design,
Vol. 29, n. 4, (1997), 269-277.

10. Hershberger, V., Snoeyink, J.: Speeding up the Douglas Peucker line simplification
algorithm. Proc. 5th Intl. Symp. on Spatial Data Handling, Vol.1, Charleston, SC,
(1992), 134-143.

11. Hoffman, D., Richards, W.: Representing smooth plane curves for visual recog-
nition. Proc. of American Association for Artificial Intelligence, Cambridge, MA:
MIT Press (1982), 5-8.

12. Hoschek, J., Dietz, U., Wilke, W.: A geometric concept of reverse engineering of
shape: approximation and feature lines. In: M. Daehlen, Lynche T. and Schumaker
LL. (eds): Mathematical methods for curves and surfaces II, Vanderbilt University
Press,(1998) Nashville.

13. Jiang, X.Y., Bunke, H.: Fast Segmentation of Range Images into Planar Regions
by ScanLine Grouping. Machine Vision and Applications, Vol. 7, No. 2, 1994.

14. R. McMaster. A statistical analysis of mathematical measures for linear simplifi-
cation. The American Cartographer 13, 2 (1986), 103-117.
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Abstract. In this project we have made an attempt to find out the limits of GIS
in morphometrical analysis. The aim is not only to produce and analyse a
vertical relief-dissection map, but we wish to point out the regional differences
in erosion and its translocation in a geological scale. According to our idea, the
vertical relief-dissection map (i.e. negative relict surface)  can be constructed
for each stream order by subtracting the real surface from the summit planes
fitting on the watersheds. Such maps can give information about long-term
translocations of erosion and about the changes of its rate. The mapping of
vertical relief-dissection is based on morphometrical analyses of the 70’s, but as
there where no suitable methods it was carried out only under limited
conditions. The surface modelling of GIS has opened a new way in this
direction.

Introduction

Studying the erosion development of a given surface is a traditional subject in
geomorphology. In the latest 20 years geomorphology has moved away from the
investigation of the denudation chronology towards the study of processes. The
traditional problem of geomorphology is the connection between shapes and
processes. The explanation of land surface and the calculation of the characteristics of
surface need quantitative description of the relief. In the 70’s, morphometry gave a
solution for the problem by quantification of the relief. From the middle of the 80’s,
GIS has proved to be a very powerful and useful method and offered advantages for
spatial distribution of geomorphological processes.

The landscape by its work often leaves measurable marks behind. From the point
of view of the destroying effect, of the intensity of erosion, it is a good estimate to
measure the amount of material that has been transported away. Starting from the flat
surface the rate of relief transformation can be deduced from the dissected river
network, or from the amount of material that has been carved out from the flat terrain
and taken away by the rivers. This volume can be calculated by morphometric
analyses step by step according to the dissection rate of the river network’s. The
degradation is negligible on the edges of the catchment area. If we set a plane on these
catchment-edges, we can call this surface the “summit plane” compared to the present
situation.
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Method

We have analysed an approximately 100 km2 catchment area. It is situated on the NE
edge of the 15 million-year-old Mátra volcano (in Northern-Hungary), which
produced mostly andesite and riolithe. Therefore, since our test area was more or less
geologically homogeneous, we cannot take into account the possibility of
translocation of stream directions. In addition, the precipitation conditions are very
similar all over the area, thus we do not suppose significant change in the rate of
erosion.

We have supposed that a currently six-ordered stream (Strahler-order) was five-
ordered earlier, four-ordered even before, and so on. This works only as a model,
because in spite of the homogeneity geological, climatological and orographical
differences could occur. The usability of the order system for statistical/GIS
investigation was also supposed. The aim of the research is to highlight these
disturbances which can be investigated in the drainage-network.

First of all, we have classified the stream network of the area according to
Strahler's system (Fig. 1). The stream network was defined by using the Multiple
Flow Direction (MFD) (Freeman 1991) and the Deterministic 8 (D8) (Tarboton et al.
1991) models. Both models calculate the orographically definable catchment area for
each pixel in the area. While the D8 model allows water to flow only toward one of
the neighbouring pixels, MFD tolerates multiple flow directions as well, i. e. toward
more than one pixel.

When calculating the entire catchment area, we have used the real surface, since
this is larger than that of the area shown in the map’s projection. The real pixel area
was calculated with the following formula:

Tf = Tc / cos( S ),

where Tf stands for actual (absolute) surface area, Tc for the area of a pixel and S
indicates slope.

In case of low accumulation values, we have used the MFD model, providing a
correct result with non-convergent territorial flows. Where the accumulation value
exceeded a threshold of 25000 m2 (set by experience) we used D8, which is more
suitable for modelling linear erosion processes. By extracting high values from this
map (over 75000 m2 in this case) we can produce the stream network, based on which
we can define the individual partial catchment areas. We have counted more than
1000 stream segments. The large number of streams confirmed the statistical results
of the drainage analysis.

Secondly, we have subtracted the real surface heights from the summit planes
fitting on the watersheds of first-, second-, etc. order. In this way we got different
vertical relief dissection-map for each order using ArcInfo 7.0.3. GIS. In order to
prepare the n-order vertical variance map, we have created a surface using the
intersections of the contour lines and the n-order catchment area boundaries (height
values are derived from the values of the intersecting contour lines). The original
method considered this as the summit plane (Kertész 1974). Based on GIS analyses,
we have concluded that this method is only valid for ideal catchment basins. In most
cases the development of the catchment area is far from ideal which makes the real
surface to come above the calculated summit plane, thus negative values can appear
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Legend

Watershed boundary

Stream network
n the vertical dissection map. This is opposite to our goals. To solve this an iteration
ethod has to be applied on the data as described below:
1. We create the summit plane according to the above method with Deluneay-

riangulation taking the triangle corners from the watersheds.
2. If the minimum difference between the summit plane and the original surface

vertical variance) is lower than a custom threshold value (depending mostly the
recision of elevation data) the result is ready, otherwise the third step has to be done
s well.

3. Using the place and elevation value of the minimum point (as well as all other
oints) we create the new summit plane and submit it to the second step again.

It is advisable to examine the elevation values which were used during the iteration
rocedure (“positive anomalies”). It is most likely that these points and their
urroundings differ from their environment concerning geological and
eomorphological characteristics.

4000 400020000
meters

Fig. 1. The drainage system of the watershed of Parádi-Tarna creek
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Fig. 2. 6th order relief-dissection of the test area
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Fig. 3. 5th order relief-dissection of the test area
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Fig. 4. 4th order relief-dissection of the test area
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Fig. 5. The Geological map of the test area

When comparing the resulting surfaces, it has to be noted that the error possibilities
of both calculated surfaces can add up thus decreasing precision. Care has to be taken
when comparing the difference between the first order summit plane and the present
surface to other differences, because while the different order summit planes are
derived from exponentially linked valley networks, the relation of the present surface
and the first order summit plane depends on the criteria defining our valley choice.

As the river network develops and grows with time it is possible to define lower
and lower order catchment areas (e. g. those of tributaries) in a way similar to the
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above. Theoretically, this can be performed for each and every creek. By analysing
the spatial differences of the intensity of this process we can obtain new kind of
information about relief transformation.

Results

The vertical relief dissection-maps belonging to the different orders can be seen on
Fig. 2-4. Their analyses show that two "proto"-rivers started to dissect the surface
from south to north and from north-west to south-east, following the main slope
directions. One was formed on the southern part of the catchment on Miocene
andesite and riolithe lava, the second one was cut into a loose Oligo-Miocene sandy
material (Fig. 5). The sinking and tilting of the Mátra resulted regional differences in
the rate of erosion: on the southern part the small basins were formed bordered by
dykes, and the relative relief has not increased significantly; in the northern part  the
relative relief grew considerably, so the erosional intensity became greater than on
south (Fig. 4).

Another important change in fluvial erosion could happen during the Pliocene,
when central part of the Mátra was uplifted by about 150-200 m. Therefore, the
erosional-rate  increased in the southern part of the catchment being closer to the
centre than to the northern part.

It is well-known that there is an exponential relationship between the stream orders
and the lengths of certain stream orders. The Fig. 6 shows that the number of the five-
ordered streams (as well the six-ordered ones) is smaller than the expected. Their
mean lengths and the volumes  (Fig. 7) belonging to the vertical relief-dissections are
decreasing radically compared to the statistical exceptions. It can be explained partly
by lithological reasons:  the five-ordered rivers situated  in the middle of the
catchment, in an erosion resistant environment, and partly by the decreasing relative
relief.
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The above mentioned geological and orographical influences can be studied along
one valley. The Fig. 8a shows the vertical relief-dissections of different ordered
reaches of that valley, which running from south to north and then turning to east. The
disturbance of the curve of the vertical relief-dissection,  for example which belongs
to the five-ordered reach - at 13,350 m far from its beginning-, can be explained by
geological reason: here the valleys reached the lower lying lava layers, therefore  the
drainage pattern became sparser.  The regular rhythm of the curves can be plotted as
semi-circles (Fig. 8b). The  integration of the changes in erosional-rates into the exact
geological time-scale is not yet solved.
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Fig. 8. (a) Relief-dissection along the Ilona-valley. (b) Rhythm of the relief-dissection in an
ideal network.
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Abstract. Land development projects require the skills of numerous design
professionals: land and urban planners, surveyors, civil engineers. Whatever
your contribution, whatever the size of your project, you need a CAD solution
with topographic analysis functionality, real-world coordinate systems, volume
totals, roadway geometry—all in an environment that promotes collaborative
design and analysis. And you need to customize your CAD solution to fit the
way you work. You can have it all with AutoCAD® Land Development
Desktop Release 2i software—your platform for success.

The AutoCAD for Land Development

AutoCAD Land Development Desktop 2i extends AutoCAD Map® 2000i software
with discipline-specific land development features and functionality. These include
powerful and intuitive tools that let you create and label survey points, define and edit
parcels and roadway alignments, automate drafting procedures, create terrain models,
and calculate volumes and contours.

At the core is a centralized project structure that allows you to work more
efficiently on any size or type of project. All of your critical data—points, terrain
models, and alignments—is stored in a central location where it can be shared with
others and used to create drawings. For example, 3D grids, contours, and sections are
all extracted from a project’s terrain model. When the project changes, your entire
project team can quickly react—all working from the same data.

Exploring Your Design Options

AutoCAD Land Development Desktop 2i is perfect for experimenting with what-if
scenarios: How does water flow across this site? What are the average slopes? What
environmental responses may be needed? In just minutes you can combine existing
drawing files (AutoCAD® DWG, MicroStation DGN, and others) with raster
imagery, point data, and polygons from GIS sources (such as ESRI ARC/INFO
coverages) and then build terrain models that display topographic conditions across
the site. Not only do you have a drawing on which to explore design scenarios, but
                                                          
1 Autodesk, the Autodesk logo, AutoCAD, AutoCAD Map, and CAD Overlay are registered

trademarks of Autodesk, Inc., in the USA and/or other countries. All other brand names,
product names, or trademarks belong to their respective holders.
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you’re also working with centralized project data that streamlines the process. Your
projects can move more efficiently from the initial design phase all the way to final
documentation.

This release incorporates the new features and performance of AutoCAD
2000i, the latest release of AutoCAD software. Internet-enabled design is one benefit,
and so is a 24 percent productivity gain over the previous release. It also provides
land development–specific functionality including DEM support and automated slope
annotation. Upgrade today to gain a critical competitive advantage.

Product Features

AutoCAD® Land Development Desktop 2i software streamlines productivity for each
phase of a project and provides a central location for project data that every
professional on your team can access. It has tools for the entire design team and the
entire design process.

Setting Up the Project and the Drawings

• Store and retrieve drawings and project data as part of a project.
• Use real-world coordinates and exaggerated vertical scale.

Using All the Functionality of AutoCAD Map® 2000i

• Access and compile data from numerous sources, including AutoCAD® DWG,
MicroStation DGN, ESRI ARC/INFO coverages, and many others.

• Create drawings and rubbersheet, digitize, and clean up automatically.

Creating and Managing COGO Point Data

• Have complete control over appearance and visibility of points in drawings.
• Store a virtually unlimited number of COGO points in external project databases.
• Create and retrieve point groups based on various data criteria.
• Associate additional point data, such as borehole values or external databases.

Creating Base Geometry

• Create lines based on bearing, azimuth, turned angle, length, and more.
• Produce curves based on a variety of graphical and geometric input methods.
• Lay out clothoid, sinusoidal, cosinusoidal, and quadratic spirals.
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Annotating

• Add multiple labels and tags to lines, curves, spirals, and polylines.
• Define labels with styles to maintain drawing integrity.
• Update label values, locations, and bearing direction automatically.
• Create multiple tables in one drawing.

Defining and Manipulating Alignments

• Define plan alignments that represent roads, rails, and channels.
• Edit graphically or with a tabular editor.
• Create offset geometry, station labels, and station offset values automatically.

Creating and Managing Parcels

• Size parcels with standard methodologies.
• Generate reports, including area, perimeter, and map check.
• Label parcels automatically.

Terrain Modeling and Analysis

• Create and manage surfaces with Terrain Model Explorer.
• Build surfaces from any combination of project data: point data, point groups,

contours, AutoCAD objects, breaklines, ASCII point files, and DEM data.
• Access surface data without TIN objects added to the drawing.
• Use a variety of surface-editing commands.

Volumes

• Use composite, grid, and sectional methods to calculate volumes.
• Create volume reports, plot cross sections, and generate cut and/or fill contours.

Contours

• Generate contours at user-defined interval, layer, and style automatically.
• Control appearance of drawing’s different contour groups with style-based

system.
• Trim, extend, and edit contour objects.
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Analyzing Terrain Conditions

• Update section baselines automatically.
• Extract and plot sections from multiple surfaces.
• Use thematic mapping for slope shading and elevation banding.
• Visualize 3D surfaces, including 3D grid and surface triangles.
• Define flow lines along surfaces.
• Calculate watershed areas and subareas.

System Requirements

• Intel Pentium–based PC with 90MHz processor
• Microsoft Windows 2000, Windows 98, Windows 95, or Windows NT 4.0
• 64MB RAM
• 800•600•64K display

Act Today!

Purchase AutoCAD Land Development Desktop 2i software at your preferred
Authorized Autodesk® Reseller or Distributor or your Autodesk Systems Center
(ASC). To find the nearest reseller, distributor, or ASC, phone or fax the appropriate
number below.

United States and Canada
800-964-6432

Latin America
415-507-6110 fax

Asia Pacific
408-517-1748 fax

Europe, the Middle East, and Africa
+41-32-723-9394 fax
For more information, visit www.autodesk.com/landdesktop.

You can extend AutoCAD Land Development Desktop 2i’s functionality by adding
the following focused applications: Autodesk® Civil Design 2i, Autodesk® Survey 2i,
and Autodesk® CAD Overlay® 2000i software. Visit the Autodesk website at
www.autodesk.com for more information on these products.
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Abstract. A common concern of the real-time terrain visualisation of
today is the lack of geometric detail, when the terrain model is studied
close enough. This is primary not a problem of the digital terrain data
used being of too low resolution. The real reason is that the terrain model
is pre-generated and stored, thus imposing database size and retrieval
rate limitations to the model.
The present paper introduces an alternative technique, with which most
geometric detail is created only when needed (procedural geometry). This
renders many important benefits, including unlimited detail, no repeti-
tion of geometry, and optimal system resources usage. An implementa-
tion of the procedural geometry technique, Blueberry3D, is presented,
illustrating examples of the kinds of geometric detail that allows itself to
be procedurally generated.

1 Background

Most real-time terrain visualisation packages of today rely on a simple concept.
An orthographic aerial photo or satellite image is draped upon a height model.
The image can vary in spatial and colour resolution, and there are countless
variations of the height model, but some important characteristics are common
amongst all solutions.

The most serious concern is the limitations of the resolution of the raw map
data. For elevation data, a resolution of tens of meters is common, and for imag-
inary data no better than meter resolution is usually available for larger areas.
Resolution increases, and new schemes for handling very detailed elevation data
are beeing developed1 but the resolution will still be limited. At a certain dis-
tance from the virtual terrain, it will always turn flat looking and uninteresting.

One way to remedy this problem is to generate content, like foliage, for the
terrain. This approach will decrease the minimum distance where the terrain
looks rich and alive, but the problem remains. Pre-generated content needs to
be bound in resolution due to storage space and retrieval speed limitations.

1 The ROAM algorithm [ROAM] is a good example of an algorithm handling elevation
data of very high resolutions by a clever LOD scheme.

C.Y. Westort (Ed.): DEM 2001, LNCS 2181, pp. 43–47, 2001.
c© Springer-Verlag Berlin Heidelberg 2001
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2 Procedural Geometry

2.1 Definition

Procedural Geometry refers to geometrical shapes created programmatically.
For example, take a sphere-drawing routine. You supply it with a centre and a
radius and the routine finds an appropriate set of triangles that together will, at
least approximately, describe the surface of the sphere. These triangles are an
instance of procedural geometry, and may later be usedfor the actual drawing of
the sphere.

In this paper we adopt a more narrow definition. With procedural geometry,
we only refer to shapes created in real-time, that is, shapes are created at the
time they are needed, as opposed to shapes created by a pre-processing routine
and stored for later. This rules out most existing terrain visualisation and related
systems2 that use procedural geometry from our discussion, since these systems
only use the wider definition.

It is important to note that procedural geometry, when used in the context
of this paper, mainly is focused on creating content on resolutions below those
of the raw terrain data. At higher resolutions, pre-processed terrain data is used
for the visualisation.

2.2 Benefits

Six main potential benefits from using procedural geometry for real-time terrain
visualisation have been identified.

1. Unlimited resolution. Detail down to centimetre scale and below can be
created applying fractals for computation of procedural geometry.

2. Richness. In practice, no repetition at all will occur, even for vast areas, by
applying controlled randomness to the procedure.

3. Natural terrain. The unlimited resolution, fractals and random richness all
serve to create natural areas that really come alive, much more than what
can be achieved by traditional techniques.

4. Decreased design time. If made by hand, the small details in a terrain model
are the most expensive to design. When procedural geometry is used, huge
amounts of detail can be abstracted by small procedures using controlled
random numbers.

5. Compact databases. The database size can be kept to a minimum by keeping
most of the content stored implicitly in the program itself.

6. Optimal system usage. A terrain engine using procedural geometry can easily
adopt the detail to comply with the hardware at hand, as there is no limit
to the amount of detail available.

2 Examples of programs using the wider concept of procedural geometry include
Bryce3D [B3D], Terragen [TG], and Onyx Tree [OT].
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2.3 Problems

Procedural geometry also comes with its share of downsides. Below, three issues
are listed and addressed.

1. Procedural geometry is CPU intensive. However, even the standard pc:s of
today are powerful enough to create rich terrains with procedural geometry
[BB].

2. Procedural geometry demands a lot of system memory. This is mainly due
to the fact that more detail than before can be created, but also that the
generated shapes need to maintain extra state variables used by the genera-
tor. These variables would not be needed had the shapes been pre-created.
In practice, 256 MB of memory is enough [BB].

3. Procedural geometry needs advanced level-of-detail handling. Not all the
geometry of a terrain model can be generated and used at once, that would
severely overload any hardware system. Rather, a scheme needs to be devised
to decide where in the terrain model a high LOD is needed and where it is
not. A related problem is called “plopping”; how do we change from one
level of detail to another with as little visual interference as possible? The
level-of-detail handling problem can be addressed in several ways, but there
is not yet a perfect solution.

3 Procedural Geometry in the Blueberry3D System

Blueberry3D [BB] is a new terrain visualisation toolkit that uses standard for-
mats for map data in combination with several different geometry generators.
The result is an easy to use tool that, with little user effort, creates rich ter-
rain models. In the following paragraphs, some of the geometry generators in
Blueberry3D are presented as examples of the effects achievable with procedural
geometry in the field of terrain visualisation.

3.1 Elevation

Ground elevation geometry is generated as a variation of two-dimensional Fractal
Brownian Motion (FBM) [FR]. The “coarseness” of the surface is specified per
terrain class3.

3.2 Ground Structure

To achieve a realistic looking ground structure, several ground layers are used.
A Blueberry3D ground layer usually maps to a real ground layer like soil, rock
or sand. The layer is fitted with a set of parameters describing properties like
erosion, coarseness and fertility. Each terrain class can have its own set of ground
layers.
3 A terrain class is a classification of some terrain, like boreal forest, grass plains and
open rock.
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Fig. 1. Some procedural rocks poking out of
the sand.

Fig. 2. Development version of Blueberry3D
Interactive Tree Editor.

The ground structure geometry
generator takes all the local ground
layers and their parameters into ac-
count when the geometry is gen-
erated. Many natural effects like
rocks poking out of the surrounding
soil (Fig. 1) and sea waves flushing
away grass and dirt, leaving only
sand, are obtainable by properly
configured ground layers.

3.3 Vegetation Distribution

The distribution of vegetation
items is performed by another vari-
ation of the FBM. The effect is that
natural-looking glades and clusters
of trees and bushes are created au-
tomatically. The fertility of the lo-
cal ground is also taken into ac-
count.

3.4 Vegetation Items

Vegetation items, like individual
trees and bushes, are modelled
using Iterated Function Systems
(IFS) [FR]. A species is created
using the Blueberry3D interactive
Tree Editor (Fig. 2), and unique instances are generated by the corresponding
geometry generator and controlled random numbers.

3.5 Curved Surfaces

Blueberry3D uses polynomial surfaces to model roads, rivers, walls, paths, shafts,
house foundations, etc. The main idea in all cases is that the user provides a
minimum of information and the system takes care of the details of the modelling.
For instance, a road is modelled as a set of points in the terrain and a profile.
The curved surfaces generator interpolates the points, adopts the terrain around
the road to make it blend nicely4 and finally places the road (Fig. 3).

Curved surfaces, like all other procedural geometry, are computed in real-
time. The result of this is that, no matter at how close range the user observes the
surface, it will still look smooth. Only a few real-time systems have this function-
ality, one example (not terrain-visualisation related) is the OpenGL Optimizer
from SGI [OO].
4 This involves lowering, raising and smoothing of the terrain, removal of unwanted
trees and bushes and possibly changing the surface texture.
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Fig. 3. Road as a point sequence in the map (left), a profile (middle) and the final
result (right).

3.6 Conclusion

The Blueberry3D software shows that real-time terrain visualisation using pro-
cedural geometry is indeed achievable on a standard home computer, with all
the benefits including increased detail and variation, huge terrain models and
short design time. The technology has a great potential and it is our opinion
that it will play an increasingly important role in the field of real-time terrain
visualisation.
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Abstract. The growth of cities represents huge problems for modern so-
cieties. The explanation of the phenomena involves the description true
3D space as well as changes over time. However, there is a general lack
of true 4D data. The current paper describes how to combine generally
available spatial databases and administrative registers to create a quasi-
4D database for the built environment. Although this 4D database might
seem simple, it is used widely in urban planning and environmental mo-
nitoring and modelling.

1 Introduction

The problems related to the growth of cities and the concentration of human
population into large metropolitan areas represent huge challenges for modern
societies. Economic growth drives urban expansion in the form of construction
of businesses, dwellings, roads, leisure centres etc., and the metropolitan regi-
ons face the growing problems of urban sprawl, including a decline in natu-
ral vegetation, wildlife habitats and agricultural land. Thus the replacement of
undeveloped land by residential and commercial development continues at an
unprecedented rate.

The study of geography is basically 2-dimensional. However, in order to un-
derstand many environmental and planning phenomena it is often necessary
to include the third dimension and to study how these patterns change over
time. Architects and planners have for more than ten years used 3D based CAD
systems for design and planning of new urban landscapes. Furthermore, geogra-
phers and cartographers have long attempted to visualise changes by integrating
spatial and temporal information on a series of maps [1]. Unfortunately, only a
few attempts have been done on a true integration of 3D space and time [8]. The
background for this situation is primarily a general lack of spatio-temporal data.
In addition, no current available GIS software includes a full 4D data model,
although a few attempts have been done.

During the last 25 years a lot of nationwide databases with spatial informa-
tion are established, and in the late nineties the nationwide Cadastral Map and
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the national topographic map - TOP10DK - was produced. However, real 4D
(spatio-temporal) data are generally not available, and we have to combine and
manipulate existing data sources to produce quasi-4D databases. The purpose
of the current project has been to produce a quasi 4D database for buildings in
Danish urban areas based on generally available spatial databases with a nation
wide coverage. A database like this has been requested heavily among urban
planners and environmental scientists for a long time.

The current paper is divided into five main parts. First, I present some basic
concepts of space and time and how these concepts can be applied within the
current study. Next, the basic data sources are discussed. Third, I describe how to
build a quasi spatio-temporal database covering the built environment. Fourth, I
describe how the quasi spatio-temporal database can be used in physical planning
and environmental monitoring and analysis. Finally, a few concluding remarks
and a presentation of subsequent research.

2 Space and Time

While the third dimension is an obvious extension of the 2D space, time is
a bit more difficult to handle conceptually. You cannot imagine a coordinate
system with four axes! However, there are no fundamental difficulties handling
4D data compared to 2D data. Usually, time is assumed to be linear and similar
to space. Therefore, time can be considered as the fourth dimension in addition
to the three-dimensional space. The most general way of storing temporally
referenced real world data is in the form of four-dimensional (4D) objects in
a 4D time-space. Therefore, a spatio-temporal GIS should incorporate time as
a fundamental component of the database. In addition to a traditional GIS, a
spatio-temporal GIS is able to search for temporal patterns. Thus, the user can
search applying both the “where” and “when” clause.

Time in a spatio-temporal information database may be measured as a di-
screte or continuous variable [14]. While a continuous variable assumes that
values at any time can be obtained by interpolation, a discrete temporal varia-
ble means that the variation is discontinuous between the time of measurements.
Obviously, urban growth phenomena belong to the last category.

The information to provide a true spatio-temporal database for the urban
landscape ten or fifty years ago is not available. Traditionally cartographers have
used map series of different time periods to get an idea of former states of the
world. This so-called time-slice approach is an intuitively appealing model, and
is often the only possibility to provide information on landscape changes [9].
However, the snapshots represent states - the situation at the times of map
creation - rather than changes, providing no information on how and when the
changes have taken place. The various map series are usually many years apart
causing a very low temporal resolution.

Simple cartographic snapshots are not sufficient for highly dynamic pheno-
mena. Time must be incorporated as a fundamental component similar to the
geometry. For movements in 3D space you need simultaneous recordings of x,



50 H.S. Hansen

y, z and t at a rather high temporal resolution - today frequently obtained by
GPS techniques. Alternatively, the geometry can be 3D with an associated time
attribute or 2D with height and time attributes. The latter model is used in the
current project - therefore the term quasi-4D.

3 Data Sources

Traditional spatial information systems retain only the latest state of the model-
led system, presenting an up-to-date, but static view of the world. Furthermore,
there is a general lack of data with a time dimension as well as three space
dimensions. Nevertheless, some data sources can be combined to provide the
needed information to create spatio-temporal data.

The current study is based on three national data sets: the National topo-
graphic Map database (TOP10DK), the Digital cadastral Map database, the
Parcel Register and the Danish Building & Dwelling Register (BBR in Danish).
A higher level of geometric accuracy might be obtained if TOP10DK is replaced
by high quality technical maps produced by some municipalities. Unfortunately,
these maps are of varying quality and not general available for all municipalities.

3.1 The Digital Topographic Map

TOP10DK is a national digital topographic base map, where the basic in-
formation regarding land-scape, municipal boundaries, names etc. are stored.
TOP10DK - an acronym for Topographic database with contents and accuracy
corresponding to a similar analogue map on the scale 1 : 10.000 covering the
whole of Denmark [2]. The geometry is based on new photogrammetric registra-
tions and existing municipal / utility map databases. For well defined objects,
the relative and absolute accuracy is better than 1 metre in all three axes.
TOP10DK are available for the whole country from the end of year 2000. Ba-
sically TOP10DK contains no foreign database keys. In the current study only
the buildings in TOP10DK are used.

3.2 The Digital Cadastral Map

The Danish National Survey and Cadastre administrates real property data in
Denmark. This involves the digital cadastral boundary map as well as the Parcel
Register and the Building and Dwelling Register.

The digital cadastral boundary map displays the existing cadastral structure.
The basic unit within the cadastral map database is the individual parcel. The
database includes cadastral boundaries, parcel identifiers, names of municipa-
lities, parishes etc. [10]. The accuracy of the dataset corresponds to the scale
of the original analogue maps, i.e. scale 1 : 4000. The principal function of the
cadastre is the maintenance of an up-to-date database of all land parcels in Den-
mark. The digital cadastral map is continually updated as cadastral surveys are
completed. The dataset covers the entire country. A composite key defined by
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the cadastral district number and the cadastral number acts as the primary key
in the cadastral map database. Additional information is stored as attributes,
such as property number, property owner, mode of exploitation, etc. For histo-
rical reasons, these data are stored in a separate parcel database. The linkage
between the two databases is based on a composite key defined by the cadastral
district number and the cadastral number. These numbers are assigned to each
parcel.

Fig. 1. The Building & Dwelling Register – entities and attributes.

3.3 The Building & Dwelling Register

The Building and Dwelling Register managed by the Ministry of Housing was
established in 1977 and contains detailed information on all buildings in Denmark
[11]. This register uses 3 levels of registration (figure 1).

– Property level - type of ownership, sewage disposal system etc. are stored.
A unique property number is the primary key at this level.

– Building level - purpose for which the building is used, year of construction,
roof material, number of floors etc. are stored. The individual buildings are
identified by a composite key made by a property number and a building
number.

– Unit level - area of the unit, number of rooms, kitchen facilities etc. are
stored. The dwelling units are identified by addresses.

Besides this, the Building & Dwelling Register contains some additional for-
eign keys (e.g. municipality number, road code and house number / letter). In
the current context, the number of floors and the year of construction play a key
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role, making possible the assignment of a vertical as well as a temporal dimen-
sion to the data. The temporal granularity in this case is one year, although the
Building & Dwelling Register is updated continuously.

4 Creating the Database

Using the National topographic map, the Digital cadastral Map and the Building
& Dwelling Register a 4D database for the built environment is created. The
digital topographic map delivers the basic geometric information - the ground
plan of the buildings and eventually the terrain surface. The third and temporal
dimensions are obtained from the Building & Dwelling Register.

Linking data stored in administrative registers with digital maps require a
unique relationship between the objects in the map and the corresponding rows
in the register. This means that object definitions and database keys must be
exactly the same in the digital map database and in the corresponding admini-
strative register.

4.1 Defining the Footprint of Individual Buildings

The national topographic map, TOP10DK, is based on aerial photos, and there-
fore the buildings in densely built-up areas are aggregated into building blocks.
Thus, in order to define the individual buildings the building blocks have to be
slit along parcel boundaries and finally assigned appropriate database keys. This
process involves the following steps:

– Generation of a property map. The property is the main part of a compo-
site primary key in the Building and Dwelling Register. A property map is
generated, by spatial merging cadastral polygons with the same property
number.

– Unsplitting multi − part property polygons. The property map contains
some multi-part polygons; these are unsplit into single-part polygons. The
resulting property objects correspond to the records in the Building and
Dwelling Register at the property level (figure 2).

– Forming individual building polygons by overlaying. Comparing the buil-
ding theme and the property theme indicates the need to divide up some
building blocks into individual buildings. Overlaying the original building
theme with the property theme will split the building blocks along the pro-
perty boundaries, thus creating a new theme containing the individual buil-
dings. Each building unit now contains a property number - the main part
of the composite primary key in the Building and Dwelling Register.

– Removing slivers. Intersecting one map theme with another may cause slivers
to be generated due to minor differences in the map production specifications
and techniques. These slivers are removed.

– Geocoding buildings by area matching. The final step in this process con-
cerns the assignment of a unique key to every building. Assigning building
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numbers to the buildings is quite complicated, but comparing the ground
floor area of each building in the topographic map and the Building & Dwel-
ling Register has appeared to be a useful approach.

Fig. 2. Cutting building blocks into individual buildings.

The result of this process - described more detailed in Hansen [5] - is a new
map theme containing the footprint of each individual building. Furthermore,
most buildings are assigned a property number and a building number. Due to
errors in the digital maps as well as the Building & Dwelling Register some
buildings (about 10 %) are not assigned property number and building number.
Consequently, these buildings cannot be assigned additional information from
the Building & Dwelling Register.

4.2 Assigning Height Information to the Buildings

The third dimension is equal to the height of each building. The Building & Dwel-
ling Register does not include explicit information concerning building heights.
However, the height of the building can be estimated based on the following
building characteristics: number of floors (3 meter per floor) and type of roof
(pitched is set to 2.5 meter and flat to 0.5 meter). Thus, a generalised 3D model
of each building can be made (figure 3). Evidently, this generalisation might
seem too coarse, and a more detailed 3D model might be obtained by photo-
grammetric methods [3], but for overall visualisation and modelling purposes
some kind of generalisation are preferable. Too many details will slow down the
calculations. In practise it might be difficult precisely to visualise the true roof
construction. We have tried to make simple models of the roofs, but it is too
time-consuming - too much manual work - to add “true” roof constructions on
every building.

4.3 Adding a Temporal Dimension to the Database

In this respect, the year of construction plays a key role, making possible the
assignment of a temporal dimension to the data. The temporal granularity in
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Fig. 3. Conceptual model of the buildings

this case is one year, although the Building & Dwelling Register is being updated
continuously by the municipalities. Copies of the Building & Dwelling Register
have been available for more than twenty years. Furthermore, the Building &
Dwelling Register contains a database with all changes since 1977. However, the
historic database might be difficult to use, due to changing database keys, lack
of old digital maps etc.

The kind of spatio-temporal data model adopted here, was originally develo-
ped by Peuquet and Duan [12]. This so-called event-based spatio-temporal data
model implies a concept of some base state with subsequent amendments - re-
presented by new, changed or demolished buildings (figure 4). Currently, a copy
of the Building & Dwelling Register for only one single year - 1998 - is used. The
main problem introduced by this approach is the missing possibility to track the
buildings through their whole life cycle from creation to demolition - only the
creation is considered. However, regarding only shorter time periods - less than
fifty years - the errors will be minimized. In this case the problems are restricted
to core urban areas with large-scale urban renewal projects. Therefore, you have
to be careful, if you observe new buildings in densely built-up areas. Generally,
this will represent a renewal project.
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Fig. 4. The temporal dimension of the building database.

5 Examples

The produced quasi-4D database for buildings has a wide range of possible appli-
cations within physical planning and environmental monitoring and modelling.
First, I will present some general extraction from the database. Figure 5 illu-
strates a 3D view of the urban land-use in a minor part of the Danish town
Middelfart located in the westernmost part of the island Funen. The 3D view
- representing the year 1998 - shows four different land-use categories obtained
from land-use code in the Building & Dwelling Register. Compared with traditio-
nal two-dimensional land-use maps, a 3D view gives a more detailed presentation
including the density of the built-up area

The next example - figure 6 - shows buildings in 3D for two different years
- in this case a part of Kirke Stillinge, Western Zealand. All buildings in the
figure are detached houses, and 1970 represents the beginning of an era of urban
expansion - even in smaller villages like Kirke Stillinge. The ground surface in
figure 6 represents a digital terrain model (TIN surface) generated from a contour
map.

Both examples are made using ArcView 3D Analyst. The main disadvantage
concerning 3D Analyst is its very simple way to handle real 3D objects. The
buildings in the figures below are just extruded and placed on top of the terrain
model. However, the simple visualisation tools in 3D Analyst fits quite well the
quasi-4D building database, even the buildings are expanded with roofs.

The 4D database described above have been used in a lot of research projects
within our National Environmental Research Institute. First, it was used as a
representation of the urban landscape in detailed street pollution modelling [4],



56 H.S. Hansen

Fig. 5. 3D view of urban land-use in a minor part of Middelfart.

Fig. 6. 3D scenes for various years – the village Kirke Stillinge, western Zealand.
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[7]. Re-circulation of air in a street canyon with the wind perpendicular to the
street orientation gives higher concentrations of pollution at the leeward side
than at the windward side. Consequently, a 3D (or 21/2D) urban landscape
model has to be applied as input to the so-called Operational Street Pollution
Model developed by NERI.

Next, it was used in an analysis of urban growth in Copenhagen Metropolitan
area since the end of the SecondWorldWar in 1945 [6]. Using the spatio-temporal
temporal database, animation frames were created for each year in the period
1945 - 1995, and based on these frames animated GIF89a files and AVI files
were created. The animated GIF is very useful for visualising dynamic maps
on the Internet, thus increasing the ability to spread the information to a wide
audience. The so-called Aarhus Convention [13] ensures access to environmental
information and public participation in the decision making process concerning
environmental problems and in this context, dynamic visualisation of spatial
data will be of great importance

6 Concluding Remarks

The globalisation drives economic growth and urban expansion in the form of
construction and the metropolitan regions face the growing problems of urban
sprawl, including a decline in natural vegetation, wildlife habitats and agricul-
tural land. Thus, there is a need for still more sophisticated analyses and models
in urban planning and environmental science in order to keep the growth su-
stainable. Spatial information systems with 3D geometry as well as temporality
seem to be an important tool in this work. However, there is a general lack of
4D data. Therefore, the current paper has described how to use existing map
databases and administrative public registers to create a quasi- four-dimensional
database for the built environment.

Since 1977, the Danish municipalities have stored detailed information about
every single building in Denmark. This so-called Building & Dwelling Register
includes among other data building use, year of construction and number of
floors. Additionally, Denmark is covered by high quality digital topographic and
cadastral maps. Combining these data sources is not an easy task due to lack
of correspondence between the building entities in the topographic map and the
rows of the Building & Dwelling Register. Furthermore, the buildings in the
topographic map do not contain any database key. Automatic methods to do
this task is developed during the current project and the building entities are
joined with the Building & Dwelling Register.

The result is new database with 2D geometry and building height (third
dimension) and year of construction (fourth dimension) as attributes. Using the
number of floor as an indicator of building height and the year of construction
as the temporal dimension do not fulfil the requirements of a true 4D spatio-
temporal database.

However, the created database for the built environment is very useful in
practical planning and research where the vertical dimension and time is impor-
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tant components. As mentioned above, this database has already been used in
air pollution modelling and urban growth studies.

Nevertheless, the 4D database can be improved. First, we will try to use the
historical part of the Building & Dwelling Register in order to handle demolition
of buildings (urban renewal) in a more proper way. This might improve the
possibilities of tracking urban land-use changes for tens of years. Second, we
will try to improve the vertical dimension in order to take into consideration
vertical changes in land-use - i.e. land-use classification based on units instead
of buildings.
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Abstract. The work presented aims to develop an adaptive digital terrain
model, represented as TIN, by combining different kinds of input data like 3D
data-grids, contour lines, and single measurement points. A specialized
triangulation process is being developed to optimally integrate the data sets and
to estimate an overall error. Special emphasis is laid on the generation and
integration of polygons extracted from scanned topographical maps. The terrain
modeller is part of the  MELINDA  information  system  for  waste  dumps  and
contaminated sites.

Keywords: Terrain Model, TIN, Model Accuracy, Triangulation, Scanned
Maps.

1   Introduction

A central problem with digital terrain models is the conflict between model accuracy
on the one hand and model size and cost on the other hand. Normally, highly accurate
models are very large and difficult to handle with standard PC-systems, and the cost
of input data is high. Our approach therefore is to produce adaptive terrain models,
with high accuracy only at specific “areas of interest”, and lower accuracy elsewhere.
This enables the usage of freely available digital elevation data (like e.g. the USGS
GTOPO 30 model [1], or data extracted from topographic maps), locally modified
and refined with other data, e.g. from surveying missions or land-register authorities.

Here “accuracy” means a measure for the discrepancy between the model,
represented by a Triangulated Irregular Network (TIN), and the real terrain. This
measure has to take into account measurement uncertainties, as well as approximation
errors of the triangulation surface. Algorithms have to be developed estimating these
errors for a specific input data set, as a function of space, and estimating the error
propagation when different data sets are combined. A corresponding methodology is
described in [2], [3].

The terrain modeller being developed will furthermore support the extraction of
geo-referenced contour lines and topographic lines from scanned maps, offering a
flexible and easily available source for digital terrain data. It is a sub-module of the
MELINDA information system for waste dumps and contaminated sites [4], [5].
MELINDA is designed to manage all kinds of data available for a certain site,
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including geographical, geological, hydrological, chemical, and CAD-information.
The information system is able to visualize the 3D data in a common coordinate
system, with user-defined choice of viewing position, viewing direction, and
projection method. The user has geographic access to all kinds of information and is
able to “fly” through the whole site in VR-manner. MELINDA also provides a
number of interactive editors for model generation and modification. Among these is
a special TIN-editor, used for manually adapting the TIN-geometry.

2   Data Sources

In general, three different kinds of data sources can be identified for the creation of a
3D terrain model.

• 3D data-grids, produced from satellite or airplane images with photogrammetric
methods. Here, the measurement-uncertainties normally are known, and data cost
increases with accuracy. This kind of data can be handled with a number of GIS or
CAD-systems like ArcView/3D Analyst or AutoCAD.

• Digital and analog surveying data, which either already exist, (e.g. at a local
authority) or are produced during a surveying mission. In this case, data accuracy
strongly depends on the chosen measurement method.

• Topographic maps with contour lines and topographic lines (like edges, roads,
rivers, railway-lines, ...). Maps are easily available and not expensive, but they are
difficult and time-consuming to process with standard digitising hardware (tablet)
and software. It is more efficient to extract lines directly from a scanned map, with
user interaction to support missing data as, e.g. the height-attribute of a contour
line or the vertical (Z-) coordinates of a topographic line.

Integrating different data sources results in an unsorted collection of 3D grids, contour
lines, 3D topographic lines, and 3D points with varying accuracy, eventually referring
to different reference systems or ellipsoids. While the transformation into a common
reference system is a standard task, the integration of data with different accuracy
levels is much more complex and not yet solved sufficiently.

3   Realisation

3.1  Realised Functionality in MELINDA

Up to now, modules and algorithms have been developed to generate TINs on basis of
single data sources (figure 1). An incremental Delaunay triangulation algorithm [7]
has been realised, working on regular or irregular grids of 3D points. Topographic
lines can be regarded as restrictions. The system is able to produce triangulation
surfaces with a minimal number of triangles for a given approximation error. This
error is defined as the maximal vertical distance to the triangulation surface of all
control points not regarded during the incremental triangulation process.
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Fig. 1
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Fig. 2. TIN-model with projected orthophotos

From this data set, only the contour lines are used in the first step of the triangulation
process. If available, 3D-grid data and data sets with single measurement points can
be used in addition. The triangulation algorithm combines all data sets to generate a
first triangulation surface. In the next step, this surface is modified by integrating
topographic lines. This is performed by projection algorithms specific for the
topographic object corresponding to the line. The projection method for a river, e.g.
will enforce an always negative gradient of the corresponding line.

4   Summary and Outlook

The MELINDA terrain modeller as flexible tool for generating Digital Elevation
Models has been presented. Central components are a comfortable map editor for
extraction of contour lines and topographic lines from scanned maps and a flexible
triangulation algorithm integrating grid, line and point data. Though the system is
being developed in the context of an information system for contaminated sites, a lot
of other application areas exist. High quality terrain models could be used in the
construction planning process of new roads, parks and residential quarters. In the
tourist area, trails for walking or cycling could be planned or presented in a 3D
environment. VRML-models generated with the terrain modeller could be used as
input for VR-tools or rendering and animation software, offering a wide range of
applications in the advertising or computer game industry.
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Abstract. Elevation data is vital to successful mission planning, oper-
ations and readiness. Traditional methods for producing elevation data
are very expensive and time consuming; major cloud belts would never
be completed with existing methods. The Shuttle Radar Topography
Mission (SRTM) was selected in 1995 as the best means of supplying
nearly global, accurate elevation data. The SRTM is an interferometric
SAR system that flew during 11-22 February 2000 aboard NASA’s Space
Shuttle Endeavour and collected highly specialized data that will allow
the generation of Digital Terrain Elevation Data Level 2 (DTED� 2).
The result of the SRTM will increase the United States Government’s
coverage of vital and detailed DTED� 2 from less than 5% to 80% of
the Earth’s landmass. This paper describes the shuttle mission and its
deliverables.

1 Introduction

The attempt to create a digital dataset called Digital Terrain Elevation Data
(DTED�) has been ongoing since the 1970s. However, progress has been very
slow, with about 70% of the world collected to DTED� 1 (3 arc second post
spacing) standards, and less than 5% to DTED� 2 (1 arc second post spacing)
standards. DTED� consists of a matrix of elevation posts at uniform spacing and
specified elevation accuracy sampled to represent the earth’s surface. It can be
used to make elevation models and fly-thrus for mission planning, and modeling
and simulation. Other examples of use include trafficability determinations, line
of sight projections, determination of drainage, and use for route planning and
airline safety.

The National Imagery and Mapping Agency (NIMA) is responsible for pro-
viding global imagery and geospatial information to government users. Elevation
data provides a key ingredient to the readiness of NIMA’s customers. Elevation
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data is one of three components of Foundation Data, which is comprised of el-
evation data, feature data, and imagery data. Both the Department of Defense
(DoD) and the Intelligence Community have recognized the need for a global
dataset of elevation at one arcsecond spacing since at least 1995.

Growing computer processing, display and communication capabilities made
the need for DTED� support acute. In 1995, the DoD Joint Staff and the In-
telligence Community recognized the need for a common understanding of the
operational environment and that a major inhibitor was the lack of availability
of digital terrain elevation data which is vital to successful mission planning,
operations and readiness. The question was how to provide it quickly. For years
the most efficient method to collect elevation data was stereo photogrammetric
compilation. It was far more efficient than ground surveys, requiring only a few
control points on the ground. A cartographer at an analytical plotter could map
vast tracks of land. However, the work is labor intensive. Furthermore, much of
the world is almost perpetually cloud covered. This, combined with competition
for the imaging resources for purposes other than mapping, made acquisition of
adequate source over much of the globe impractical. Several converging devel-
opments were to lead to a solution to the problem.

2 Interferometric Synthetic Aperture Radar

Synthetic Aperture Radar (SAR) was developed in the 1950s after being con-
ceived by C.A Wiley. In the 1960’s airborne imaging SAR systems were in op-
eration. In the 1970s SEASAT, a spaceborne radar, operated for several weeks
and demonstrated the possibilities of radar mapping from space. Use of SAR im-
agery addressed the cloud issue. However, most SAR systems are mono imaging
systems. Stereo acquisition is a major collection issue and processing of stereo
SAR imagery is labor intensive like the traditional photogrammetric approach.
An overview of the history of SAR can be found in [1] and [2].

The development of the interferometric SAR (IFSAR) technique for obtain-
ing elevation data was the last key item. A brief summary is provided here. For a
more thorough presentation on the technique see [3] and [4]. The single pass IF-
SAR technique is based on using interference of the radar return at two separate
antennas. A repeat pass approach can be used but suffers from major decor-
relation issues. By the early 1990’s an airborne IFSAR system was operational.
Figure 1 illustrates the geometry of single pass IFSAR. A radar observation is
made of the topography Z(y) from each endpoint of the baseline B. In repeat
pass interferometry these could be done at different times, in single pass they
are done simultaneously. Several configurations can be used for single pass inter-
ferometry. The Shuttle Radar Topography Mission (SRTM) works by radiating
a pulse from one antenna and measuring the difference in phase of the signal
returns to each antenna. From Figure 1 we can derive the expression

Z(y) = h{λφ/2π)2 − B2]/2(B sin(α − θ)− (λφ/2π))} cos θ (1)
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where φ is the radar phase, λ is the wavelength of the radar, ρ is the range from
the sensor to the ground, θ is the look angle, and h is the ellipsoid height. A
process called phase unwrapping is required to determine the integer number
of wavelengths to obtain the absolute range. An unwrapped elevation can then
be calculated from Equation 1. A great deal more goes into generating digital
elevation models, as later sections will indicate. The principal error source for
uncertainty in height, σz is related to the uncertainty in the orientation angle,
σα, by

σz = ρ sin(θ)σα (2)

Other error sources include errors in measurement of the radar phase of the
return signals, the length of the baseline, and many other related measurements.

Fig. 1. Interferometric SAR geometry

3 The SRTM Mission

NIMA in concert with the National Aeronautics and Space Administration
(NASA) and the Jet Propulsion Laboratory (JPL) sponsored the SRTM. Ed
Caro and Dr Mike Kobrick of JPL conceived the SRTM essentially as a follow-on
to the Shuttle Radar Laboratory (SRL) missions of 1994, using much of the SRL
equipment modified to be an IFSAR system [6]. The inherited SRL hardware
included the main C- and X-band antennas and the radar support structure.
The key equipment added included a second set of antennas attached to the end
of a deployable 60 meter mast, and a variety of specialized electronics systems.
Figure 2 shows the Shuttle with the radar mast deployed in mapping configura-
tion. Germany and Italy provided an X band IFSAR system called X-SAR. The
C band system was called C-RADAR.
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The SRTM orbit was inclined 57 degrees, the maximum allowed for a shuttle
launch from Cape Kennedy. Endeavour orbited at a mean altitude of 233 kilome-
ters. Each swath was 225 kilometers wide, with 7-kilometer overlap on each side
at the equator. The mission design was such that if the mission performed flaw-
lessly, all landmass between 60◦N and 56◦S latitudes would be covered at least
twice during the 11.2 day mission. Due to convergence of the orbital tracks at
the higher latitudes, the swath to swath overlap is greater, and hence the repeat
coverage is greater. Figure 3 shows the actual coverage achieved and illustrates
the greater coverage with darker shading along the northern and southern limits.
It can be seen from Figure 3 that the mission collection was very successful; 99%
of the potential area was covered at least once, and 96% was covered at least
twice.

Fig. 2. SRTM in mapping configuration

The radar system consisted of radar electronics and four antennas (a C- and
an X-band antenna in the main shuttle bay, and a C- and X-band outboard
antenna at the end of the deployable 60 meter mast). The C-Band system used
a ScanSAR mode (Figure 4) in which a set of radar bursts were transmitted
from the main antenna and then the echoes were received in both antennas.
Within each swath there are four subswaths, with HH, VV, VV, and HH polar-
izations respectively. ‘HH’ refers to transmittal of horizontally polarized waves
and reception of horizontally polarized waves. Similarly VV refers to vertically
polarized waves and reception of vertically polarized waves.

Precise interferometry requires knowledge of the absolute position of the
shuttle in space and the orientation of the mast. The Attitude and Orbital
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Determination Avionics (AODA) system was responsible for collecting the data
needed to compute the attitude and position.

Fig. 3. Coverage of the SRTM Mission

Fig. 4. ScanSAR Geometry
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The AODA used an electronic distance meter (EDM) rangefinder to measure
the length of the baseline. It used an astro target tracker (ATT) sighted on
LED point targets on the outboard antenna to measure the relative baseline
yaw angle. The star tracker assembly (STA) measured the overall orientation of
the shuttle. GPS receiver antennas located on the outboard antennas measured
the shuttle’s position in space, with the BLACKJACK receiver boxes located in
the Shuttle Bay on the antenna support structure.

Knowing the required relative and absolute accuracy desired for the SRTM
based DTED� and the relationships between the parameters and the range
equation, the error can be propagated and an error budget determined. Table
1 shows the design error budget allocated among the different sub-systems and
error sources. The design absolute accuracy requirements were 16 meters vertical
(90% linear error) and 20 meters horizontal (90% circular error). The relative
accuracy requirements were 10 meters vertical and 15 meters horizontal. The
values in Table 1 are for the far-range sub-swath, the most conservative estimate.
The near-range sub-swaths generally have better accuracy because of higher
signal to noise ratio. Since the errors are independent, they can be root sum
squared (RSS) to yield the total error. Note that the vertical error budget is
22.3m for one pass. Since ascending and descending passes are combined for the
final product, this reduces the error by a factor of the square root of 2, bringing
the expected error to 16 meters (90%). The actual performance of the shuttle
has generally surpassed these specifications.

Table 1. Design Vertical Error Budget

Parameter 90% Error Induced elevation
error in meters

Mechanical Baseline Length 3mm 4.1
Baseline Roll Angle 9 arcsec 15.8
Baseline Yaw Angle 30 arcsec 0.2
Platform Position 1 meter 1
Range 3 meters 1.6
Doppler 30 Hz 0.3
Timing Errors 100 µsec 0
Random Phase Varies 13
Caltone Phase 8 degrees 7.6
Propagation Errors 0.5
Reference Height 1 meter 1

RSS - Total one pass error 22.3
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Fig. 5. SRTM Data Processing Flow

4 Data Processing

The SRTM collected 12.5 Terabytes of radar and support data on 326 SONY
tapes (207 tapes were C-Band). The general process flow of data handling is
illustrated in Figure 5. After the mission, the tapes were copied to Advanced
Intelligent Tape (AIT) at Kennedy Spaceflight Center and delivered to JPL
for processing. The Ground Data Processing System (GDPS) consists of three
parts, the Terrain Processing Subsystem (TPS), the Mosaic Processing Subsys-
tem (MPS), and the Height Quality Subsystem (HQS).

The TPS processes the initial strips of data. These strips initially consist of
phase data of the radar returns, which must be “unwrapped” to derive the height
data. TPS has to ingest this data and support data to solve for the post heights
and correct for any tilts caused by changes in orientation and length of the mast.
The MPS ingests the strip data and mosaics them into one product. The original
strip points have to be regridded from the original non-uniform distribution to
the regular spaced posts of DTED�. Strips are adjusted between one another
to produce smooth boundaries. The HQS does the final quality checks for seams,
voids and gaps, and spikes and wells. Spikes and wells are not removed in the
SRTM DTED� unless evidence exists that the spikes or wells are anomalies.
The diagram in Figure 6 illustrates the GDPS system architecture and process
flow.

The data delivered by JPL to NIMA is the unfinished DTED�. NIMA’s
contractors will perform the product finishing. This final processing step includes
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Fig. 6. GDPS System Architecture

adjusting the heights from the ellipsoid to the geoid (World Geodetic System
1984) to make elevations, flattening the water bodies (putting all the water
posts at a constant elevation one meter below the lowest shoreline), ensuring
drainage runs monotonically downhill, spike and well editing, and general quality
assessment.

NIMA manages twin efforts, providing general oversight and performing in-
dependent data quality assessment. NIMA evaluates the JPL derived error esti-
mates and assesses SRTM data characteristics.

5 SRTM Deliverables

The SRTM deliverables will include the following: DTED� 1, DTED� 2, the
Orthorectified Image Mosaic (OIM), Terrain Height Error Data (THED), Seam
Hole Composite Map (SHCM), and SRTM Water Body Data (SWBD). Dur-
ing the post processing period or after DTED� has been finished by NIMA’s
contractors, a Vertical Obstruction Candidate file for use in generating Vertical
Obstruction (VO) data may be generated.

As a result of the SRTM mission a worldwide (within 60◦N and 56◦S)
DTED� 1 dataset will be available to the public. Currently a DTED� 0 set is
available (see [5]), which has about a one kilometer spacing. In Figures 7 a&b
there is a comparison of a DTED� 0 dataset versus a DTED� 1 set. Immedi-
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ately apparent is the great increase of data available, approximately 100X the
data per unit area.

The main deliverable of the SRTM mission is the DTED� 2 dataset, which
at the equator has a nominal 30 meter spacing. The absolute accuracy specifica-
tions for the SRTM DTED� are 20 meter CE90 horizontal error and 16 meter
LE90 vertical error. DTED� 1 will be created from the DTED� 2 by decima-
tion of the posts. This is done rather than averaging to keep matching posts
between DTED� 2 and DTED� 1 at the same elevation. If decimation were
not performed, then water body shorelines and flattening derived from DTED�
2 would not match that for DTED� 1. SRTM derived DTED� has different
properties from photogrammetrically derived DTED�. Photogrammetric post
heights are defined as the measured height of the point at that post. SAR inter-
ferometry post heights are derived from the measured average height of the pixel
around the post. SRTM DTED� is a measure of the reflective surface, which
in the case of C band penetrates into the tree canopy but does not reach the
bare earth. Photogrammetrically derived data is often smoothed by the operator
during collection as well as in later processing. Its error is generally dominated
by a systematic component. SRTM data error will be more dominated by ran-
dom error. Even though the data can be quite precise, upon close examination a
flat surface can exhibit a “popcorn” appearance. This was of concern before the
mission, but an adaptive filtering procedure is being developed to mitigate this
problem. Overall the SRTM appears to have met or surpassed its error specifi-
cations. The error will be further described in the THED description below.

(a) Level 0 Elevation Matrix (b) Level 1 Elevation Matrix

Fig. 7. Elevation Matrix Density Comparison

The OIM will actually consist of two mosaics, one made from the ascending
passes and one made from the descending passes. It will consist of 30 meter
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pixels, making it approximately the same resolution as a Landsat image but
with higher planimetric accuracy. One of the primary immediate uses of the
OIM will be to aid in flattening of water bodies in the DTED�. In the SRTM
images water generally appears as a void because the radar signal is reflected
specularly. Smooth flat areas also can show this effect, as well as radar shadows
and areas with layover. A land cover product containing water body information
will exist but it is about ten years old. Between the OIM which is current and
planimetrically accurate and the water mask derived from the land cover, we
believe there is enough information to identify the water bodies among the other
similar looking features in the OIM. Once the water bodies over 600 meters
minimum width are identified and delineated, corresponding posts are set to a
constant elevation. The OIM is nearly global, and because the radar penetrates
cloud cover and all but the thickest rains, the tropics are extensively covered.
For remote parts of the world these may be the best image maps available.

The SRTM Water Body Data (SWBD) is a vector product that represents
the water bodies found within the finished DTED� 2. NIMA contractors will
use a combination of the SRTM DTED� 2, the Landcover Water Layer, and the
OIMs to accurately generate the water body data. The criteria for delineating
the water bodies in the SWBD are:

• Ocean Shorelines;
• Lake/Reservoir boundaries (length greater than or equal to 600 meters and

width greater than 183 meters);
• Double Line Drain boundaries (length greater than 600 meters and width

greater that 183 meters).

The SWBD would be of use for future radar generated DTED� finishing appli-
cations, and as a companion set to SRTM-derived DTED� (quick reference to
water portray al).

The Seam Hole Composite Map is a color coded raster map that shows
the location of each seam in the SRTM Strip Orthorectified Image data set,
holes (voids) in the data set, and the location of voids that have been filled.
This product will be updated to depict both post processing and data finishing
induced voids. Anomalies in the data for example can be compared to seam
locations.

A DTED� cell is typically characterized by four accuracy values: absolute
horizontal, absolute vertical, relative horizontal and relative vertical errors. The
SRTM DTED� will provide all but the relative horizontal errors (this quantity
is difficult to reliably estimate since there are few features defined well enough to
do so). The absolute horizontal error will be provided on a continental basis; the
estimate will be an output of the processing in the MPS. A significant feature
of the SRTM DTED� will be a comparatively detailed characterization of the
vertical error. The THED is a file structured similarly to the DTED�, which
provides an estimate of the random error at each post. In addition there is a ver-
tical systematic error model (VSEM) derived from comparisons of the derived
DTED� post height values with ground truth provided by control points, small
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patch DEMs provided by NIMA, and GPS kinematic transects. The VSEM will
provide estimates of systematic error spectra on a sub-cell basis. The VSEM and
THED will allow not only the standard cell vertical accuracies to be estimated,
but will also permit customized sub-cell and individual post vertical accuracy es-
timates to be obtained. Sub-cell absolute and relative vertical accuracy estimates
will be included in the VSEM.

Vertical Obstruction (VO) data consists of manmade cultural features such
as buildings and power pylons. In Figure 8, from an SRTM image of the Mojave
Desert, a string of power pylons is clearly visible across the upper part of the
view. Because VO are part of the reflective surface, they are left in the DTED�.
It is possible to search the SRTM data for VO candidates that might then be
verified by other means. For many parts of the world the SRTM dataset may
be the only VO information we have for years to come. Figure 9 is an image
of Pasadena California that combines two of the SRTM data types. The image
brightness corresponds to the strength of the radar signal reflected from the
ground, draped over an SRTM digital elevation model. The scene contains about
2300 meters of total relief. White speckles on the face of some mountains are holes
in the data caused by steep terrain. Phenomena called layover and shadowing
are responsible for these gaps. In layover, due to the range nature of the radar,
tall objects appear to lean towards the view center. While the interferometry
process can correct for this, data is lost where the object “layed over”. These
will be filled using coverage from an intersecting pass.

All the SRTM data is unclassified, but not all is publicly releasable. Available
to the public, probably through the United States Geological Survey, will be
phase history data, strip imagery and DTED�l and 2 over the United States.
DTED� 1 and strip imagery will be publicly available over the world.

6 Final Remarks

The SRTM mission collected highly specialized data that will allow NIMA to
increase the United States Government’s coverage of vital and detailed digital
terrain information from less than 5% to 80% of the Earth’s landmass. This
exceeds results from nearly 30 years of efforts with a variety of systems working
against persistent cloud cover worldwide. This vital contribution significantly
increases the availability to the public of 3 arc-second spaced data worldwide.
For the first time in history, a very consistent set of DTED� 1 and 30-meter
radar strip imagery all collected from a single sensor in the same 10 day period
will be available to everyone. This near-global data between 60◦N and 56◦S
latitudes covers an area where 95% of the Earth’s people live. It truly represents
” A snapshot of the Earth at the beginning of the 21st Century” which will
benefit all of us for many years to come.
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Fig. 8. SRTM image of the Mojave Desert

Fig. 9. Shaded Relief with Radar Image Overlay
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Abstract. This paper seeks to make explicit the geometric parameters residing
at corners, ends and overlap areas of extrusion operations, i.e. “extrusion
junctures”. Their geometric complexity is discussed in the context of a generic
digital sculpting tool definition which consists of four components are:  (1)
blade shape, (2) path shape, (3) blade-path relationship, and (4) Effect.  First the
blade-path relationship is described in detail, and then the geometric results at
these junctures of extruding a blade shape against a path are described,
highlighting those factors influencing user geometric control.

1 Introduction

Digital earth moving means digital re-grading of topography. Re-grading means
changing topographic form, and geometric control over topographic shape is key to
the process. Geometric modelling of terrain has emerged through computer aided
design (CAD), which has dealt with the manipulation of libraries of primitive shapes,
but large datasets and associated attribute information characteristic of landscape has
been the traditional turf of geographic information systems (GIS). The unique
problem posed by digital earth moving is that these two traditionally disparate ways
of approaching the problem merge.  Users want to be able to sculpt a digital 3D
surface into any shape, edit and change that shape quickly and easily, and also
quantitatively accurately. The modelling technique, extrusion, which takes a two-
dimensional profile, or ‘blade’, sweeps it along a three-dimensional trajectory, or
‘path’, and leaves behind a modelled surface in its wake, is a common technique
offered by several commercial 3D software packages [1][2]. Extrusion possesses
several important characteristics which enhance a user’s geometric control.

Two lines – one for a blade and one for a path – when taken together are an
alternative mathematically (i.e. geometrically) equivalent representation for a three-
dimensional surface. For every blade-path pair, exactly one surface results, and this is
useful as far as geometric control is concerned. This strength is further served by the
realization that two lines extruded against each other may produce any geometry. The
abstraction of extrusion is uniquely suited to the digital environment, for computers
are easily programmed to produce a surface out of two lines.  Modularly changing the
intermediate linear representation of a blade and a path can both mimic known
geometry achieved from earth moving and construction equipment, i.e., equipment
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that works on actual earth, and it can also mimic changes traditionally achieved with
representations of landform, like contour lines. That complex three-dimensional
geometry can be achieved with such spare and “intuitive” means is powerful. It is far
simpler to manipulate two simple lines than the end surface itself.  No longer is the
three-dimensional geometric change coupled to the desired end output representation.
These characteristics of extrusion hold whether the modelling surface is a triangulated
irregular network (TIN), contour lines, or a raster grid, etc.. A “translator” between
the modular lines and the surface is all that is necessary to achieve the resultant
surface geometry – a task algorithmically achievable.

Other characteristics of extrusion which present particular algorithmic challenges,
however, are what this paper will refer to as “extrusion junctures”; those regions
where the ends of the path, the corners of the path, and the “overlap regions” where
the path doubles back on itself create geometric complexity and choice.  They present
a range of geometric options and are handled differently by individual commercial
software packages. This paper tries to make explicit these choices at the extrusion
junctures and offers parameterization strategies for how to maximize control over
their geometry.

Formal complexity at these junctures rests largely with the set of relationships
between blade and path and the effect of the application of the blade along the path.
To clarify these relationships we present a generic sculpting tool definition, which
provides the context for the work presented here., and builds off of the Ph.D. work of
the author [4].

2 A Generic Sculpting Tool Definition

The generic sculpting tool definition consists of four elements:

1. Blade Shape
2. Path
3. Relationship between blade shape and path
4. Effect

For a further discussion of this definition, and an implementation, please refer to [4].
The elements that concern us in this effort are three and four: Definition of the blade
shape and path relationship, and the result of extruding them against each other, or
effect.

2.1 Relationship between Blade Shape and Path

The relationship between the blade shape and path can be described as consisting of
an Orientation and a Mode.

2.1.1 Orientation
Orientation of the blade shape with respect to the path poses possibilities which
depend on the two factors: Angle, and Track Point Placement. The track point is the
point assigned to the Blade shape which is along which the blade travels when it is
exteuded down the length of the path (fig. 2).
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Orientation Angle
Orientation angle with respect to a path must conform to the geometric constraint of
having only one elevation per x, y coordinate position. If the blade shape were to be
revolved around the path’s track point, for example, no overhangs or tunnels could
result.

Fig. 1. Orientation Angle.  Orientation of the blade shape with respect to the track point.

To illustrate these factors, we consider a path consisting of more than one point. A
planar blade shape may experience an orientation angle change with respect to the
path as illustrated in figure 1, where in each coordinate plane the angle of the blade
shape profile may be moved with respect to the track point.

2.1.2  Track Point Placement
The track point is the point with which the path is aligned as the blade shape is
extruded along it. A track point may move, or be placed, anywhere with respect to the
blade shape (fig. 2).

Fig. 2. Track Point Placement.  The track point is placed off center in the z-x coordinate plane
(a) symmetrical track point placement, (b) track point shifted off-center, i.e., a-symmetrical
track point placement

2.1.3  Special Cases
There are two cases of Orientation worth special mention: The first is the symmetrical
blade shape case, where the shape’s plane of symmetry aligns itself with the direction
of a path segment. Figure 1 illustrates an example of this case.  Notable is how
symmetry occurs only in two of the three coordinate planes.  The blade shape is not
symmetrical with respect to the track point in z-x space, for example. Symmetry
greatly simplifies the extrusion functionality

The second special case regarding orientation is when the track point does not lie
within the shape’s bounding box area.  For this case, an infinite extensibility may be
defined. Indefinite extensibility is an attribute of blade shape.  The basic idea is that if
a blade shape completely or partially overhangs an area which is far below it, the
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bottom of the blade shape may extend down to meet the terrain far beneath it.  Such
an extension may occur in several ways.  It may be either a vertical drop, or follow
another parameter, like slope.  There may also be a parameter like “round the base”
for which the edges meet. In traditional contour line use such junctures are referred to
as daylight lines, and infinite extensibility would enable one to govern their form.
The same applies to blade shapes which are partially or wholly surrounded by existing
terrain data which rise far above the blade shape. In this case the blade shape would
have to extend up to meet existing grade.  This case also applies only for a tracks
placed far to the left, or right.

2.2 Static/Dynamic Mode

Another parameter describing the relationship between blade shape and path is static
or dynamic mode. Geometric attributes of either the whole blade shape or individual
components of it may change along the course of the path. Examples of dynamic
changes include:

2.2.1 Scale Changes
The blade shape can change absolutely or relative to some criteria.

Fig. 3. A blade shape in dynamic mode changing in scale. In this example the blade shape’s
scale changes along the course of the path, shown in plan at the top of the image, with profiles
of the rescaled blade shapes at each path vertex shown in section at the bottom of the image.

2.2.2 Orientation Changes
In addition to scale changes, the Orientation Angle of the blade shape with respect to
the path may change. The collection of Orientation variables represents the state of
the relationship at specified points along the path.  The points along the path where
the blade shape is placed are intervals.  These intervals may or may not correspond
with the true path segment points, and may change.  Track point may move and Angle
of blade shape orientation may also be dynamic along the length of the path.

2.3 Effect

The second component of the generic sculpting tool definition relevant to these
junctures is effect, here defined as the result of applying the blade shape parameter to
the path. Exactly how they are applied against each other is key to juncture geometry
determination. We discuss the individual cases below.
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2.3.1 Corner Extrusion Junctures
For a static blade-path relationship, extrusion of a blade shape along a path consisting
of straight, linear the geometric result may be characterized by a cross section of the
blade shape oriented perpendicularly to the path along its length. Symmetrical and a-
symmetrical track point placement are primary for determining corner extrusion
juncture geometry.

Symmetrical  Track Point Placement
Figure 4 shows how there are two corner extrusion junctures which need to be set for
the symmetrical case. Region a is the outer corner, region b, the overlap corner
between consecutive segments. Region b is also discussed in the overlap extrusion
juncture section below.

Fig. 4. A simple centrally placed track point corner situation. Two corner extrusion juncture
areas to be concerned about; the outer edge a, and the overlapping inner edge b.

As an example, a blade shape positioned perpendicularly to the track, and in the
middle of the z-coordinate plane of the blade shape, at grade with the existing surface,
if round corner options are exercised, the corners would result in the geometry
illustrated in figure 5.  Another example of inner edge b being manipulated as an
overlap extrusion juncture option is depicted in figure 10.

Fig. 5. Example of centrally placed track point with a planar 2-D blade placed perpendicular to
the path. Blade and track point are shown at the top of the image. Rounded corner extrusion
juncture options are used.
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A-Symmetrical Track Point Placement at Corners
The case of an off-center track point placement (figs. 6, 7) complicates the corner
situation because instead of only two areas of concern (a & b) , there are now at least
five for a single corner. And what about the next corner. Since no real-life bulldozer
or re-grading tool would create such geometry, the user must now decide on the
desired geometry for all of these junctures.  For example, should one eliminate the e
regions? Round the corner as d depicts?  Or leave it flat with just a?  These are the
parameters which would require handles for a user to govern properly.

Fig. 6. Diagram of Corner and End extrusion junctures for an a-symmetrical path.

An example of applying this extrusion on an actual surface is illustrated in figure 7.

Fig. 7. Example of a corner juncture where the track point position is placed off-center. The
track point is found in the blade image at the top.
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Other corner shapes

Of course there are many alternatives to rounded corners, including the example in
figure 8, where flat corners with a symmetrically placed track point, and planar blade
shape are depicted.

Fig. 8. Example of a flat corner extrusion juncture.

2.3.2  End Extrusion Junctures

End extrusion juncture options primarily govern the beginning and close of an
extrusion operation. For example in figure 6 above, should a round corner of a blade
shape whose track point is placed off center take on shape h1, h1, or h3? If the blade
shape is volumetric, the ends may reflect a particular orientation of the volume.
Which fraction depends on the end extrusion juncture option desired?

End junctures are of course greatly simplified for static, planar blade shapes, which
do not change in scale, orientation, or track position along the course of the path.  As
previously noted, a cross-profile through the blade shape suffices along the path
segments under these conditions and the volume itself is only expressed at path
corners and ends. Alternatively, one may wish for the ends to be flat or round or
pointed, or some other shape.

2.3.3  Overlap Extrusion Junctures

There are three distinct cases for overlap extrusion junctures: overlap at corners (a and
b in fig. 9), overlap over path segments (i), and overlaps with previous passes (j).
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Fig. 9. Overlap extrusion juncture options diagram. b represents the overlap option between
consecutive segments. i represents overlap between non-consecutive segments, and j represents
overlap between different passes of the extrusion operation.

Overlap junctures where one path overlaps another, either when a path doubles back
upon itself, i, or when it’s between two separate extrusion passes, j, are easily handled
by  treating the first segment as existing terrain, and the overlapping segment as the
new added or subtracted dimension.

Other Overlap Extrusion Juncture Options
As already briefly mentioned, overlap options govern the geometry between the
overlap areas b in figure 1. Example solutions include the following algebraic
combinations between existing and new elevation geometry (e.g. +, - , *, min, max,
average, >, <).  Other solutions may include going to existing grade in these areas,
raising all values to a set height, or another function.

Fig. 10. Example algebraic corner overlap extrusion juncture options. Left is an average, Right
is a maximum corner overlap option.
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3  Discussion

Evident from the range of geometric alternatives possible at extrusion junctures, is
that the possibilities in the digital medium far exceed those available with real-world
earth-moving equipment. This is an opportunity. The key is to coordinate the different
parameters with a system of recognizable handles for a user to most efficiently choose
and modify with the range of formal options available.

Given the large number of parameters which may change, there is a need for a kind
of metric – or index – for keeping track of, or recording how many of these
parameters change at one time. A complexity index. In addition to measuring the
system itself in terms of degrees of freedom, the metric would also be useful for
posterior testing of the success of the entire system.  Whether such a metric is feasibly
derivable at all, and what kind of direct influence it could have remain open questions
of this paper. Geometric control over the corner, end and overlap opportunities
enables an extension a broader range of possibilities; thereby extending automation
beyond mere mimicry.
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Abstract. Contour lines are, as Digital Elevation Models (DEM), 3D
information describing the terrain topography. The aim of this work is to
demonstrate how the use of a powerful DEM modeling structure, taking
into account both representation characteristics, eases their collaboration
for topography representation.
After regarding the link between contour lines and DEM, we introduce a
new type of triangular representation for surface modeling: The Delaunay
Constrained Triangulation developed to maintain the Delaunay nature
of the final triangulation.
This efficient structure is used for 2.5D DEM design and contour lines
management. We present the main properties and interest for DEM mod-
eling with this structure before focusing on the contour lines manage-
ment.
The bilateral relationship between contour lines and DEM is studied
in two Processing chains. First, the use isolines as input data for DEM
design. Second, the extraction from triangulated DEM. We propose for
both aspects automatic and easy to use processing chains exploiting the
Delaunay structure properties.

Keywords: contour line, DEM, DEM design, Delaunay Constrained Tri-
angulation,

1 Introduction

In this paper we study the relation between the contour lines and the DEM to
propose an efficient and automatic method for DEM computing from contour
lines. This problem has been explored for long time and various solutions have
been proposed [5]. Currently contour lines and DEM are hardly cohabiting due
to the lack of representing structure taking into account both specificity.
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We introduce a the DEM modeling structure : the Delaunay constrained
Triangulation very useful for DEM design and management. So it is the natural
chose to support processing chain between contour lines and DEM. We briefly
present the different types of ”Delaunay constrained triangulation” depending
on the principles used for its computation. In particular, we introduce stable
methods preserving the Delaunay nature of the final mesh.

In a second part we develop the bilateral relationship through two processing
chains : a processing chain to compute DEM from contour lines and the dual ex-
tracting contour lines from the DEM. We present a simplification pre-processing
step of contour lines before developing the DEM design chain preserving the
contour lines. Then, we present the contour line extraction using the Delau-
nay/Voronoi properties of the triangulated mesh.

Finally, we present some applications in numerical geography of DEM and
contour lines combined.

2 Contour Lines and DEMs

Contour lines and DEM are both a representation of the same real topogra-
phy. They just correspond to different ground surface sampling strategies as
topographic profiles or grid sampling. So, it should be easy to build a relation
between them.

Moreover, contour lines are now considered as an end product. So, they are
mainly used for map edition and not for digital geography. In that case, the lines
are often ”corrected” by the land surveyor to make them easy understandable
for the map user.

The current digitalization of map library leads to DEM production from
contour lines which are coming from digitalized maps or geographical vector
library. This induces the following questions :

• What kind of link exists between contour lines and DEM?
• What kind of topographic representation structure can be used to build and
highlight that bilateral relation?

• How taking into account this planimetric and height information as it is?

Currently we use a grid structure to interpolate the contour lines. This pro-
duce the usual DEM artifacts due to this computation method :

• Effects of the sampling rate grid : the sampling rate is global and can not
take into account the local variations of lines shapes, density, . . . . this leads
for instants to miss the summits and build flat mountain top.

• the interpolation effects on slope, aspect, drainage network.

So it is hard to determine a priori the final DEM quality although knowing the
contour line precision. Moreover it require a lot of computation.

On the other and, we can use a triangular representation taking into account
punctual data with linear features. This leads to choose the Delaunay constrained
triangulation.
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3 The Delaunay Constrained Triangulation

3.1 The Problem

The Delaunay triangulation is a well known method for triangular meshing a set
of points [6], [9], [2]. The problem of the constrained triangulation is to make
appear a constraint graph described by constraint edges. Each constraint edge
is then a part of triangles.

Definition 1 (Delaunay stable incorporating method). A constraint in-
corporating method in a Delaunay triangulation is said to be stable if the resulting
triangulation is still a Delaunay triangulation.

The difference between the stable and unstable methods can be translated
in their naming manner. It has to be stressed that the Delaunay Constrained
Triangulation (DCT) is different from the Constrained Delaunay Triangulation
(CDT). The CDT are produced by Delaunay unstable methods. On the contrary,
DCT are the result of a Delaunay stable algorithm.

Those nuances are highlighted when we look at the different constraint meth-
ods.

3.2 Delaunay Triangulation under Constraint [7]

The principle is to redefine the building criterion of the Delaunay triangulation.
So, we define the ”constrained empty circle criterion” taking into account the
graph of visibility of the configuration. The final triangulation is no more of
Delaunay nature.

3.3 The Unstable Methods

First we compute the Delaunay triangulation of the vertices and the constraint
extremities. Then we incorporate the missing constraint edges by re-triangulating
the constraint edge’s neighborhood while preserving the edge integrity.

Theorem 1 (triangulation without internal points [8]). For each area
whose boundary is a simple non crossed polygonal lines, there exists a triangu-
lation without internal points.

So, the resulting triangulation verifies exactly the constraint field but is no
more of Delaunay type.

3.4 The Stable Methods [12]

The Delaunay stable methods are based on the breaking method building new
Delaunay compliant edges.



90 L. Rognant et al.

Theorem 2 ([13]). In a Delaunay triangulation, for each non-Delaunay com-
pliant constraint edge, it always exists a partition leading to Delaunay compliant
edges.

The theorem 2 leads to different edge partition algorithms splitting the con-
straint edge to make it Delaunay compliant. In [12], we present some methods
more or less expensive because of the new points introduced during the partition
computation. The final triangulation is still of Delaunay nature and possessing
all its interesting properties.

3.5 Conclusion

The constrained Delaunay triangulation has different methods depending on the
hypothesis used to compute it. We can highlight three main classes :

• Delaunay triangulation under constraint (new type of triangulation),
• Constrained Delaunay triangulation CDT (no more Delaunay),
• The Delaunay Constrained Triangulation DCT (of Delaunay nature).

We use the DCT mesh structure for DEM design because of the Delaunay pre-
served properties of the final mesh.

4 The Delaunay Constrained Triangulated DEM
Representation [11]

The triangulated DEM is an alternative to the classical regular DEM. Instead of
applying a structure to the terrain (the regular sampling), we allow the terrain
to structure the DEM. So, we adapt the data sampling to the type of landscape
it represents and to the accuracy needed for the DEM application.

The triangulated DEM includes the properties of standard DEM plus the
previous considerations. To keep the terrain structure, we warrant the presence
of topographic lines in the mesh by using them as mesh constraints.

Data Used in the Constrained Triangulation Representation

The topographical data are considered to be a set of 3D scattered data including
a set of topographical constraint lines (watershed, talweg).

This allows to use a small amount of points and an irregular (spatial) dis-
tribution while preserving the DEM realism and quality. Moreover, the model
can be refined for the most important area whereas regions of lower interest are
more roughly described.

DEM Design

The DEM is considered as an open surface with neither cavity nor pleat. This
allows us to use a 2D Delaunay Triangulation method to reconstruct a 2.5D
surface. All the DEM constraints are incorporated as mesh elements.
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Some Useful Properties for DEM Design

Multi-sources : The data are from various origins : radar images, optical im-
ages, maps.

Irregularity : The irregular structure of the mesh and the iterative insertion
mode allows to handle data at different sampling rates. For instance, this
structure can include a TIN mesh and a regular grid mesh.

Iterative algorithm : this algorithm allows the dynamic update of the DEM,
inserting or deleting vertices. This property is also used for multi-scale rep-
resentation and for moving or zooming (to have a local higher scale) a region
of interest.

Constraints : The use of constraint lines appearing as edges in the DEM mesh
is a guarantee of good realism for a low number of necessary points. This
helps modeling a wide area at low cost.

5 DEM and Contour Lines

We consider starting from digitalized contour lines as for example from the
altimetric data base of the French national geography institute (IGN) or a Vector
Map (VMAP from the National Imagery and Mapping Agency (NIMA)) contour
lines layer. We don’t speak here about the digitalization of contour lines from a
map.

Hypothesis (2.5D contour lines). A contour line do not cross other lines
from different altitudes.

5.1 Contour Lines Pre-processing

We must note that often the contour lines are corrected during the map edition
to make them easy understandable for the customers. The pre-processing step
can be seen as this data preparation.

The pre-processing step allows lowering the data amount while adjusting their
quality and precision to the final product specification. Because the contour line
simplification is not a sub-sampling process, it is treated as a data compression
(with lost) problem. So, the processing is divided in three steps :

• data “characterization” by the line complexity analysis,
• simplification methods,
• quality control during the simplification.

These methods are applied in a first time to single contour line, then we
apply it to a set of lines.
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Contour line complexity: The aim of contour line complexity calculation is
to help choosing either the simplification method or the simplification parame-
ters.

Definition 2 (Contour line complexity). The contour line complexity is a
measurement describing the trajectory variability of the line.

We developed various complexity measurements. We present here the ”sinus”
complexity.

Cplx =
1

number of points

nbPts−1∑

i=0

sin2(θi,i+1) Cplx ∈ [0, 1]

where θij is the angle of direction change between the edge i and the edge
j. Because the complexity is evaluated before and during the simplification,
we assume that θij is small due to the fine over-sampling of the line. A null
complexity corresponds to a straight line. The complexity increase with the
number and the importance of direction change in the line.

Fig. 1. a ”simple” line (Cplx = 0, 035) / a ”complex” line (Cplx = 0, 07)

Simplification methods: We developed three class of simplification methods:

“In the water course”. The line is simplified in one pass from start to end.
It is a very quick method but less efficient than the others.

Iterative methods. The method repeat the treatment over the complete line
until the quality criterion is obtained. It is an efficient method analyzing all
the arcs composing the line but it is slow.

Recessive methods. The contour line is split in two sub-arcs which are sepa-
rately simplified. It is the most efficient method adjusting the simplification
to the local complexity.

The figure 2 illustrate the different orders of simplification of a single line with
a recursive method. We note a first ”purifying” step going from 350 to 56 points
(84% gain) where the line is simplified without significant quality loss. This
corresponds to a high frequency noise reduction. After this, the quality loss
increases. The first purifying step is especially interesting for hand digitalized
lines.

The simplification method can be refined by the use of a combination of
different methods for the same isoline.
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Fig. 2. Different order of simplification of a single contour line

Simplification quality: When the lines are simplified and during the sim-
plification process, we need to estimate the quality loss. A too much simplified
contour line may have intersections with its neighbor lines (what is excluded by
hypothesis 5) whereas the line can be more simplified to comply with the DEM
specification. A too important simplification leads to artifacts apparition due to
the loose of the original lien shape.

We studied quality criteria that must reflect the relation between the original
line and the simplified line. So, we use for instance the area appeared between
the lines (fig. ??), the length loose, the compression rate , . . . :

q =
lost area

initial length

The more q is low, the more the lost area between the lines is low. By experience,
a good simplification quality is under 2.

Multi-line simplification: The problem of the simplification a global set of
contour lines is different from single line simplification. This corresponds in a way
to topography simplification. Often singles simplifications, even of good quality,
may produce intersections between lines by the line displacement in the neigh-
borhood of the original line. This depends especially of the line density, which
can be directly related to the terrain topography. The multi-lines intersection
problem is treated in two ways :

• preventing the lines intersections by choosing simplification methods, strate-
gies and parameters,

• a post-processing step by correcting the introduced artifacts.

To prevent the lines intersections, we can for instance :

• use of master contour lines less simplified and staying untouched by the
correcting process.

• use of the contour lines density: For instance, in a plain the contour line are
widely separated and simple so they can be more simplified while in mountain
area they are very dense and complex and should be less simplified.

• use of simplification direction from top to down heights.

In a second time, we must correct the defaults appeared between the contour
lines. We developed different methods, which are not equivalents due to the
different leading principles :
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• interpolation of new points for the lowest contour line avoiding the inter-
section. This method may propagate the modification the all the next lower
lines.

• local point exchange between the lines.
• the local un-simplification of the lines using the 2,5D assumption saying that
the ”original” lines do not have intersections. This is the safer and accurate
correcting method but may re-introduce lots of points.

Remark 1. ”Purified” contour lines introduce no intersection problem due to the
high quality of the single simplification.

5.2 Contour Lines DEMS

We present a processing chain to produce automatically DEM from contour
lines. In a first step, the contour lines are pre-processed to respond to the DEM
specifications : accuracy, amount of data. The pre-processing is conducted in two
ways :

• a selection of contour lines to obtain the height accuracy related to the
altitude sampling rate of the lines,

• a contour simplification to adjust the data amount and the planimetric ac-
curacy.

Then the contour lines are treated as linear constraint for the triangulation
computation. This data needs to be completed because of the height sampling
rate leading for instance to plateau on mountain’s top while it exist a punctual
summit. So the data may be completed by punctual information (as summit)
and linear networks (as talweg, slopes) (fig. 3).

This data management is allowed by the Delaunay Constrained triangulation
chosen for DEM design. The 2.5D nature of the reconstructed surface induce that
the DEM can not describe overhang.

Fig. 3. DEM design from contour lines (left: the data = contour lines + talweg +
summit; right the final DEM)

The DEM is automatically computed directly from the contour lines data.
The use of contour line as constraints avoid misplaced triangles connecting two
lines separated by an other. Finally, a post process detect the plan triangles.
This step is man supervised in order to detect the real errors. Two correcting
methods are used :
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• a manual method where the operator add a slope profile,
• an automatic method computing the steepest slope constraint by interpola-
tion between the two lines [1].

The obtained DEM is a triangular structure where the contour lines appear
as mesh elements. Because it still is a Delaunay triangulation, this DEM inherits
of all the Delaunay properties and can by example be easily resampled (at any
sample rate) into a regular grid DEM.

5.3 Contour Line Extraction

Contour lines extraction from TIN are well known [15]. They use general trian-
gulated mesh without taking into account its properties leading to extra compu-
tation as triangle ordering. In our case, We consider that the DEM is a Delaunay
triangular structure. We use the Delaunay dual diagram, the Voronoi diagram,
to help the contour line extraction. The Voronoi cells give the neighborhood of
triangles accelerating the extraction process, by introducing a snake behaviors
to the contour line extraction.

Remark 2. If the DEM was computed from some master contour lines, they must
be found by extraction exactly as they were during the previous step.

The ”raw” contour line obtained can be post-processed to enhance their look
and shape for map edition for instance. The lines can be smoothed by spline
interpolation using different spline functions: B-spline, weighted spline. This step
requires being careful to avoid intersections dues to the spline behavior.

5.4 Applications of DEM and Contour Lines Relationship

The processing chains we presented lead to lots of applications using the duality
between contour lines and DEM. We can cite :

the re-interpolation of contour line : The interpolation of new contour
lines from an original set of isoline needs to build a relation between the
line. This lead in a certain way to compute the contour line DEM for the
relation building and the extraction process corresponding to the isoline
interpolation. The interest of Delaunay constrained triangulation represen-
tation is the best approximation property [10] leading to the best mesh for
interpolation. Moreover, we can compute a continuous, derivable DEM sur-
face from such triangulated DEM allowing using a snake behavior for the
isoline interpolation.

the fusion of contour lines and other sources : mixing contour line over
a huge surface with precise or high resolution DEM (regular or not) for the
study of watersheds basins.

the topography simplification : The topography representation by contour
line is already a sort of surface simplification. First, we build the DEM
from all available data (grid DEM, contour line, GPS points, network, . . . ).
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Then, by contour line extraction the topography is simplified preserving the
local precision of the computed DEM. As said in [1], [14] the contour lines
implicitly contains the ridges and drainage lines which are essential for the
terrain surface description. This line set can be completed by VIP (Very
Important Points) [16] describing the punctual part of the terrain surface
description. Later, a new DEM can be computed from the extracted data.

quick DEM computation for an iterative process : Lots of remote sens-
ing or geographical processing are improved with a topography a priori (fur-
nished by a DEM). We can quickly propose a simple and low cost DEM
computed from contour lines. The conservation of the Delaunay nature al-
lows DEM refinements with other data.

DEMs co-registration by contour line extraction : Two DEMs with dif-
ferent characteristics (scale, sample rate, . . . ) can be easily co-registered by
extraction a the same rate of contour line sets that will be superposed.

6 Conclusion

We can say that contour lines are no more an end product and they can be easily
used in a bilateral relation with DEM for design and extraction. This opens
new opportunities to use them in numerical geography. Through the Delaunay
Constrained Triangulation (a particular surface and DEM representation taking
into account contour lines and DEM characteristics), We have presented three
processing chains :

• a pre-processing chain to simplify contour lines before their use. This allows
managing the requested quality (for DEM design, or topography simplifica-
tion) toward the original one.

• an automatic and easy to use processing chain for DEM design. The con-
tour lines are preserved in the final product; so they give their quality and
precision to the computed DEM.

• an automatic and easy to use contour line extraction process, computing the
lines from a Delaunay triangulated DEM.

This opens new opportunities of applications using the duality between DEM
and contour lines.
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Abstract. With the advances in rendering hardware, it is possible to render very
complex scenes in real-time. In general, computers do not have enough memory
to store all the necessary information for sufficiently large areas. This paper
discusses a way in which well-known techniques for modeling ecosystems can
be applied to generate the placement of plants on a terrain automatically at run-
time. Care was taken to pick algorithms that would be sufficiently fast to allow
real-time computation, but also varied enough to allow for natural looking
placement of plants and ecosystems while remaining deterministic. The
techniques are discussed within a specific rendering framework, but can easily
be adapted to other rendering engines.

Keywords: ecosystem modeling, ecotope modeling, compression, real-time
rendering, terrain modeling, terrain visualization

1 Introduction

With the advances in rendering hardware, it is possible to render very complex scenes
in real-time. Scenes of up to 200 000 triangles are becoming possible with much more
complex scenes looming in the near future. The ability to render very complex scenes
necessitates databases that can supply the rendering engine with enough data.

Landscapes for flight simulators, games or visualization, poses a problem due to
the large amounts of plants found on them. It is not uncommon for a flight simulator
to have 500 million big trees in its database area, and countless smaller trees and
shrubs. Due to the scale, and the amount of memory needed to hold the information,
these trees have in general been left out of the simulation, or incorporated into the
textures. In this paper, a system of ecotope1 modeling, that calculates the plants in the
view frustum in real-time, is presented.
The exact placements of these plants are seldom known, and seldom of real
importance. For vast areas of countryside they add to the general feeling of realism.
                                                          
1 Ecotope: A particular habitat within a region with relative uniform climatological

and soil conditions. Typically, specific ecotopes will be associated with specific
ecosystems.
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This lends itself to the modeling of ecosystems to determine the placement of plants.
By modeling the ecosystems, and generating only the plants in the immediate vicinity,
the overhead of storing millions of plants in memory can be avoided.

Ecotopes are a good predictor of ecosystems. Rather than modeling the ecosystems
(modeling the complex interactions between plants), ecotopes are modeled and the
landscape is populated with representative ecosystems.

   

Fig. 1. Two images created by Sam Bowling, using the World Construction Set [1] by 3D
Nature. It shows the realistic natural scenery that can be generated with ecotope modeling

By using the basic parameters of elevation, relative elevation, slope, slope direction
and multi fractal noise, it is possible to generate ecotope information that can be used
to predict the ecosystems. An ecosystem is assigned a probability that it will exist as a
function of the above five parameters. By evaluating them at a particular position in
the world it is possible to find a probability for each ecosystem. The ecosystem with
the highest probability is assigned to that particular area.

The appearance of each ecosystem is defined in advance. This includes
descriptions of the type, frequency and placement of plants, as well as typical ground
cover. This information is used to build a representation of the ecosystem. The
information is passed on to the rendering engine where it is cached, and reused for all
subsequent frames that look at the same area.

In section 3, the framework that is used to render the scenery is discussed. The
definition of ecosystems and modeling of ecotopes is structured around this. Section 4
looks at common parameters that is used to model ecotopes and ecosystems. In
section 5 this is extended to show how ecosystems can be constructed to fit into the
rendering framework. In section 6 the algorithms that is used to calculate the ecotopes
and build a representative ecosystem is presented. I also look at some optimizations
that are necessary for real-time performance. Section 7 looks at the results and is
followed by a conclusion in section 8.

2 Background

Most of my previous work dealt with large-scale terrain visualization for both
commercial, gaming and military flight simulators. As rendering speeds increased it
became possible to add more and more objects into the terrain adding to the realism.
At first it was adequate to develop off-line tools to place objects and store them in the
database. With the current commercial rendering capacity far exceeding one million
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triangles per second, it is impossible to store all the objects in a limited amount of
RAM. A way had to be found to efficiently compress this data and extract only the
data in the immediate vicinity of the camera in real-time.

When viewing natural features it is the general patterns that define the area, rather
than the exact detail. The specific position of a plant does not define a natural scene,
but the relative placement due to competition for natural resources is very important.
Ecosystem and ecotope modeling constitutes a form of compression for natural
environments. While the exact position and type of plants are not preserved, the
general statistical properties remain, allowing a representation to be built with the
same feeling and character.
A number of commercial programs that model ecosystems (ecotopes) to synthesize
data exist. World Construction Set (WCS) by 3D Nature [1], Terragen by Planetside
Software [2], and Genesis II by Geomantics [3] to name a few. WCS is one of the best
examples of ecotope modeling as seen in Figure 1. The realism in the images is a
convincing argument that ecotope modeling is a good way of generating natural
scenery.

 While these programs can render very realistic scenery, they are not real-time,
usually taking minutes to render a picture. This paper looks at the possibilities to
adapt ecotope modeling to the time constraints of real-time rendering.

3 Rendering Framework

The rendering framework divides the area into a set of square tiles, that can
recursively break into smaller tiles in a quad-tree structure. Tiles split at a fixed
distance from the camera, relative to their actual size and the field of view of the
camera. This result in tiles that are roughly the same size in view space. Figure 2
shows the way that the surface splits for a particular camera position close to the
ground. This splitting can be stopped at any level, and is combined with a prediction
algorithm that looks at the movement of the camera to predict tiles that will be visible
in the near future. There are a lot of tiles present that do not fall within the bounds of
the view frustum. This is due to the cache prediction algorithm. A fast rotation of the
camera is the most difficult situation to handle, and requires a lot of tiles adjacent to
tiles in the view frustum to be present.

Only the tiles included in Figure 2 need to be extracted from the database, and
reside uncompressed in memory. The algorithm makes use of frame coherence to
update only those tiles that change between frames.
Each tile in this representation consists of:
• A 17x17 grid of elevations covering the extents of the tile. As the tiles split and

become smaller, the actual resolution of the grid increases. This is the first step
(block based) in triangle optimization.

• A 128x128 pixel texture depicting the ground cover of the area. The size was
chosen to ensure roughly a 1:1 pixel to texel ratio for screen resolutions between
800x600 and 1024x768. At higher resolutions it will be necessary to either use a
bigger texture or change the tile split metric to maintain this ratio.

• A list of objects that reside on this tile (trees, rocks, houses etc). This is only a key
showing the type of object and does not include any information on the geometry
of the object or how to render it.
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Fig. 2. The subdivision of tiles in the view frustum for a particular camera position

Because the parent tiles always exist, it is possible to render a representation of the
terrain even if all of the tiles are not cached. While all four daughter tiles have to exist
before any one of them can be drawn, it is possible to draw the parent tile for a few
more frames while caching the daughter tiles. This enables the system to update only
a few tiles every frame, while maintaining a consistent view of the terrain. It is very
important since it allows a fixed time to be allocated to extract a tile from the
database. Although drawing a parent tile affects the visual quality (lower resolution) it
is possible to handle 400 degree per second turns with only three tiles being updated
every frame. This is fast enough for the most demanding games or simulators. Due to
the nature of the system a tile will never be cached unless its direct parent tile is
already cached. This allows the use of information from the parent when caching a
tile.

4 Modeling Ecotopes

This section looks at common variables that are used to model ecotopes in existing
software and discusses their influence on ecosystems, and the way in which these
parameters are combined to predict ecosystems.

Due to the constraints of real-time modeling it is important to use a fairly simplistic
system that can be optimized. Table 1 shows a list of variables being used by WCS
[1], with both Terragen [2] and Genesis [3] using a subset.

Each ecosystem in the database is assigned a probability for each of the above
variables. By combining the probabilities, a probability for each ecosystem can be
determined at a specific position on the terrain. The ecosystem with the highest
priority gets assigned to that position.
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Table 1. Summary of the variables that is used to calculate ecosystem placement

Elevation The height above sea level. With increases in elevation, the general conditions
become harsher. All plants have an upper limit at which they can survive. Plants also
tend to become smaller with increases in altitude.

Relative
elevation

Relative elevation refers to the local changes in height, with negative values showing
depressions, valleys etc, and positive values showing ridges. This is the higher
frequencies of the terrain. Relative altitude affects plant growth since valleys are
generally wetter, as well as more sheltered. Ridges on the other hand tend to be
exposed to the elements much more.

Slope The slope of the terrain has a direct bearing on the quality and depth of the soil, as
well as water retention due to runoff. Steep slopes tend to have small shrubs and
grass cover. Very steep slopes tend to be exposed rock with no vegetation.

Slope direction The direction that the slope faces has a direct bearing on how many sunlight hours it
receives each day, as well as being more sheltered or exposed to the prevailing
winds.

Multi-fractal
noise

Some plants and ecosystems also exhibit local grouping behavior independent of the
above 4 variables. One reason is reproductive behavior. Plants that either drop their
seeds, or reproduce vegetatively from roots tend to exhibit strong grouping behavior.
A lot of multi-fractal noise functions exhibit similar patterns, and can be used to
change the probability of ecosystems, or the density distribution of plants within
ecosystems, to model this behavior.

5 Defining an Ecosystem

Unlike most other systems (WCS [1], Terragen [2] etc.) that do a single ecosystem
calculation for each position on the terrain, ecosystems are divided into layers to fit
into the quad-tree rendering structure, and each layer is solved recursively as the tiles
split. This section looks at the way that ecosystems split into layers, the sort of
information available on each layer and the ways in which they can be combined to
form complex landscapes.

A layer consists of a vegetation canopy and ground cover and is defined for a
specific layer in the quad-tree terrain. Since a tile will always fall within a pre-
determined size range in screen space, it is possible to estimate the pixel size of all
plants on the tile. The vegetation canopy is defined as all the objects (plants, rocks
etc.) that are roughly one pixel in size when this layer is first used. Table 2 shows a
typical representation for savanna. There is no need to solve for plants that will be
smaller than one pixel on screen, since they will make no contribution to the visual
quality of the scene, and can be incorporated into the ground cover. Plants that are
bigger are incorporated into a higher level and will already be solved at this stage.
The ground cover is a texture with a representative image of the ground as well as all
plants that are still smaller than one pixel in this layer, and can be seen in Figure 3.

Table 2. Summary of possible layers present in a savanna ecosystem

Layer Vegetation canopy Ground cover
0 None Typical aerial photographs of the terrain

with trees shrubs and grass.
See Figure 3

1 Big trees Smaller trees, shrubs and grass
2 Medium trees Small trees, shrubs and grass
3 Small trees Shrubs and grass
4 Big shrubs Small shrubs and grass
5 Shrubs Grass
6 Small shrubs and tall grass Grass with patches of brown ground
7 Short grass Small plants, rock and ground



Modeling of Ecosystems as a Data Source for Real-Time Terrain Rendering         103

5.1 An Ecosystem Layer

Each layer in the ecosystem consists of the following items:

• A texture representing typical ground covers. This is used to build the texture that
is draped over the terrain when rendering. A number of examples are shown in
Figure 3.

• A list of possible objects in this ecosystem. This includes :

- The type of object. (It is possible to define objects like rocks as well, as long as
they have a natural distribution)

- Object density. This is used in conjunction with a random offset to determine
the number of objects in a specific area.

- Size and color variation information. This is used to generate variations in the
appearance of objects, and is particularly useful when billboards are used to
render trees.

• A list of all possible layers on the next level that can follow this one (see Figure 4).

Fig. 3. The top four textures define four possible types of ground cover for savanna, all with
different amounts of tree cover. These are layer zero ground covers (Table 2) with no 3D plants
present, and were obtained from aerial photographs. The bottom four textures define ground
cover on layer eight showing small plants, grass and soil

5.2 Combining Layers into Ecosystems

To facilitate in a diverse environment with the minimum of data, ecosystems are
constructed from a tree of possible eco-layers. Each layer in the ecosystem defines
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which layers on the next level can exist under it. A schematic presentation of this can
be seen in Figure 4. While there can be no trees at all in the grassland, it is possible
for areas with partial or dense tree cover to have grass underneath them. In general,
layers with many plants will have sparse layers under then, while layers with few
plants will have more dense layers underneath them due to competition for sunlight.

When an area is rendered, the objects rendered are the sum of all the all the objects
on this layer, and all the layers above the current one. No object intersection detection
is done. The ground cover used, is the ground cover for the current layer.

Fig. 4. A schematic presentation of possible combinations of ecosystem layers. By combining
different layers it is possible to get much more variation in ecosystems. Some of the layers have
been left out for clarity

6 Run-Time Calculation of Ecosystems

The modeling of ecosystems can be divided into the five processes shown in Table 3.
This section looks at their specific implementation.
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Table 3. Pseudo-code showing the basic operations used to build a tile

CacheTile()
{

BuildElevationGrid();
// Extract a 17x17 elevation grid from the database
BuildRelativeElevationGrid();
// Builds a 17x17 relative elevation grid
BuildEcosystemGrid();
// Builds a 17x17 grid of assigned ecosystems
CalculatePlantLayout();
// Solve the plants and add them to the tile
// Section 6.2
BuildTexture();
// Build a representative ground-cover texture
// Section 6.3

}

6.1 Building the Elevation Grid

The elevation grid is a direct copy of the elevation data stored in the database (Figure
5a). The database has to define an elevation grid for all tiles on level 0. Most higher
level tiles will not have elevation data in the database due to the availability of data
and the amount of RAM available to store elevation data.

If no elevation data exist in the database, the elevation grid will be constructed
from the parent tile’s elevation grid. 9x9 elevations from the parent’s elevation grid
are copied to every second position in the child’s elevation grid. It is interpolated
linearly and a small random offset is added to ensure variation. This is similar to a
fractal height field generator.

  

Fig. 5. Screenshots showing (from left to right) elevation, relative elevation and slope as
calculated for a mountainous area

6.2 Building the Relative Elevation Grid

Each tile in the database has four average elevation values, one for each corner. These
four values are retrieved from the database, and interpolated to generate a 17x17 grid
of average elevations for this tile. While the database stores enough information to
calculate quadratic interpolation, linear interpolation was implemented for speed. As
can be seen in Figure 5b, the results of linear interpolation is convincing. The relative
elevation (Figure 5b) is the difference between the elevation and the average
elevation.
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If a tile does not exist in the database (and its elevation grid is interpolated from its
direct parent), no average elevation can be calculated. The relative elevation is
calculated by linearly interpolating the relative elevation of the parent tile. This is
halved, and perturbed again with the same random offsets that was added when
interpolating the elevation grid. While this is not an accurate mathematical solution, it
does yield acceptable results while being fast.

6.3 Building the Ecosystem Grid

The ecosystem grid is a 17x17 grid of ecosystem types coinciding with the 17x17
elevation grid defined for the tile. A complete evaluation of the parameters is done for
each of the positions in the grid, and an ecosystem assigned to that element. Using a
17x17 grid instead of 16x16 allows for overlap between tiles. By accepting the
penalty of re-computing data, tiles can be isolated from each other, and solved with
no knowledge of any other tiles in the area other than its direct parent.

Table 4. Pseudo-code showing the calculation of the ecosystem grid

BuildEcosystemGrid()
{

// step through the grid and calculate the
// ecosystem with the highest probability at
// each position

for (y=0; y<17; y++)
for (x=0; x<17; x++)

Eco[y][x] = CalculateEcosystem();
}

CalculateEcosystem()
{

CalculateSlope();                 // Equation (3)
for (i=0; i<NumEcosystems; i++)
{

CalculateSlopeSkew();       // Equation (7)
prob[I] = CalcEcoWeight(    // Equations(8,9)

                           elevation + Skew,
                           relative_elevation,
                           slope )
                           + (random offset);

}
return (ecosystem with the highest probability);

}

Calculate Slope. A 17x17 grid of slope values in both the x and y directions are
defined by equations (1) and (2). The slope is defined in equation (3) and the result
can be seen in Figure 5c. Unlike the other variables, slope is solved on demand as
needed and not saved in a grid, since it is not used anywhere else.
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Calculate Slope Skew. Slope skew is defined as an apparent change in elevation, to
reflect conditions such as prevailing sunlight direction, rainfall and wind relative to
the direction that a slope is facing. It is not a separate variable passed on to the
ecotope modeler, but rather added to the elevation. This is done separately for each
ecosystem that is evaluated. It is calculated using the normalized versions of delX and
delY as defined in equations (4) and (5). The amount of skew is calculated with the
following equation.

)][()][(][ normnorm delYiSkewYdelXiSkewXiSkew ×+×= (7)

SkewX[i] and SkewY[i] are defined as the amount of change in altitude for slopes in
the x and y directions respectively for each ecosystem.

Calculate Ecotope Weights. For each ecosystem being evaluated, its probability is
defined as the product of the individual probabilities in Table 5.
Each ecosystem has a minimum, maximum and smoothing value defined for
elevation, relative elevation and slope. The minimum and maximum values define the
upper and lower boundaries where the probability is 0.5 The smoothing (S) defines
how sharp this boundary is.



108         J. Hammes

Table 5.  Pseudo-code showing the calculation of an ecosystems probability

CalcEcoWeight()
{

w_e = (probability due to elevation);
w_r = (probability due to relative elevation);
w_s = (probability due to slope);
// all three are calculated with equations (8, 9)

return (w_e * w_r * w_s);
}

The value that is passed on to the function is first normalized with equation (8). X
will be zero for a value exactly in the middle of the defined range, 1.0 at both the
upper and lower boundaries, and bigger than 1.0 outside of the defined range.

The probability is calculated using equation (9). It will yield a value between 0.0
and 1.0. Useful values for S (smoothing) ranges from 1 (very smooth crossover) to 10
(sharply defined edge).

)/)(( RangeAVSValueabsX −= (8)

SXw 5.0= (9)

6.4 Calculate Plant Layout

For each plant type within the ecosystem, a number of plants are generated. This is a
function of the density of the plants, and a random offset to ensure enough variation
in the representation. For each of these plants, a position is determined by adding
random offsets from the center of the tile.

Plants are added to the tile as a position and type. There is no information about the
way that it will be rendered. This decision is left to the rendering engine that can
choose any appropriate method for display.

6.5 Building the Ground-Cover Texture

All the ecosystems used in the database have a representative ground-cover texture
associated with it (See Figure 3). For each of the 17x17 grid-points, the representative
ground-cover texture is rendered into the tile’s ground-cover texture using a semi
transparent mask to blend textures together. Figure 6 show how a number of ground
cover textures (the top row in Figure 3) was combined to form a new ground cover
texture for a tile.

6.6 Random Values

While a lot of random values are used to generate realistic variation of plants and
ecosystems, it is very important to keep the results fully deterministic. This is done by
pre-calculating a random lookup table and using a constant offset per tile into the
table. The main reason is to ensure consistency of the visual scene. If the camera
rotates through 360 degrees, the tile cache will be filled with new tiles, and all the old
tiles (including their objects) will be replaced. When the camera looks in the original
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direction again, the tiles will be recreated and cached. The trees should be in the same
position as they were before. By saving the random lookup table as part of the
database, it is possible to ensure consistency across a network simulation as well.

Fig. 6.  Blending together of ecosystem ground-cover textures to form a new ground cover
texture for a tile

7 Results

A program was developed in c++ using DirectX to evaluate the performance of
ecotope modeling, and determine its suitability to real-time applications. This section
looks at the visual appearance achieved, as well as the speed of the different sections
of the algorithm. Five ecosystems where defined as shown in Table 6. All of them are
level zero ecosystems. No further splitting of the tiles was done during the test.

Table 6.  The five ecosystems used to evaluate the system

Ecosystem Color Elevation Relative
elevation

Slope

Dense bush Min
Max
Sharpness

140
260
2

-0.5
0.1
1

0.0
0.7
2

Marshland Min
Max
Sharpness

-50
50
2

-0.5
0
1

-0.2
0.3
2

Small
bushes and
grass

Min
Max
Sharpness

-50
350
2

0.07
0.3
1

-0.2
0.8
2

Grass on
steep slopes

Min
Max
Sharpness

-50
350
2

0
1
1

0.7
1.2
2

Exposed
rock

Min
Max
Sharpness

-50
350
2

-1
1
1

1.4
4.2
8



110         J. Hammes

Figure 7 shows both a false color map (on the left) and a color representation (on
the right) of the test scene. A single plant has been defined in the dense bush
ecosystem.

  

Fig. 7.  False color map of the area (left) showing the placement of ecosystems. The color is in
accordance with Table 6. On the right, the ground cover textures where replaced with more
appropriate textures

  

  

Fig. 8. Four views showing the placement of trees by the algorithm.

Figure 8 show four more views of the terrain. The lack of ecosystems on higher levels
can clearly be seen close to the terrain. The trees where rendered as billboards facing
towards the camera.
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7.1 Performance

The time that it takes to calculate a complete tile is very important. It is possible to
have fast simulations with as little as three tile updates per frame. Depending on the
exact needs, this allows between one and five milliseconds to calculate a tile. Table 7
shows the average measurements for the different processes. All measurement where
made on an Intel PIII with 128 Meg of RAM, and a GeForce graphics card. The only
optimizations done was in algorithm design.

Table 7. Time (in ms) to calculate different sections of a tile

Total 4.50 ms
Elevation and relative elevation 0.16 ms
Ecosystem placement and slope 3.60 ms
Calculate plants 0.20 ms
Build textures 0.35 ms

8 Conclusion

Programs like WCS have shown that very realistic images can be obtained from the
modeling of ecotopes. I have presented a framework in which these ideas can be
simplified to allow the real-time modeling of ecotopes. The advantages of this
algorithm is as follows:
1. Compression of natural landscapes. All of the plants are calculated at runtime

from a very small description. All the ecosystem information for a complete
scene can be described in less than a Meg. This allows the algorithm to run
efficiently on machines with limited RAM, freeing up memory resources for
other processes.

2. Near real-time execution. Currently the algorithm needs about 15ms per frame to
model ecosystems. With optimizations it would be possible to reduce this to as
little as 6ms per frame. This is adequate for 30 fps screen updates, and will in the
near future (due to faster computers) be fast enough to deliver 60 fps update rates.
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In the construction industry, the use of survey and positioning technologies is more
and more focussing at automation of some of the contractors most valuable assets;
heavy machinery.

The use of rotating lasers or sonic devices to take non-contacting reference to a
stringline or existing surface, is standard practice on many jobsites today. These
systems offer automatic control of the hydraulics of the machine so that the elevation
and cross slope of a cutting edge or blade, are set using the laser or sonic reference.

However, systems using laser and/or sonic devices still need reference of manually
implanted grade stakes, markers or elevation points.  With today’s generation of
applied survey and positioning technologies, it has become possible to greatly reduce
and even eliminate manual stake out work.

Local Positioning Solutions

By directly connecting the digital job design to a tracking total station, the position of
the moving machine can be compared continuously to this design. The difference
between the two is then fed to the machines’ hydraulic controls which automatically
control the elevation and slope control of the blade, so that it cuts exactly to the
design. The only thing the machine operator needs to worry about is steering his
machine, so that he can fully focus on managing his materials.

Benefits

Benefits of such systems are significant reductions of stake out work, no more need
for setting up grade stakes & markers every 12 m along a road job, string lines etc.
In addition it also leads to reduction of control checks and re-staking during the
process.  Furthermore, jobs that used to be complex (non planar jobs like airport run-
& taxiways, parking lots with many breaklines, steep vertical curves on landfills or
highway exits) can now be done with the same speed and accuracy and ease as a flat
job. This results in production increase on virtually every job. Due to the possibility
of continuous control, the whole process and flow of activities can be carried out
almost uninterrupted and productivity increases are achieved varying from 30% to a
100% for basic road construction, to even 400% for more complex works. And
because there is no more human staking and the whole job can now be done with one
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survey data set from start to finish, the chance of errors is greatly reduced and leads to
a better quality assurance. Another benefit is an increased safety on the jobsite, as no
more people are working around the machine for grade checking and manual control
of markers and finished surface.

Laser Communication

Specifically for 3D Control of construction machines, Topcon has designed a specific
transmitter, that is based on a traditional tracking total station for survey purposes, but
utilizes a different principle for control & communication. The GRT-2000 is a
tracking total station that continuously tracks the machine during its movements. It
has a field computer with the digital design attached to it, and extracts the required
slope and elevation data for each point the machine is at. The elevation data is not,
like with radio, transmitted to the machine, but a pointed laser beam mounted over the
units telescope, sends out a solid laser beam, directly aiming at the right elevation.

A special receiver mounted on the machine’s blade, the LS-2000, automatically
centers itself to this laser, setting the blade at exactly the right elevation for that
particular point. The special sensor is placed at one side of the blade, and a slope
sensor which is mounted in the middle of the blade, now takes care of the slope of the
other side of the blade. As the total station knows the moving direction of the
machine, it can extract the correct required cross slope from the design database. This
information is sent to the machine as well, modulated on the same laser beam that’s
used for controlling the elevation.

By using the laser for direct elevation control and communication, hardly any delay is
in the system and high data control rates can be achieved, which is necessary to not
limit the machine in its regular working speed, achieve the accuracy required and
deliver a smooth end result.

The main reason for this approach is that the servo total station and the moving
machine are part of two different physical control loops so that the control system
does not suffer from vibrations or unexpected abrupt movements of the machine. This
is achieved by tracking the machine only in X and Y directions, the elevation is
always controlled by the laser, which is steady at the correct, theoretical height. The
smart sensor continuously reads the laser beam and adjusts itself and the blade to the
correct height. So in case the machine hits a rock, the 3D receiver will notice
immediately and send a correction signal to the machine’s hydraulics, without any
total station involvement. This is done at 50Hz speed. With this principle, the delay
and latency of the system are minimal guaranteeing high accuracy, and smooth end
control. A conventional one-man survey system has to track all three position
components, and determine positions/corrections for each point in time measured. See
Diagram 2 for a graphical comparison of the two methods.

Another important aspect of this solution is the fact that the speed of control is high,
and accurate enough to control virtually any machine. Whether it’s a fast, steady
moving motorgrader, a fast and abrupt moving bulldozer, or a slow asphalt paver. In
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GRT-2000 Laser Control Total Station Radio based control

this way, the components required for 3D control, plug in seamlessly to the same
standard machine control system that is used for laser and sonic control.

The GRT-2000 does have all required survey and stake out functionality for both two
man as one man use, so if not controlling a machine, it can be used for any regular
survey task on site as well.

Fig. 1. Control loop principle of GRT-2000 3D Machine Control versus conventional radio
based, X,Y,Z controlling total station.

Fig. 2. Comparison of control corrections of Topcon GRT-2000 3D Control system and Topcon
AP-L1A tracking total station.
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Global Positioning Systems

Where Local Positioning Systems offer accuracies at the mm level, various
earthmoving and grading applications are at cm level, and for such applications, the
use of GPS becomes extremely viable.

Topcon has developed a 3D-MC™ GPS solution, which is fully integrated with the
standard automatic control system on the machine. Using one GPS receiver on the
machine’s blade to determine elevation, in conjunction with a slope sensor, and an
additional touchscreen computer for display and control purpose in the cabin, the
operator has fully automatic GPS control. A base station set up over a known
reference point provides GPS data.

Whatever the job or application, today’s contractor has a choice of state of the art
control solutions to best fit his production environment!

Rockingham Motor Speedway Project, Corby UK

Morrison Construction Ltd. From the U.K., and Surfacing Specialists Colas from
France, currently have multiple GRT-2000 3D Systems operational at the new to be
built 2.4 km Formula 1 circuit in Corby, UK.
In this application, the system not only demonstrates it’s high repeatability and
accuracy, but also its integrated functionality during all phases of the job.
From the start of the earthworks section, the GRT-2000 was used on a Bulldozer,
taking care of site preparation and base layers. Later in the project, a Motorgrader was
equipped, for fine grading the track and producing a lime stabilized section. This
section was then trimmed using a profiler, also equipped with 3D.
Finally, an asphalt paver produced the asphalt base layers reaching accuracies within
the 4 mm range. For the top layers eventually, a sonic averaging system was used to
average out the base, and finally result in mm accuracy racing surface for tomorrow’s
champions.

Zurich Airport Extension Kloten

The family owned Eberhard civil engineering group of Kloten, Switzerland, owns 4
Topcon 3D-MC™ systems. The specification for one of its key projects, an extension
to the Zurich airport, is particularly demanding with 24 hours a day working, and high
accuracy requirements. The systems are installed on a dozer, two motorgraders and a
profiler (trimmer).
The digital job design is directly based on models generated by Siteworks™, a design
application running on Bentley’s Microstation®, which is directly imported into the
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field computer running the 3D system. The direct import saves much time and assures
working with the original design data.

After several months of operation, accuracies from 0 to 8 mm are achieved, within 95
percent of the checked points. The main advantage for Mr. U. Koch is the amount of
time saved, as stake out work has been virtually eliminated. Another big saving is in
material ; with an area covering 550.000 m², and accuracies that are approximately 1
cm tighter then other methods, savings have already exceeded investment in the
technology.

Another benefit for the company is the modularity and interchangeability of the
systems between the different machines. At Zurich airport, the ability to use a dozer
for fine grading is particularly important in coping with weak underground materials.
The GRT-2000 system is the only one that offers high speed automatic control of a
dozer as if it were a grader.
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