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Abstract—We introduce a novel method for classification and map-
ping of landforms based on the idea that the Earth’s surface can be 
described by the two complementary measures:  relief-independent, 
local spatial pattern and the magnitude of the relief itself. The first 
of these two measures is sufficient to classify and map the land-
forms. At the core of the method is the concept of geomorphon 
(geomorphologic phonotype). A geomorphon is a relief-invariant, 
orientation-invariant, and size-flexible abstracted elementary unit 
of terrain. It is expressed in terms of local ternary pattern that en-
capsulates morphology of surface around the point of interest. 
Geomorphons enable terrain analysis without resorting to differen-
tial geometry. A collection of 498 different geomorphons constitutes 
a comprehensive and exhaustive set of all possible morphological 
terrain types. This set includes both standard elements of the land-
scape, as well as unfamiliar forms rarely found on natural terres-
trial surfaces. Geomorphons are both terrain attributes and land-
form types. This reduces the task of landform mapping to the iden-
tification of geomorphons by their labels across the site of interest. 
We describe the fundamental ideas behind the geomorphon con-
cept. We also give an example of how a map of a standard landform 
types can be constructed using geomorphons. 

 I.     INTRODUCTION  
Earth’s surface can be viewed as a mosaic of various land-

forms - physical features having a characteristic, recognizable 
shape and produced by natural causes [1]. Classification of those 
landforms into landform types and ability to auto-segment a 
given landscape into constituent landform types are important 
tasks with applications to many scientific disciplines [2]. This is 
because, as fundamental units of Earth’s surface, landforms pro-
vide boundary conditions for processes of interest in geomor-
phology [3,4], pedology [5], vegetation [6] or ecology [2,7], and 
hydrology [8,9] - to name just a few. 

A high interest in auto-segmentation of landscapes (hereafter 
referred to as landform mapping or simply as mapping) has led to 
a significant number of proposed methods to address this prob-

lem. From geomorphic point of view landform mapping may be 
based on the following principles: the morphologic, the genetic, 
the chronologic, and the dynamic [2]. So far, all existing propos-
als for auto-mapping have been based on morphologic principle. 
Numerous approaches to implementation of morphologic princi-
ple have been proposed; a brief comparative summary of these 
methods, from different technical perspectives, can be found in 
the Introduction section of [10]. All auto-mapping techniques, 
regardless of the details, consist of the following two steps: (a) 
description of landform elements in terms of numerical features, 
and (b) semantic assignment (giving landform-like names to spe-
cific sets of features). The first step is almost universally 
achieved by means of differential geometry; slope gradients and 
different types of curvature are calculated as features encapsulat-
ing local morphology of the surface. Generally, those features are 
calculated from a DEM using a moving square window of a fixed 
size. The mapping based on such features is scale-dependant 
[11]; changing the size of the pixels and/or the size of the moving 
window produces a different map. 

In this paper we introduce a novel approach to landform 
mapping, one that departs significantly from all existing method-
ologies. The focus of this paper is on the step (a) – description of 
landform elements, although we also present an example of im-
plementation of step (b) which is necessary to produce an actual 
map. The method has two core components that together set it 
apart from all existing methods. First, it does not utilize differen-
tial geometry; instead, it generalizes an image analysis concept of 
local binary patterns (LBP) to a new, terrain analysis concept of 
local ternary patterns (LTP). This breaks with traditional, calcu-
lus-based approach to characterization of landforms in favor of a 
digital-based approach. Second, the new method does not use a 
fixed-scale window to extract information about the surface; in-
stead, it utilizes a line-of-sight neighborhood as introduced by 
[12] to achieve flexibility in sizes of mapped landforms.  
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                             II.     Methodology   

In image analysis the LBP operator [13] is a simple yet very 
efficient texture operator which assigns an 8-tuple pattern of 0s 
and 1s to a focus pixel by thresholding pixels in the 3 x 3 
neighborhood with the value of the focus pixel.  We observe that 
description of Earth’s surface can be achieved by two comple-
mentary measures: local spatial pattern (different from, but 
analogous to, the LBP) and the magnitude of the relief itself.  
This is because we expect that relative differences in elevations 
between a focus pixel and its neighbors are statistically inde-
pendent from the absolute elevation of the focus pixel. Through 
such factorization we can achieve a significant simplification in 
the way the landforms are characterized as the local spatial pat-
terns are sufficient for landform classification. 

A.     Local ternary patterns 
In order to characterize a relief-independent morphology of 

surface patch we use a ternary (rather than binary) local operator  
that assigns an 8-tuple pattern (consisting of three symbols “-“, 
“0”, or “+”) to the focus pixel. The pattern arises from a compari-
son of a focus pixel with its eight neighbors starting from the one 
located to the east and continuing counterclockwise. For exam-
ple, a tuple {+,-,-,-,0,+,+,+} describes one possible pattern of 
relative measures {higher, lower, lower, lower, equal, higher, 
higher, higher} for pixels surrounding the focus pixel. It is impor-
tant to stress that the neighbors are not necessarily an immediate 
neighbors of the focus pixel in the grid, but rather the pixels de-
termined from the line-of-sight principle along the eight principal 
directions. 

Characterization of the local surface by the line-of-sight prin-
ciple was proposed in connection with the notion of terrain 
openness. For detailed description of this principle we refer to the 
paper by [12]; here we note that this principle relates surface re-
lief and horizontal distance by means of so-called zenith and na-
dir angles along the eight principal compass directions. The ter-
nary operator converts the information contained in all the pairs 
of zenith and nadir angles into the ternary pattern (8-tuple). The 
result depends on the values of two parameters: search radius (L) 
and relief threshold (d). The search radius is the maximum allow-
able distance for calculation of zenith and nadir angles. The relief 
threshold is a minimum value of the line-of-sight angle (zenith or 
nadir) that is considered significantly different from the horizon. 
Comparison of the angles with the threshold results in assigning 
the value of “-“, “0”, or “+” to each principal direction. Using 
larger values of L and d is tantamount to terrain classification 
from a higher and wider perspective, whereas using smaller val-
ues of L and d is tantamount to terrain classification from a local 

point of view.  The advantage of using the line-of-sign based 
neighborhood instead of grid-based neighborhood becomes clear 
by observing that, in principle, choosing an infinitively large 
value of L should result in identification of landform type regard-
less of its size. In practice, by using larger values of L, we can 
simultaneously identify landform types on a wider range of sizes 
than it would be possible with the grid-based neighborhood thus 

achieving size flexibility (see Fig. 1).  

Figure 1.  Detecting landforms at different scales with the line-of-sigh principle. 
(A) Smaller value of search radius L results in detection of locally-determined 

landforms. (B) Larger value of search radius L results in simultaneous detection 
of landforms on several sizes.  

 

        B.     Geomorphons  

There are 38 = 6561 possible ternary patterns (8-tuplets). By 
eliminating patterns that are results of either rotation or 
reflection of other patterns we are left with a comprehensive and 
exhaustive set of 498 patterns. We refer to these patterns as 
geomorphons; geomorphons constitute a comprehensive and 
exhaustive set of idealized landforms that are independent of the 
size, relief, and orientation of the actual landform. Note that 
geomorphons are terrain features and landform types at the same 
time. Thus, in our method, mapping of landforms (or, at least 
their preliminary mapping) is achieved in a single step of 
calculating geomorphons for each pixel in the DEM. Certainly, 
mapping all 498 different landform types is unnecessary, but in 
most real landscapes only a small fraction of all theoretically 
possible geomorphons are actually present (see the next section). 

Using geomorphons to map landscapes has a number of de-
sirable properties. First, it does not require calculation of differ-
ential geometry-based terrain parameters with infinite number of 
possible values. This eliminates (or reduces) the need for an addi-
tional set of heuristic rules connecting those values to  
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Figure 2.  Geomorphons-based mapping of landforms in the south-west portion of the “North Carolina” test site. (A) Visual rendition of the DEM; (B) Map created 
using L = 100 m and d= 1°; (C) Map created using L = 300 m and d= 1°; (D) Map created using L = 1000 m and d= 1°.

landform types. Second, due to quantization introduced by the 
ternary operator, the method establishes a finite, absolute set of 
possible landforms so no landform is too rare to be found. Third, 
geomorphons are calculated using a scale-flexible procedure, 
making possible simultaneous recognition of the same landforms 
having different sizes.    
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 FL - flat; PK - peak; RI - ridge; SH - shoulder; CV - convex slope; SL - slope;    
CN - concave slope; FS - footslope; VL - valley; PT - pit/depression 

  

III.     LANDFORM MAPPING   
In order to demonstrate a protocol of generating a map of 

landform types using geomorphons, we use a standard GRASS 
GIS “North Carolina” test site [14] represented by a DEM with 
the 10m/pixel resolution. In this site 50% of all pixels are covered 
by just 8 different geomorphons, 90% are covered by 36 geomor-
phons, and 100% of the site is covered by 352 of possible 498 
geomorphons. It is clear that the vast majority of terrain in this 
site consists of a small number of “standard” landform types, 
while more exotic landform types are exceedingly rare. For the 
purpose of this paper we have chosen 10 most frequent geomor-
phones (covering almost 60% of the terrain); their patterns are 
listed in row A of Table I. They represent the well-known terrain 
types as named in Table I and their patterns are characterized by 
a minimum number of transitions between  ternary elements (-, o, 
+)  –  a reflection of high autocorretion in the landscape depicted 
by the test site. We have assigned the remaining 40% of the pix-
els to one of the 10 dominant landform types on the basis of pat-
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tern similarity. Row B of Table I show a single example of geo-
morphon also assigned to a landform type as defined by a proto-
typical geomorphon shown in row A.  

Fig. 2 shows the geomorphon-based maps of landforms. A 
character of the map depends on the value of L (d is the same for 
all three maps). Using small value of L results in the map that 
correctly identifies landforms if their size is ≈ L; landforms hav-
ing larger sizes are broken down into components (for example, a 
broad valley is broken into its smaller size constituent compo-
nents: flat bottom, footslope, slopes). Using larger values of L 
allows simultaneous identification of landforms on variety of 
sizes (for examples, both narrow and broad valleys are identi-
fied). 

                                IV.     CONCLUSIONS   

Geomorphons are a qualitatively new way to classify land-
forms in order to map them. They use local patterns modeled on 
the well-know LBP of image analysis but constructed in a way 
that is applicable to terrain analysis. They also can be though of 
as an extension of the concept of openness from a terrain attrib-
ute, designed to emphasize surface concavities and convexities, 
to a complete landform classification scheme. Their effectiveness 
stems from their simplicity – a result of quantization by a ternary 
operator. They may signal a new trend in tools used for terrain 
analysis: away from differential geometry and toward digital pat-
terns. Geomorphons make the issue of choosing a most appropri-
ate classification technique somewhat mute as they constitute a 
universal set of landform types; all what remains to be done in 
order to generate the map of landforms is to identify geomor-
phons by their labels across the site. The future research will con-
centrate on a general methodology for agglomeration of this uni-
versal mapping into a smaller number of landform classes as 
judged to be most appropriate in the context of particular map-
ping task. Different applications may require different agglom-
eration protocols. Geomorphons are also useful for mapping ter-
rains, such as extra-terrestrial surfaces, which are characterized 
by a smaller amount of autocorrelation and may possess land-
forms not encountered on Earth but present in the exhaustive set 
of geomorphons. They can also be useful in auto-searches for 
specific, possibly rare, landforms like cirque glaciers, or craters. 
The method can identify specific landforms having different 
sizes. Because the set of possible geomorphons is absolute and 
set once and for all, each location can be assigned a series of dif-
ferent geomorphons parameterized by different values of L and d. 
This series represents a multi-scale classification of the focus 
location.  

ACKNOWLEDGMENT  
This work was supported partially by the National Science 

Foundation under Grant IIS-1103684. 

REFERENCES 
[1] MacMillan, R.A., Shary, P.A. 2009.”Landforms and Landform Elements in 

Geomorphometry.” In: T. Hengl and H.I. Reuter (Ed.) Geomorphometry: 
Concepts, Software, Applications. Elsevier, Amsterdam, 227-254.  

[2] Minar, J., Evans, I.S., 2008. “Elementary forms for land surface 
segmentation: The theoretical basis of terrain analysis and 
geomorphological mapping” Geomorphology  95(3-4),  236-259. 

[3] Evans, I.S., 1980. “An integrated system of terrain analysis and slope 
mapping”, Z. Geomorphol., N.F. Supplementband., 36, 274-295.  

[4] Dikau, R., 1989. “The application of a digital relief model to landform 
analysis in geomorphology” In: J. Raper, (Ed.), Three Dimensional 
Applications in Geographic Information Systems, Taylor and Francis, 
London (1989), 51–77. 

[5] Milne, J.D.G., Clayden, B., Singleton, P.L., Wilson, A.D., 1995. “Soil 
Description Handbook” Manaaki Whenua Press, Landcare 157 p. 

[6] Whitehouse, I.E., Basher, L.R., Tonkin, P.J., 1992. “A landform 
classification for PNA surveys in Southern Alps” Department of 
Conservation. 41 p. 

[7] Zepp, H., Müller, M. (Eds.), 1999. “Landschaftsökologische 
Erfassungsstandards. Forschungen zur Deutschen Landeskunde” Deutsche 
Akademie für Landeskunde. Selbstverlag, Flensburg. 

[8] Tarboton, D.G. and D.P. Ames,  2001". Advances in the mapping of flow 
networks from digital elevation data" World Water and Environmental 
Resources Congress, Orlando, Florida, May 20�24, ASCE  

[9] Luo, W.,  Stepinski, T., 2008. “Identification of geologic contrasts from 
landscape dissection pattern: An application to the Cascade Range, Oregon, 
USA” Geomorphology, Volume 99(1-4), 90-98. 

[10] Stepinski, T.F., Bagaria, C., 2009. “Segmentation-Based Unsupervised 
Terrain Classification for Generation of Physiographic Maps”, IEEE 
Geoscience and Remote Sensing Letters., 6(4),  733-737. 

[11] Woods, J. 1996. “The geomorphological characterization of Digital 
Elevation Models.” PfD thesis Department of Geography, University of 
Lancaster, UK. 

[12] Ojala, T. Pietikainen, M., Maenpaa, T., “Multiresolution Gray-Scale and 
Rotation Invariant Texture Classification with Local Binary Patterns,” 
IEEE Trans. Pattern Analysis and Machine Intelligence 24(7), 971-987. 

[13] Yokoyama, R., M. Sirasawa, and R.J. Pike, 2002. “Visualizing topography 
by openness: A new application of image processing to digital elevation 
models” Photogrammetric Engineering & Remote Sensing, 68 (3), 257-
265. 

[14] Neteler, M., Mitasova, H., 2008.  "Open Source GIS: A GRASS GIS 
Approach. Third Edition." Springer. 417, 200p. 

   112


	 I.     Introduction 
	A.     Local ternary patterns
	        B.     Geomorphons 

	III.     landform mapping  
	Acknowledgment 
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


