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ABSTRACT

‘Land’ plays multidimensional role in maintaining many global processes, therefore sustainable
planning and management of land resources is an important issue at the global forum. The process
of land resource planning and associated decision-making invariably involves multiple objectives,
multiple criteria and multiple social interests and preferences. Such complexity necessitates a
systematic approach to the decision-making process to accommodate the multiplicity and multi
dimensionalities of the problem to improve the reasonability of decisions and to justify the actions to
be taken. The objective of this study is to perform a preliminary assessment of the landslide
susceptibility for enviroment protection in the City of Zagreb. A geographic information system
(GIS) database was compiled based on data from topographical and geological maps. Weight of
evidence, analytic hierarchy process (AHP), and fuzzy logic methods, as well as hybrid methods,
were used to establish the rating of classes for each factor, weightings for the factors, and to
combine multiple factor layers into landslide-susceptibility maps. The results recognize relative
weights between the influential factors and promote the real efficiency on City of Zagreb hillsides
disaster can be important references for establishing the evaluation model.

INTRODUCTION

Landslides cause extensive damage to property and occasionally result in loss of life
throughout most of Zagreb. So it is necessary to delineate the area that will be likely to
be affected by the future landslides. Conventional probabilistic approaches implicitly
assume that most of the information on which decision-making is based is probabilistic
in nature, and that precise probability judgements can be formulated for each
hypothesis of the problem concerned. On the other hand, in terms of soft computing,
uncertainty may have different nature and should be modelled in different frameworks,
and a hard decision should be drawn only towards the end of the processing. Especially,
fuzzy set theory can provide us with a natural method of quantitatively processing
multiple data sets and many scientists have applied the fuzzy set theory to their studies
and proved that this theory is very useful to reflect natural phenomena or irregular
behaviros (Robinson, 2003).

In this paper, we apply and investigate the fuzzy logic information representation and
integration for landslide hazard mapping. First, we construct the input causal factors
related to landslide occurrences, and then assignment of fuzzy membership functions is
followed. To integrate fuzzy membership functions, we construct “fuzzy inference
network” by using various fuzzy operators. As an essential part for landslide hazard
mapping, in order to validate the significance of the prediction results, we exemplify
whether and to what extent a prediction can be extended, in space, to neighbouring
areas with similar geology (De Smith et al 2009).
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STUDY AREA AND DATA SETS

The study area is located in north-western Croatia, on downhills of Mount Medvednica
(Fig. 1). Landslides are usually induced due to rainfall, local downpour and
earthquakes. The area is seismically very active (Medak et al, 2006). Geodynamic
research has been performed by recurring satellite measurements, as a part of
CERGOP2/Environment project (Caporali et al, 2008). The input data for the test
consist of several layers of map information. The slope and aspect were calculated from
the 1:5000 scale DEM and SRTM 1° DEM. As for the soil data sets, the texture,
topography, drainage, material, and thickness of soil were acquired from 1:25000 scale
soil maps.
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Figure 1: Raster display of the SRTM data for Zagreb area

As for the forest data sets, the type, diameter, age, and density of timber were acquired
from 1:25000 scale forest maps.
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~ Figure 3: Hydro-geological map of the Zagreb area

In total, 478 type landslides were mapped. In this study, the topographically highest
20% of the scars of the landslides are considered as trigger areas (Medved et al, 2009).
The fuzzy set theory was introduced by Zadeh (1965), which facilitates analysis of non-
discrete natural processes or phenomena as mathematical formulae (Zimmermann,
1996). If X={x} denotes a universe of the attribute values, the fuzzy set A in the X is the
set of ordered pairs

A={x, pa(x)}, xeX

Ha(x) is known as grade of membership of x in the A. Usually, ps(x) is an integer or a
floating number in the range [0,1] with 1 representing full membership and 0 non-
membership. The grade of membership reflects a kind of ordering that is not based on
probability but on admitted possibility. The value of #A(x) for the attribute value x in A
can be interpreted as the degree of compatibility of the predicate associated with set A
and attribute value x.

ASSIGNMENT OF FUZZY MEMBERSHIP FUNCTION

In this study, assignment of fuzzy membership functions to each data layer followed
Chung and Fabbri (2001)’s approach. Qur target proposition is “a pixel p in the study
area will be affected by future debris flow type landslides™.

First, we investigated the relationships between input causal factors and past landslides.
For this, the likelihood ratio function of each map, which can highlight the difference
between areas affected by past landslides and areas not affected by past landslides, was
calculated and compared with each other. In slope map, the steeper the slope, the greater
the landslide possibility. Most landslides occurred between 15° and 35°. The slope angle
is an essential component of landslide susceptibility. In general, it is expected that low
slope angles have a low possibility of landslides due to lower shear stresses associated
with low gradients. Steep natural slopes, however, may not be susceptible to shallow
landslides. In aspect map, the landslide occurrence possibility value was similar at all
directions. In forest maps, the possibility of landslide occurrence is higher in larch and
artificial Chestnut trees, very small diameters, younger timber, and loose density forest.
These results are related to location of forest and amount of roots. In soil maps, the
possibility of landslide occurrence is higher in well-drained soil, red-yellow podzolic soils
and lithosols, acidic rocks residuum, mountainous areas, thick soils. These results are
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related to increase of unit weight and shear stress of soil due to pore-water increase
(Ananda, et al 2003)

The critical strategy in prediction models is the task of validating the prediction results,
so that the prediction results can provide meaningful interpretation with respect to the
future landslides. To carry out the validation, we must restrict the use of all the data of
the past landslides in the study area. By partitioning the data, one subset is used for
obtaining a prediction map; the other subset is compared with the prediction results for
validation. To establish whether and to what extent a prediction can be extended, in
space, to neighbouring areas with similar geology.
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Figure ‘41: Fuzzy models for forest area, hydrogeological area, water area and slope
MULTI-CRITERIA ANALYSIS

MCA is a technique that allows for the measurement and aggregation of the
performance of alternatives or options, involving a variety of both qualitative and
quantitative dimensions. As a means of considering the links among biophysical,
economic and social data with human imperatives, it is therefore particularly useful for
approaching complex interactions and effects in the context of land use and land
management (Medved, 2010).

There are many variants of the general MCA method that can be applied in a wide
variety of contexts. Many approaches are based on the pairwise comparison method of
the Analytical Hierarchy Process (Saaty 2000; Ramanathan 2001). Well-developed MCA
methods usually share a number of characteristics. Generally, they are flexible, enable
the capture of quantitative and qualitative data and issues, are relatively simple for
clients and stakeholders to use, permit the development of many alternative scenarios,
allow the exploration of trade-offs, and enable stakeholders to factor results into
decision making.

Input data Weight
Slope 0.21
. B Water surface 0.09
’ Construction 0.05
; Forest areas 0.19
= Hydro-geological properties of soil 0.47
Coefficient of consistency: (CR) 0.03

Figure 5: Saaty’s scale interdependence to define weight and weight and the coefficient
of consistency
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The MCA process is a tool to assist decision makers in reaching outcomes it does not do
the decision making, or produce a solution. Attention must be given to how information
quality and uncertainty is factored in and integrated with stakeholder viewpoints and
biases, political and structural realities, and achievability versus optimality. It is
important that each stage of the MCA process is carried out rigorously, in parallel with
stakeholder engagement. Matching the spatial and temporal scale of the input
information and analysis to the issues and processes under consideration is also critical
(Sharifi et al, 2003).
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Figure 6: The result of multi-criterion of spatial analysis in Zagreb

CONCLUSION

In this study, we applied fuzzy logic integration approach for landslide hazard mapping
using multiple spatial data sets, and outlined the areas that will be affected by future
landslides. To combine various spatial data, fuzzy inference networks using combining
some fuzzy memberships in series and others in parallel. We remind that the results in
this study are not general ones, so extensive experiments should be made in several study
areas to strengthen the situation here identified. To assess quantitatively the prediction
powers of various fuzzy inference networks, cross-validation approach was also
performed. With the help of cross-validation approach, we can evaluate the prediction
results quantitatively, and compare with models. Without this kind of the cross-
validation technique, prediction maps cannot be evaluated. For the future works, several
aspects still need to be considered. For any prediction models to generate reasonably
“good or significant” results, the prediction result should be robust and stable. For this,
we are currently evaluating the stability analysis using matching rate function. In
addition, we will try to involve the fuzziness of boundaries in categorical maps such as
forest, soil, and lithology maps, in data representation stage. Visual evaluation of
overlapping of landslide susceptibility zones and landslides shows that the most of
landslides are correctly placed in high susceptibility areas. It is concluded that the
content and quality of input data are satisfactory for better understanding of regional
landslide cause.

The research has been partially funded by European Commission FPS5 project "CERGOP-
2, a multipurpose and interdisciplinary sensor array for environmental research in central
Europe" and Croatian Ministry of Science, Education and Sports under the programme
"Geoinformation Science and Geomatics in Environment Protection'.



— 42—

REFERENCES

Ananda, J., Herath, G. (2003): The use of Analytical Hierarchy Process to incorporate
stakeholder preferences into regional forest planning, Forest Policy and Economics,
Vol.5, pp. 13-26.

Caporali, A.; Aichhorn, C.; Becker, M.; Fejes, L.; Gerhatova, L.; Ghitau, D.; Grenerczy,
G.; Hefty, J.; Krauss, S.; Medak, D.; Milev, G.; Mojzes, M.; Mulic, M.; Nardo, A.;
Pesec, P.; Rus, T.; Simek, J.; Sledzinski, J.; Solari¢, M.; Stangl, G.; Vespe, F.;
Virag, G.; Vodopivec, F.; Zablotsky, F. (2008): Geokinematics of Central Europe:
New insights from the CERGOP-2/Environment Project. Journal of Geodynamics.
45 (2008) , 4-5; 246-256.

Chung, C.F. and Fabbri, A.G. (2001): Prediction models for landslide hazard zonation
using a fuzzy set approach. . In, M. Marchetti, V. Rivas, ed., Geomorphology &
Environmental Impact Assessment, Balkema Publishers, pp.31-47.

de Smith M., Goodchild M., Longley P. (2009): Geospatial analysis: A Comprehensive
Guide to Principles, Techniques and Software Tools, 3rd Edition, Splint, Leicester,
UK.

Medak, D., Pribicevi¢, B., Prelogovié, E. (2006): Geology, Tectonics, Geodesy and
Geodynamics of Croatia /| Geodynamics of the Balkan peninsula / Sledzinski,
Januzs (ed). Warsaw University of Technology, pp. 283-300.

Medak, D.; Pribi¢evié, B.; Prelogovié, E.; Papo, A.; Medved, 1. (2006): Final Report on
research activities within the project CERGOP2/Enviroment in Croatia. Reports
on Geodesy, 76 , 1; 81-84

Medved, I, Medak, D., Pribidevi¢, B. (2009): Conceptual model of geotechnical
information system. // Reports on geodesy. 86, 1; 111-114

Medved, 1. (2010): Multicriteria analysis of spatio-temporal information on enviroment
protection in the City of Zagreb., Faculty of Geodesy, University of Zagreb,
doctoral dissertations.

Ramanathan, R. (2001): A note on the use of the analytic hierarchy process for
environmental impact assessment. Journal of Environmental Management 63:27—
35

Robinson, V.B. (2003): A Perspective on the Fundamentals of Fuzzy Sets and their Use in
Geographic Information Systems. Transactions in GIS, Ve. 7, No. 1, pp. 3-30.

Saaty, T.L. (2000): Fundamentals of Decision Making and Priority Theory with AHP
Analytic Heirarchy Process. RWS Publications, Pittsburg

Sharifi, M.A., Herwijnen, M. Van (2003): Spatial Decision Support System: Theory and
Practice, ITC Lecture Series.

Zadeh, L.A. (1965): Fuzzy sets, Information and Control, 8(3): 338-53.

Zimmermann, H.J. (1996): Fuzzy set theory and its applications. Kluwer Academic
Publisher, 435p.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


