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Abstract

Inverted slope images created from digital elevation models (DEMs) can be used to visualize differences in
lithological units and provide an indication of areas of geological outcropping. Such images are useful for
geological mapping, but when created from DEMs generated from remote sensing images (“image-derived
DEMs"), artifacts in the DEMy agre exaggerated and give rise to unclear noisy final images. Such artifacts
also affect the quality of normal slope images and shaded relief images. In contrast, DEMs created from
elevation data in the form of contour maps (“contour-derived DEMs") contain for fewer artifacts, but their
availability is limited. Therefore, in order 1o obtain clear processed DEM images that can be used for global
geological mapping, it is necessary to develop a method for reducing the number of artifacts in image-derived
DEMSs. In the present study, the effectiveness of a fast Fourier transform (FFT) for artifact reduction in
image-derived DEMs was investigated. The FFT converts spatial data into the frequency domain, and
artifacts with specific frequencies are removed by low-pass filtering. An inverse FET is then used to return to
the spafial domain, thus producing a filtered DEM with a reduced number of artifacis. The effect of the filter
size on the final image quality was also investigated. The image-derived DEMz used in this study were the
Shuttle Radar Topography Mission (SRTM) DEM and the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) Global DEM (GDEM) for Cuprite, Nevada. A comparison was made between
shaded relief and inverted slope images created following artifact removal from these DEMs and equivalent
images produced using the contour-derived National Elevation Dartaset (NED) DEMs. It was clarified that for
the image-derived DEMs, that a low-pass filter with a size of 20 to 40 % significantly reduced the number of
artifacts without significant loss of terrain information. For the ASTER GDEM daia, artifact reduction was
Jound to be particularly important because the artifacts obscure the original topographic information in the
inverted slope images.

1. Introduction

Compared to other forms of remote sensing data,
digital elevation models (DEMs) have not been used
extensively for geological mapping. Rather,
geological mapping has typically been performed
using color composite images produced from mmlti-
band sensor platforms, such as Landsat (Crosta and
Moore, 1989) and Advanced Spacebome Thermal
Emission and Reflection Radiometer (ASTER) data
(Hewson et al., 2005), However, DEMs have been
used as subsidiary data to clarify linear or circular
relief patterns for tectonic and structural analysis in
geology {(Masoud and Koike, 2006). Recently,
studies using DEMs have increased, and DEMs
have been used for landform mapping (Smith and
Clark, 2005) and terrain classification {Iwahashi and
Pike, 2007). DEM images that have been processed
to show shaded relief and aspect have been used for
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geological mapping (Badura and Przybylski, 2005,
Singh and Dowerah, 2010). In this paper, we
describe the application of inverted slope images
created from DEM images for geological mapping,
and also propose a method to reduce artifacts from
image-derived DEMs. A variety of spatial filtering
(Brown and Bara, 1994) and frequency filtering
(Hassan, 1988 and Pan, 1989) methods have been
developed to reduce the number of artifacts that are
generated when DEMs are produced from contour
lines. DEMs derived from remote sensing image
data, such as the data collected by the Shuitle Radar
Topography Mission (SRTM) (Rabus et al.,, 2003
and Gesch et al., 2006) and Global DEM (GDEM)
of the Advanced Spacebome Thermal Emission and
Reflection Radiometer (ASTER) (Fujisada et al.,
2005 and Tachikawa et al., 2011), currently almost
cover the entire earth, and use of these image-

1-11

Application of Iverted § lope Images for(Feological Mapping - Reduction of Artifacts in Digital Elevation Models by Filtering in the Frequency Domain




derived DEMs currently exceeds that of contour-
derived DEMSs, Although conmtour- and image-
derived DEMs have similar topography data, the
processed DEM images, such as images with shaded
relief and inverted slope images obtained from
image-derived DEMs, are considerably noisier than
those obtained from contour-derived DEMs.
Consequently, reducing the artifacts in image-
derived DEMs needs to be achieved in order to
increase the potential application of image-derived
DEMs, such as SRTM DEM and ASTER GDEM, to
geological mapping.

2. Contour- and Image-Derived DEMs

A DEM is an ordered array of ground elevations at
regularly spaced intervals. DEM data is originally
point data consisting of latitude, longitude and
altitude, but normally gridded to raster data.
According to Guth (1999), DEMs can be divided
into two groups depending on whether the source of
data used to generate the DEM is (1) contour lines
(“contour-derived DEM™), or (2) remote sensing
imagery (“image-derived DEM”). Contour-derived
DEMs are created from hypsographic maps
produced by aerial photogrammetry and
triangulation surveys. The height information in a
contour-derived DEM is ground elevation data.
Examples of contour-derived DEMzs include the
National Elevation Dataset (NED) of the United
States, Canadian Digital Elevation Data (CDED),
and the Japan Profile for Geographic Information
Standards (JPGIS). Relatively few countries have
accurate contour maps for public use and the
availability of contour-derived DEMSs is limited.
Image-derived DEMs are generated using remote
sensing imagery and are not correlated with direct
ground data. The height information in image-
derived DEMSs is canopy elevation. SRTM DEM
and ASTER GDEM are typical image-derived
DEMs with a near glebal coverage and are freely
available. NED DEM (a contour-derived DEM), and
SRTM DEM and ASTER GDEM (image-derived
DEMs) were used and compared in this study.
Features of each DEM-{ype are shown in Table 1.

3. Study Area

Cuprite in southwestern Nevada, approximately 200
km northwest of Las Vegas, was selected as the
study area for geological mapping as the outcrop
conditions are well and the geology, with its diverse
hydrothermal alteration mineralogy, is well defined,
Cuprite has been used extensively as a test site for a
variety of remote sensing studies; particularly for
extensive alteration mineral mapping exercises
using AVIRIS data (Kruse, 2002), ASTER data
(Rowan et al,, 2003), Hyperion data (Kruse et al,
2003) have been conducted. The regional geology of
the Cuprite area has been described by Crafford
(2007). Briefly, the area is composed of Lower
Cambrian to Latest Proterozoic clastic rocks
consisting of cross-bedded quartzite, siltstone, and
phyllite (Czq) arc wunderlain by Cambrian
sedimentary units consisting of phyllite, schist, shale,
thin-bedded limestone, chert, and silistone (Ctd),
which create the high northeast- to southwest-
trending ridges that characterize the study area.
Tertiary volcanic and sedimentery rocks, such as
intermediate silicic ash flow tuff {Tt2), younger
thyolitic flows, and shallow intrusive rocks (Tr3),
younger silicic ash flow tuffs (Tt3), and younger
tuffaceous sedimentary rocks (Ts3) are present over
the lower sedimentary rocks and create gentle hills.
Quaternary sediments, such as playa and floodplain
deposits (Qpl) and alluvium (Qal) are present and
cover the flat terrain (Figure 1).

4. Inverted Slope Images for Geclogical Mapping
A slope image is created using the steepest neighbor
algorithm which is the maximum rate of change in
value from the center to its neighbor cells {(Guth,
1995). It is an approximate derivative of the original
DEM. Gradient values in the slope image can be
expressed in percent or degree units. The use of
other algorithims, such ag four or eight closest
neighbors would change the values slightly, but
would not change the resulting patterns. For shaded
relief images, sun illumination is from one direction
only and some surface features are hidden by this
orientation-sffect.

Table 1: Contour-derived DEM and image-derived DEM used for the study

NED
DEM type Contour-derived DEM
Data provider country USA
Horizontal grid spacing 1 arc second
Contiguous US,

Hawaii and Puerto Rico
(Except for Alaska)

Coverage
Data source Aerial photos

DEM production Contour to grid

SRTM (SRTM1) ASTER GDEM (GDEM2)
Image-derived DEM Image-derived DEM
USA Japan
1 arc second 1 arc second

Contiguous US,
Hawail and Puerto Rico 83°N to 83°S
(Alaska to 60°N)
C-band SAR ASTER VNIR band3N/B

Interferometry Stereography
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Figure 1: Geological map of the study area (modified after Crafford, 2007).

The flanks of Stonewall Mountain in the southeast
of the study arca arc invigible in the shaded relief
images because the direction of sun illumination is
from the southeast (Figure 2 (a), (b), (¢)). There is
no orientation dependence in the slope images
(Figure 2 (d), (e), (), but the lithology of the
original slope image is difficult to interpret because
the image is dark and the contrast is low.
Consequently, detail of the topographic features was
enhanced by inverting the slope image (Figure 2 (g),
(h), (1)) to display the lithological units in a different
tone and texture with stronger contrast. In these
inverted images, dark tones indicate outcrop arcas
with rigid terrain consisting of lithological units that
are typically hard and resistant to weathering. White
areas indicate flat or gently sloping terrain, such as
talus areas covered by overburden and free of amy

outcrops. The inverted slope images provided
congiderable information on the distribution of
lithological units. The clearest inverted slope image
was obtained from contour-derived NED DEM data,
while that obtained from GDEM data was exiremely
noisy.

5. DEM Artifacts

Artifacts in the image-derived DEMs are both
exaggerated and visible in the shaded relief and
inverted slope images. Three types of artifacts were
observed in the images used in this study (Figure 2,
Figure 3).

1) Anomalous topographic features in the shaded-
relief and slope images derived from the ASTER
GDEM data in the eastern part of the study area
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(Figure 2 (c), {f), (i)). These anomalous features in
the ASTER GDEM data were observed in arcas with
low ASTER scene stack numbers, i.e., in areas with
relatively few cloud-free images.

2) Fine-grained noise was cxtensive in the
inverted slope images derived from SRTM DEM
and ASTER GDEM data (Figure 2 (h), (i)). The
random noise observed in the ASTER GDEM
inverted slope image was more intense than that
obscrved in the SRTM DEM data, and the noisc
obscured topographic information.

(a) NED shaded relief image

(d) NED slope image

(e) Original SRTM slope image

(f) Original GDEM slope image

However, these random artifacts were uniformly
present in the SRTM DEM and ASTER GDEM data
(Figure 3 (b), (c)). In addition, the magnitude of the
random noise was small in the topographic section,
but markedly higher in the slope sections (Figure 3
(e), (D).

3) Single-point spike-type errors were observed in
the topographic sections of the ASTER GDEM data
(Figure 3 (c)); these errors are typically difficult to
perceive in both shaded-relicf images and inverted
slope images (Figure 3 (c), (f).

(g) NED inverted slope image
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Figure 2: Shaded relief images, slope images and inverted slope images of the study area
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Figure 3 DEM topographic sections and DEM slope sections of line A-A’ in figure 2

Contour-derived NED DEM images had fewer
artifacts compared to the image-derived DEM
images, but they were not completely fiee of
artifacts. For example, artifacts referred to as
contour “ghosts” were observed in imagery of the
northwestern part of the study area in both the
shaded-relief and inverted slope images (Figure 2
(), (d), (£)). Contour “ghosts™ ar¢ associated with

the contour to grid algorithm producing grid-node
elevations with the same elevation (Guth, 1999).
They are small artifacts and do not appear as
clevation crrors in the topographic and slope
sections. Collection line artifacts, which produce
stripes or aligned textures in USGS 7.5 minute
DEM data, have been reported (Albani and
Klinkenberg, 2003), but no such artifacts were
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observed in this study area. Image-derived DEM
data contains more artifacts than the contour-derived
DEMs generally. Reducing artifacts from image-
derived DEME is therefore considered important for
obtaining smooth topographic information.
Although SRTM DEM and ASTER GDEM both
contain artifacts that can be attributed to
topographic information, it is clear that ASTER
GDEM contains more artifacts than SRTM DEM,

6. Artifact Reduction Methods

Spatial filters are effective for reducing spike-type
errors in a DEM, but if spatial filtering is applied to
an entire DEM, it will decrease the spatial resolution
and diminish the detailed features of all of the
original DEM information. The application of
spatial filters should therefore be restricted to spike-
type artifacts, When using multiband remote sensing
data, wvalid elevation information can be
distinguished from artifacts by performing a
principal components analysis (PCA) or maximum
noise fraction (MNF) transformation (Green et al.,
1988), which will separate information and artifacts
into different PCA clusters (Crosta and Moore, 1989
and Loughlin, 1991) or MNF bands (Kruse et al.,
2003). Artifact reduction can then be achicved by
deleting those bands dominated by noise, and then
reverting back to the PCA or MNF data; however,
PCA and MNF analyses cannot be applied to single
band data.

(a) FFT 2D frequency image

Fast Fourier transformation (FFT) can reduce
artifacts from single band data and FFT has been
employed te reduce systematic artifacts from remote
sensing images {e.g., de Souza Filho et al.,, 1996).
Figure 4 shows a flow chart describing the process
for reducing artifacts from DEMs. Bricfly, spatial
data is transformed inte the frequency domain by
FFT.

Original image derived DEM
(image domain)

[

Forward fast Fourier transformation

Frequency image
Low-pass exponential circle filtering
(frequency domain)

Inverse fast Fourier transformation

Artifact reduced
image derived DEM data
(image domain)

Figure 4: Flow chart for reducing
artifacts from DEM data

(c) Various low-pass filter sizes

(b) FFT 3D frequency image

(d) Example of low-pass filtering at 30 % filter size

Figure 5: FFT frequency images and low-pass filter sizes
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Intringic image and clevation information is
concentrated at low frequencies which are located at
the center of the FFT frequency image (Figure 5 (a))
creating a peak and trouphs representing the high
frequency information which contains very fine
textured information and noise (Figure 5 (b))
Specific high-frequency artifacts in the image-
derived DEMs can then be removed by applying a
low-pass filter of a specific size to the FFT
frequency data (Figure 5 (c)). After filtering the high

SRTM FFT low-pass filtered
shaded relief images

90 %

frequency components using the low-pass filter, an
inverse FFT transforms the frequency image back to
the image domain. Random artifacts are uniformly
distributed from the low to high frequency
components of the frequency image (Hassan, 1988).
Although FFT filtering cannot entirely remove these
random artifacts, the artifacts at low frequencies will
be dominated by more signal and/or information
that is intrinsic to the image making the artifacts less
recognizable,

SRTM FFT low-pass filtered
inverted slope images

: ¢ Bl

20% Vlmbninten

Figure 6: SRTM DEM FFT filtered shaded relief images and inverted slope images of different low-pass filter

sizes
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7. Discussion

Inverted slope images, such as that shown in Figure
2 (g), clearly show areas of oufcrops and provide
even more information of the differences in
lithological units when compared to published
geological maps (Figure 1}. However, the inverted
slope images created from image-derived DEMs
(especially ASTER GDEM) are typically very noisy
(Figure 2 (h), (i)). This happens because the image-
derived DEM containg artifacts that do not reflect
the true topography, especially since artifacts are
frequently produced when DEMs are generated.
While most of the artifacts in the original image-
derived DEMs are difficult to recognize, they are
typically exaggerated as noise in the inverted slope
images. Detailed information of landforms and
lithology is often hidden by this noise. ASTER
GDEM is particularly noisy in low-relief areas
because image correlation iz more difficult to
accomplish in images of flat terrains (Fujizada et al.,
2005). Reducing artifacts from ASTER GDEM is
essential because, compared to NED and SRTM
DEM, more noise appears in inverted slope images
produced from ASTER GDEM data. FFT transforms
the DEM data into the frequency domain, with a
range of high to low frequency components,
Although it is possible to filter specific frequencies
from the FFT frequency image, excessive filtering
will remove original topographic information. The
optimum filter size is thus one that minimizes the
loss of topographic information while maximizing
the removal of artifacts. An exponential circle filter
was used for low-pass filtering because an ideal
circle filter truncates the cutoff frequency and
produces ripple like phenomena (Oppenheim and
Schafer, 1975). FFT frequency filtering at twelve
low-pass filter sizes (1 %, 5 %, 10 %, 20 %, 30 %,
40 %, 50 %, 60 %, 70 %, 80 %, 90 %, 100 %) was
applied to the original SRTM DEM and ASTER
GDEM data (Figure 5 (c)). Using a small low-pass
filter size maintains the very lowest frequency
components and removes the large residue

asgociated with the higher frequencies (Figure 5 (d)).

Shaded and inverted slope images produced using
FFT-filtered SRTM DEM data (Figure 6} and FFT-
filtered ASTER GDEM data (Fignre 7). It was
found that the amount of noise in the images
decreased with the size of the low-pass filter, but the
spatial resolution of the images also decreased and
the image became smoother. Changes in noise and
terrain resolution associated with FFT filtering were
more apparent in inverted slope images than in
shaded relief images. In order to determine optimum

filter size, the differences between mean NED DEM,

FFT-filtered SRTM DEM and ASTER GDEM

values at different low-pass filter sizes was
computed and plotted in Figure 8. A specific filter
showing the minimum artifact size relative to the
most topographic information for the filtered DEM
was not obtained, but a trend approximating the
optimal filter size was clarified. As the size of the
low-pass filter was decreased, the number of
artifacts in the DEM was reduced, but, as a tradeoff,
some of the original topographic information was
algo lost. For both SRTM DEM and ASTER GDEM
data, artifact reduction was constant when the low-
pass filter size exceeded 40 %; at filter sizes of less
than 20 %, the loss of artifact and topographic
information increased. Thus, a filter size of 20 to
40 % was considered optimal for maximizing
artifact reduction while reducing the loss of
topographic information in this study. No significant
difference was observed in assessments of optimum
filter gize in both SRTM DEM and ASTER GDEM
data. Topographic and slope sections of FFT-filtered
SRTM DEM and ASTER GDEM data transformed
using a filter size of 30 % are shown in Figure 9.
Random arfifacts present in the original SRTM
DEM and ASTER GDEM data (Figure 3 (b), (c))
were generally reduced (Figure 9 (a), (b)), but the
DEM artifacts associated with cloud occurrence in
the GDEM data persisted in the flat areas. These
single-spike errors need to be removed by selective
spatial filtering. The slope sections obtained from
the original SRTM DEM and ASTER GDEM data
could not be interpreted as being the same terrain
(Figure 3 (¢), (f)). However, when the same slope
sections of SRTM DEM and ASTER GDEM data
were transformed using a filter size of 30 %, the
resulting topology was comparable with the same
areas in the NED DEM images (Figure 3 (d), Figure
9 (c), (d)).

8. Conclusions

Inverted slope images show differences in lithology
more clearly than images of the same arcas showing
only the shaded relief. While inverted images are
useful for geological mapping, artifacts in the
image-derived DEM data give the images a noisy
texture and obscure information related to
lithological umits. Although the artifacts in the
SRTM DEM and ASTER GDEM data are typically
minor and unrecognizable in the original
topographic data, they become exaggerated in the
inverted slope images and produce images with a
noisy texture. We attempted to reduce the artifacts in
image-derived DEMs by FFT filtering and
suceessfully removed high to medium-low
frequency artifacts in the frequency image.
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Figure 8: Difference of mean values between NED DEM and FFT filtered image derived DEM data at various
low-pass filter sizes
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Figure 9 Topographic section and slope section of 30 % FFT low-pass filtered DEM

Specifically, low-pass filtering using an exponential
circle filter with a size of 20 to 40 % effectively
reduced the artifacts without a significant loss of
terrain information from the image-derived DEMs
in the study arca. Compared to SRTM DEM,
inverted ASTER GDEM images of flat terrain had
high levels of noise which obscured the underlying
topographical information. It is therefore necessary
to reduce artifacts from ASTER GDEM data before
creating shaded relief or slope images. Inverted
slope images created from artifact-reduced DEM
data subjected to FFT filtering can facilitate the
accurate classification of lithological variation and
rock composition,
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