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Introduction

Expert cartographers generalize terrain for 3D maps 
by removing unnecessary and visually distracting 
details, and accentuating important landforms, while 
preserving characteristic terrain features and typical 
landforms. However, generalization methods for 3D 
maps are most often technology driven, i.e., they are 
often not targeted at cartographic generalization, 
but intend to reduce the amount of  terrain details 
in order to achieve responsive frame rates when 
rendering terrain in video games and other interactive 
environments. Such methods may introduce artifacts, 

overly smoothed mountain ridges and valleys.
3D maps most often depict terrain in a central 

perspective projection, compressing terrain features 
in the background. The terrain compression increases 
with the distance to the viewer: the foreground is 
depicted at a large scale, while the background is 
rendered at a considerably smaller scale. This results 
in an excessively detailed background, especially when 
using high-resolution terrains. Such highly detailed 

the main landforms are not clearly discernable due 
to the many distracting details. The dense details 
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generate disturbing visual noise, which obscures 
macro topography—it is impossible to see the forest 
for the trees. Hence, the level of  terrain generalization 
must seamlessly increase with the distance to the 
viewer.

Cartographic generalization is an inherently 
visual task. A graphical environment is required for 
adjusting the generalization parameters in a trial-and-
error approach to the spatial resolution of  the terrain, 
the landscape features and the purpose of  the map. 
A problem plaguing authors of  3D maps, however, 
is the currently available software for generalizing 

and control, or does not offer a WYSIWYG preview 
mode for interactive manipulation in real-time.

The research presented in this article aims at 
making a contribution to the solution of  these 
problems. Visually disturbing details are to be 
removed from digital terrain, while sharp edges and 
mountain ridges are to be retained. The goal is to 
preserve the characteristic appearance of  a terrain, 
and to seamlessly adjust the amount of  generalization 
from foreground to background. We are aiming at a 
generalization method that is easy to comprehend 
and control by authors of  3D maps, and provides 
feedback in real time.

For our prototype, an equalizer metaphor was 
chosen as basis for the user interface. In audio 

frequency response of  an audio source. Most users 
should be familiar with equalizers from audio 
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playback software and physical audio equipment. 
Terrain Equalizer, a free and open-source software 
application, was developed, integrating the presented 
generalization method and its related user interface.

Related Work

In this overview of  related research, we concentrate on 
cartographic generalization aiming at improving the 
visual effectiveness to generate clear and legible maps. 
Generalization methods to improve data storage 
or to accelerate rendering, analysis or transmission 
of  terrain data are not treated here, neither is the 
generalization of  representations derived from terrain 
models, such as contour lines.

Filtering, Smoothing and Denoising
T
signal processing, i.e., the application of  an operator 

from image processing, and can be applied to 

rarely applied to digital terrain (Weibel and Heller 

that smoothing is applied uniformly. Sharp edges and 
other fundamental features of  a terrain are blurred 

topographic breaks are involved, cartographic 
practice tells us to preserve their character and not 
simply smooth them. 

The applicability of  global smoothing or low-pass 

anisotropic operators have been studied extensively 
in image processing, where a wealth of  methods are 
available. Many researchers have been extending 
image processing techniques to general purpose 
surface smoothing, aiming at better preserving edges, 
while reducing noise in the signal. For elevation data, 
specialized anisotropic smoothing methods have been 

for denoising terrain models and other bivariate 
data based on anisotropic diffusion approaches in 
image processing. They use a combination of  surface 

preservation metrics to smooth a two-dimensional 
dataset, while preserving important discontinuities. 

steps method, also aiming at feature preserving 
smoothing of  terrain data, while enhancing 
discontinuities. Their method forces surfaces towards 

of  terrain normal vectors (using a penalty function 

to the smoothed normals. Both steps use a gradient 

descent minimization method with a second-order 
partial differential equation. Hence, the major 
shortcoming of  this method is the computational 
complexity and the increased computation time. 

these energy minimizing techniques with the concept 
of  tolerance cylinders. These cylinders are derived for 
each terrain vertex from absolute errors. A cylinder’s 
height represents the absolute vertical accuracy, while 
the base diameter corresponds to horizontal accuracy. 
The cylinders are used as hard constraints by the 
energy minimizing technique, forcing the smoothed 

by the cylinders. Both works aim at respecting the 

the data providers (such as for the DTED or SRTM 
elevation models). As such, these methods are suitable 
for denoising terrain by removing outliers, while 
keeping the surface inside the tolerance bounds. For 
a more interactive approach to terrain generalization, 
tolerance cylinders could be locally adjusted, however, 
the computation time are rather long for both 
methods due to the computationally intensive energy 
minimizing techniques.

Wavelet Transforms
Relatively few attempts have so far applied the 
wavelet transform on digital terrain (Gallant and 

found to be less adequate for terrain data (for a review 

Skeleton Lines
Weibe
based on structure lines that are extracted from 
the terrain model, in some cases using techniques 

proposes to use the drainage network and the ridge 
network, both extracted from the terrain model, 
depending on the characteristics of  the terrain. 
Many automatic methods have been proposed 
to characterize terrain patches, extract drainage 
networks, and break lines. They can be used as input 
to steer generalization based on skeleton lines, or be 
applied to morphometric analysis, for example, to 

Multi-resolution Terrain
Research in computer graphics has resulted in a variety 
of  methods for reducing the level of  detail (LOD) of  
terrain models. Many of  those methods remove terrain 
details from the background of  the scene, aiming at 
achieving interactive frame rates in games and other 
applications with interactive terrain visualization. In 
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such applications the main goal is the minimization 
of  data storage and throughput, which leads to the 
application of  TIN structures or nested regular grids 
at varying resolution (for an overview see Pajarola 

technical one: The amount of  triangles rendered by 
the computer graphics hardware is reduced, such that 
visual artifacts are minimized and an interactive frame 
rate is achieved. This goal is fundamentally different 
from cartographic generalization for 3D maps, where 
irrelevant and disturbing micro topography has to be 
removed, and characteristic terrain structures need to 
be accentuated.

Multi-resolution TINs can be constructed using 

method by Douglas and Peucker applied to terrain 

visualization, multi-resolution terrain is also applied 

Frequency Manipulation with 
Laplacian Pyramids

The main idea of  our method presented in this paper 
is to consider a terrain model as a two-dimensional 
input signal, where selected frequencies are enhanced 
or attenuated. A Laplacian pyramid is used to 
separate consecutive frequency bands. Individual 

combined into a new terrain synthesized from the 
weighted frequency bands.

 Laplacian pyramids are commonly used in computer 
graphics for image blurring, image mosaicing, 3D 
texturing or for applications in computer vision. The 
construction and application of  Laplacian pyramids 

and Adelson 

The construction 
of  Laplacian 
pyramids is 
identical for raster 
images and raster 
terrain models. 
Only the data 
type used by the 
algorithm varies, 

point values for gridded terrain models.
A Laplacian pyramid is derived from a Gaussian 

pyramid. A Gaussian pyramid consists of  a series of  

and scaled down (left column in Figure 1). Blurring 
and scaling are applied multiple times, creating a 
stack of  successively smaller grids, with each pixel 
containing a local average that corresponds to a 
neighborhood of  twice its size on a more detailed 
level of  the pyramid. Hence, a series of  Gaussian low-

successively removing high-frequency details. The 
levels are labeled Gi in the left column of  Figure 1.

The Gaussian pyramid is then used to derive the 
Laplacian pyramid. Each level Li of  the Laplacian 
pyramid consists of  the difference between two 
consecutive levels in the Gaussian pyramid (right 
column in Figure 1). To compute one level of  the 
Laplacian pyramid, two levels of  the Gaussian 

corresponding values of  the two grids are subtracted. 
The resulting levels of  the Laplacian pyramid encode 
successive frequency bands. For example, the level L5 
in Figure 1 contains the terrain’s highest frequency 
range.

The original terrain model can be reconstructed 
from the Laplacian pyramid by summing all its levels, 
and adding the base level of  the Gaussian pyramid. 
Using the labels of  Figure 1, this can be expressed by:
A = G1 + (G2 – G1) + (G3 – G2) + … 

+ (G6 – G5) = G1 i  (1)
Where:   

A = reconstructed grid
Gi = levels of  the Gaussian pyramid

i = levels of  the Laplacian pyramid

The reconstructed grid A is identical to the original 
G6 in Figure 1). Equation 1 implicitly 

assigns a unary weight to each level of  the Laplacian 
pyramid. To selectively amplify or attenuate frequency 
bands, a weighted reconstruction is needed:
A’ = G1 i i

Where: 
A’ = reconstructed grid
G1 = smallest level of  the Gaussian pyramid

i = levels of  the Laplacian pyramid
i i

wi. Note that the smallest level of  the Gaussian 
pyramid G1

high frequency bands and exaggerating a mid-

Figure 1. Gaussian 
pyramid (left 
column) and 
Laplacian pyramid 
(right column) of 
a terrain model. 
Lower levels in 
both pyramids are 
enlarged to the size 
of the top levels.
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particular example are: 1 2 3 
4 5

3 of  the mid-frequency band 3 accentuates valleys, 
while the highest frequency band is completely 
removed by setting 5

 
Curvature for Edge Preservation

Filtering high-frequency bands removes small details, 
but also overly smoothes characteristic sharp-edged 
break lines, such as ridge and valley lines. The basic 
idea is to automatically identify topographic break 

neighborhood. Hence, the basic model of  low-pass 

to the regions between them. The proposed method 

pyramids. The traditional reconstruction as described 

In our approach for terrain generalization, the 

A’ = G1 xyi i   (3)
Where: 

xyi x 
and y for i

A multitude of  methods exist for identifying 
topographic break lines (Peucker and Douglas 

modeling geomorphometric elements like ridges and 

generalization of  terrain for relief  shading (Leonowicz 

measures the rate of  change of  aspect along a contour 

clear lines of  ridges and valleys (Wilson and Gallant 

computed as follows to take curvature into account 
when reconstructing the terrain from the Laplacian 
pyramid:

xyi = ui + vi cxyi

Where 
ui i

vi i

cxyi = local plan curvature at position x and y of  
G1 xyi-1 i-1

ui and vi

ui, 

by high curvature values with vi. The plan curvature 
cxyi varies with location, and is computed from the 
sum of  frequency bands with frequencies lower than 
the current band i. This approach has the desired 
effect of  accentuating ridge lines: At locations where 
lower frequencies contain concave or convex shapes, 
terrain curvature is further accentuated with higher-
frequency details of  the added band i (Figure 3).

Plan curvature is calculated with the Evans–Young 
method, which uses a quadratic trend surface for 

cxyi in Equation 

then stored in a grid and blurred by convolving with 
a two-dimensional Gaussian bell curve. Without 
this blurring, spiky structures would appear along 
break lines in the reconstructed terrain. The second 
transformation is an exponentiation applied to the 

Figure 2. Removing high-‐frequency details and amplifying 

terrain.

Figure 3
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an exponent close to 1 adds high frequency details 
along break lines. The user can adjust the size of  the 
blurring kernel and the exponent.

The procedure outlined so far concentrates on 
convex ridge lines and ignores the generalization of  
concave valley lines. However, a third set of  user-

concave lines in a similar way. The parameter vi 

valleys – depending on whether the frequency band 
i adds convex or concave details. To determine what 

index of  the frequency band i is computed (Wilson 

middle shows attenuated high and mid-frequency 

the frequency bands attenuated before.

View Dependent Filtering
for 3D Maps

As outlined in the introduction, the level of  terrain 
generalization must increase with the distance to 
the viewer of  the scene when central perspective 
projection is used. The proposed method can be 
extended to variably adjust the level of  generalization 
in the foreground and the background. Two sets of  

ui and vi

linearly interpolated between the foreground and 

ui. The interpolation 
vi  is identical.

ui = ud uifore + (1 – ud) uiback   (5)
Where:

ui

uifore, uiback

i

ud = distance-dependent weigh factor: 1 in 

in the highest frequency band are slightly attenuated 
in the foreground, and ridges in the highest frequency 
band are moderately accentuated. In the background, 
the three highest frequency bands are completely 
removed, except for details along ridges, which are 
accentuated to preserve the spiky character of  this 
alpine terrain.

Masked Frequency Filtering

The
ridges and valleys, but also creates disturbing concave 
depressions along valley bottoms where steep slopes 

used as well, for example, a cartographically designed 
mask with lakes and valley bottoms. Whatever type 
of  mask used, a simplistic combination of  (a) the 
terrain reconstructed from a weighted Laplacian 
pyramid with (b) the original terrain would result 
in discontinuities in the combined terrain. Visually 
disturbing stepped structures would appear, because 

the reconstructed terrain is 
likely to have locally shifted in 
vertical direction due to user 

Hence, masked areas must 
be taken into account when 
reconstructing the terrain from 
the Laplacian pyramid:

xyi = (ui + vi cxyi - 1) mxyi + 
Where: 
mxyi = anisotropic mask value at 
position x and y,

to a Gaussian pyramid, and 

Figure 4

from foreground to background. 
Left: original terrain; right: 

accentuated in the background.
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mxyi is the corresponding level i of  this pyramid. The 
mask weight mxyi

mxyi i is added with no 

terrain model is reconstructed. If  mxyi is 1, Equation 

artifacts are reduced where the steep slopes adjoin the 

Implementation and Conclusion

The described method for generalizing digital 
terrain was implemented in Terrain Equalizer, a 
free and open-source application available at http://

. Terrain Equalizer was 
written in Java and runs on all major platforms. For 
rendering previews of  the generalized terrain model, 
Terrain Equalizer builds on JOGL, a Java wrapper for 

Equalizer’s interface features sets of  vertical sliders 

frequency bands, using an equalizer metaphor.
As outlined in the section on related work, various 

alternatives exist to Laplacian pyramids for selectively 
manipulating frequency bands, such as low-pass 

to these alternatives, the method presented here is 
easy to comprehend and control by the user. Also, the 
algorithm is relatively simple to implement, lends itself  
to multithreading, and is fast enough for interactive 
manipulation of  terrains with up to several million 
cells.

Frequency-based generalization is somewhat 

which is also the case for our approach. Other 
generalization operators, such as displacement or 
combination operators, are not addressed by our 

operators imbedded in an interactive graphical 
environment, since the objective of  cartographic 
terrain generalization is not so much noise removal 

offers such a user interface. We applied it for 3D 
mapping using terrain models of  varying resolution 
and origin. We were able to successfully remove 
disturbing high-frequency details, while preserving 

important terrain structures by amplifying mid-
frequency bands. Filtering parameters could easily be 
adjusted to the terrain character and to various levels 
of  generalization. Furthermore, it proved to be easy 
to adjust the level of  generalization to the distance 
from the viewer. However, we encountered problems 

amplifying mid-frequency bands. These problems are 
at least partially solved by the inclusion of  masks – 
nevertheless, their integration could be improved and 
easer to control.

Various experts have tested Terrain Equalizer 
and provided encouraging feedback. A more 
detailed quantitative analysis or a comparison with 

all research in cartographic generalization, only 
qualitative impressions can be gained from visual 
analysis to assess the suitability of  a generalization 
operator. Ultimately, only a subjective evaluation of  
the visual results can tell whether the generalization 
operation was successful.

Parameters are seamlessly interpolated from 
the background to the foreground throughout a 
3D map. The portability of  such a terrain with a 
generalization level varying from foreground to 
background is obviously limited, as it can only be 

for interactive terrain visualizations – where the user 
can freely choose the position and direction of  view 

– by generalizing the terrain in real time. Interactive 
frame rates could possibly be achieved by porting the 
Laplacian pyramid to modern GPUs, as proposed by 

Terrain Equalizer and the underlying algorithms 
were developed for generalizing digital terrain of  
mountainous areas at large and medium scales, 

Alternative applications of  Laplacian pyramids 
constrained by curvature remain to be explored for 
terrain generalization and visualization. Particularly, 
this approach could be used to remove artifacts from 
SRTM or LIDAR terrain data, and it could also be 

visualizations, such as contour lines or shaded relief.
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areas.
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