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(ABSTRACT) 
 

Three-dimensional (3D) visualization is rapidly becoming an important tool for many 
engineering projects.  Accurate digital representations of terrain and ground features are 
extremely useful for efficient design, communication and data representation in projects 
involving land development, transportation planning, hydrologic analysis, environmental 
impact studies, and much more.  Within the scope of terrain modeling lie a wide variety 
of techniques used to build digital elevation models (DEMs).  Each approach has inherent 
problems and difficulties that can alter the accuracy and usability of the DEM produced.  
 
The main objectives of this study are to examine the various methods used for the 
creation of digital elevation models and make recommendations as to the appropriate 
techniques to use depending on specific project circumstances.  Data sets generated using 
two of the methods, photogrammetry and LIDAR, are used to build digital terrain models 
in various software packages for an analysis of data usability and function.   
 
The key results of this research project are two DEMs of a real-world transportation study 
area and a set of conclusions and recommendations that give insight into the exact 
methods to be used on various projects.  The paper ends with two short appendices, the 
first of which discusses several software packages and their effectiveness in DEM 
creation and 3-D modeling.  The final appendix is a flow chart summarizing the 
recommendations for the seven DEM creation methods. 
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1.0 INTRODUCTION 
 
As the world moves into the Digital Age, it is necessary for engineers and designers to 
move with it and to stay in touch with the rapidly growing technologies that become 
available to them.  Natural resource management trends towards extremely detailed 
designs and the growing numbers of strict guidelines for public involvement give rise to 
the need for more accurate planning on many types of projects (Berry, Buckley, and 
Ulbricht, 1998).  Geographic information systems (GIS) made up of map sources and 
attribute data are being widely used for applications such as urban planning, soil 
mapping, and water resource management.  GIS software packages like ESRI's ArcView 
and Autodesk’s Map 2000 can link vector and raster data types to individual records in a 
queryable database or table.  However, many of the GIS data sets used today do not 
include valuable three-dimensional data that is essential to accurate design and planning 
applications. 
 
Fifty percent of the neurons in the human brain are dedicated to processing visual signals 
received from the eye to allow humans to see the world in full color and in three 
dimensions (Limp, 2000).  The ability to simulate what the human eye can see is 
extremely useful for any real-world project.  Digital terrain modeling and three-
dimensional (3D) visualizations that represent the earth's surface and its ground features 
can be vital in many engineering projects for efficient design, communication and data 
representation.  Rowe (1997) defines visualization as the process in which data sets are 
transformed and displayed as useful or informative visuals.  This can be performed 
through the use of a variety of different data sets such as planimetric maps and 
photography. Using these processes in conjunction with geographic information systems 
allows attributes to be directly linked to precise geographic locations in 3D space. 
 
3D models are extremely important tools for projects involving public participation or 
clients with non-technical backgrounds.   They convey a message and a visual 
perspective that could never be achieved using simple, two-dimensional data.  The 
addition of texture mapping for realism can be even more effective for this purpose.  For 
example, the Texas Department of Transportation (TxDOT) recently used Digital 
Elevation Models (DEM) and 3D modeling to create visualizations of a new highway 
improvement project.  These screen captures and fly-throughs showing existing and 
proposed conditions were beneficial for presenting the new designs at committee 
meetings and other public involvement sessions in the project (Hill, et al, 2000).   
 
Another example of the usefulness of these technologies centers on the 2000 Summer 
Olympics held in Sydney, Australia.  Due to this event's high profile and the large 
number of athletes present, security and emergency operations were a very important 
issue.  For that reason, 3D visualizations of the Olympic park were used to create flight-
path simulations for emergency helicopter routes and to perform viewshed analyses of the 
area (Corbley, 2000).  The telecommunications industry has been using accurate 
visualizations of urban areas to determine the optimal placement for new cellular phone 
antennas using viewshed analyses from proposed points.  Other applications for this 
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growing technology include disaster management and earthquake planning; forest 
inventory, real estate property visualizations and virtual neighborhood visits; insurance 
and legal issues such as accident simulation; virtual tourism, travel, and oil exploration. 

1.1 Basics of Terrain Modeling 
 
In order for any of the applications mentioned above to be successful, an accurate and 
usable terrain model must be created.   The concept of using interpolated points to model 
terrain was first proposed by C. L. Miller in 1958 (Coghlan, 1982).  He defined this 
process as the mathematical representation of the earth’s surface using data points with 
known three-dimensional coordinates (Coghlan, 1982).  This representation is often 
referred to as either a digital elevation model (DEM) or a digital terrain model (DTM).  
For the purposes of this paper, the phrase “digital terrain model” will be used for the 
representation of just the earth’s surface.  This type of model is also referred to as a 
“bare-earth DTM”.  The phrase “digital elevation model” will be used to describe a 
representation of the ground surface and features in the area such as trees and buildings. 
 
DEMs and DTMs are produced, delivered, and applied using a wide-range of file formats 
such as: 
 

♦ ASCII files – Rectangular (grid) arrays of elevation values. 
 
♦ Binary files – Arrays using only binary values. 

 
♦ USGS DEMs. 

 
♦ DTEDs – Military Digital Terrain models. 

 
♦ SDTSs – USGS Standard Data Transfer format. 

 
♦ Other formats specific to existing software packages. 

 
Because of the nature of terrain modeling, DTM originators are faced with many 
challenges.  Once an array of points has been entered into a software package, the actual 
surface representation process can be difficult.  These points serve as the boundaries for 
interpolation and extrapolation of the remaining points needed to represent the surface.  
Interpolation involves the estimation of elevation values of points using the coordinates 
of the surrounding input points.  This occurs anywhere inside the boundaries of the input 
file itself.  Extrapolation involves the estimation of elevation values of points that lie 
outside of the boundaries of the given input file.  This occurs if the user requires the 
output terrain model to be larger than the area covered by the points in the input file. 
 
There are two main surface model types created from interpolation and extrapolation.  
The first type is a grid that represents the surface using a dense collection of evenly 
spaced points.  Since elevation data is rarely collected in this fashion, interpolation is 
used to estimate the values of the grid points from the points and breaklines provided.  
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The second type of surface model is a Triangulated Irregular Network (TIN).  TINs are 
created using adjoining three-dimensional triangles that connect existing points of known 
elevation.  This creates a surface of adjacent triangles that is not as constrained as a grid 
and represents the actual terrain more accurately.  This is due to the fact that a TIN is not 
an interpolation of values.  It uses the original point coordinates that were found during 
the data collection process (Gong, et al., 2000).  In addition, vectors called “breaklines” 
are used to connect points of equal elevation or points that lie along linear features.  
These breaklines can be used to guide the TIN generation and ensure that no triangle 
edges will cross these features.  A comparison of a TIN structure and a grid structure is 
shown below.   
 

Breakline 

 
 

Figure 1.1 – A Triangulated Irregular Network (left) and a Grid network surface 
representation (right) 

 

1.2 Problem Statement 
 
The final desired product of most 3D visualization applications is a DEM that portrays 
the terrain and existing ground features such as buildings and trees.  From this, texture 
mapping and rendering is used to produce realistic views and animations.  DEMs are 
created using two main methodologies for data collection and manipulation.  In the first 
method, the DTM is collected using different techniques and the ground features are 
added in a post-collection process that utilizes various data sources such as building 
outlines and stereo imagery.  The second approach records the bare-earth DTM and the 
ground features together and then separates the two data types.  The final step in both of 
these methods is the use of terrestrial and aerial photos for texture mapping to produce a 
photo-realistic appearance.  
 
Within the scope of these two approaches lie a wide variety of techniques used to build 
the final DEM.  Each technique has inherent problems and difficulties that can alter the 
accuracy and usability of the DEM produced.  In addition, factors such as computer 
processor speed, hard drive space, and video card capabilities can limit the use of these 
terrain models.  In the past, government and military agencies that have the ability to 
utilize expensive or custom made computer systems and software packages have 
dominated the 3D modeling industry.  However, the rapid progression and increasingly 
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low costs of desktop computers allow more and more smaller private sector firms to take 
advantage of these growing technologies. 
 
Because of the wide range and variety of technologies available to the average terrain-
modeling engineer, it is difficult to know which approach to use.  The purpose of this 
research is to examine these options in detail and discern the appropriate methods to use 
for certain situations.   
 

1.3 Research Objectives 
 
The main objectives of this research are as follows: 
 

1. Research and discuss the steps and data sources used in various methods for 
DEM creation and 3-D visualization. 

 
2. Provide an in-depth explanation of two of the most common and advanced 

methods for producing DEMs:  Photogrammetry and LIDAR 
 

3. Use available data from a real-world transportation project to create DEMs 
using these two methods. 

 
4. Form conclusions as to the usability of the various methods in real-world 

projects. 
 

5. Make final recommendations for the appropriate techniques to use depending 
on project circumstances such as available data, available computer resources, 
desired output type and accuracy, and time limitations. 

 
The introductory research and experimentation methods used to accomplish these 
objectives are outlined in the document below.  Chapter 2 contains a short literature 
review that discusses accuracy issues and gives a quick synopsis of the various DEM 
creation techniques.  Chapter 3 is an in-depth examination of photogrammetric methods 
for terrain modeling and 3D visualization.  Chapter 4 examines LIDAR techniques using 
the same basic content and structure as Chapter 3.  Chapter 5 describes the application of 
these two techniques to a real-world transportation project data set and presents the 
preliminary results.  Finally, Chapter 6 closes the paper with a comparison between 
methods, the conclusions made, and recommendations as to the appropriate methods to 
use for certain situations.  
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2.0 SYNOPSIS OF DEM CREATION 
 
Many of the applications that use DEMs require a high degree of detail and accuracy.  To 
understand how to control these factors, it is important to examine how DEMs are created 
from start to finish.  This chapter provides a summary of the issues involved in DEM 
creation and the methods used to overcome them.  Two of the methods discussed below, 
photogrammetry and LIDAR, are described briefly, since they will be more thoroughly 
examined in Chapters 3 and 4. 

2.1 Accuracy Issues 
 
The accuracy of a DEM is affected by a number of factors such as source data quality, the 
amount of relief in the area being mapped, and the land cover of the area.  These issues 
can appear at different points in the creation process, but they all should be considered 
through every step.   
 
2.1.1 Source data 
 
Every terrain model begins with one or more sources of elevation information. These data 
sources are considered either "Primary" or  "Secondary".  Primary sources are defined as 
recently captured data sets that can be corrected and modified such as field survey points 
or LIDAR points surveyed within a few months of the modeling project.  Secondary 
sources are older materials or data sources that cannot be calibrated or corrected.  A good 
example of a secondary source would be a set of photographs taken with a non-calibrated 
camera (Coghlan, 1982).   
 
Primary source types are abundant and are often easy to find.  Some predominant 
examples are: 
 

♦ Aerial and terrestrial photographs 
 
♦ Satellite imagery 

 
♦ Field survey data 
 
♦ USGS topographic map quadrangles 
 
♦ Laser survey data 
 
♦ Planimetric maps (road and building layout) 
 
♦ Tax and parcel maps 
 
♦ Utility maps 
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These data types each have advantages and disadvantages for use in DEM creation.  For 
instance, photography has inherent error sources that can be very time consuming to 
correct.  (These error sources will be discussed more thoroughly in Chapter 3).  However, 
the ability to produce a terrain model from a rectified photograph can be extremely 
accurate and aesthetically pleasing with image draping.  Satellite imagery contains the 
same types of errors as photography and is usually less detailed due to the lower 
resolution capabilities of satellites.  This lack of detail in the source data leads to a lack of 
detail in the model produced.  Fortunately, this issue will soon disappear as new satellites 
with sub-meter pixel sensors are being launched.  
 
2.1.2 Relief of area being modeled 
 
The terrain characteristics of the area of interest must be taken into consideration when 
determining the scope of the project and the possible output accuracy.  Obviously, a 
relatively flat, homogenous landscape is a great deal easier to represent than one filled 
with sinkholes, river networks, or mountain chains.  The accurate modeling of details 
such as small rock formations or streambeds requires dense point collection and precise 
breakline definitions.  Depending on the data collection method used, this process can be 
extremely time-consuming and labor intensive.  A breakline is a line used in the 
modeling process that connects points of equal elevation or represents a linear feature 
such as a stream or roadway.  If a TIN is created from the data, these lines define edges 
that the triangles cannot cross to ensure that the linear element is conserved in the model.  
If a grid is created, dense points and well-defined breaklines will increase the accuracy 
and precision of the model. 
 
2.1.3 Land cover in the area 
 
The procedures used for modeling forested areas, agricultural fields, and urban cities are 
all very different from one another.  Each of these land cover types presents unique 
challenges in the data collection process.  First, the presence of closely spaced buildings, 
windows, and other man-made materials make data collection in urban areas very 
problematic.  Since most of the data collection techniques used rely on the reflection of 
light particles, tall obstacles and highly reflective surfaces can distort the information 
recorded.  These cause the blockage (shadows) and the bending of light beams in certain 
areas.  Forested or highly vegetated landscapes are also difficult to model for these 
reasons.  Tall trees, dense canopies, and thick brush can have the same effects on the light 
beams being recorded.  The accurate "bare-earth" modeling of these types of areas 
usually requires more than one data collection method. 
 
An additional challenge to the creation of full elevation models for these areas is the 
addition of the ground features.  Once the bare-earth terrain model has been established, 
further processing is needed to place these features correctly as they appear in life.  This 
step is essential to many planning and design applications and must be done accurately.  
Specific procedures used to complete this step will be discussed later in this paper. 
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2.2 Summary of DEM Creation Methods 
 
Once the location and cover type issues of a project area have been addressed, the 
appropriate DEM creation method can be chosen.  The procedures used for terrain 
modeling have evolved a great deal over the past 40 years.  The methods discussed in this 
paper are the most widely used techniques of today.  They are: 
 

♦ Photogrammetry 
 
♦ Airborne Laser Systems (LIDAR) 
 
♦ RADAR 
 
♦ Digital Image Matching 
 
♦ Field Surveying 
 
♦ Ground-based Laser Systems 
 
♦ Topographic and Planimetric Map Scanning 

 
Each of these methods is described in the sections below.  The first two methods, 
photogrammetry and LIDAR, will be discussed in-depth in Chapters 3 and 4. 
 
2.2.1 Photogrammetry 
 
Photogrammetry is defined as the science, art, and technology of obtaining reliable 
measurements, maps, digital elevation models, and other derived products from 
photographs (Lillesand and Kiefer, 2000).  The most widely used application of 
photogrammetry is the extraction of topographic and planimetric data, which leads to the 
creation of DEMs.  This is due to the fact that the extraction of elevation information 
from photographs can be performed efficiently and very accurately once errors are 
removed. 
 
Photographic correction and extraction is performed using a variety of equipment and 
methods.  Once an aerial flight is completed, stereoplotters are used to correct and 
examine pairs of overlapping photographs.  These aerial photos are often scanned using 
state-of-the-art scanners to allow for digital analysis and elevation extraction to take 
place.  The DTMs created undergo further steps for ground feature extraction such as 
digitizing or geometric modeling.  Once this process is complete, the photographs can be 
used as texture overlays for realistic effects.  Refer to Chapter 3 for a detailed 
examination of photogrammetry. 
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2.2.2 Airborne Laser Mapping (LIDAR) 
 
Laser mapping systems use the speed of light to determine the distance to an object.  This 
process is commonly referred to as Light Detection and Ranging (LIDAR).  Airborne 
laser mapping systems employ a high-powered, rapid pulse laser mounted in the belly of 
an aircraft with known speed and trajectory parameters.  Using a high-accuracy clock, the 
LIDAR system measures the time it takes the laser pulses to travel to the surface and 
back to the sensor.  The system then calculates the distance the pulse has traveled using 
the time and the speed of light.   
 
GPS systems set up inside the aircraft constantly record the three-dimensional position of 
the laser source and the angle of incidence of the light, allowing for direct ground 
coordinate calculation.  This calculation can be performed either by a computer in side 
the aircraft at the time of flight or in a post-processing step.  The points recorded include 
bare-earth elevations and reflections from ground features such as trees and buildings.  
The latter can either be separated into layers to create a DTM or used together for 3D-
feature extraction in the post-processing steps.  Refer to Chapter 4 for a detailed 
examination of LIDAR. 
 
2.2.3 RADAR 
 
Radio Detection and Ranging (RADAR) was originally intended simply for object 
detection purposes.  Over time, it evolved into a tool that was also useful for object 
positioning.  RADAR systems send out pulses of microwave radio signals (1 mm to 1 m 
wavelength) and record the time, orientation and strength of the returns from objects in 
the field of view.  They can be mounted in either airborne or spaceborne vehicles and are 
sometimes used to produce images (Lillesand and Kiefer, 2000).  RADAR systems are 
considered “active” energy sources because they provide their own energy (Lillesand and 
Kiefer, 2000).  This allows data to be collected day or night in low-level cloud 
conditions.   
 
The main type of RADAR system used for elevation measurements is an Interferometric 
Synthetic Aperture RADAR (IFSAR).  IFSAR was developed in 1995 when the U.S. 
Joint Chiefs of Staff charged NASA with the task of creating standardized topographic 
maps for the portions of the world between 55°N latitude and 60°S latitude, which is 
approximately 80% of the Earth's surface.  In February of 2000, an IFSAR system was 
launched aboard the Space Shuttle Endeavor as part of the Shuttle RADAR Topography 
Mission (SRTM) (Chien, 2000).   

  
A basic IFSAR system uses two RADAR antennas mounted on either end of a long boom 
that collect radio signal returns from two different vantage points.  Ground GPS stations 
are established by a 2 – 3 person field crew for positioning and elevation control.  Basic 
trigonometry is then used along with the distances found from the two receivers to 
calculate elevation data for the terrain and ground features in the area.  This process can 
produce the data needed for DEM creation with vertical accuracies of up to 0.5 meters 
and horizontal accuracies of up to 1 meter (Goldsmith, et al., 1998).   
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The accuracy of these systems is compromised by a number of factors.  System 
components such as the look angle of the signal source and the alignment of the antennas 
can greatly effect data collection.  Large look angles with respect to the vertical plane can 
cause the emitted radio signals to be scattered by certain objects such as dense trees or 
buildings.  This will decrease the number and intensity of signals returned. 
 
The size of the look angle can also affect the way that certain terrain objects are 
represented by the RADAR system.  As well as causing signals to be scattered in densely 
forested or urban areas, high look angles can cause large RADAR shadows where no data 
is collected.  These shadows are created when tall buildings or steep mountains block the 
incident radio signals from reaching the terrain behind them with respect to the sensor.  
The size of the blank area depends on the height of the mountains or buildings present.  
Below is an illustration of how RADAR shadows are created.  

Look

Angle

Radar
Shadow

Near-Side Far-Side

 
Figure 2.1 – Illustration of RADAR shadows 

(Adapted from Campbell, 1996) 
 

A large look angle can cause another phenomenon called RADAR layover.  Sometimes 
when tall buildings or hills are being mapped, the signal from the reflection of the signal 
from the top of the object is returned before the reflection from the bottom.  This causes 
the signals to be recorded "out of order" as shown in the figure below: 
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Figure 2.2 – Illustration of RADAR Layover 

(Adapted from Campbell, 1996) 
 
When the look angle of the RADAR sensor is in the middle range (approximately 35° - 
55°) and the terrain being mapped is relatively low, the radio signals received from small 
hills or buildings can become distorted.  This concept is called RADAR foreshortening.  
Foreshortening causes these objects to appear to have steeper slopes on the side nearest to 
the sensor and shallow slopes on the side farthest from the sensor.  The figure below 
provides an illustration of this issue. 
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Figure 2.3 – Illustration of RADAR Foreshortening 
(Adapted from Campbell, 1996) 

 
In addition to the problems caused by the sensor's look angle, the orientation of the 
antennas adds a new set of challenges to overcome.  The alignment of the two antennas 
receiving the reflected signals must be correctly known with respect to the vehicle and 
must be kept constant at all times to ensure the geometric fidelity of the data produced.  If 
the attitude parameters of the plane (satellite), the antennas, or the boom are incorrectly 
recorded, the results of the triangulation process will be distorted and inaccurate. 
 
In spite of all the accuracy issues discussed above, IFSAR systems do have advantages.  
As demonstrated by the SRTM project, which covered more than 119 million square 
kilometers in little more than nine days, interferometric RADARs are extremely effective 
for mapping large areas in short periods of time with relatively high degrees of accuracy.   
 
2.2.4 Digital Image Matching 
 
The processes involved in image matching are similar to those used in photogrammetry.  
However, this type of procedure can only be performed on satellite imagery or scanned 
photographs and requires a state-of-the-art computer system.  The original intent of 
image matching was to remove the human element from the DEM extraction process.  
Unfortunately, the control and image collection procedures still require intense human 
involvement. 
 
Digital image matching begins with a series of digital images that overlap each other in 
some way.  They can be in the form of stereo image pairs or even frames taken from a 



 12

video sequence.  One recently developed method for collection of these images is a 
portable camera stand with a built-in navigation system called Argus.  This combination 
of digital photography and GPS allows for the production of images with precise 
location, orientation, and time parameters that can be easily related to one another.  
Unfortunately, this system is constrained to pedestrian accessible areas rendering it 
useless for image capture in certain projects (Bosse, de Couto, and Teller, 2000).  The 
images taken by the Argus system are ideal for digital image matching because they are 
georeferenced and they tend to be large-scale photographs.  The latter circumstance is 
vital for the extraction of detailed surface features.  The terrestrial images produced are 
often referred to as "pose images" (Bosse, de Couto, and Teller, 2000). 
 
Once the images have been chosen, they must be correlated to each other for the process 
to work correctly. If the collection was done using a system that automatically produces 
georeferenced images like the Argus system mentioned above, this step might not be 
required.  Software packages are used to find correlation matrices between pairs of 
photos that link feature points visible on both images.  This is similar to automatic tie 
point generation, which is discussed in Chapter 3.  However, instead of using random 
points, this process uses edge detection techniques to define points in the image that lie 
on building corners or sidewalk curbs.  Edge detection involves the use of pixel filters to 
recognize entities such as buildings and sidewalk edges in a photograph.  These filters are 
typically 3x3, 5x5, 7x7, or 9x9 pixels in size and are passed over an image starting in the 
upper-left corner.  Examples of 3x3 horizontal and vertical edge filters are shown below: 
 

1 0 -1 1 0 -1
1 0 -1 2 0 -2
1 0 -1 1 0 -1

1 1 1 1 2 -1
0 0 0 0 0 0
-1 -1 -1 -1 -2 -1  

 
(a)   (b) 

 
Figure 2.4 – Vertical (top) and Horizontal (bottom) 3x3 edge detection filters created by 

Prewitt (a) and Sobel (b) 
 
Using these matrices, statistical averaging is performed on a single pixel based on the 
surrounding pixel values and the weights listed in the filter.  These passes create separate 
black and white images that reveal the edges in the original image. The integration of 
existing building outline breaklines improves the accuracy and speed of this process 
(Haala and Brenner, 1999).  Locations where the edge entities cross are examined for 
corner points that can be used in matching algorithms to correlate a pair of images.   
 
Upon completion of image correlation, ground control is used to relate the images to a 
three-dimensional ground coordinate system and a DTM is created.  Once this is done, 
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the corners and edges found in the first step are linked together through another series of 
algorithms for automated extraction of building footprints and roof outlines.  The 
accuracy of this step depends highly on the quality and lighting conditions of the input 
images.  If there is little to no contrast between building tops and the surrounding areas, 
certain corners and edges will go undetected, resulting in incomplete outlines (Haala and 
Brenner, 1999). 
 
The success of image matching depends greatly on the area being modeled, the quality of 
the images, the lighting in the area, and the quality of the ground control points.  Also, 
the fact that this process is purely automatic can reduce accuracy.  Tall buildings or trees 
often interfere with the corner detection process by creating shadows or preventing the 
collection of data in blocked areas.  Areas of the images with homogeneous pixels or 
sharp elevation changes often have errors (Krupnik, 2000).  However, with the addition 
of simple building plans and correct use of the edge detection algorithms, image 
matching can be very profitable for 3D building capture in the DEM process. 
 
An alternative to image matching that also utilizes terrestrial photographs is a software 
package created by MetaCreations called Canoma. This software allows the user to 
position digital camera photographs in line with one another in a desktop environment 
and wrap them around primitive 3-D buildings.  These images are taken from many 
different vantage points to cover all sides of the buildings and ground features of interest.  
Once the photos are oriented correctly, the user draws simple 3D shapes to represent the 
basic forms of the buildings in the images as a starting point for the software.  The 
images are then "wrapped" and stretched around the basic shapes provided by the user to 
create a realistic environment.  Although the output model produced is an aesthetically 
pleasing virtual environment, the lack of geometric coordinates or control renders it 
almost useless to the engineering world.  This method is better suited for visualizations 
and computer game applications only. 
 
2.2.5 Field Surveying and Data Collection 
 
Surveying is defined as the science and technology of gathering and analyzing accurate 
field measurements of angles, distances, heights, positions, slopes, and elevations of 
terrain and other features.  It is perhaps the oldest method used for the collection of 
positional and elevation data.  Collection techniques have evolved over the centuries 
from the use of basic telescopes and rulers to the high-tech lasers, GPS receivers and 
computerized total stations of today. 
 
Even with the advent of these highly advanced data collection methods, the process of 
field surveying is arduous, labor intensive, and time consuming.  Data collection of some 
areas can take days, requiring anywhere from 2 - 5 experienced survey crew members.  
The process begins with the establishment of a control traverse in the area being mapped.  
A control traverse is a series of points located in or around the area of interest that define 
the horizontal and vertical coordinates of the survey.  
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There are two types of traverses used in topographic data collection.  The first is called a 
closed-loop traverse.  This type of control begins and ends on the same pre-established 
monument with a series of nails or stakes placed by the surveyors.  Using the known 
coordinates of this monument and the angles and distances found by a total station 
between the nails, the coordinates of all remaining points in the traverse can be found 
using simple trigonometry.  A second existing monument can be used in the loop as a 
checkpoint in the control establishment process to ensure the best possible accuracy.  The 
second type of control traverse is called a closed-link traverse, which begins and ends on 
two separate existing control monuments.  The coordinates of the intermediate points in 
the traverse are defined using the same method used for a closed-loop traverse.  An 
example of these two traverse types is shown below: 

Benchmark #1

Benchmark #2

Benchmark #1

 
 

Figure 2.5 – Closed Link (left) and Closed Loop (right) traverse examples 
 
Once the control of the area is established, the survey instrument is placed between two 
of the traverse points and a backsight is made.  A backsight is a reading of angles and 
distances taken from the instrument to one of the pre-determined traverse points.  This 
establishes the coordinate location of the instrument for the collection of planimetric data.  
However, to begin recording elevation data, a foresight must be made from the 
instrument to an existing benchmark.  The angles and distances recorded from this shot 
along with the height of the instrument determined by a surveyor allows for the elevation 
of the instrument to be found with respect to a certain datum.  
 
Once this step is complete, spatial measurements are taken at random points, pavement 
edges, streambeds and other significant elevation features.  In addition, prominent objects 
such as large trees, manholes, and signs are located.  Depending on the size of the area, 
the amount of relief changes in the terrain, and the desired accuracy, hundreds or even 
thousands of these points may be required.  As the measurements are made, angles, 
distances, coordinates, and identification codes are recorded by the surveyor either in a 
field book or in the instrument's computer.   At the end of the field collection process, the 
points are entered or imported into one of many software packages such as AutoCAD 
Land Development Desktop or Eagle Point’s Data Collection.  These programs have the 
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ability to read in each point or line and place it in the correct position on the screen.  The 
identification codes recorded by the surveyor provide the software with information 
about the type of point that was located.  This allows the software to place descriptions 
next to each point and to connect those that lie along important linear features such as 
roadways, buildings, or ridge lines.  For linear topographic features, the points are created 
as three-dimensional vectors in the drawing and are commonly referred to as 
"breaklines".  Any breaklines that are defined using specific features such as building 
corners or curbs are also used in planimetric maps of the areas to define building outlines 
and roadway alignments. 
 
Three dimensional points and breaklines are used to create grids or TINs for bare-earth 
representations.  To complete a digital elevation model of the area, surface features must 
be added.  While in the field, surveyors have the ability to accurately obtain building 
height information using the pre-determined elevation of the instrument and the recorded 
vertical angle to the top of the structure.  Using this information, building outlines can be 
extruded to the correct height.  The object location data recorded allows for trees and 
other significant features to be placed accurately on the model.  The last step in the 
process is to use texture mapping or rendering to add realism to the resulting DEM. 
 
In order for field surveying techniques to produce an accurate representation of the 
landscape, large amounts of accurate ground shots must be taken.  This procedure is 
extremely labor-intensive and can take weeks to complete.  Also, the post-processing 
required for DEM creation takes additional manpower, skills, and time to be successful.  
However, if the resources are available and used correctly, field surveying and data 
processing techniques produce highly accurate and detailed models.   
 
2.2.6 Ground Based Laser Mapping 
 
Ground-based laser systems operate on the same principles as those used in airborne laser 
mapping missions.  Light beams are emitted and return times are recorded for distance 
measurement.  These sensors often have the ability to record the strength of the return 
pulse much like RADAR systems.  However, the laser source in this type of mapping 
system is not mounted in a specialized airplane for a general overhead view.  Instead, it is 
placed on a tripod or stabilizer to collect terrain and feature data from a ground-level 
perspective as shown below:  
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Stationary
Laser Source

 
Figure 2.6 – Illustration of Ground-base laser data collection 

 
One of the most prominent examples of this technology is the Cyrex Laser Scanner 
designed and maintained by Cyrex Technologies in Oakland, CA.  This system is 
typically mounted on a tripod and emits approximately 800 light pulses per second (Milo, 
2000).  The emitter has the ability to tilt vertically and horizontally over a 40° x 40° 
swath area for data collection from different perspectives.  
 
Prior to data capture, targets are placed throughout the area as control points.  Their 
three-dimensional coordinates are established using GPS measurements or field 
surveying methods and they are typically located on building corners or other exposed 
features.  Since the points resulting from the laser scans are georeferenced using these 
targets, field measurement accuracy is critical.   
 
Upon completion of the georeferencing process, the points are exported to a CAD 
software package and breaklines are added.  The strength level of the laser recorded in 
the data collection process can be used to color code the points for feature and material 
distinction.  This allows for accurate and detailed contours to be derived that represent 
the terrain and any ground features in the area.  If a simple DTM is required, the data 
must go through post-processing techniques resembling those used for LIDAR data 
separation.  While the primary use of ground-based laser systems is ground feature 
mapping rather than bare-earth DTM capture, these processing steps are also useful for 
the removal of extraneous points such as those recorded from vehicles or pedestrians.  
The accuracy of the final elevation models created by these systems varies.  Sections of 
terrain and features that are within 50 meters of the sensor can be represented with a 
vertical accuracy of less than 0.02 meters (Milo, 2000).  This accuracy level greatly 
decreases as the distance from the sensor increases.   
 
Due to this issue and the small swath capabilities of the sensor, it is difficult to map large 
areas in short periods of time.  To solve this problem, Cyrex Technologies uses a boom 
lift (commonly referred to as a "cherry picker").  This allows their system to be raised 
approximately 35 feet in the air for a semi-overhead view of an area. This is extremely 
useful for mapping roadways because it does not require lane closures or human 
interaction in high-traffic areas.  Ground stabilizers and guy wires are used to maintain 
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the balance of the boom and the vehicle and ensure the highest possible measurement 
accuracy (Milo, 2000).  The mobility of ground-based laser systems also renders them 
extremely effective for modeling buildings and bridge structures.  Scans can be 
performed above and below bridges and overhangs to accurately locate bridge abutments 
and building support columns for design purposes.  
 
Unfortunately, the advantages of ground-based laser systems are accompanied by a 
number of drawbacks.  Like airborne sensors, these systems collect large amounts of data 
and require computer intensive post-processing.  Also, due to the complexity of the data 
collection system, the operator must have both computer skills and knowledge of field 
surveying techniques.   
 
2.2.7 Topographic and Planimetric Map Scanning 
 
In comparison to the methods mentioned above, the process of using scanned maps for 
DEM creation requires a small amount of input data and a relatively low budget (Stone, 
1999).  However, the nature of the creation procedure can limit the possible detail and 
accuracy levels of the output model.  In addition, the steps required to complete the 
model are often time-consuming and labor-intensive. 
 
The process begins with a series of hardcopy topographic and planimetric maps.  The 
most common types of topographic maps used for elevation data extraction are USGS 
quadrangles at a scale of 1:24,000 with 10-foot contours.  Planimetric data is often 
obtained through the use of various hardcopy maps created for zoning, navigation, and 
tax parcel layout purposes.  To create a computer-based model, these sources must be 
scanned at a resolution of 400 dpi or better.  The digital images produced are raster data 
files in TIFF, JPEG, or GIF format (Goldsmith, et al., 1998). 
 
The images resulting from the scanning must go through a series of pre-processing steps.  
First, the raster data sets are vectorized.  This introduces various errors and issues that 
must be corrected before the data can be used for model creation.  For example, scanner 
errors can create gaps in the newly created vectors that need to be filled and joined by a 
human operator.  Also, the files can contain extraneous vectors due to noise that must be 
manually removed.   
 
The next step is to convert the coordinates of the vectors to the desired projection and 
datum.  This process, often referred to as geo-rectification, can be performed using either 
known ground control points or orhtorectified imagery in a variety of software programs.  
Upon completion of geo-rectification, additional software resources are needed to attach 
elevations to the individual contour vectors.  Because this step is usually performed 
manually, it is the most time-intensive portion of the DEM creation process. 
 
Once all of the pre-processing steps are complete, the resulting vectors are continuous, 
georectified contours and planimetric lines that have been attributed with elevation 
information.  A TIN or grid can now be derived from the contours to create a bare-earth 
DTM for the area of interest as shown below: 
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Figure 2.7 – Grid surface (right) derived from contours (left) 
 
To develop a full digital elevation model, the planimetric lines are overlaid onto the DTM 
and extruded to their correct heights.  Using the raster versions of the USGS topographic 
quadrangles or other low-cost data such as USGS digital line graphs (DLGs) and scanned 
7.5 minute topographic maps from the USGS called digital raster graphics (DRGs) for 
texture mapping can give the final model a semi-realistic and comprehensive appearance.  
This eliminates the need for expensive aerial or terrestrial photographs on design projects 
that do not require absolute realism.   
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3.0 PHOTOGRAMMETRIC DEM CREATION AND 3D MODELING 
 
Photogrammetry is the most widely used method for topographic mapping and DEM 
creation today.  Various processing techniques allow for the automatic derivation of 
orthorectified imagery, digital terrain models, three-dimensional vector features, and 
more from simple photographs.  This chapter is an in-depth examination of how 
photogrammetric procedures are used to create digital elevation models. 
 

3.1 Types of Photogrammetry 
 
There are three types of photogrammetry used for elevation extraction and DEM creation.  
They are: 
  

1. Analog Photogrammetry 
 

2. Analytical Photogrammetry 
 

3. Digital Photogrammetry 
 
The process of Analog Photogrammetry was first introduced in 1901 (ERDAS, Inc., 
2000). It involves the rectification of a single stereo pair of aerial photographs in 
diapositive form (Coghlan, 1982).  A diapositive is a positive print of an image on a sheet 
of film or a glass plate that can be illuminated using a light table or other light source.  
Topographic data is extracted through a labor- and time-intensive process involving an 
instrument called an analog stereo plotter.  These instruments are extremely expensive 
and require highly skilled operators. 
 
Analog photogrammetric techniques have almost become extinct due to the evolution of 
analytical and digital methods.  The concepts of Analytical Photogrammetry are similar 
to those of the analog methods mentioned above.  However, new advances in 
instrumentation and data capture allow for more data products to be generated.  In 
addition to topographic contours, orthophotos and digital elevation models can be created 
using analytical stereoplotters.  These instruments replace many of the optical and 
mechanical components of analog stereoplotters with a computer (ERDAS, Inc., 2000).  
Analytical plotters are even more expensive than analog plotters and require the same 
level of skill for their operation.  However, in comparison to the other two methods being 
discussed, Analytical Photogrammetry often produces the most accurate results (Coghlan, 
1982). 
 
The final type of photo processing used to create digital elevation models is Digital 
Photogrammetry.  Also referred to as Softcopy Photogrammetry, it is defined as the use 
of specialized computers and software packages to process digital imagery (ERDAS, Inc., 
2000).  Software development for this procedure began in 1986.  Using algorithms based 
on the principles and equations used in analog photogrammetry, each individual pixel of 
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a digital image can be accurately rectified (Lear, 1997).  Digital Photogrammetry 
converts raw digital images such as scanned photographs, satellite imagery, and digital 
terrestrial photographs into fully orthorectified images for elevation data extraction. This 
process can either be fully automated using software packages or digital photogrammetric 
workstations, or it can be partially automated employing a combination of automated 
techniques and operator assistance (Gong, 2000).  A detailed discussion of the steps 
involved in this process is given later in this chapter. 

3.2 Input Required 
 
The DEM creation process begins with a basic set of input data consisting of stereo pairs, 
camera specifications, ground control points, and the desired output accuracy.  Each of 
these data types is essential to the success of the photogrammetric process.  For this 
reason, it is necessary to examine how each one is collected and/or determined. 
 
3.2.1 Stereo Pairs 
 
Adjacent images captured along a flight line or satellite orbit path always overlap each 
other by 55-65%.  This means that a little more than one half of the area covered in the 
first image is also covered by the second image.  A set of overlapping photographs or 
satellite images is referred to as a stereo pair.  This means that the two photos or images 
can be viewed together in three dimensions using a stereoscope or other stereo-viewing 
instrument to produce a 3D effect.  Below is an example of a stereoscope-photo setup for 
3D viewing. 
 
 
 
 
 
 
 

Figure 3.1 – Example of Stereo Images 
 

The most common format for stereo pairs used in photogrammetry is 9" x 9" (230mm x 
230 mm) black and white vertical aerial photographs.  Other formats include 70 mm x 70 
mm and 240 mm x 240 mm black and white, color, or color infrared aerial photographs.  
New technological advances allow for the use of many other data types such as satellite 
imagery, digital camera photography, video frames and even photography taken with a 
standard 35-mm camera (Stojic, 2000).   
 
A common type of satellite imagery used in photogrammetric processing is that produced 
by France's SPOT satellite.  SPOT was the first satellite to offer continuous stereoscopic 
coverage (Krupnik, 2000).  This allows a user to examine large areas without having to 
stitch or “mosaic” multiple smaller images together.  While these images can result in 
more consistent elevation models than those created using aerial photos, the resolution 
and detail of these models are both very low.   
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3.2.2 Sensor Specifications 
 
Due to the wide variety of input data types available, it is important to have detailed 
information about the exact camera or sensor used to capture the data.  Normally, the data 
supplier provides a full report on the properties of the sensor.  This report states the name 
and description of the sensor including its internal and external geometry parameters.  If 
the system used to capture the data contained a GPS receiver or other positioning device, 
the specifications and data retrieved by this system must also be provided (Stojic, 2000).   
 
 
3.2.3 Ground Control Points 
 
In order for images to be correctly rectified to the desired projection and coordinate 
system, it is necessary to have a network of ground control points whose three-
dimensional coordinates are known.  These points can be derived from existing vector 
files, orthophotos, DEMs, or topographic maps of the area of interest or measured using 
conventional field surveying methods.    
 
The number of control points required for a photogrammetry project depends on the size 
of the area being mapped and the number of images being used.  For a project containing 
five images, a minimum of three ground control points must be used (Stojic, 2000).  
Additional points can be used for optimum accuracy potential.   
 
3.2.4 Desired Output Accuracy 
 
The output accuracy of a project depends heavily on the budget of the project and the 
intended use of the images or model being produced.  For instance, the creation of half-
foot contours using photogrammetry can cost up to four times as much as the creation of 
1-foot contours (Hanson, 2000).  Therefore, clients are faced with a trade-off between the 
cost of a project and the possible amounts of detail and accuracy. 
 
Since the desired accuracy of the output images and/or elevation models greatly affects 
the data collection process, the client must provide this specification before mission 
planning can begin.  The first step for the client is to examine the project's budget and 
needs.  Then, he or she must choose a set of accuracy standards to be used on the project.  
Two common sets of standards used today are the National Standards for Spatial Data 
Accuracy (NSSDA) defined by the Federal Geographic Data Committee and the 
American Society of Photogrammetry and Remote Sensing's accuracy standards.  These 
standards define the minimum horizontal and vertical accuracies required and state how 
these values can be determined. Once these standards are chosen, the client will work 
closely with the photogrammetrist to establish the details of the data collection process 
such as scale of the photos, flying height and camera specifications (Hanson, 2000).  
Using these specifications, flight and mission planning can begin.  
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3.3 Basic Photogrammetric Process 
 
There are five basic steps in the process of obtaining digital elevation models using 
photogrammetry.  They are: 
  

1. Flight or Mission Planning 
 

2. Completion of the Flight or Mission  
 

3. Establishment of Ground Control 
 

4. Post-processing of Stereo Pairs for DTM Creation 
 

5. Addition of Ground Features for DEM Creation 
 

6. Texture Mapping for Realism 
 
Any errors made in the above steps will have direct effects on the quality of the final 
DEM.  Careful planning and control must be exercised to ensure the best possible 
accuracy for the resulting elevation model.  
 
3.3.1 Flight or Mission Planning 
 
Flight planning begins with the determination of a variety of factors by the 
photogrammetrist and the client.  Once the client decides on the desired accuracy of the 
DEM, he or she must choose the sensor to be used for data capture.  This decision is 
made based on the available resources, the size of the project area, the average elevation 
of the project area, and the budget.  With this information, the preliminary factors needed 
for flight planning can be found.  These include the focal length of the camera to be used, 
the film format to be used, the desired photo scale, the desired endlap, and the desired 
sidelap of the photos.   
 
The purpose of flight planning is to find the combination of factors that minimizes the 
amount of time the plane is in the air.  A complete flight or mission plan must include 
four major specifications.  They are: 
 

♦ Flight Altitude above mean sea level (H) 
 
♦ The number and layout of the flight lines 

 
♦ The number of exposures per flight line 

 
♦ The time between exposures 

 
The flight altitude is easily determined using the following formula (Lillesand & Kiefer, 
2000): 
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In this equation, H is the flying altitude, f is the focal length of the camera, s is the photo 
scale, and havg is the average elevation of the terrain being photographed.   
 
To determine the number of flight lines needed, it is important to know the layout of the 
area and the amount of ground covered in each photograph.  Normally, flight paths are 
laid out in a north-to-south direction so that shadows are captured relatively 
perpendicular to the aircraft movement.  With this type of flight, the user can arrange a 
pair of photos so that north is to the right, allowing for easy stereo viewing.  However, 
north to south is not always the most efficient direction for an aerial photo flight.  If the 
area being mapped is longer from east to west, the flight paths should be oriented in this 
direction to minimize the number of passes the plane has to make. 
 
The ground distance covered by one edge of a photo is determined by dividing the size of 
the photo edge (e.g. 9”) by the desired scale.  As shown in the equation below (Lillesand 
and Kiefer, 2000): 
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This distance is then multiplied by one minus the sidelap (e.g. 1 – 30% = 0.7) to obtain 
the amount of new area to be covered in each flight line that was not covered by the 
adjacent flight line.  The short dimension of the area measurements is divided by this 
number and rounded up to a whole number as shown below (Lillesand and Kiefer, 2000): 
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The number of flight lines required to cover the area is this number plus one to ensure 
edge coverage (e.g. 2 + 1 = 3 total flight lines). 
 
The number of exposures per flight line is found in a similar way.  The ground distance 
covered by a photo edge is multiplied by one minus the desired endlap (e.g. 1 – 60% = 
0.4) to obtain the amount of new area to be covered in the next image.  The long 
dimension of the area measurements is divided by this number and rounded up to a whole 
number as shown below: 
 

 492.3
)6.01(*000,30

000,47
)1(*

# ⇒=
−

=
−

=
ft

ft
endlapGroundDist
ionLongDimensExposures  

 
 



 24

The number of exposures per flight line is this number plus two to ensure end coverage 
(e.g. 4 +2 = 6 total exposures per line) 
 
In order to calculate the time between exposures, it is necessary to know the air base.  
Photogrammetric air base is defined as the ground distance between the exposure stations 
for two adjacent photographs (The term “exposure station” is defined in section 3.3.2 of 
this paper.)  This value is normally provided by the photo supplier in the calibration 
report.  The time between exposures is found by multiplying the total photo coverage 
area by one minus the endlap (e.g. 1 - 60% = 0.4) and dividing that number by the 
average air speed of the plane.   
 
 
3.3.2 Completing the Flight 
 
While thorough flight planning is essential to the success of a flight, the actions of the 
pilot and the crew of the plane during the flight are equally important.  Next to ensuring 
the safety of the crew, the pilot's most vital responsibility is to keep the plane as level as 
possible while adhering to the flight path laid out by the photogrammetrists.  However, in 
order to fly in a relatively straight line, it is often necessary for the plane to be tilted along 
its three axes.  The parameters defining the plane's angular orientation about each axis are 
called the pitch (ω), roll (ϕ), and yaw (κ) of the aircraft.  
 

RollPitch

Yaw (Crab)

 
 

Figure 3.2 – Plane Orientation Parameters 
 
As shown above, pitch is the rotation of the plane about its x-axis, roll is the rotation of 
the plane about its y-axis, and yaw -- sometimes referred to as "crab"-- is the rotation of 
the plane about its z-axis.  These values are considered positive if the rotation is 
counterclockwise (ERDAS, Inc., 2000).  The origin of this axis system corresponds to the 
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location of the center of the camera lens inside the plane.  This point is called the 
exposure station or the perspective center (Lillesand and Kiefer, 2000).  These 
measurements are either recorded by an on-board computer or calculated during post-
processing. 
 
In the past, the responsibility of the plane's crew was to keep the camera level with 
respect to the ground to ensure the collection of truly vertical photographs.  This 
introduced a second set of orientation parameters that had to be considered.  Recently, 
new systems have been integrated on many flights that level the camera automatically 
while recording the exact orientation parameters using an on-board computer. 
 
Once the flight is completed, the film is removed from the camera and exposed either on 
paper or glass plates.  Diapositives can also be created for use on light tables or 
stereoplotters in the post-processing phase. 
 
3.3.3 Establishment of Ground Control 
 
DEM creation would not be possible without the accurate collection of ground control 
points (GCPs).  This step can be performed either before or after the imagery is obtained.  
The method used for gathering GCPs depends heavily on the desired accuracy of the 
output product and the type of point being collected (Meade, 2000). 
 
There are two main types of GCPs used in geometric correction of imagery.  First, the 
three-dimensional coordinates of everyday features such as light posts and road 
intersections can be defined.  These points are normally referred to as "photo-
identifiable" because they can be easily located on aerial photos (Meade, 2000).   These 
GCPs are often created after the imagery has been captured.  This is necessary because 
certain objects and features cannot be seen on small-scale photographs or satellite images 
that were captured at higher altitudes.   However, with previous knowledge of the flying 
height and photo scale that will be produced, the collection process can be done at any 
time.   
 
Common techniques used for the collection of photo-identifiable GCP coordinates are 
field surveying, GPS receivers, and existing maps of the area.  Of these methods, field 
surveying is the most accurate.  Unfortunately, it is also the most time consuming.  The 
use of GPS units can be very accurate if it is done correctly.  Because GPS receivers 
cannot always be placed directly on certain features and satellite signals are often 
blocked, offset points are used with the permission of the photogrammetrist (Meade, 
2000).  If offsets are used, the GPS operator in the field must supply a detailed drawing 
of the offset location to the photogrammetrist containing the bearing and distance of the 
GPS reading from the intended control point as well as a north arrow and general location 
description.  Offset distances should be no more than 3 - 4 feet and all bearings must 
include magnetic declination. 
 



 26

The second type of ground control point used in photogrammetry is defined using pre-
constructed features often referred to as "control targets" or "panel points".  These targets 
come in three main shapes as shown in the figure below: 

Cross Chevron Tee

= Control Point Location

Leg Width

Leg
Length

 
Figure 3.3 – Standard Photogrammetric Control Targets 

(Adapted from Meade, 2000) 
 
The establishment of control targets follows a list of basic rules.  They state (Meade, 
2000): 
 

1. The size and shape of targets are defined by the photogrammetrist for 
placement before the flight or satellite pass occurs.  These parameters are 
chosen based on the flying height of the aircraft and the nature of the area 
being photograph.  Depending on the altitude of the flight, the width of the 
target legs is either 12 or 24 inches with lengths ranging from 2 - 40 feet 

 
♦ The color of the target must be in direct contrast with the surrounding 

environment.  For instance, if the target is to be placed in an area with thick, 
dark grass, the target will be mostly white.    

 
♦ A precise definition of the size, shape, and location of each point must be 

provided to the plane's crew prior to the flight.  The coordinates and locations 
of each target can be expressed through the use of sketches and drawings, 
written reports, and/or tables. 

 
♦ The elevation of the target must be equal to the elevation of the control point 

it represents.  If this is impossible, the height difference must be accurately 
measured and noted in the report to the crew. 

 
♦ Targets should be placed in areas with flat terrain to ensure that all points of 

the target have equal elevation.  This allows for the highest vertical accuracy. 
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♦ Targets should be established in open areas with short grass or weeds to 
ensure complete visibility.   

 
♦ Targets should be established in safe areas that are easily accessible to ground 

crew members.   
 
Both of these GCP types have advantages and disadvantages to their use.  For instance, 
target points can be placed exactly where they are needed, which increases their 
horizontal accuracy.  Unfortunately, they are very visible, which draws attention to the 
flight.  In addition, targets that are painted onto roadways are difficult to remove and can 
disrupt traffic markings for many years.  More temporary markings such as fabric targets 
must be thoroughly monitored and maintained until the flight is completed.  Outside 
elements such as children playing, wind, and livestock can misplace the position of the 
control point.  In contrast, photo-identifiable points are existing features that do not draw 
publicity to the flight.  As mentioned above, they can be established before or after the 
flight and they do not require any maintenance.  However, due to their lower accuracy, a 
larger number of control points must be established when existing features are used in 
place of targets.  This poses a problem in rural areas or other locations where these 
features are not plentiful.  All of these factors must be examined in the context of the 
project circumstances for an educated choice to be made.  (Meade, 2000) 
 
No matter which control point type is chosen, the most critical portion of the GCP 
collection process is the communication between the ground crew and the 
photogrammetrist.  The surveyors who place and record the control points must act as the 
eyes and ears of the analyst both before and after the flight.  As mentioned above, the 
ground crew must provide a detailed definition of each control point before the flight.  In 
addition, the surveyors must alert the photogrammetrist of any changes to the area of 
interest or to the control points themselves after the flight has occurred.  Variations such 
as new construction areas and road maintenance must be reported before photo analysis 
begins. 
 
3.3.4 Post-Processing of Stereo Pairs for DTM Creation 
 
Once the images have been captured and the ground control has been established, the 
DTM generation procedure can begin.  A series of processing steps are applied to pairs of 
overlapping images in order to extract a geographically referenced digital terrain model.  
These steps include (Zheltov, et al., 1997): 
 

1. Interior Orientation 
 
2. Relative Orientation 

 
3. Exterior Orientation 

 
4. Terrain Extraction and Correction 
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5. Orthophoto Generation (if desired for texture mapping) 
 
The first three steps listed above are dedicated to geocoding the imagery to allow for the 
creation of a digital terrain model in a specific datum and projection.  Before discussing 
these steps, it is necessary to examine the various coordinate systems involved.  In 
photogrammetry, there are three types of real-world coordinate systems and three types 
of image coordinate systems.  The real-world systems are (ERDAS, Inc., 2000): 
 

♦ Ground Coordinate System - a 3-D system of coordinates with a specific 
projection and datum. 

 
♦ Geocentric Coordinate System - a ground coordinate system whose origin is 

located at the center of the geodetic ellipsoid.  The x-axis of this system 
passes through the Greenwich (Prime) Meridian, the z-axis corresponds to the 
earth's axis of rotation and the y-axis is perpendicular to the other two.   

 
♦ Topocentric Coordinate System - a ground coordinate system based on an 

image coordinate system.  The origin of this system is the projected image 
center on the earth's surface.  The positive x- and y-axes correspond to the 
East and North directions respectively, while the z-axis is vertically 
perpendicular to the image plane.   

 
The image coordinate systems are defined as (ERDAS, Inc., 2000): 
 

♦ Pixel Coordinate System - a coordinate system whose origin is located at the 
top left corner of an image.  The positive x- and y-axes lie along the left and 
top edges of the image.  Each pixel is defined using a row and column number 
to indicate location. 

 
♦ Image Coordinate System - a two-dimensional coordinate system whose 

origin is located at the principal point of the image.  The positive portion of 
the x-axis is located to the right of the origin and the positive portion of the y-
axis is located above the origin. 

 
♦ Image Space Coordinate System - This coordinate system is similar to the 

image coordinate system with the addition of a third dimension.  The origin is 
located at the perspective center of an image.  This point corresponds to the 
location of the center of the camera above the earth when the image was 
taken.  The x- and y-axes are defined as they are in a normal image coordinate 
system and are parallel to the image plane.  The z-axis corresponds to the 
optical axis of the camera, which is defined as the vertical line from the 
perspective center of the camera down to the ground. 

 
Because each of the stages involved in post-processing relies on the results of the 
previous step, any computer or human errors will be propagated throughout the entire 
process.  For this reason, it is important to understand the basic functionality and 
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requirements for each step.  Because Digital Photogrammetry is the most advanced of all 
the photogrammetric methods, the steps will mostly be discussed in the context of digital 
processing. 
 
3.3.4.1 Interior Orientation 
 
Post-processing of imagery starts with the definition of its interior orientation and sensor 
geometry.  This main purpose of this step is to convert the image coordinates to image 
space coordinates.   
 
A variety of inputs are needed for the success of this procedure.  First, hardcopy aerial 
photographs must be scanned and converted to digital form. Because the final image 
resolution can only be as high as the scanner resolution, normal desktop scanners should 
not be used for scanning high-resolution imagery such as aerial photographs or IKONOS 
images.  In order to ensure the best possible positional accuracy in the analysis, expensive 
scanners with micron resolution capabilities must be used.  The maximum resolution 
acceptable for high-accuracy photogrammetry is between 5 and 15 microns, or about 
5000 pixels per inch.  Using diapositives in the scanning process can improve the 
accuracy and detail of the images produced (ERDAS, Inc., 2000).  The final resolution 
used in the scanning process is an important piece of input information for the interior 
orientation process. 
 
Another very important piece of input data needed for the interior orientation process is 
the sensor calibration report provided by the imagery dealer.  This report contains 
parameters specific to the sensor that describe the internal geometry of the camera and 
any distortion due to the lens.  These parameters include: 
 

♦ The name and description of the sensor 
 
♦ The focal length of the camera (or sensor array information if a satellite 

system is used) 
 

♦ The pixel size of the images produced 
 

♦ The x and y offsets of the principal points of each image in pixel coordinates 
 

♦ Radial lens distortion 
 

♦ Tangential lens distortion 
 

♦ The coordinates of the fiducial points inside the camera 
 
The lens distortion parameters are usually estimated at a specialized laboratory during the 
camera calibration process.  A perfect lens does not distort light rays.  However, most 
lenses have some minor defects that effect the direction of light rays that pass through 
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them.  This effects the positional accuracy of the light rays that reach the film (ERDAS, 
Inc., 2000). 
 
The information contained in the calibration report is used to relate the pixel coordinate 
system to the image (photo) coordinate system using various software packages or digital 
photogrammetric workstations.  Because the principal point of a photograph is found by 
connecting the fiducial marks, this point acts as the origin of the photo coordinate system.   
Often, a series of polynomial equations and coefficients are found for the two-
dimensional coordinate system transformation using the given fiducial coordinates.  A 
common form of these equations is shown below: 
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Because there are only six unknowns in these equations, the coefficient solutions can be 
tested using the remaining fiducial marks or other points of known coordinates.  The 
calculated root mean square error (RMSE) is often used as a measurement of the 
solution's accuracy.  If this number is too high, additional solutions should be found using 
a different combination of known points (ERDAS, Inc., 2000). 
 
3.3.4.2 Relative Orientation 
 
The relative orientation process is used to relate the photo coordinate systems of the two 
images in a stereo pair to each other.  This process is essential to the creation of 
orthophotos and mosaics, accurate DEM creation, and accurate feature extraction.  It 
involves the creation of a network of "tie points" that can be found in the overlap areas of 
the images but are not ground control points (Stojic, 2000).  In addition to relating the 
two photo coordinate systems to each other, tie points can be used in the exterior 
orientation step to increase accuracy if the established ground control is not sufficient 
(Zheltov, et al., 1997). 
 
Tie points can be collected either automatically, semi automatically or manually 
depending on the timing.  If relative orientation is to be performed directly after the 
interior orientation process, the intervention of a human operator is required for semi-
automatic extraction using software or manual collection using a stereoplotter.  Normally, 
these types of extraction procedures can only be performed on two images at a time.  
However, if this process is performed during the exterior orientation step (discussed in 
section 3.3.4.3), many software systems can find tie points automatically on multiple 
images using image matching techniques (Stojic, 2000).  This approach can save time 
and manpower, but it is not always as accurate as the other methods. 
 
The success of image matching and automatic tie point generation requires a great deal of 
input information.  If aerial photographs are being used, the software requires the 
placement of an adequate amount of ground control points on each image and topological 
information regarding the order of the photographs.  These data sources allow for a quick 
estimation to be made of the external orientation of the photos.  If satellite images are 
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used, only the header information included in the digital files and a few GCPs are needed 
(ERDAS, Inc., 1999, a).  
 
The external orientation estimation allows the software to look at a small area of the 
images at one time.  In this area, correlation matrices are found between the images and a 
least-squares calculation is used to link the most similar pixels.  To increase the accuracy 
of this process, the user can typically try different window sizes and limit the coefficient 
values used in the correlation process (ERDAS, Inc., 1999, a). 
 
3.3.4.3 Exterior Orientation 
 
As the final orientation step in photogrammetry, the exterior orientation process is used to 
define the position and orientation of an image with respect to a known coordinate system 
at the time of capture.  This allows for the determination of the relationship between the 
photo coordinate systems and the output ground coordinate system.  External orientation 
uses the results of interior and relative orientation in a mathematical modeling process 
called "Aerial Triangulation" to find the perspective center of each image (X0, Y0, Z0) 
and the orientation parameters of the airplane (κ,ϕ, and ω) if they are not provided. The 
calculations involved in the aerial triangulation process make the assumptions that all of 
the images are captured from the same altitude, the air base between the images remains 
constant, and the tilt of the camera with respect to vertical is negligible (ERDAS, Inc., 
2000).   
 
In the past, images were corrected one at a time using a very large number of ground 
control points to stretch and "rubbersheet" the image.  However, this process did not 
correct for most of the geometric errors that are inherent in all images (discussed in 
section 3.3.4.4) rendering the images useless for feature extraction processes.  For this 
reason, aerial triangulation methods were developed to correct anywhere from two to 
thirty images together.  If aerial triangulation is performed on more than two digital 
images at a time using computers, it is referred to as "Block Bundle Adjustment".  
Software packages such as ERDAS Imagine's OrthoBASE extension and Intergraph's 
TRMST were developed for this purpose.  Typically, aerial triangulation performed 
manually on two images using stereoplotters is more accurate, but it is extremely time-
consuming and labor-intensive (Simmers, 2001). 
 
The first step in the adjustment process is to define a correlation matrix between the 
photo coordinate system and the ground coordinate system using the known ground 
control points and their corresponding photo points.  Only three ground control points are 
required to obtain the nine equations needed to find the nine unknowns in this matrix. 
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Because this matrix can be found for two images using only three ground control points, 
it is ideal for situations where ground control is difficult to obtain. However, in situations 
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where a large number of GCPs are available, more can be used in the calculation process 
to increase the accuracy of the adjustment.  This is accomplished through a series of 
iterations performed on the images that provide a measure of the solution accuracy 
through the use of GCP and check point residuals.  Check points are points with known 
three -dimensional coordinates that cannot necessarily be found on more than one of the 
images.  For this reason, check points are not used as a basis in the geocoding process.  
Residuals for GCPs and checkpoints compare the actual coordinates of the points those 
obtained using the matrix.  Once these residuals are minimized, the aerial triangulation 
process can continue. 
 
In order to apply this matrix to the adjustment process, it is necessary to examine how the 
image was captured.  Since the light rays reflected from these three ground control points 
will converge in the camera at the perspective center of the photograph, these vectors can 
be used in conjunction with the matrix above to define the center point of each image in 
the ground coordinate system (ERDAS, Inc., 2000).   
 
For example if vector "c" defines the vector between the image point p and the 
perspective center, then vector "C" from ground point P to the perspective center is a 
scalar multiple of vector "c" or (ERDAS, Inc., 2000): 
 

c = k*C 
 

For this to be true, "c" and "C" have to be in the same coordinate system.  Therefore, the 
right side of this equation must be multiplied by the matrix M as shown here: 
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…where “p” represents the point on the photo, “o” represents the principal point on the 
image, “P” represents the point in ground coordinates, “O” represents the perspective 
center of the image, and f is the focal length of the camera.  This can be expanded to 
define the colinearity conditions for the set of images being analyzed (ERDAS, Inc., 
2000): 
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Once the perspective center coordinates are calculated for an image, these equations can 
be used to find the ground coordinates of any point on that image.   
 
The final products of the aerial triangulation process include a set of geocoded images 
and a statistical accuracy report.  This report includes the RMSE of the ground control 
points, the RMSE of any check points used and the overall RMSE of the output images.  
In addition, the three-dimensional coordinates of the tie points are found.  Together with 
all of the results from the other two orientation steps, these output data sources make up a 
Digital Stereo Model that defines the images and their topology in three-dimensional 
space.   
 
3.3.4.4 Terrain Extraction and Correction 
 
When an attempt is made to project the round surface of the Earth onto a flat plane, 
distortions such as scale variation, relief displacement, and parallax will occur.  Scale 
variation occurs in photographs taken of areas with varying terrain.  To find the scale of a 
photograph of a flat area, the following equation is used: 
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…where f is the focal length of the camera, H is the altitude of the aircraft during the 
flight above some datum, and h is the elevation of the flat land.   This equation reveals 
that the scale of a photograph is dependent on the elevation of the terrain in the area.  For 
this reason, changes in the terrain elevation cause the scale of the photograph to change 
from one point to another on a photograph as shown in the figure below: 
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Figure 3.4 - Scale Variation 

(Adapted from Lillesand and Kiefer, 2000) 
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While the average scale of a photograph can be found using the average elevation of the 
area, any distance or angle measurements made from the photograph will not be correct. 
 
Relief displacement also occurs due to the elevation present in an image.  This term refers 
to a phenomenon seen on the edges of images that displaces the tops of tall objects from 
their actual position.  For instance, buildings located outside of the center of the 
photograph will appear to lean away from the middle, showing both the roof and one or 
two sides of the structure.  A diagram of this distortion is shown below: 
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Figure 3.5 - Relief Displacement 
 

Even though relief displacement distorts tall objects and ruins any measurements made, it 
does allow a photogrammetrist to find the elevation of the top of an object or the height 
of the object if the base elevation is known.  This is accomplished using the following 
equation: 
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…where r is the radial distance from the top of the object to the principal point of the 
image, d is the distance on the photograph that the top of the object was displaced 
(distance measured from the top of the object to its base), H is the altitude of the aircraft 
during the flight, and h is the elevation of the top of the object.  If the vertical datum is 
shifted to the base of the object (in other words, H becomes H'), h becomes the height of 
the object (Lillesand and Kiefer, 2000).   
 
The parallax of an object is defined as the apparent shift of its position caused by viewing 
the scene from different vantage points.  For instance, if a person covers one eye and 
looks at a lamppost, the post will appear to move if the person switches eyes.  This effect 
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occurs parallel to the flight line in all stereo pairs of images.  Image parallax is what 
causes an object that appears in both images to have a different set of coordinates in each 
image as shown in the figure below: 
 

aa

aa

b
b

b b

A

B

 
Figure 3.6 – Image Parallax 

(Adapted from Lillesand and Kiefer, 2000) 
 
For these reasons, digital terrain models can be extracted for the overlap errors of 
geocoded images whose digital stereo models have been defined.  This process can be 
performed manually using stereoplotters or automatically using state-of-the-art software 
packages such OrthoBASE and Stereo Analyst by ERDAS, Inc.  Elevation values are 
calculated using the sensor information and the measured parallax for a point on both 
images with this equation: 
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…where ha is the elevation of point a, H is the flying height of the plane above sea level, 
B is the air base, f is the focal length of the camera and pa is the measured parallax at 
point a. 



 36

 
When automatic methods are used, point elevations can be found quickly.  First, image-
matching techniques are used to find the image coordinates of a point on both photos.  
The aerial triangulation results found in the exterior orientation process are used to 
determine the X and Y ground coordinates of the point.  Finally, the image parallax is 
measured and used to calculate the third coordinate.  This process allows the rapid 
collection of elevation values of a set of evenly distributed mass points or a grid of 
points.  These mass points can be used to create a triangulated irregular network (TIN) or 
a 3-D grid can be produced for a surface representation of the overlap area.   
 
The semi-automated methods used in the Stereo Analyst software mentioned above allow 
the user to select the points for which elevations will be calculated.  In addition, this 
software has terrain-following cursor, which can be used to measure distances, angles, 
and slopes in three dimensions.  This cursor is also useful for three-dimensional feature 
extraction (discussed in section 3.4).    
 
Unfortunately, there are many drawbacks to automated and semi-automated terrain 
extraction.  First of all, the image matching required for automated extraction is often 
unsuccessful when working with images of urban areas.  This is due to the large amounts 
of shadows and blocked areas created by tall buildings.  Also, many buildings in urban 
areas tend to have the same basic shape, which can easily confuse an image-matching 
algorithm that is based on shape recognition (Bailiard and Dissard, 2000).  In addition, 
while automated and semi-automated extraction can provide a very adequate set of spot 
elevations, there is virtually no way to automatically collect breaklines in the same 
process.  If breaklines are required, they must be collected in the feature extraction 
process to be discussed later in this paper.   
 
Finally, any digital terrain model created from imagery is only as accurate as the digital 
stereo model created in the first three steps of the process.  Any errors made in these steps 
will accumulate throughout the rest of the orientation process, greatly decreasing the 
accuracy of the model produced.  For this reason, the accuracy of all digital terrain 
models created in this fashion should be tested.  Interpolation can be used to find the 
DTM elevation at points of known elevation.  These points can be either check points left 
over from the orientation process or new points found using post-capture field surveying 
or GPS techniques.  The results of these tests are statistically analyzed to ensure that the 
accuracy meets the requirements set forth by the client at the beginning of the project. 
 
If the final calculated accuracy is not suitable, the DTM must be put through an editing 
process consisting of interpolation and filtering algorithms.   Sometimes, this process 
occurs automatically depending on the software being used.  These edits can either be 
accepted or changed by the user if problems exist.  Other software packages have 
interactive editing tools that allow a user to perform point-to-point static editing, peak 
and cavity cutting, area smoothing, and lake and crater filling (Zheltov, et al., 1997). 
3.3.4.5 Orthophoto Generation 
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The final output DTM is used in conjunction with the results of the orientation steps to 
create orthographic photographs from the original input digital images.  Orthophotos are 
images that have been corrected for scale variation and relief displacement.  To create an 
orthophoto, the images must be geocoded and resampled using a digital terrain model to 
remove distortion due to elevation changes. This process is called "ortho-rectification". 
Normally, the DTM used derived from the original images.  However, other elevation 
models are often used.  The required accuracy of the DTM depends on the desired output 
accuracy of the orthophotos.  These resulting images can be used as texture maps or 
image drapes in 3-D visualizations for realism 
 
Depending on the equipment used, the process of ortho-rectification can be expensive 
and time consuming.  This is a large problem on projects that involve large areas of land.  
For instance, aerial coverage of one county can consist of up to 500 photographs.  The 
amount of time and manpower required for stereo processing, elevation extraction, and 
ortho-rectification can be staggering.   
 
3.3.5 Addition of Ground Features for DEM Creation 
 
In order to make a complete digital elevation model, it is necessary to have information 
about the ground features in the area such as buildings and trees.  Because buildings and 
other features appear different from different vantage points, this information can be 
extracted from large-scale, overlapping aerial photos or satellite images.  Like most 
processes involved in photogrammetry, building extraction can be done manually, semi-
automatically, or automatically.  However, since the manual method is outdated and 
requires large amounts of time and labor, it will not be discussed.   
 
The most commonly used methods for ground feature extraction are automated image 
matching, stereo image analysis, and geometric modeling.  Each of these methods is 
discussed in detail below: 
 
3.3.5.1 Automated Image Matching 
 
There are two main types of image matching techniques used in automated and semi-
automated feature extraction.  The first is a feature-based approach that matches small 
sets of pixels between two adjacent images and extracts point and linear structures.  This 
method is very useful for areas with sharp elevation changes because these discontinuities 
appear as highly contrasting pixels.  Unfortunately, the nature of this process renders it 
virtually useless in urban areas because of the large amounts of elevation discontinuities 
and contrasting pixel groups in these images.  The second commonly used type of image 
matching is an area-based approach that attempts to match every pixel in the two images.  
While this method is helpful for creating DEMs from low-resolution imagery, it has 
problems with areas of homogeneous pixels (Bailiard and Dissard, 2000).   
 
Using a combined approach can eliminate many of the disadvantages found in these two 
methods.  In this technique, feature-based extraction is first performed on a stereo pair for 
edge detection and matching.  Then, area-based matching is applied using certain 
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radiometric and geometric techniques to smaller sections of the images defined by the 
edges found in the first step.  This process involves highly complex algorithms that have 
the ability to work with large data sets in short amounts of time.  However, the results 
tend to have low accuracy in the horizontal, x and y, dimensions (Bailiard and Dissard, 
2000).   
 
Methods used for building extraction can be even more complex than those used for 
linear feature extraction.  To simplify the process, most of these approaches make a series 
of assumptions about the basic structures of buildings.  These are  (Sahar and Krupnik, 
1999): 
 

♦ Building roofs are planar surfaces 
 
♦ Building outlines can be described by four main corners that form a rectangle. 

 
♦ Building outlines can consist of more than four edges, but the resulting shape 

is a combination of rectangles. 
 
The three main phases involved in the traditional semi-automated process of building 
extraction are Preprocessing, Monoscopic Processing, and Stereoscopic Processing.  The 
main purpose of the Preprocessing phase is to detect possible building edges in a small 
portion of the images.  This is done in three steps (Sahar and Krupnik, 1999): 
 

♦ Image Patch Extraction - A small area centered on a building of interest is 
extracted from the two images. 

 
♦ Shadow Detection - A simple supervised classification process is run on the 

subset images to create a binary image representing the locations of shadows 
around the building. 

 
♦ Edge Detection and Segmentation - Edge detection filters are run on the 

subset images and the shadow image to identify possible building edges.  
These edges are then grouped together into segments based on their length, 
magnitude, end points, location, and orientation.   

 
Once this is completed, Monoscopic processing is performed to identify sets of segments 
that are potentially building outlines.  This process looks for sets of up to four right-
angled corners and groups them into "chains" using a series of five steps (Sahar and 
Krupnik, 1999): 
 

♦ Elimination of Irrelevant Edges - A filter is used to remove short or "weak" 
fragments from the images. 

 
♦ Definition of Topological Relationships Between Edge Segments - Attributes 

such as parallelism, perpendicularity, and adjacency are defined for each 
segment.   
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♦ Chain Generation - Corner segments are grouped together into couples, 

triplets or full sets of four corners.  The latter is the ideal situation. 
 

♦ Elimination of Shadow Effects - Any chains found in the subset images that 
match those found in the shadow image are discarded. 

 
♦ Addition of Missing Corners - Final corners are added to triplet groups to 

complete full chains.   
 
The chains resulting from Monoscopic processing are then put through Stereoscopic 
Processing to determine final building outlines.  Using a series of three steps, this 
procedure matches corresponding chains on the two subset images in order to determine 
their three-dimensional coordinates.  These steps are (Sahar and Krupnik, 1999). 
 

♦ Generation of Missing Corners - Missing corners are added to couple sets of 
corners using image matching. 

 
♦ Selecting Correct Building Outlines - Inadequate chains are discarded based 

on the assumptions that building roof corners all have equal elevations, 
building corners should be at least a certain distance apart, and other minor 
details. 

 
♦ Adjustment of Selected Outlines - The final chosen chains are connected and 

adjusted to fit a flat, horizontal rectangle. 
 
The final set of building outlines can be overlaid onto a DTM and extracted to create a 
full digital elevation model of the area surrounding the building of interest.  However, 
this approach to building extraction has a large number of problems.  For instance, if the 
roof edges extend above the flat plane of the roof, shadows can fall inside the building 
outline, creating a false set of chains.  These false chains can also be created by any 
incidental marks made on the image such as scratches or pen marks.  In addition, because 
of the nature of this process and the state of the computers of today, building outline 
extraction can only be performed for one building at a time.  This can be extremely time-
consuming when the area of interest in highly developed.  Finally, this process requires 
prior knowledge of the three-dimensional geometry of the buildings being extracted. 
 
3.3.5.2 Geometric Modeling 
 
Geometric modeling is a process that is used to acquire a representation of an object from 
a map, image, or other data set for 3-D modeling purposes (Bosse, Couto, and Teller, 
2000).  This modeling can be done in many ways, however there are two main methods 
that are used in photogrammetry.  The first method, mentioned briefly in section 3.3.5.1, 
involves the extrusion of two-dimensional object outlines that have been overlaid onto a 
digital terrain model.  The object outlines can come from a number of sources including 
existing CAD drawings, subdivision plats, and tax maps.  The amount of extrusion 
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applied to an individual object is normally derived from an attribute such as the height or 
the number of floors in a building.  Unfortunately, the process of attributing a large 
number of building or feature outlines can be extremely time-consuming and labor 
intensive.  Also, the final three-dimensional features produced are only as detailed as the 
outlines from which they were derived.  For these reasons, this approach is typically used 
for theoretical applications that do not require more than an approximation of the object's 
shape and size (Goldsmith, et al., 1998).  
 
For more practical applications where a precise object definition is required, a second 
geometric modeling method is used.  This approach uses solid object models with fixed 
topology that vary in shape and size to simulate ground features in a scene.  The 
construction of these models is accomplished using two separate definition schemes 
called Boundary Representation (B-Rep) and Constructive Solid Geometry (CSG) 
(Goldsmith, et al., 1998).   
 
The B-Rep scheme defines solid three-dimensional objects by their bounding geometry.  
In other words, all 3-D objects are bound by closed surfaces made up of a series of edges 
and vertices.  Defining these closed surfaces requires accurate and detailed feature 
outlines, as well as a priori knowledge of the feature.  This is also true when objects are 
being defined using the CSG scheme.  This scheme uses Boolean operations to combine 
simple, pre-defined solids into more complex, three-dimensional features (Goldsmith, et 
al., 1998).  The slope and height of the roof objects to be built are determined using a 
least-squares calculation that minimizes the distance between the actual surface and the 
simple pre-defined solids.  Of the two methods discussed, the CSG approach is more 
advantageous because it creates “valid 3-D objects” instead of simple points and vectors.  
Also, CSG objects can be converted to B-Rep objects, but not vice versa. (Haala and 
Brenner, 1999) 
 
3.3.5.3 Stereo Image Analysis 
 
Another method used for building outline and feature extraction is the three-dimensional 
analysis of a stereo pair of images.  Traditionally, this was done through the use of 
analytical plotters or digital photogrammetric workstations.  These instruments allow 
stereo viewing and have a special floating cursor for three-dimensional digitizing 
(Simmers, 2001).  Unfortunately, these instruments are extremely complicated, requiring 
highly trained operators for their success. 
 
The newest approach to semi-automated stereo building extraction is found in the Stereo 
Analyst software created by ERDAS, Inc.  As mentioned in section 3.3.4.4, Stereo 
Analyst uses a digital stereo model previously defined for a set of images to 
automatically tie the cursor to the terrain (ERDAS, Inc., 1999, b). The stereo model used 
in this software contains the internal and external positional orientation information for a 
pair of overlapping images, as well as the camera calibration specifications provided by 
the supplier.  This model aligns, levels, and scales the images for stereo viewing with the 
necessary equipment such as a stereo emitter and stereo glasses.  This software simulates 
the environment of an analytical stereoplotter by using the defined orientation parameters 
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and equations to enable a "terrain-following" cursor on both of the images.  These cursors 
are independent of each other in two-dimensional space to allow them to sit on the same 
point of interest in each image.  However, the parallax of each of the cursors is 
automatically adjusted to bring them together in three-dimensional space at the exact 
elevation of the point.   (ERDAS, Inc., 2000). 
 
In the Stereo Analyst, a user collects three-dimensional information such as road 
centerlines, fence lines, and building outlines.  It contains a variety of 3-D snap tools that 
make the digitizing process quick and exact, while allowing the user to add multiple text 
attributes to the features being defined.  Once a feature is created, they can be extended 
based on user-defined heights or, in the case of buildings, based on the elevation of 
another (roof) feature.   
 
This method of three-dimensional feature extraction has many advantages.  First of all, it 
does not require as much training, labor, or expensive equipment as the traditional 
hardcopy methods.  Also, the floating cursor allows the user to precisely define features 
on, above, or below the terrain, resulting in a higher output accuracy than other semi-
automated methods.  The resulting features can be added to an existing digital terrain 
model to create the final digital elevation model.  Because of the methods used for feature 
extraction, these models will be more accurate and detailed than a model created using 
other extraction procedures.   
 
Unfortunately, the accuracy of any image feature extraction process can be compromised 
by many factors involved in the flight itself.  First of all, if the altitude of the airplane 
varies from one photo in a stereo pair to the other, their photo scales will be different.  
This causes errors in the elevation values derived from the image.  Also, any 
misalignment in the flight line will lead to a set of images with different horizontal 
orientations, rendering the colinearity equations useless.  Finally, to ensure the highest 
possible accuracy in the photogrammetric process, the sensor information provided with 
the imagery must be thorough, complete, and precise.  Any mistakes in these parameters 
will greatly decrease the success of feature or elevation value extraction (ERDAS, Inc. 
2000).    
 
3.3.6 Texture Mapping for Realism 
 
The final step in the creation of a realistic DEM is texture mapping.  As mentioned in 
section 3.3.4.5, orthophotos can be generated from color imagery to produce an attractive 
overlay for the base DTM.  This overlay provides a realistic appearance for grass areas, 
ground level roadways, and water features.  If the photos are properly oriented, texture is 
also created for building rooftops across the area covered by the orthophoto.  Individual 
building facades can be added using digital terrestrial images mapped to the extracted 
building polygons.  For a final step, some rendering programs have the capability to place 
trees, cars, people, and other generic features in a scene to create a more real-world 
appearance.   
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4.0 AIRBORNE LASER MAPPING TECHNIQUES FOR DEM 
CREATION AND 3D MODELING 
 
Light Detection and Ranging (LIDAR) is one of the most advanced methods used today 
for the creation of digital elevation models.  These systems use high-intensity laser 
instruments in conjunction with a variety of positioning and timing devices to directly 
determine the distance from the light source to an object.  This chapter is a detailed 
description of how LIDAR is used in airborne systems to create digital elevation models. 
 

4.1 Laser Ranging System Fundamentals 
 
4.1.1 History 
 
The concept of using pulses of light for angle and distance measurement was introduced 
over 50 years ago.  The instruments used were stationary light sources that could take 
measurements to nearby objects with centimeter accuracy (Fowler, March 2000).   
 
Technological advancements over the years have allowed these instruments to be 
modernized and placed aboard aircraft for data capture over large areas of land.  The first 
company to develop airborne LIDAR capabilities was Waggoner Engineering located in 
Jackson, Mississippi.  This firm completed the first countywide LIDAR survey consisting 
of 250,000 acres in Chatham County, Georgia (Stone, 1999).  While this mission took a 
great deal of time to complete, current LIDAR survey systems have the capability to 
survey up to 10,000 acres per day.  The components of this airborne system and its 
advancements are discussed below. 
 
4.1.2 General Concept of Light Detection and Ranging 
 
The LIDAR method of measurement is based on the Laws of Special Relativity which 
state that light always travels to or from objects at the same speed no matter how fast the 
object is moving (Fowler, March 2000). This speed is defined as 186,000 miles per 
second or 3x108 meters per second.  To find the distance between a source and an object, 
pulses of light are sent out toward the object.  The amount of time the pulse takes to 
travel to the object and back to the light source is recorded.  This value is then used in the 
kinetic equation shown below to calculate the total distance traveled by the light pulse: 
 

vtx =   
   

… where x is the distance traveled by the light pulse, v is the speed of light, and t is the 
recorded time.  To find the distance from the source to the object, the resulting value 
must be divided by two as shown below: 
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… where d is the distance from the source to the object.  Therefore, if the exact position 
of the sensor and the bearing to the object are both known, the position of the object can 
be calculated using simple trigonometry.  Depending on the type of laser ranging system 
being used on a particular project, the sensor location can be determined using either 
ground surveying techniques as discussed in section 3.3.3 or a Global Positioning System 
as described below in section 4.2.2. 
 

4.2 Integration of Various Component Systems for Airborne 
Laser Surveys 
 
When used in an airborne or spaceborne system, LIDAR is extremely useful for 
determining location and elevation of terrain and ground features.  Technology growth 
has recently allowed for the use of various positioning instruments in conjunction with 
the ranging system to calculate the three-dimensional coordinates of these features.  
Because this is currently the most widely used system, it will be the only type of system 
discussed in this document. 
 
An advanced airborne laser mapping system can contain six different components.  They 
are: 
 

♦ LIDAR equipment 
 
♦ A Global Positioning System (GPS) 

 
♦ An Inertial Measurement System (IMU) 

 
♦ A Camera or Video recording system 

 
♦ A powerful computer 

 
♦ A hyper-accurate master clock 

 
Each of these components is essential to the quality and accuracy of any airborne or 
spaceborne LIDAR mission.  While all of these systems have been used independently 
for many years, they were not used together until November 13, 1999, when EarthData, 
Inc. flew a survey mission over Kaintuck Hollow, Missouri for the USGS (DeLoach and 
Leonard, 2000).   In order to fully understand how these elements work together, it is 
necessary to first examine them separately.   
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4.2.1 LIDAR System 
 
Obviously, the most essential component of any airborne LIDAR mission is the Light 
Detection and Ranging system itself.  This system is composed of a light emitting diode, 
a sensor device, and a high-accuracy clock. 
 
The light emitter device sends out laser (Light Amplification by Stimulated Emission of 
Radiation) pulses toward objects to measure distances.  A laser is created when light rays 
are passed through a prism and concentrated into a dense beam that can travel long 
distances without requiring large amounts of power (Fowler, March 2000).  The solid-
state laser emission system in a LIDAR instrument sends out hundreds to thousands of 
pulses per second that last only a few nanoseconds.  Across-track scanning is performed 
using a rotating mirror that distributes these laser beams along the ground in a zigzagged 
swath pattern as shown below (Samberg, 1999): 
 

Laser
Source

 
 

Figure 4.1 – Example of an Airborne Laser Survey System 
 
Some systems contain a mirror that can rotate up to 20 degrees in either direction 
allowing for large areas to be mapped quickly (Shrestha, et al., 1999).  A typical swath of 
a LIDAR system is about 100 meters wide with a laser pulse hitting the ground every 0.3-
0.5 meters (Hill, et al., 2000).   
 
The light rays used in LIDAR systems range from those with longer wavelengths for low-
altitude flights to those with shorter wavelengths for high-altitude flights.  Typical 
LIDAR flights use visible and near-infrared wavelengths ranging from 0.6 – 1.3 µm 
(Samberg, et al., 1999).   Because the light rays spread as the laser travels to the ground, 
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the footprint of one pulse is usually 0.1 – 0.3 meters in diameter, depending on the flying 
height of the plane (Shrestha, et al., 1999).  When a pulse hits a feature such as a tree or a 
building, some of the light rays that are not reflected continue on to a lower portion of the 
object or to the ground below.  This concept is illustrated in the following figure: 
 

Portion of pulse
not blocked by
tree

 
 

Figure 4.2 – Illustration of Pulse Footprint 
 

For this reason, the sensor devices used in LIDAR systems can often record more than 
one return per pulse, allowing for multiple levels of features and areas such as forests to 
be accurately mapped.  Distances to various ground objects such as buildings and tree 
branches can be determined within a few centimeters (Fowler, March 2000).  
Unfortunately, the laser echoes detected by the sensor do not carry information regarding 
the strength of the return like those detected by RADAR systems.  However, because 
these laser emitters are commercially available, LIDAR missions are often more cost 
effective than RADAR missions.   
 
Like RADAR, LIDAR systems are active sensors that can be operated at any time during 
the day or night.  Special filters are often used on daytime flights to reduce background 
daylight that can interfere with pulse return recordings.  While nighttime flights eliminate 
the need for these filters and allow for more penetration of tree canopies, they tend to be 
less accurate than daytime flights (Krabill, et al., 1984). 
 
4.2.2 Global Positioning System (GPS) 
 
A Global Positioning System (GPS) uses one or more signal receivers in conjunction 
with signals from an array of satellites to determine the position and elevation of a special 
receiver.  Each satellite contains a hyper accurate clock and a signal emitter that sends out 
its exact position and altitude over the earth’s surface.  When a receiver unit is able to 
communicate with four or more satellites, the three-dimensional position of the receiver 
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can be triangulated.  While only three satellites are required for the coordinate 
calculations, the fourth satellite is needed to account for any timing errors that may occur 
between the satellite’s clock and the receiver’s clock.   
 
 
4.2.2.1 Differential GPS 
 
Due to outside elements such as atmospheric effects and receiver quality, position 
corrections must be applied to ensure the accuracy of the computed coordinates.  This can 
be done using a process called differential correction.  Differential correction involves the 
use of GPS readings from a pre-established ground control station to calibrate the 
readings recorded by the user’s receiver, referred to as a “rover”.  Because the 
coordinates of the control station are known, a correction factor can be calculated for 
each reading.  These correction factors are stored in a computer located at the ground 
control station and are time cataloged every hour according to Greenwich Meridian time.   
 
Using the station corrections that correspond to the hours of operation of the rover unit, 
the user can adjust the rover readings for more accurate position coordinates as shown 
below: 

Known Ground
Control Station

∆y

Total Corr.

Control Station
Reading

∆x

∆y

Reading
Rover ∆x

Actual Rover

Total Corr.
Point

 
 

Figure 4.3 – Differential GPS Control Station and Rover Point Corrections 
 
If the rover unit contains a computer capable of the necessary calculations and is within 
approximately 10 – 20 kilometers of a ground control station, this process can be 
performed in real-time to produce coordinates with 3 to 5-centimeter accuracy (Shrestha, 
et al., 1999).  For GPS projects that are not located in close proximity to a ground control 
station, powerful dual-frequency receivers can be used.  However, these dual-frequency 
GPS units tend to be extremely expensive and often require special training for their 
operation. 
 
An additional option for real-time correction involves the use of two receivers in the 
project area.  In this situation, one of the receivers acts as the “base” unit by remaining in 



 47

one location whose coordinates have been established by a team of surveyors.  This 
receiver takes GPS recordings at regular intervals on the same point while the “rover” 
unit is used to take the project readings.  Corrections can be calculated for the base 
station readings and applied to the data collected with the rover unit.   
 
To avoid the high cost of dual-frequency receivers or the need for two units, differential 
correction can be performed after the data collection step is complete.  Ground control 
correction information can be purchased from the United States Geological Survey 
(USGS), who is responsible for the upkeep and operation of these stations.  In addition, 
correction information from many ground control stations is available on the Internet and 
can often be downloaded for free.  Using information from more than one control station 
can add redundancy and increase the accuracy of the output points (Shrestha, et al., 
1999).  Unfortunately, the application of any downloaded base station information to 
GPS readings often requires the user to purchase specialized software.   
 
4.2.2.2 GPS in Airborne LIDAR Systems 
 
In an airborne LIDAR system, a high-powered GPS receiver antenna is mounted directly 
over top of the laser sensor in order to determine the exact position of the sensor with 
respect to a desired coordinate system.  This overhead placement can reduce the yaw (or 
crab) orientation effects of the aircraft.  While all of the aircraft orientation parameters 
are important, the aircraft’s yaw is often the most difficult error for a pilot to correct. 
 
Using the real-time differential correction techniques discussed above, the location of the 
sensor can be determined within approximately 5 – 7 centimeters (Fowler, 2000).  This 
increases the accuracy of the location measurements made from the laser pulse 
calculations, since all of the calculations depend heavily on the origin point of the sensor.   
 
4.2.3 Inertial Measurement Unit (IMU) 
 
In order to adhere to a flight plan, it is often necessary for a pilot to tilt an airplane around 
its three main axes.  Just as these rotations can compromise the geometric fidelity of an 
aerial photo, they can also decrease the accuracy of measurements made with a LIDAR 
instrument by shifting the laser origin point.  For this reason, it is important to keep track 
of the airspeed, tilt, pitch, and yaw of the aircraft using a system called an Inertial 
Measurement Unit (IMU).   
 
Inertial Measurement Units, also called Inertial Navigation Systems (INS), rely on a set 
of calibrated gyroscopes and an accelerometer to indicate the distance, direction, and 
speed of any tilt or movement of the laser source.  Typically, IMUs contain two or more 
gyroscopes oriented horizontally and vertically, which spin a spherical mass that is 
electro-magnetically suspended in a cage (Fowler, March 2000).  These gyroscopes 
operate the basic principle of a spinning top, which states that any object spinning at a 
very high velocity will maintain its relative position in space.  Therefore, the orientations 
of the gyroscopes can be considered perfectly horizontal and perfectly vertical, defining a 
set of datums for the plane orientation measurements (Fowler, March 2000).  As the 
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aircraft rotates along any of its three axes, the cages rotate with the plane while the 
gyroscopes remain in their original directions.  The displacement angles of the cages 
from the defined datums is measured and recorded as the pitch, tilt, and yaw of the plane.  
These systems have the capability to measure this information up to 50 times per second 
with 0.1-degree accuracy (Stone, 1999).  Unfortunately, the suspension of gravity that 
occurs when an aircraft banks suddenly can disorient the gyroscope system.  When this 
happens, the system must rely on the onboard GPS instruments for correction and 
reorientation. 
 
The final parameter of the laser’s location and orientation is measured with an 
accelerometer.  This device consists of a hyper accurate clock and an instrument that 
resembles a pendulum hanging from the middle of a box top.  The distance and speed of 
any forward shift is determined by measuring and recording the duration of time required 
for the pendulum to return to its original position after a shift has occurred.  Like the 
gyroscope systems discussed above, the accelerometer can also become confused when 
the plane banks suddenly or sharply.  However, this system cannot be reoriented using 
the GPS instruments and must be reset manually (Fowler, March 2000).   
 
While the parameters obtained with an Inertial Measurement Unit are extremely useful 
for accurate positioning of the laser source, there are many obstacles to overcome.  The 
information resulting from an IMU depends on both angular and time measurements.  
Because the equipment involved and the quantities being determined tend to be small in 
size, these measurements must be made with a very high degree of accuracy.  If the 
accuracy of one of the two systems being used is compromised for any reason, the overall 
accuracy of the LIDAR data can be greatly decreased. 
 
4.2.4 Camera or Video Recording System 
 
Most airborne laser mapping systems contain one of two types of visual tracking 
equipment.  The most common type used on LIDAR flights is an aerial photography 
camera.  These cameras capture stereo photographs of the exact area covered by the 
LIDAR survey.  Orthophotos can be created from these aerial photos using the digital 
elevation models produced by the laser ranging system and the georeferencing and 
orientation information provided by the GPS and IMU systems.  As mentioned earlier in 
this paper, orthophotos are extremely useful as image drapes to provide a realistic look 
for the final elevation models. 
 
The second type of system used on LIDAR missions is a film camera.  These cameras 
provide a complete video record of the area being surveyed.  The advantage of this 
system is that it can also capture aerial photos.  Still photographs can be derived from 
individual video frames and rectified to produce orthophotos.   
 
Many current airborne LIDAR missions are being equipped with digital tracking systems.  
Special cameras and video capture systems have recently been developed for use in 
airborne surveys that directly produce digital data.  This facilitates the ortho-rectification 
because the photogrammetrist does not have to scan hard copy photos or handle delicate 
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film.  However, this new technology presents a new set of problems and accuracy issues.  
Digital data can be extremely large and often requires a state-of-the-art computer for 
processing.  
 
4.2.5 On-board Computer System 
 
Each of the four system components mentioned above collects a unique set of data.  In 
order to record all of the information produced by these instruments, a high-powered 
computer system is mounted aboard the aircraft.  In addition to fast processors, these 
computers must have a great deal of data storage space to record the laser measurements, 
the plane orientation information, the plane’s GPS position, and any video time stamps 
produced by the on-board camera.  Most LIDAR systems use multiple external, 8-mm 
tape drives, which can hold up to 50 gigabytes of data (Stone, 1999).  However, the 
rapidly growing size of modern hard drives may render these data tapes obsolete.   
 
In addition to data storage, the master computer is responsible for integrating the separate 
system components and their corresponding computers.  For instance, the plane used in 
many LIDAR flights is often navigated through the use of a small computer.  The pilot 
enters the desired flight path and other specialized commands (DeLoach and Leonard, 
2000).  As mentioned above, the GPS instrument also has a small computer that acts as a 
data logger and performs real-time differential correction.  Finally, the Inertial 
Measurement Unit requires a computer to coordinate and monitor the gyroscopes and the 
accelerometer.  A processor capable of managing all of these instruments must be very 
advanced and can be an expensive addition to the LIDAR system. 
 
A typical on-board master computer has multiple control screens and operator stations 
that allow the plane’s crew to monitor its performance and status.  For missions that 
require longer flight durations, the plane’s communication system can be used to perform 
data downloads mid-flight (DeLoach and Leonard, 2000).   
 
4.2.6 Master Clock 
 
The final component of modern airborne LIDAR systems is a hyper-accurate master 
clock.  This clock is used to synchronize all of the individual clocks, sensors and 
computer systems on the plane.  The data collection and calculations performed by the 
laser ranging system, the GPS, and the IMU depend heavily on time measurements.   In 
order for the LIDAR system to accurately determine the location and elevation of a 
ground feature, the exact position and orientation of the laser source at the exact moment 
of the light emission must be provided by the GPS and the IMU.  For this reason, the 
master clock must be calibrated prior to the flight to ensure the highest possible level of 
time-measurement accuracy. 
 
4.2.7 Summary of Component Systems Integration 
 
The six instruments described above work together simultaneously during an airborne 
LIDAR mission.  While the laser ranging system emits light and records the echoes, the 
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Inertial Measurement Unit and the Global Positioning System keep track of its exact 
orientation and position without the need for ground control.  The camera system 
captures photographs and/or video of the exact swath coverage of the laser system while 
the computer and master clock work together to coordinate the data collection and time 
determinations.  This elaborate setup produces large amounts of data that is downloaded 
and processed once the mission is complete.  Once post-processing of this data has been 
performed, the combined accuracies of the laser ranging system the GPS instruments and 
the IMU system, allow the overall accuracy of the final elevation data set to be 
approximately 15 centimeters, or 6 inches (Fowler, March 2000). 
 

4.3 Types of Airborne Laser Mapping Systems 
 
While they all operate on the same basic concepts, each airborne LIDAR system is 
uniquely designed for its intended application.  Variants such as land cover, size of the 
area to be mapped, and desired output accuracy must be taken into consideration.  
Systems designed for water surveys use visible green wavelengths for water penetration 
while land mapping systems use near-infrared wavelengths to ensure adequate reflection 
(Fowler, March 2000).  Large area mapping requires powerful systems installed on 
highflying aircraft.  Unfortunately, the high altitude creates a larger pulse width, leading 
to a lower degree of accuracy. 
 
Many different laser mapping systems have been developed for use in both aircraft and 
spacecraft.  Examples of the aircraft systems are: 
 

♦ Airborne Laser Swath Mapper (ALSM) – Developed by NASA, the ALSM 
system can only record one return per pulse.  However, the sensor can be set 
to record the second or third echo return to map various levels of features or 
objects in multiple flights over an area (Shrestha, et al., 1999). 

 
♦ Airborne Oceanographic LIDAR (AOL) – The AOL system was developed by 

NASA strictly for mapping water bodies.  It is used primarily to map coastal 
plains, detect oil, and assess water quality (Krabill, et al., 1984) 

 
♦ Airborne Laser Terrain Mapping (ALTM) – The ALTM was the system used 

by Waggoner Engineering of Jackson, Mississippi in the first airborne laser-
mapping mission performed by a private company.   It has the ability to 
produce terrain models with sub-meter horizontal accuracy and 15-centimeter 
vertical accuracy (Stone, 1999). 

 
♦ Airborne Terrain Mapper (ATM) – This system was developed by NASA 

exclusively for topographic mapping purposes.  Operating in the visible 
portion of the spectrum, the ATM is more accurate then the ALTM and has 
the ability to use three scan angle settings (Csatho, 1995). 

 



 51

♦ TopEye – TopEye is a LIDAR system that was created by Saab Survey 
Systems located in Sweden.  This system is mounted in a helicopter and works 
in conjunction with GPS equipment to collect terrain data (Steinvall, 1999). 

 

4.4 Basic Airborne Laser Mapping Process 
 
There are six basic steps in the process of obtaining digital elevation models using 
airborne laser mapping technology.  They are: 
 

1. Flight Preparation and Completion 
 

2. Data Downloading and Preliminary Processing 
 

3. Post-Processing  
 

4. Layer Separation and DTM Generation 
 

5. Accuracy Assessment (optional) 
 

6. Feature representation and DEM Visualization 
  
The execution of these steps depends on the system being used and its intended 
application.  In order to ensure the highest possible degree of accuracy for the final 
product, each step must be thoroughly planned and carefully implemented. 
 
4.4.1 Flight Preparation 
 
Like any other mission, laser mapping flights require the determination of a basic flight 
plan to establish factors such as the altitude and air speed of the plane, as well as the 
direction and number of flight lines.  Due to the nature of the LIDAR instrument, specific 
system attributes such as the initial viewing angle of the sensor and the pulse rate of the 
laser must be determined in conjunction with the flight parameters.  For instance, the 
possible altitude range of the plane is constrained by both the output power of the laser 
and the eye-safety regulations for the area being mapped.  Typically, regulations state 
that laser flights should be performed at altitudes of at least 30 meters to ensure the safety 
of anyone on the ground (Krabill, et al., 1984).  However, an aircraft containing a low-
power laser must fly low enough to ensure that the pulse will have the power to travel to 
the ground and back.  The use of high-powered lasers can allow a plane to fly at altitudes 
of up to 2000 meters (Samberg, 1999). 
 
The air speed of the mission is dictated by the type of LIDAR instrument being used as 
well as the desired level of detail in the survey.  If the laser emitter is incapable of high 
pulse rates but a high level of detail is required, the aircraft must fly slowly to enable the 
system to collect enough points over a certain area.  The average range of flight speeds 
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for a laser mission is approximately 200 – 500 kilometers per hour or 55 – 70 meters per 
second (Shrestha, et al., 1999). 
 
Once the altitude and the flight speed have been determined, the desired pulse rate of the 
laser can be calculated using the following formula (Steinvall, et al., 1999): 
 

nd
sVF

res
p *

*
2=  

 
…where Fp is the pulse rate or “repetition rate”, V is the air speed, s is the swath width to 
be used, d2

res is the pixel size on the ground, and n is the desired number of pixels in a 
laser footprint.  The two latter parameters can be either specified by the user or 
determined from the characteristics of the laser and the altitude of the flight.  Often, the 
pulse rate is set to ensure the collection of relatively evenly spaced points across the area 
of interest, which is optimal for DTM creation.  The pulse rate of various laser emitters 
can range from 2000 – 25,000 pulses per second.  (Shrestha, et al., 1999) 
 
While all laser mapping systems contain a LIDAR instrument, they do not necessarily 
include all of the other five components discussed in the previous section.  The absence 
or inclusion of these instruments can require additional planning. For instance, if the laser 
system being used does not include a GPS system, a survey crew must establish a 
network of three-dimensional ground control points in the study area prior to the flight.  
If the system does contain a GPS unit that will use differential correction, a base station 
must be established and running before the mission begins.  Similarly, if an Inertial 
Measurement Unit is to be used on the mission, a calibration flight is often performed.  
This increases the accuracy of readings taken during the flight, which, in turn, increases 
the quality and accuracy of the final elevation model. 
 
Before the mission is performed, some final pre-flight steps must be taken to ensure the 
safety of the crew and the accuracy of the data collected.  Once the aircraft is given a 
safety inspection, the laser system is prepared for the mission.  The parameters 
determined for the project are entered into the on-board computer and the atmospheric 
conditions are noted.  The IMU must then be aligned while the GPS locking is 
performed.  Finally, the laser must be warmed up in order to function properly.  Once 
these procedures are complete, the flight can begin. (Jenigen, 2001) 
 
While in the air, all of the components of a laser mapping systems work simultaneously 
to collect large amounts of data.  The aircraft’s crew must monitor the visual recording 
equipment, the GPS and its data log, and the Inertial Measurement System to ensure that 
they are all operating correctly (DeLoach and Leonard, 2000).  The total number of 
flights performed is dictated by the level of detail required and the sensor itself.  Flights 
over some areas are performed more than once if the laser sensor does not have the 
ability to record more than one return per pulse.  During the second and third flights, the 
crew sets the sensor to record the second or third echoes from single pulses (Shrestha, et 
al., 1999). 
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4.4.2 Data Download and Preliminary Processing 
 
Once the aircraft lands, the digital drives are emptied and the tapes are transferred to an 
office environment for initial viewing and processing.  These tapes carry hundreds of 
megabytes of data strips that must be carefully combined and manipulated to produce an 
elevation model.  The LIDAR instrument records thousands of unevenly distributed, 
three-dimensional points that represent a surface created by the combination of ground 
and feature points (Haala and Brenner, July 1999).   
 
Once the strips of data are merged, the raw elevation data set often contains irregularities 
such as repeated and clustered points along swath edges and gaps in the middle of swath 
paths.  The data can be viewed and printed for preliminary examination of these errors 
using specialized software packages.  “Blunder Detection” algorithms and special filters 
have been developed to reduce the distribution irregularity before the majority of the data 
processing occurs (Csatho, et al., 1995).    
 
4.4.3 Post-Processing 
 
Most of the processing discussed below is performed using specialized software 
developed by the LIDAR manufacturer.  These packages perform various tasks such as 
geo-referencing, noise removal, layer removal, and building detection.  However, 
because the algorithms used are developed exclusively by the data providers, their 
specific methodology is often considered proprietary information.   
 
4.4.3.1 Coordinate Conversion 
 
Normally, the first post-processing step performed on LIDAR data is coordinate 
conversion.  The exact method employed for this process depends on the type of system 
used for data collection.  Laser mapping systems containing GPS and IMU systems 
produce the location and direction information necessary to directly calculate geo-
referenced points.  The data from these two systems are merged and checked to 
determine the three dimensional position of the laser sensor and the exact pitch, roll, yaw, 
and heading of the plane at various instances (DeLoach and Leonard, 2000).  When the 
data is recorded by older systems that do not carry GPS or IMU systems, the raw 
coordinates produced must be transformed to a certain projection and datum.  This is 
accomplished using a ground control network established by a field survey crew prior to 
the flight.   
 
While GPS and IMU systems can automatically perform this conversion, the resulting 
coordinates are not always as accurate as those produced using ground control points 
(Krabill, et al., 1984).  To improve this accuracy, information from more than one GPS 
base station can be used in the differential correction process to calculate various 
coordinate solutions.  Each solution can then be tested against known control points to 
determine the highest quality result (DeLoach and Leonard, 2000). 
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4.4.3.2 Data Size Reduction 
 
As mentioned before, LIDAR data sets can be extremely large.  To decrease the size of 
the data, algorithms can be executed to reduce the density of the points.  While this 
increases the usability of the data, it can greatly decrease the accuracy and detail of the 
original model (Hill, et al., 2000). 
 
4.4.4 Layer Separation and DTM Generation 
 
Perhaps the most important post-processing step performed on LIDAR data is the 
creation of digital terrain models through layer separation.  Once this is accomplished, 
these models can be used as the basis for the creation of topographic maps, ortho-
rectified aerial photography, and detailed digital elevation models.   
 
The raw points recorded by the LIDAR instrument carry no information regarding the 
type of feature by which they were reflected.  Bare-earth DTMs and data layers are 
created using various filtering algorithms that can separate features from the ground 
elevation points (DeLoach and Leonard, 2000).  The layers created in this separation 
process often include a ground elevation layer, a vegetation layer, a buildings layer and a 
miscellaneous layer. These features are distinguished by examining the pattern and order 
of the pulse returns recorded by the sensor.  If multiple elevation values exist over one 
point in the horizontal plane, the highest point represents the top of a ground feature 
while the bottom point usually represents the ground under that feature.  For example, 
many digital terrain models are generated using only the last returns recorded from each 
pulse.  In forested areas, the first and second pulse returns are assumed to represent the 
tops of trees and mid-level branches, respectively (Fowler, March 2000).  Similarly, the 
first pulses recorded in urban areas are assumed to be building rooftops and walls. 
 
More complicated algorithms detect different feature types using parameters specified by 
an operator.  For example, two important characteristics of pulse returns are the distance 
from a point to its neighbors and the angle in the vertical plane from the point to its 
neighbors (α) (Samberg, et al., 1999).  The algorithms can be run multiple times with 
different measurements and combinations of these two parameters to classify each point 
in a LIDAR survey of a forested area.   
 
While these techniques work well for many data sets, problems exist in areas of thick 
vegetation or building cover.  Depending on the swath angle and the energy of the laser 
used, the ground can be hidden from the laser in many sections f the survey area.  
Therefore, using the methods mentioned above can lead to false ground elevation points 
in the bare-earth DTM that is created.   
 
4.4.5 Accuracy Assessment 
 
All laser mapping systems contain a large number of possible error sources that can 
compromise the quality of the data produced.  Typically, the vertical and horizontal 
accuracies of a raw LIDAR data set can be 15 – 30 centimeters and approximately 60 
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centimeters, respectively (Hill, et al., 2000).  These values can be affected by a variety of 
factors, including: 
 

♦ The accuracy and quality of the equipment – Significant accuracy problems 
arise from errors in the IMU instrument, the GPS, or the master clock.  While 
most error issues in these data sets are not due to the LIDAR device, laser 
systems with large pulse footprints can also decrease the accuracy of the final 
data set (Fowler, September 2000). 

 
♦ Scan and swath properties – Points recorded using smaller scan angles, low 

scan rates and smaller swath widths will be more accurate than any other data 
set (Shrestha, et al., 1999). 

 
♦ Land cover in the area – Areas with rough and rugged topography or thick 

vegetation and building cover are more difficult to map accurately than flat or 
barren land.  Positioning and elevation errors increase in areas that contain 
rocks, trees, buildings, and other irregular features (Csatho, et al., 1995). 

 
♦ The type and amount of post-processing performed on the data – Any 

smoothing algorithms, filters, or coordinate conversions performed on raw 
LIDAR points introduce errors to the data set.   

 
Prior to product generation, many firms perform a quality control check to assess the 
accuracy of the data.  Using terrain-modeling software, elevation values are extracted 
from the data set and compared to control points established using high-accuracy field 
surveys or existing aerial photographs of the area.  These evaluations often reveal 
systematic errors and patterns that can be used to calibrate the data and improve its 
accuracy (Shrestha, et al., 1999). 
 
4.4.6 Feature Representation and DEM Visualization 
 
One of the most challenging aspects of digital elevation modeling is the accurate 
representation of the buildings and vegetation features in an area.  Once the feature layers 
have been separated from the base elevation points, additional processing is required for 
the creation of solid objects.   
 
The success of three-dimensional building detection depends on the quality of the raw 
data set.  A large group of points concentrated around a building allow for the 
construction of a wire-frame representation of the structure.  Since a human operator can 
recognize certain features and outlines from the patterns in a dense LIDAR data set, three 
dimensional building and vegetation objects can be digitized by the operator using CAD 
software.  (Fowler, March 2000).  Unfortunately, this process is extremely time- and 
labor-intensive and is only beneficial when the study area is relatively small.   
 
Special algorithms have been developed for the automatic and semi-automatic generation 
of building features for projects with a larger survey area.  These algorithms begin by 
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creating roof and footprint outlines for each building and constructing a surface from the 
building layer points.  Once this is accomplished, the building footprints are subdivided 
into simple rectangles and squares that define the position and orientation of the 
buildings.  This allows Boundary Representation (B-Rep) or Constructive Solid 
Geometry (CSG) techniques to be used for solid feature construction as discussed in 
Chapter 3.  Unfortunately, both of these schemes require a priori knowledge of the 
buildings in question.    
 
One way to avoid this problem is through the use of additional algorithms and previously 
established building footprint outlines.  The building outlines can be reliably and 
accurately collected through orthophoto digitizing or through land surveying techniques.  
By limiting the area being examined by the algorithm, the use of these polygons as a base 
map can reduce the time and cost of a project.  In addition, this procedure guarantees that 
the three-dimensional model produced will be consistent with the existing two-
dimensional information.  (Haala and Brenner, 1999) 
 
Using the vector outlines as a boundary, an algorithm is implemented to examine the 
normals of the building layer surface one building at a time.  All of the normals in the 
area that point in the same direction are grouped together and used to define initial walls 
and roof faces for the building.  B-Rep or CSG can then be performed using these 
preliminary definitions to determine the simple 3-D objects that represent the structure.  
Unfortunately, the building structures produced can only be as detailed as the vector 
outlines used.  Small features of the roof geometry will not be modeled if they do not 
appear in the base building polygons.  These details, as well as objects such as cars, 
support pilings, light posts, and other landscaping features can be added manually using a 
special Graphical User Interface (GUI). 
 
Once the building and vegetation features have been added to the digital terrain model, 
the model is bigger than the original raw data set.  Since most computers cannot render 
large amounts of data at once, the model must be broken up and visualized in small 
sections.  For projects that require the creation of fly-through visualizations, these 
sections are rendered with varying levels of detail and merged together.  When displaying 
the entire data set, only the sections closest to the point of view are rendered with the 
highest level of detail.  While this approach can require a large amount of hard drive 
space, it greatly increases the speed and visual performance of the computer. 
 
To avoid the need for excessive rendering, realism can also be achieved through a texture 
mapping process that uses both aerial and terrestrial photographs.  As mentioned above, 
most laser mapping systems contain a visual recording system that captures video or still 
aerial photographs of the area.  These photographs can be ortho-rectified and overlaid 
onto the three-dimensional model as a ground surface texture.  Finally, terrestrial 
photographs of building facades and other features can be carefully pasted to the model 
using image tie points to properly orient and scale the photographs to fit the 3-D objects.  
(Haala and Brenner, 1999)   
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5.0 METHODS 
 
The methods used to examine DEM creation techniques had two main parts: 
 

1. Build a DTM and a DEM using photogrammetrically produced data. 
 
2. Build a DTM and a DEM using data captured with an airborne LIDAR 

system. 
 
Since a triangulated irregular network (TIN) is typically a more detailed and accurate 
representation of a surface than a grid, all surfaces generated for this research project 
were created as TINs.  Ground feature objects were then added to complete the digital 
elevation models.  To complete these tasks, three major software packages were used for 
data manipulation (See Appendix A for descriptions): 
 

♦ AutoCAD Land Development Desktop 2000i by Autodesk, Inc. (LDD) 
 

♦ ArcView GIS 3.2a by ESRI, Inc. (ArcView) 
 

♦ World Construction Set 5 by 3d Nature, Inc. (WCS) 
 
The study area for this research was approximately 3800 acres (~ 6 square miles) in size 
and was centered on exit 72 on Interstate 81 and exit 41 on Interstate 77 near the town of 
Wytheville, VA.  This area is located in Universal Transverse Mercator (UTM) Zone 17 
in the southwest panhandle of Virginia.  Along with an 8-mile stretch of roadway where 
the two interstates overlap, these intersections are currently being examined by the 
Virginia Department of Transportation (VDOT) for a re-alignment project.  As with most 
transportation projects, a visualization of the existing conditions in the area was needed.  
This research project was restricted to this small portion of the transportation study area 
due to the large amount of computer resources required by the full data set. 
 

5.1 Terrain Modeling using Photogrammetrically Collected Data 
 
5.1.1 Data Provided 
 
To gather elevation and GIS data for Wytheville, the town engineers ordered black and 
white aerial photographs to be taken.  Once these photos were geocoded and ortho-
rectified to Virginia South State Plane coordinates, planimetric data such as building 
footprints, road edges, and water bodies could be easily digitized and saved as separate 
vector files.  The terrain model generated for the ortho-rectification process was used to 
create 1-foot contours for the coverage area.  
 
The photogrammetry portion of this research project began with the data set supplied by 
the Town of Wytheville, consisting of separate AutoCAD .dwg files containing the 
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planimetric files and 1-foot contours for the area.  A small section of this planimetric data 
is shown below: 
 

 
 

Figure 5.1 – Planimetric Data provided by the Town of Wytheville 
(Exit 41 on I-77 near the town) 

 
When the contour files were created, the road and stream vectors were used as breaklines 
for the surface.  A small section of these files is shown below. 
 

 
 

Figure 5.2 – 1-foot contour data provided by the Town of Wytheville 
(Exit 72 on I-81 near the town) 
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5.1.2 Data Preparation 
 
The original AutoCAD contour files provided by the Town of Wytheville consisted of 
data for the entire town broken up into grid squares.  Since the area of interest was made 
up of four of these grid squares, AutoCAD LDD was used to stitch the squares together 
into one file.  The planimetric data provided consisted of one file for each separate 
feature (water, roads, utilities, etc…) that covered the entire town.  In order to isolate the 
area of interest, the entities in these files were trimmed in LDD using the outer boundary 
created by the union of the four grid squares.   
 
The result of these preparations was a set of four files containing the contours, the water 
bodies, the road lines and the building outlines for the area of interest.  
 
5.1.3 Building the Bare-earth Digital Terrain Model 
 
Because the original terrain model used in the ortho-rectification process was not 
provided, it was necessary to derive a new one from the contours.  This was first done by 
deriving a TIN from the contours in LDD as shown below: 
 

 
 

Figure 5.3 – TIN created from contours in AutoCAD LDD 
 
As is illustrated by this figure, the resulting TIN was extremely dense in some areas due 
to the small contour interval, creating a very detailed surface.  While this level of detail is 
beneficial to visualization projects, the data size was too large to be easily manipulated 
and viewed using AutoCAD LDD. 
 
In addition to this issue, AutoCAD LDD’s three-dimensional maneuvering capabilities 
are not as versatile as those in ArcView’s 3-D Analyst extension.  For these reasons, a 
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surface was also built in ArcView.  Using the CAD reader, the four files were opened and 
converted to shapefiles, ArcView’s native file format.  Once this was complete, a TIN 
was generated from the contour files to create a bare-earth digital terrain model.  A 
shaded, plan view of this TIN is shown below: 
 

 
 

Figure 5.4 – TIN created from contours in ArcView GIS 3.2a 
 
While this TIN is as dense as the one created in AutoCAD LDD, ArcView has the ability 
to efficiently work with larger data sizes.  In addition, the shading capabilities of 
ArcView reveal flat surfaces where roads, streams and buildings are located.  This 
surface represented the bare-earth DTM for the final model. 
 
5.1.4 Addition of Features for Digital Elevation Model Creation 
 
The final step in the creation of the full digital elevation model was to add ground 
features such as vegetation and buildings.  Using ArcView’s 3-D Analyst extension, the 
shapefile containing the building outlines was overlaid onto the terrain and extruded to a 
height of 30 feet above the surface.  The water bodies and road lines were also overlaid 
onto the bare-earth terrain model to produce more detail.   
 
Although three-dimensional maneuvering, overlaying, and extrusion can be performed 
with ArcView’s 3-D Analyst, it does not have any rendering or vegetation placement 
capabilities.  For this reason, the final model was constructed in World Construction Set 
(WCS).  To prepare the data for use in WCS, the TIN had to be reprojected using 
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ArcView’s Projection utility to Latitude and Longitude coordinates with a World 
Geodetic System 84 (WGS 84) datum.  In addition, the surface needed to be exported to 
an ASCII file format for import into WCS.  Once these steps were completed, road 
textures, patches of vegetation, and generic buildings were added to the model as shown 
in the screen captures below: 
 

 (a) 
 

 (b) 
 

Figure 5.5 – Digital Elevation Model created in World Construction Set 5 
(a) View from the South of the two intersections. (b) View from the 

east of intersection 71 where the two interstates separate. 



 62

5.2 Terrain Modeling Using Data Captured with an Airborne 
LIDAR System 
 
5.2.1 Data Provided 
 
One of the first LIDAR mapping missions ever flown by VDOT in the Commonwealth of 
Virginia was performed over the area between the town of Wytheville and the town of 
Max Meadows.  This 60-square-mile area includes the full 8-mile stretch of highway 
where Interstate 81 and Interstate 77 overlap each other.  The data set produced from this 
survey consisted of 8 long strips, each containing more than 180,000 points.  Woolpert, 
L.L.C. was hired by VDOT to perform layer separation and remove ground features from 
the raw surface.    
 
The bare-earth surface data files provided by VDOT were in a format used by Bentley’s 
Microstation CAD software.  Prior to delivery, all seventeen of these files were geocoded 
to a unique VDOT coordinate system specifically designed for the project.  This data set 
included one file of planimetric information, eight files containing dense LIDAR points 
and breaklines, and eight files containing Microstation terrain models for each of the data 
strips.   
 
5.2.2 Data Preparation 
 
The planimetric data file was comprised of separate layers for water bodies, building 
outlines, and road edges.  The eight point files were made up of thousands of elevation 
points and vector breaklines.  A small portion of one of these files is shown below: 
 

 
 

Figure 5.6 – Elevation points and breaklines collected using LIDAR 
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Because the Bentley software was not available, the DTMs provided could not be used.  
Therefore, it was necessary to build a new surface using the points and breaklines.  To 
complete this task, all of the vector and point files were imported into AutoCAD LDD 
and examined.  Trimming and mosaicing was required to produce one file containing the 
points and breaklines in only the area of interest.  These steps were also performed on the 
original planimetric file to isolate the objects in the desired area.  For use in ArcView, 
separate files were created for road lines, building outlines, water bodies and vegetated 
areas. 
 
5.2.3 Building the Bare-earth Digital Terrain Model 
 
Once these preparations were complete, a bare-earth TIN was generated in LDD using 
the points and breaklines file.  A small section of this TIN is shown below: 
 

 
 

Figure 5.7 – TIN created in AutoCAD LDD using LIDAR data 
 
Due to the AutoCAD LDD issues mentioned above, the files covering the study area 
were opened in ArcView using the CAD reader and converted to shapefiles.  The points 
and breaklines file was then used to create the TIN shown below: 
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Figure 5.8 – TIN created from LIDAR points in ArcView GIS 3.2 
 
These two surfaces were used as the bare-earth DTMs for the creation of the digital 
elevation models in ArcView and AutoCAD LDD.   
 
5.2.4 Addition of Features for Digital Elevation Model Creation 
 
As with the photogrammetric data, the final step was to add ground features for the 
creation of the digital elevation model.  This was first performed in ArcView using the 3-
D Analyst extension.  The planimetric shapefiles were overlaid onto the terrain and the 
buildings were extruded to a height of 30 feet above the surface.  A section of the 
completed model is shown below: 
 
As mentioned above, ArcView does not have any rendering or vegetation placement 
capabilities.  Therefore a second software package had to be used for the addition of 
texturing and realism.  For this model, AutoCAD LDD was used in place of World 
Construction Set.  Since, WCS was obtained late in the project, there was an insufficient 
amount of time available to convert the data from the complex VDOT coordinate system 
to the Latitude and Longitude projection required by this software.   
 
In AutoCAD LDD, the planimetric vectors were inserted into the file containing the TIN 
and overlaid onto the surface.  To correctly represent the pavement in the roadways, the 
individual triangles located between the road-edge planimetric lines were manually 
changed to a newly created layer.  The building polygons were each extruded through 
various heights depending on the size of the structure, bridge objects were added, and 
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trees were placed in various positions around the area.  To add more realism to the model, 
material properties were assigned to the various planimetric layers and the scene was 
rendered.  Small sections of the scene are shown below: 
   

 (a) 
 

 (b) 
 

Figure 5.9 – Digital Elevation Model rendered in AutoCAD LDD 
(a) View from the SSE of the two intersections (b) View from the 

Northeast of a restaurant adjacent to exit 41 on Interstate 77. 
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Upon completion of the LIDAR visualizations, the two models were examined, and the 
steps required to generate them were compared.  This allowed conclusions to be drawn 
about the appearance of each model and the usability of the two data types.  The details, 
results, and subsequent recommendations of this assessment are found in the following 
chapter. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 
 
The difficulties encountered during the DEM construction process allow conclusions to 
be made about the usability of photogrammetry and LIDAR data sets for three-
dimensional modeling.  From these conclusions and those discovered throughout the 
course of the research, recommendations can be made as to the appropriate method to use 
for certain circumstances. 

6.1 Conclusions of Digital Elevation Model Construction 
 
6.1.1 Bare-earth Digital Terrain Model Examination 
 
Examining the models produced reveals discrepancies and irregularities between the two 
methods.  Differences are shown in the bare-earth TIN surfaces created for the first step 
of the process.  The figure on the following page shows a close up view of the two bare-
earth surfaces centered on Exit 71 where Interstate 81 and Interstate 77 separate 
neartheTown of Wytheville. 
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 (a) 
 

 (b) 
 

Figure 6.1 – AutoCAD LDD TINs generated using (a) photogrammetry data and (b) 
LIDAR data 
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Initially, these two TINs look relatively similar.  However, one interesting detail 
displayed in the figure is the fact that the photogrammetry TIN is denser than the LIDAR 
TIN.  This is due to the nature of the data elements used to generate the surfaces.  
Typically, contours are made up of a series of closely spaced points with equal elevation, 
whose spacing depends on the curvature along the contour.  As with most vectors, each 
straight-line segment is defined by two points, and each arc segment is defined by a set of 
three points.  Since the terrain in the area of interest was rugged in many places, rapid 
elevation changes and irregularities were represented by very curved and complex 
contour shapes, requiring a large amount of points for their delineation.  The number of 
points needed to define these contours for the photogrammetry data set was larger than 
the total number of points in the LIDAR data set, leading to the creation of more triangles 
in the TIN surface.    
 
Further scrutinizing reveals that the interstate roads are less clear and defined in the 
photogrammetry TIN than they are in the LIDAR TIN.  This is due to the fact that the 
latter was created using exact points and breaklines that forced the triangles to be built 
along these features.  While the original contours may have been created using breaklines 
as a guide, these features were not included in the data provided by the Town of 
Wytheville and therefore could not be used during TIN generation. 
 
For this reason, it is necessary to examine the two TINs made in ArcView.  These 
surfaces were more comparable due to the fact that no breaklines were used in the 
generation of the LIDAR TIN. 
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 (a) 
 

 (b) 
 

Figure 6.2 – ArcView GIS 3.2 TINs generated from (a) photogrammetry data and (b) 
LIDAR data 

 
An examination of these two surfaces reveals that the photogrammetrically derived TIN 
surface appears to be more smooth and sharp than the LIDAR surface.  This is due to the 
fact that the former was generated from contours, which are characteristically smooth and 
expand over the entire area.  Due to the random distribution of points in the LIDAR data 
set, the triangles created in the TIN are larger, resulting in a surface that appears more 
jagged and rough.  However, the LIDAR surface displays more minor terrain details than 
those seen in the photogrammetrically derived TIN. 
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6.1.2 DEM Completion Issues 
 
Originally, the addition of ground features required for digital elevation model 
completion was to be performed differently for the two methods to allow for a 
comparison.  Since only the bare-earth LIDAR data was provided, an attempt was made 
to obtain the ground feature layers that were removed from the raw data set.  However, 
the only additional data readily available was a set of three files containing the raw 
LIDAR data points in ASCII file format.  These files were so large that none of the 
software available could import the points or read the textual coordinate values.  Because 
of this, the ground features had to be added to the LIDAR terrain model using the same 
techniques employed for the photogrammetry model, making it impossible to analyze the 
advantages and disadvantages of LIDAR derived buildings. 
 
6.1.3 Usability of the Data Sets 
 
As is characteristic of any LIDAR data set, the data used for this research was extremely 
large and difficult to manipulate.  For example, AutoCAD LDD required approximately 5 
– 10 minutes to open one of the point files after the initial TIN was generated and saved 
using a dual processor Pentium III 450 MHz computer with 256 MB RAM.  Working 
with this data led to the supposition that the photogrammetrically derived elevation data 
would not present as many problems.  However, this inference was proven wrong when 
the 1-foot contours were opened in AutoCAD LDD and ArcView.  Because these files 
contained continuous vectors for every foot of elevation change that spanned the entire 
study area, they also required a great deal of time to generate.   
 
This conclusion may have been different if the raw LIDAR data set had been usable.  
While buildings in the photogrammetry data were represented by polygons, these and 
other ground features would be defined by a group of points, increasing the amount space 
and speed required for their storage and manipulation.   

6.2 Advantages and Disadvantages of Using the Six Major DEM 
Creation Methods 
 
Accuracy, reliability and efficiency are often considered the most important aspects of a 
high-quality digital elevation model (Sahar and Krupnik, 1999).  If a DEM is created that 
does not have these qualities, extra time must be spent to correct any errors before it can 
be useful for engineering applications.  For this reason, it is necessary to build the model 
right the first time to save project time and money.  Unfortunately, most clients of data 
providers do not know enough about elevation model generation and the possible sources 
of error to make educated requests concerning the methods used (Hanson, 2000).  Clients 
must carefully examine the advantages and disadvantages of each method before making 
a final decision. 
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6.2.1 Photogrammetry 
 
Photogrammetry has been used for decades by both government and private agencies as a 
source of elevation and planimetric feature location.  Specialized camera systems 
mounted in small aircraft allowed for data to be gathered in otherwise inaccessible areas 
such as private properties and swamp land.  The practice of extracting elevation 
information from ortho-rectified photographs is the most widely used method for the 
collection of topographic data.  
 
Aerial photographs have inherent errors that must be removed before any data can be 
derived.  While this procedure does not require extensive amounts of field work, a great 
deal of time and computer resources are necessary to ortho-rectify an image.  Also, since 
the assessment of orthophotos relies on visible ground control points, the accuracy of 
these images cannot be determined in areas covered by dense forests or vegetation.   
 
Stereo processing on aerial photos can be very expensive depending on the equipment 
needed, the software being used, and the required output product.  Digital elevation 
model creation is the most costly of all the products created using these techniques 
(Manzer, 1995).   This process requires the use of costly stereoplotters or highly 
sophisticated software to perform elevation extraction from a pair of overlapping 
photographs.  For instance, analytical plotters produce digital terrain models that are 
more accurate than those produced using any other plotter device or software package 
(Gong, et al., 2000).  These high-price instruments are extremely complicated and require 
well-trained professionals for their operation.   
 
Various forms of accurate information can be directly digitized or extracted from an 
orthophoto, if the ortho-rectification process was performed correctly.  If the orthophoto 
was created from aerial photographs instead of satellite imagery, this data can have 
vertical accuracies of less than one meter (Krupnik, 2000).  Additionally, these 
orthophotos act as accurate and attractive image drapes for texture mapping.   
 
6.2.2 LIDAR 
 
Laser mapping techniques produce digital data that can be manipulated without the need 
for additional scanning or digitizing.  If a complete system is used, a full set of 
orientation information and aerial photographs are produced directly from the plane 
flight.  This eliminates the extensive ground control networks and aerial triangulation 
procedures required in the ortho-rectification process discussed above.  Unlike aerial 
photography flights, LIDAR missions can be flown at altitudes as low as 30 meters.  This 
allows for data capture to be performed on days with high cloud cover (Fowler, 
September 2000).   
 
Once the mission is completed, preliminary examination and processing allows for easy 
removal of erroneous points or clusters (Corbley 2000).  The data collection and 
processing procedures involved in LIDAR surveys have fewer error sources than any 
other digital elevation methods mentioned in this research (Shrestha, et al., 1999).  The 
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active laser source allows for data collection at any look angle at any time during the day 
or night.  This eliminates errors and other issues that stem from seasonal light changes 
and shadows.  Night flights can often be extremely efficient due to the decrease in air 
traffic and the lower amounts of wind and clouds (Hill, Graham, and Henry, 2000).    
 
While there are many advantages to laser mapping techniques, there are negative aspects 
of these missions involving the instrument and the data produced.  For instance, many 
LIDAR instruments have near-infrared lasers.  Features such as water, new asphalt, tar, 
rain, and fog absorb these wavelengths, creating holes in the data set.   
 
One major disadvantage that renders LIDAR data all but useless to some clients is the 
size of the data sets produced.  A survey performed of a one square mile area can have up 
to 60,000 points and be hundreds of megabytes in size (Steinvall, et al., 1999).  Files this 
size require a considerable amount of computer resources for their storage and 
manipulation.   
 
Another major issue concerning LIDAR data stems from the extraction of building and 
ground feature information from the raw data set.  As discussed earlier, this process 
utilizes complicated algorithms that require powerful computers for their execution.  
Despite their complexity and careful derivation, these algorithms can have difficulties in 
forested areas.  Although each laser emission can have many returns, the entire pulse will 
occasionally be absorbed or reflected by the trees before reaching the ground.  Low 
branches, short trees, and small bushes are often mistaken for elevation changes, which 
reduces the accuracy of the final bare-earth terrain model produced (Krabill, et al., 1984). 
 
6.2.3 RADAR 
 
RADAR systems are very similar to LIDAR systems in many ways.  Since RADAR is 
also an active source, data for large areas can be collected at any time during the day or 
night and at any time of year.  However, the radio wavelengths used in RADAR systems 
are longer and can more easily penetrate clouds and haze (Fowler, September 2000).  
This renders these instruments extremely useful for mapping tropical locations that tend 
to have consistent cloud cover.  In addition, most RADAR systems have the ability to 
record the energy of the pulse echoes returned to the sensor.  Examining these values 
allows ground and rock material types to be detected and mapped during elevation 
capture.  
 
While RADAR has many of the same advantages found in LIDAR systems, there are 
drawbacks that must be considered.  For example, the pulses used in RADAR systems 
have large footprints and are subject to error sources such as foreshortening, shadows, 
and layover, which can greatly reduce the accuracy of the data produced.  As mentioned 
above, the radio wavelengths used in these systems are long and will penetrate certain 
features such as ice and tree branches.  If these materials are present in the area to be 
mapped, the data set produced will contain large holes (Csatho, et al., 1995).   
 



 74

Another factor affecting the usefulness of RADAR scans is the look angle.  Side-looking 
systems have a very large look angle, causing many pulses to be scattered by trees and 
other vegetation.  Since most RADAR sensors cannot record more than one return per 
pulse, this scattering appears as noise in the images produced that is very difficult to 
distinguish from other reflections (Fowler, September 2000).   
 
6.2.4 Digital Image Matching 
  
Like photogrammetry, digital image matching provides attractive views of real-world 
scenes that can be used as texture maps for elevation models.  In addition, this technique 
can be used during the ortho-rectification process to automatically locate and collect 
image tie points.  This can save both time and money on a project by reducing the 
manpower needed during this process.   
 
However, the generation of digital elevation models using this technique requires that 
points of interest be visible in a pair of overlapping photographs.  This is not always 
possible in heavily forested or vegetated areas.  Also, the algorithms involved in the 
digital image matching process tend to be extremely complex and are only included in 
expensive software.  For these reasons, this method is not very widely used. 
 
6.2.5 Field Surveying and Data Collection 
 
Field Surveying is one of the most accurate methods used today to gather terrain and 
location information.  Global Positioning Systems and advanced total station instruments 
can be used to determine three-dimensional coordinates of features and terrain with sub-
centimeter accuracy.  Unlike the other methods discussed in this research, field surveying 
allows for underground features such as pipelines, caves, and culverts to be mapped at the 
same time as terrain features in an area.   
 
The completion of these surveys requires large amounts of time, manpower, and money.  
Mapping large areas can take weeks or months, costing millions of dollars depending on 
the terrain, the detail required, and the equipment being used (Stone, 1999).  In addition, 
performing field surveys of transportation corridors or other hazardous areas can be 
dangerous.  In Virginia, for example, there were 22 deaths and more than 300 injuries to 
field survey crew members in the one year alone (Byrnside, 2000).  This is the main 
reason for the development of the ground-based laser mapping systems discussed below. 
 
6.2.6 Ground-Based Laser Mapping 
 
Ground-Based Laser systems allow for an area to be mapped safely and quickly with 
approximately the same accuracy as a field survey.  Using ground-based lasers can also 
greatly reduce the effects of wind shifts, wind shear, and atmospheric changes that can 
disorient an IMU or a GPS in an airborne mission.  These sudden changes can produce a 
time lag between the moment the shift occurs and the moment it is recorded by the 
instrumentation (Fowler, September 2000).   
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These ground-based systems are still in the infancy stage and require highly skilled 
professionals for their operation.  Crew members must be trained in and out of the office 
to correctly place control points and to efficiently run the instrument.  Often, a practice 
survey is performed before any data is recorded or processed to acquaint the crew with 
the laser system.  While this increases the time and cost of the first project on which the 
ground-based laser is used, the benefits of this method are seen on subsequent projects 
(Milo, 2000). 
 
6.2.7 Topographic and Planimetric Map Scanning 
 
When deriving a digital terrain model from contours, the accuracy of the surface 
produced is typically half the contour interval (Gong, et al., 2000).  This is not always the 
case when the contours and planimetric information have been scanned from hardcopy 
maps.  While this process is one way to acquire elevation data quickly, there are many 
difficulties that are commonly encountered.  For example, many of these hardcopy maps 
are old, leading to the creation of outdated models.  Also, once the contours and polygons 
are digitized, they must be converted to vectors and attributed with the correct elevation 
information.  This process is extremely arduous and can take up to 50% of the total 
project time (Goldsmith, et al., 1998). 

6.3 DEM Creation Method Recommendations 
 
Before deciding exactly which method to use for data collection, it is important to know 
the type of model required, the budget, and the time constraints of a project.  There are 
two types of elevation model products that can be generated using various data sources.  
The first type of model is intended for three-dimensional data analysis that is necessary 
for engineering and design purposes.  The second type is a less accurate and detailed 
model built for visualization and data representation purposes only.  Once the desired 
model type is chosen and the budget and time constraints have been established, the 
appropriate data collection and manipulation methods can be determined.  A flowchart 
summarizing this process is found in Appendix B. 
 
6.3.1 Data Collection Recommendations by Application Type 
 
6.3.1.1 Floodplain Mapping 
 
Watershed analysis and floodplain mapping require the creation of highly accurate digital 
terrain models (Manzer, 1995).  Due to the size of these areas and the amount of detail 
needed, airborne laser mapping techniques should be used for data collection.  As 
mentioned before, these techniques allow for large areas to be mapped seamlessly and 
quickly without the need for data mosaicing.   
 
6.3.1.2 Transportation Projects 
 
LIDAR data collection methods are the most beneficial to transportation studies due to 
the length of many corridor studies and the amount of detail required.  Traffic structures 
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such as bridges and ramps can be easily mapped by these systems due to their ability to 
emit lasers at varying angles and record multiple returns per pulse.  In contrast, 
photogrammetry has a limited amount of width and detail available within each image 
(Hill, et al., 2000).  While satellite imagery allows for larger areas to be captured at one 
time, the possible accuracy and detail is greatly reduced.  For these reasons, LIDAR 
methods should be used for most transportation corridor mapping projects. 
 
6.3.1.3 Urban Modeling 
 
Three-dimensional city models are essential to applications such as military training, 
telecommunications and urban planning.  This type of mapping is best performed using 
LIDAR techniques that can detect both ground and building points.  Because the laser 
emitter is an active source, LIDAR methods of data collection are not compromised by 
shadows or closely spaced, tall buildings if the look angle of the emitter is low enough.  
Also, low altitude flights allow for small features such as roof arches, statues, and 
antennas to be captured by the laser emitter.  This leads to a very detailed data set that 
can be used for line-of-sight analysis and other applications. 
 
6.3.1.4 Forest and Canopy Mapping 
 
Forested or heavily vegetated areas also benefit most from airborne LIDAR technologies 
due to their ability to record multiple pulse returns.  These surveys can provide 
information such as tree height, canopy density and biomass for natural resource 
management applications (Hill, Graham, and Henry, 2000).  However, if the mission is 
intended to map the terrain under the canopy, the flight can be performed in leaf-off 
conditions to ensure that the pulses will reach the floor of the canopy.   
 
6.3.1.5 Aquatic Mapping 
 
Under-water topographic mapping and sediment volume assessment are best performed 
using RADAR.  The light wavelengths used in these systems can easily penetrate water 
to detect floating particles or the terrain below the surface.  While LIDAR has many of 
the same capabilities of RADAR, the lasers in these systems often operate with near 
infrared wavelengths that are absorbed by water (Shrestha, et al., 1999). 
 
6.3.1.6 Small-Area High-Accuracy Topographic Mapping 
 
When a high-accuracy topographic map is required of an area smaller than approximately 
20 acres, field surveying techniques should be used.  The amount of detail and accuracy 
needed for some subdivision and property surveys requires data collection by a ground 
crew.  While areas larger than 20 acres can be mapped using ground surveying 
techniques, the cost and time required to perform these tasks normally exceeds that 
required using other methods. 
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6.3.2 Recommendations based on Project Cost and Time constraints 
 
Of the factors that dictate the potential quality of a digital elevation model, the available 
budget is the most constraining,.  For every project, there is a trade-off between cost and 
model coverage area, complexity and detail.  For example, highly detailed data collection 
over a large area can be a very costly portion of a mapping project.  However, using 
certain data collection methods can decrease the amount of money needed to create an 
accurate product. 
 
RADAR is the most expensive of the airborne mapping techniques discussed above 
(Fowler, September 2000).  Until these costs decrease, alternative methods should be 
used whenever possible.  One such technique that can greatly reduce the budget of a 
project is LIDAR.  Using LIDAR instead of photogrammetry or RADAR can reduce the 
cost of a project by 20 – 50%.  For example, the cost for the collection and processing of 
the photogrammetric contours for the study area discussed above was approximately 
$8,000 per square mile (King, 2001).  In contrast, the collection and processing required 
for the LIDAR points and breaklines totalled approximately $2,500 per square mile 
(Little, 2001).    
 
While the price decrease for this particular project was impressive, it is important to note 
that the flights were performed by two different companies, each with a separate set of 
goals, intentions, and requirements for the data produced.  Certain projects and clients 
may have requirements or specifications that can reduce the cost benefits of using 
LIDAR.  For instance, if a client has to provide extensive employee training or purchase 
special computers and software to handle LIDAR data, the total expenditures for the 
project may increase enough to even out the final price.   
 
Time limits can also greatly influence the data collection and processing methods 
employed on a project.  If a final model of a large area must be produced in a very short 
amount of time, the data collection should be performed using airborne laser mapping 
techniques.  Due to the nature of the raw data and the processing required, LIDAR data 
can often be delivered to a client months before photogrammetry products (Corbley, 
2000).  In addition, mapping large areas with photogrammetry requires longer flights, 
faster planes, and extra processing, increasing the time and personnel required on a 
project (Manzer, 1995).  
 
6.3.3 General Recommendations Regarding Model Generation 
 
In addition to understanding which methods to use for data collection on certain projects, 
clients should also know the best ways to manipulate the data produced.  For instance, 
when high levels of detail are required, a triangulated irregular network should be created 
to represent the surface.  These TINs should always be generated using entities such as 
breaklines and ground control points to ensure the accuracy and detail of the model 
produced.   
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Another important aspect of data manipulation is the need for human involvement.  Fully 
automated data collection and usage techniques have lower accuracies than any other 
method that requires an operator (Gong, et al., 2000).  For example, the use of image 
processing software packages by a trained operator can save money on a photogrammetry 
project by reducing the amount of time and manpower needed to ortho-rectify images.  
All images of an area can be corrected together, increasing the accuracy and geometric 
fidelity of the orthophotos produced.   
 

6.4 Future Work 
 
This study and the models created presented a great deal of insight into the various 
techniques used for digital elevation model generation.  However, there are many other 
avenues that can be explored to further benefit clients and project managers.  For 
instance, the five remaining methods could be examined in-depth and used to build an 
elevation model of the study area.  This may allow for a more thorough comparison of 
the different techniques available today.  
 
New data collection and visualization techniques are being developed by various 
software manufacturers and land survey firms that must be examined in-depth to 
determine their usefulness.  For example, new LIDAR instruments have recently been 
introduced that can record the intensity of the signal returned (Fowler, March 2000).  
This type of system will have new applications and advantages not seen in the previous 
models.   Projects such as mineral mapping that previously relied on expensive RADAR 
methods could benefit from this more cost-effective and accurate instrument.   
 
Since the final step in the creation of all digital elevation models is the addition of 
realism, further research and studies should be done on the various methods and software 
packages available for rendering and solid object generation.  This will allow engineers 
and planners to know the appropriate steps to use to complete a full visualization from 
start to finish.   
 
A colleague involved with the Interstate 77/Interstate 81 re-alignment project has recently 
improved upon the models created for this research with the addition of texture mapping 
and rendering procedures.  These new visualizations and any future models will be posted 
on the Internet at http://cegis.ce.vt.edu/projectwebs/wytheville.  
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APPENDIX A:  SOFTWARE ISSUES AND RECOMMENDATIONS 
 
There are six main types of software packages used throughout the DEM creation 
process.  These packages perform one or more of the following tasks (Limp, 2000): 
 
♦ Image Draping 
♦ Landscape Generation 
♦ Architectural Rendering  
♦ Site Imaging 
♦ Subsurface Modeling 
♦ Three dimensional viewing of geodata 

 
Some of the most prominent, commercially available software packages used for these 
procedures are: 
 
♦ AutoCAD Land Development Desktop 2i by Autodesk, Inc. 
♦ 3D Studio VIZ by Autodesk, Inc.  
♦ ArcView GIS 3.2a by ESRI, Inc. 
♦ World Construction Set 5 by 3dNature, LLC 
♦ ERDAS Imagine 8.4 by ERDAS, Inc. 
 
Because digital elevation models are used for many purposes, it is necessary that they be 
built in an environment that can be easily used and understood by different types of 
professionals.  Many of the software packages listed above have import and export 
capabilities that allow a user to work with the terrain model in more than one interface.  
This increases the number and types of analyses that can be completed with these models. 
 
AutoCAD Land Development Desktop 
 
Land Development Desktop is a terrain modeling and land-planning package developed 
as an add-on to Autodesk’s main software, AutoCAD 2000.  Along with the capabilities 
inherent in a stand-alone AutoCAD environment, LDD can generate accurate TINs and 
grids from vector points and breaklines that can be used for visualization and land 
planning applications.  Once a terrain model has been generated, feature vectors such as 
buildings and roads can be draped onto the surface and extruded to any desired height. 
 
AutoCAD itself is equipped with a rendering engine and a materials library.  Once the 
terrain is completed, separate material textures can be assigned to various layers in the 
drawing and rendered.  Options such as light sources, haze, and backgrounds can be 
added to increase the realism of the visualization. 
 
While the surfaces created are detailed and editable, LDD’s 3-D maneuvering capabilities 
are not very versatile.   In addition, the manipulation of large data in LDD can require a 
great deal of processor resources, slowing down the computer.  
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3D Studio VIZ 
 
3D Studio VIZ is predominately an object creation and architectural rendering package.  
The rendering engine and materials library found in this software is similar to, but more 
extensive than that found in AutoCAD LDD.  Three-dimensional objects such as 
buildings, trees, and benches can be built using a variety of draw buttons and commands.  
Once they are built, materials are assigned to the objects, lighting conditions are chosen 
and rendering can take place.  While the creation of building objects in this software is 
time consuming, the final models can be extremely detailed and realistic.  Unlike 
AutoCAD LDD, this software has the ability to render dynamic scenes to create movies 
or fly-throughs of the objects.  However, like AutoCAD LDD, it is difficult for this 
software to handle and render large data sets.  For this reason, users often build the 
surface in a different software and import 3-D objects made with 3D studio VIZ.   
 
ArcView GIS 3.2a 
 
ArcView GIS 3.2a was originally created as a two-dimensional GIS package.  However, 
various extensions have been developed that expand the capabilities of this software to 
applications such as image analysis, link-to-node analysis and three-dimensional 
manipulation.  The latter is accomplished through the 3-D Analyst extension. This 
program allows for ArcView to create TINs and grids from contour, point, or breakline 
information.  Vector building outlines can be draped over and extruded from the terrain 
models created.  In addition, image overlays can be accurate performed using various 
geocoded images.  The final created model can be easily exported to VRML format for 
display and use on the World Wide Web.   
 
Although ArcView can handle large amounts of data more easily than AutoCAD LDD or 
3D Studio VIZ, it does not have any rendering capabilities.  However, Multigen-
Paradigm, Inc. has developed a rendering add-on to ArcView’s 3D Analyst that can be 
purchased.  
 
World Construction Set 5 
 
World Construction Set (WCS) is a rendering and site-imaging package intended to 
create realistic scenes for visualization purposes.  Various data sources and formats can 
be imported into WCS for terrain generation.  Once the terrain has been created, 3D 
Studio VIZ objects can be imported and placed on the model.  Realism is added through 
the use of pre-defined ecosystem and environment groups that allow a user to place 
multiple trees, vegetation, and water bodies were they are needed.   
 
In spite of its impressive rendering capabilities, World Construction Set has a few 
drawbacks that limit the models that can be built.  WCS was not designed for creating 
visualizations of extremely large areas.  While, close-up visualizations of small areas can 
be very detailed and realistic, large area scenes tend to appear “cartoonish”.  Also, this 
software can only read and manipulate data that is in Latitude and Longitude coordinates 
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in a WGS 84 datum.  If the user does not have access to a re-projection utility or the data 
in use cannot be transformed, there is no way to import the data for use in WCS.   
 
ERDAS Imagine 8.4 
 
This image processing software package contains three extensions created for the various 
task required for 3-D modeling.  The first of these, OrthoBASE, can perform all of the 
steps needed to generate orthophotos from digital images.  Interior and exterior 
orientation parameters can either be entered by the user or determined by the program.  
Tie points are either generated automatically using image matching techniques or 
digitized using a special viewer.   
 
Once the stereo model is defined in OrthoBASE, Stereo Analyst is used to derive three-
dimensional features from the original stereo pair of images.  This program has a 3-D 
floating cursor that allows the user to digitize objects such as buildings and vegetation 
features and assign attributes to the vectors produced.  These features can be saved as 
objects and used in a visualization model (Barnes, 2000).  
 
The third extension, Virtual GIS, is used to view and manipulate terrain models.  2-D and 
3-D vector features can be overlaid onto the model, and image drapes can be performed.  
In addition, Virtual GIS contains a movie creator that can record any movements made in 
the viewer.  A specific travel route can be digitized and viewed using the flight path 
editor to create a fly-through movie of the area.  
 
One drawback of the Virtual GIS extension its inability to extrude vectors or render 
scenes.  These issues make it difficult to visualize and model buildings if the Stereo 
Analyst extension is not present.  In addition, while ERDAS Imagine 8.4 is a versatile 
package, it is a very expensive and requires a great deal of computer resources. 
 
Miscellaneous 
 
Other three-dimensional software available that are not as prominent are: 
 
♦ OrbView Cities by Orbital Corportation. 
♦ Carterra 3D by Space Imaging 
♦  LandForm by Rapid Imaging Software, Inc. 
♦ TruFlite by Martin D. Adamiker, LLC 
 
More information concerning each of these software packages can be found on the World 
Wide Web or by contacting the companies directly. 
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