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Algorithms  for  evaluating  digital  terrain  models 
(DEMs)  and  elevation  moments  such as slope, 
aspect,  relief,  and  curvature are discussed. 
Significant  new  applications  based  on  the 
elaboration  and  display  of  such data  are 
presented.  The  results  show  that  the  processed 
data  can be used for  environmental  protection 
and  to  identify  topography-dependent  natural- 
disaster  hazards. 

Introduction 
Information extracted from dense-grid  digital  elevation 
models, combined with  lithological information derived 
from  remotely  sensed or field data, can be used in terrain 
classification and geomorphometric studies [ 1, 21. The 
arrangement of data on a  regular  grid permits the data  to 
be  easily combined with  satellite  images. 

In this paper we address the study and presentation of 
terrain characteristics as a  useful application of  image 
processing and computer graphics in support of 
environmental protection and the quantitative evaluation 
of hazardous sites. 

An important application is the assessment of volcani 
areas for  which morphometric information provides  a 
powerful indicator of the geologic history  of the region 
and supports the development of dynamic models that 
simulate topography-dependent phenomena: mud slides 
debris flow, ash flow, lava flow, etc. 

moments such as aspect,  slope, curvature, and relief) 
have  been obtained for several areas and are displayed  i~ 
orthogonal and isometric views in combination with 
remote-sensing information. 

Interpolation techniques based on fractals are analyze1 
focusing attention on the statistical implications of  these 
techniques for the numerical simulation of flowing or 
creeping  water, mud, and lava. 

Geomorphometric maps (DEMs and elevation 

Digital  elevation  models 
Elevation information on a  regular  grid can be obtained 
directly from stereo  digital  images [3,4]. If elevation  dal 
are available only on a  sparse or irregular  basis, data on 
regular  mesh must be derived. Many techniques are 
available  for obtaining such data: e.g., polynomial 

Wopyright 1991 by International Business Machines Corporation. Copying in printed  form for private use is permitted without payment of royalty provided that (1) ea 
reproduction is  done without alteration and (2) the Journal reference and IBM copyright notice are included on the first page.  The title and abstract, but no other portions, 
this paper may be copied or distributed royalty free without further permission by computer-based and other information-service systems. Permission to republish any otl 

portion of this paper must  be obtained from the Editor. 

F. BARBER1 ET AL. IBM J .  RES. DEVELOP. VOL. 35 NO. 112 JANUARYIMARCH 19 



1 magnified four times with respect to the horizontal one. 

interpolations, splines,  kriging techniques [5]. In 
principle,  stochastic techniques (such as kriging) are 
preferred to deterministic methods (linear interpolations, 
splines)  because  they ensure the optimization of the 
estimate and provide error evaluation. In any case, 
whatever the technique used, control points must be 
randomly distributed to ensure an unbiased 
reconstruction. Figures 1 and 2 show  DEMs of Lanzarote 
Island  (Canary  Islands, Atlantic Ocean) and  the Vesuvian 
area (Italy) reconstructed by a kriging technique (the 
source data were obtained from maps at scales  of 
1: 10 000 and 150 000. The pixel resolutions are 40 m for 
Lanzarote and 120 m for the other images; the average 
error on computed elevations  is in the range of 3- 10 m. 

When input points are clustered, as for example when 
digitized  along  isolines  from topographic maps, a terrain 
surface  can be rendered  as a network of planar facets, 
providing a satisfactory triangulation (for example the 
Delaunay one) of the initial set  of points (Figure 3). Data 
on a regular  grid can then be  readily obtained by linear 
interpolation [6]. 

Either stereo  images  or  sparse control points are used 
for  DEM evaluation; there is a maximum meaningful 
spatial resolution (that is, a minimum step of the mesh) 
related to change in elevation in the first  case and  to 
density of control points in the second  case [8]. The use 

i are used for color definition. Pixel resolution is 120 m. 

of a smaller step size  would  involve the calculation of 
redundant or misleading information. 

(but it is important  to note that a mathematical 
interpolation does not improve elevation information 
from a metric point of  view [9]). An interesting 
interpolation technique preserving the intrinsic 
characteristics  of  real terrain shape, that is, the statistical 
properties of the given data, is based on fractals [lo]. 
According to this method, the elevation  surfacefiX) in 
the point X = (x, y ) is assimilated to a fractional 
Brownian function for which the following relation holds: 

A DEM can be interpolated to obtain greater  definition 

where F( t )  is the cumulative distribution function of a 
zero-mean Gaussian distribution N(0, u2): 

The parameter H is a constant in the range 0- 1. 
Following the notation of Pentland [ 1 11, Equation ( 1 )  
can be  rewritten as 

E[ If(2 + A-2) - f(X) I ]  11 A 2  11 -H = (2/*)”0, 
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Perspective  view of Mt.  Etna  volcano  (Italy).  obtained by the 
Delaunay  triangulation of 70 000 points. The visualization a a s  e developed using the GALAXY package [7]. 

or,  equivalently, 

logE[ If(2 + A x )  - f (2)I]  - HlogII A211 

= log[(;)’12 u ] .  (3) 

In Equations (2) and (3), E [ .  ] denotes the expected  value. 
Equation (3) suggests that, from  real terrain data, it is 
possible to compute fractal  characteristics ( H  and u). 

When the points log E[ If(2 + An) -An) I ]  versus  log 
11 A 2  11 (obtained from  real data) are approximated by a 
straight  line, the slope  gives H ,  and the intercept is equal 
to log [(2/7r)” u]. Provided that fractal  characteristics do 
not vary in  the scale of interest and that  the points ( i ,  j )  
such that both i and j are odd numbers have  already  been 
determined, a  recursive  four-neighbor interpolation 
technique is 

f ( i , j )  = ( 1 / 4 ) [ f ( i  - l , j  - 1 )  + f ( i  + 1 , j  - 1 )  

+ f ( i  - 1 ,  j + 1)  + f ( i  + 1 ,  j + l)] 

+ ( 1  - 22H-2)” I( AX )I u GUUSS (4) 

if i and j are both even numbers, and then 

f(k j )  = (1/4)[f(i, j - 1) + f ( i  - 1, j )  

+ f ( i  + L j )  + f ( i , j  + 1)1 

80 + 2-HI2 ( 1  - 22H-2)” 11 AX 11 u . GUUSS ( 5 )  
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if only one of i and j  is an even number. 11 Ax 11 is the grid 
step. Gauss indicates a Gaussian random variable  with 
zero  mean and unit variance. We later show that fractal 
DEMs can be  used for statistical  modeling of topography- 
dependent phenomena. 

Geomorphometric features can be computed from 
DEMs. The principal geomorphometric features are 
terrain slope,  aspect,  relief, and curvature. A common 
definition of slope and aspect  is  based on the use  of the 
partial derivatives of the elevation  values z with  respect 
to x (east/west) and y (north/south) directions. The 
partial derivatives can be determined using  two 3 X 3 
first-order  filters  (Sobel operators). Slope and aspect are 
then 

aspect = tan-’ [ ($ / ( 3 1  
This approach essentially  fits  a  second-order  surface to 
the 4-adjacent  neighborhood  following  a minimum 
mean-squared error criterion. This method involves 
attributing characteristics of the mathematical surface to 
the terrain characteristics. Another approach involves 
slope;  slope  is  simply the direction of  water  flow to or 
from the current point: More exactly, it is the difference 
in elevation  divided by the step of the grid. 

means of a  shaded  image. The shading  values  represent 
an estimate of direct solar illumination and a  diffuse 
component. Shadowed terrain receives  only  diffuse 
radiation and may  have  a  negative incidence value. A 
formula to compute shading is 

A combination of  aspect and slope can be  visualized by 

Incidence = cos (slope) + sin (slope) 

where S, is  sun  elevation, TA is terrain aspect, and SA is 
sun azimuth. 

Figure 1 and Figures 4 and 5 show  shaded  images of 
DEMs. Pixel resolution for the first image is 40 m; for the 
second, 240 m [ 12, 131; and for the third, 120 m.  Relief 
is  obviously  related to vertical extent. Following  Evans 
[ 141, a measure of  relief can be obtained by the standard 
deviation of elevation. By this definition,  relief  also 
provides an estimate of terrain roughness. 

convexity: the rate of change of slope or the second 
derivative of elevation [ 141. The calculation is 
straightforward  using  best-fitting techniques or nearest 
neighbors. 

Another important terrain characteristic  is  local  surface 
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Shaded image of central Italy. Pixel resolution is 240 m. Align- 
ment of the Apennines is clearly visible. 

Shaded image of Campania area (Italy). Pixel resolution is 120 m. 
The volcano at the bottom of the image is Vesuvius: that at the 
top left  is Roccamonfina. 

Remotely  sensing data 
For geological applications, an important source  of 
information other than DEMs  is  remotely  sensed data, in 
particular those data collected  by the Thematic Mapper 
sensors on board the U.S. Landsat 4 and Landsat 5 
satellites. A full  scene obtained by these  sensors  has 
dimensions of 6920 samples by 5760 lines and covers an 
area of about 185 X 185 km  with a spatial resolution of 
30 m (120 m in the thermal infrared band); it consists  of 
seven spectral bands located  from the visible to the 
thermal infrared  region.  Band 1 (0.45-0.52 pm) can  be 
used to discriminate soil,  vegetation, and water; band 2 
(0.52-0.60 pm) and band 3  (0.63-0.69 pm) emphasize 
vegetation discrimination; band 4 (0.76-0.90 pm) and 
band 5 (1.55-1.75 pm) are important for crop 
identification and land-water contrast; band 6 (10.4-12.5 
pm) is a thermal infrared band; and band 7  (2.08-2.35 
pm) is important for lithological discrimination. 

In the extraction of  visual information, color  images 
are generally  displayed by selecting three of the available 
seven bands for  red-green-blue (RGB) or intensity, hue, 
saturation (IHS) color presentation. To avoid the 
limitation of displaying  only  three bands of the available 
seven bands at a time, and to visualize the maximum 
amount of information, a transformation to principal 
components is  often adopted [ 15, 161. This 
transformation is  useful  because  multispectral  images 
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frequently  exhibit a high  degree  of correlation among 
spectral  bands. The transformation produces a new set  of 
component images that are not correlated. It is  possible 
to order the principal-component images by decreasing 
the values  of the corresponding eigenvalues,  which 
reduces the actual number of bands (the higher- 
numbered bands contain less information). In Table 1, 
the band correlation matrix, the principal components 
(eigenvectors), and the eigenvalues are reported for the 
TM Landsat  scene of the Phlegraean  Fields (near Naples, 
Italy)  on January 1, 1983 [ 171. As can be  seen  from the 
table, the correlation of TM band 5 with bands 4 and 7 is 
0.86 and 0.93, respectively,  while band 1 is  relatively 
uncorrelated with band 5 but shows a high correlation, 
0.69, with band 2. One can thus expect a degree of 
success  with principal-component processing. The 
highest-numbered principal-component bands have a 
high  noise content. This is  expected; a simple 
computation shows that the first three components 
contain 82% of the original  variance (the percent 
variance of component i is  defined  as the ratio of the ith 
eigenvalue to the sum of all the eigenvalues). Figure 6(a) 
shows the Phlegraean  Fields  with an RGB display of the 
first three principal components of the TM Landsat scene 
of January 1 ,  1983. Eruptive  centers and cones are clearly 
visible. The most  remarkable tectonic element is the 
northern ridge  of the Caldera  Flegrea, a structure created 
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Table 1 Results of principal component processing of Phlegraean Fields Landsat scene. 
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about 35 000 years  ago by the ground sinking following  a 
huge  pyroclastic eruption. Also clearly  visible in Figure 6 
are the belt  of  hills surrounding the Caldera: Monte di 
Procida, Cuma, S .  Severino, Punta Marmolite, and 
Collina dei Camaldoli; and  the volcanic and volcano- 
tectonic structures of the post-Caldera  period:  Averno- 
Monte Nuovo to the west, and Cigliano-Senga-Astroni- 
Solfatara-Agnano Monte Spina to the east. 

Lithological  features in remote-sensing  images can be 
obtained by a  process  of  classification.  Classification is a 
computationally intensive operation for converting 
multiple source  images into a  single information image, 
in such  a way that each  category or class  of information 
has  a separate intensity. In our case,  objects are pixels in 
the image, and categories are water,  vegetation, urban 
area, rock  types,  etc. The purpose of the classification 
process  is to build a  geological map of an area for 
geological analysis and for hazard prediction and 
warning. An accurate classification  process (the Bayesian 
approach) has been  applied to the Mt. Etna region  of 
Italy.  Mt. Etna is the most  active  volcano in Italy; it is 
about 40  km in basal diameter and has  a  height of just 
over 3000 m. Figures 7 and 8 show  a TM Landsat scene 
of Mt. Etna on May  19, 1984, and the corresponding 

82 segmented  image. Comparison of an existing  geological 

map of the Etna region  with the processed  images from 
Landsat TM data shows the good  results that can be 
achieved  with  image-segmentation  techniques:  Different 
lithological units are clearly  distinguished by different 
colors. 

Terrain  analysis 
The computation and display of scene  characteristics 
such as elevation,  slope,  aspect,  relief, and curvature, 
combined with information from remote-sensing data, is 
a very powerful method for terrain analysis. If 
heterogeneous  source data are used,  a  registration 
operation is required; that is, a  geometrical 
transformation must be  applied to one of the two  images 
in order to align or register it with the other image. 
Registration  comprises two steps:  A mathematical 
deformation model  is computed using control points 
(that is, features whose location is known in both the 
images), and then, by  using the model, the registered 
image  is  generated from the warped one [ 18, 191. Control 
points can be found manually and automatically. In the 
first  case, the user  identifies the points by displaying the 
two  images; in the second  case, the user  again  specifies 
two points to be  interpreted-the  first as an exact 
location (the center of a  window), and the second as the 
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(a) RGB display of the  first  three  principal  components  of  the 
TM Landsat scene of the Phlcgraean Fields (near  Naples.  Italy)  on 
January I ,  19x3. (b)  Map 0 1  the Phlegraean Fields  area. 

center of a search area which contains the control point. 
The exact location in the search area is computed as the 
point of maximum correlation of the window  within the 
search area. Obviously, the process can be further 
automated by choosing the full  image as search  area. 

this investigation. The information required for 
computation and presentation includes 

The analysis of volcanic  regions  is the primary focus in 

1. Remotely  sensed  images  (preferably  principal- 
component images) in RGB and IHS. 

Image of Mt. Etna  volcano  developed  from TM Landsat  bands 4. 
5 .  and 7. Scene of May 19. 1984. 

Segmented  image  obtained  starting from image of Figure 7. 

2. Classified  remotely  sensed  images  for outlining 

3. Elevation and moments of the distribution of 
different  lithological units. 

elevation and correlation matrices  between  slope and 83 
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Landsat image ”draped“ over a DEM for Vesuvian area (Italy). 
The yellow line around the volcano encloses an area with a proba- 
bility higher than 10% of receiving an ash fall deposit greater than 
100 k g h ’  if Vesuvius should erupt. Orange color indicates inhab- 
ited regions. 

“Slope” image of Campania region (Italy) with a pixel resolution 
of 120 m. Slope direction is used for hue definition, while slope 
magnitude defines intensity and saturation. 

relief for quantifying the role  played  by  topography in 
past and future eruptions. 

4. Slope information for modeling  topogmphy- 
84 dependent phenomena. 
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5. Shaded  images for outlining the distribution of 
morphologic units such  as  faults, ridges, craters, and 
cones. 

6. Combined information from  past  lava flows (derived 
from  remote-sensing data) and elevation,  slope, and 
soil roughness. 

7. Combined information from  slope and vegetation- 
covered  soil  for quantifying the possibility  of  sliding 
phenomena (landslides, mud flows, avalanches). 

8. Combined information from numerical-simulation 
models,  remotely  sensed data, and DEMs for 
identifying hazardous sites. 

Software  has  been  developed to compute and display 
this information. In particular, multiple images are 
displayed by using 3D oblique views: One to three images 
(Landsat data, shading images,  segmented  images, 
correlation matrices) are used as color  sources, and 
another image (mainly elevation)  is  used to support 3D 
projection  processing [ 19,201. By varying the zenith and 
the azimuth angles,  different  perspective views  of the 
same area can be computed and displayed; by changing 
the vertical  scaling factor, an exaggeration  of the 
elevation can be obtained in order to enhance ground 
features.  These  possibilities  allow  detailed  analysis and 
study of the structural features of the earth’s  surface. 
Figures 1-5 and Figure 9 show some results. For 
example,  for Lanzarote (the Canary Islands),  a  shaded 
image, “draped” in a 3D perspective view  over 
exaggerated  topography,  allows the outlining of 
morphological  features and gives an insight into the 
geological  history of the island. In particular, the rotation 
of the eruptive fissures and of the main fractures of the 
island is easily  identifiable and is used to correlate 
distension  axes and volcanic  cones. 

Another technique for  merging information is to use 
RGB and IHS codification for display. Figure 10 shows  a 
“slope”  image of the region  of Campania, Italy  (pixel 
resolution  120 m). Slope direction is used  for hue 
definition,  while  slope magnitude supplies  values  for 
intensity and saturation. 

Figure 9 and Figure 11 show combined information 
from  remotely  sensed data and output from  physical- 
numerical  models to identify hazardous sites. In Figure 9, 
the curve  encloses an area which  has  a  probability  of an 
ash-fall  deposition  greater than 100 kg/m2 if the Vesuvius 
volcano should erupt [21]. The orange  color indicates 
inhabited regions.  Figure 1 1  shows  a  risk map (risk = 
hazard X value X vulnerability) [22] for the same 
eruption of  Vesuvius. Vulnerability is taken equal to 1, 
hazard is deduced from suitable models simulating 
volcanic  ash-fall phenomena, and value is taken equal to 
the density of inhabited areas, as derived by the 
segmentation  of Landsat images  [21]. 
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Data stored on a regular  mesh  (such as in a DEM) 
allow  for the extraction of information needed  for 
physical-numerical  models simulating topography- 
dependent phenomena. Figure 12 shows the results  of a 
model  simulating  debris flow.  Such data could be utilized 
to identify  hazards  from a dam breaking or from a 
volcanic lahar (a  huge  volume  of mud and water 
resulting  from ice melting due to volcanic eruptions and/ 
or from mobilization by a rain of  loose  ash accumulated 
on the volcano  slope). 

elevations  must be related to the resolution  of the model 
simulating  the  topography-dependent phenomenon. For 
example,  if a lava flow is  sensitive to  an obstacle of a few 
meters, the error elevation  must be one order of 
magnitude  smaller. The fractal approach outlined in the 
first paragraph of this paper  can  provide  help when the 
resolution  of the DEM  is not sufficiently  dense  for 
simulation purposes. By  using fractal interpolation to 
build  surfaces  with the desired  resolution, the 
corresponding  model output can be  evaluated, and the 
distribution of results  provides  statistical information on 
the possible paths. 

For example, Figure 13 shows the results obtained by 
assuming a very simple  model (path of  maximum  slope). 
For each  fractal-interpolated  surface, a line of maximum 
slope  can  be  derived  (with the same  starting point). The 
area  enclosed by the two  extreme  lines  identifies 
hazardous  sites. The number of topographies (and thus of 
lines) to be  derived  is  related to the distribution of the 
paths. A good criterion to satisfy  is that the number of 
lines  intersecting  intervals cut along a circle  with its 
center at the starting point be equal to nIh, where n is the 
number of  lines. The size  of the intervals  depends on the 
accuracy  required to identify the hazard of interest. 

The results obtained from 10 000 simulations are 
displayed  in Figure 14, which  shows  lava  outflows  from 
multiple  vents.  Different  colors  represent  different 
probabilities  of  lava  invasion. A sensitivity  analysis  shows 
changes of  less than 1% with  respect to the case of 
1 000  000 simulations. Each “lava flow path” has a 
maximum  allowable  length,  related to vent quote, 
according to an empirical law  based on field 
observations. 

The spatial  resolution of a DEM and the error on 

Conclusions 
The derivation  of quantitative terrain data such as 
geomorphometry  from  digital  elevation  grids is a 
fundamental step in  terrain  analysis. Remote sensing  of 
data provides important information for use in terrain 
classification. This paper  has  summarized  some of the 
general  image-processing and visualization methods that 
have  been  developed and applied to support this 
discipline.  These  techniques demonstrate the benefit  of 
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1 Risk map  for the eruption  mentioned i n  F i y r e  9. With risk \dues  
ranging  from 0 to 100. light  green  color  indicates a risk  value 1 lower than 5. yellow from 5 to 10. red from 10 to 20. and violet 

! greater than 20. A circle  indicates the Vesuvius  volcano  crater. 
i 

i Flow of mud  along  a  line of maximum slope. Two exaggerated 
profiles  of  topography  and of water level are  shown at the  top left 1 of the image. 
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Paths of maximum  slope  with  the  same  initial  point  obtained by 
creating different fractal-interpolated surfaces. The results are 
depicted in perspective. 

erent probabilities of lava invasion from a given 
isualization was developed using the GALAXY 

86 
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multi-image processing and presentation  for  visualization 
and information extraction. Specific applications to 
volcanic regions  have  provided very interesting  and 
promising  results. 
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