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Abstract

This paper is focused on the study of the South Cretan Margin, from a Digital Seabed
Elevation Model, by employing Object Based Image Analysis. The goal is the
automatic extraction of geomorphological and morphotectonic features based on
morphological criteria and topological relations. A Digital Seabed Elevation Model
of 150x150 meters resolution was employed. At first, slope, curvature, planform
curvature, profile curvature and Topographic Position Index were derived from this
DSEM. Five different layers of segmentation were created in order to extract the final
geomorphological classes, Ptolemy trough, intraslope basins, main basins, small
basins, continental shelf, plains, continental slope, escarpments, canyons, spurs,
discontinuities, fault like and fault surface. The results were evaluated quantitatively,
through the established indices Completeness, Correctness and Overall Quality. For
computing these indices, it was necessary to digitize the boundaries of the objects
derived by photo-interpretation. Then, the computation of the above indices, took
place by comparing the results of digitized photo-interpretation boundaries, to the
extracted feature boundaries through OBIA analysis (in shapefile). It is worth noting
that, the results of the evaluation are quite satisfactory. Thus, the developed OBIA
method is considered successful.

Keywords: Digital Seabed Elevation Model (DSEM), geomorphometry, submarine
canyons, fault, fault surface.

Mepiinyn

H nmopovoa epyacio apopao oty uelétn tov mobuéva g vonas Kpntng, amd éva
yneloko  povielo  vmobolaooiov  avaylopov, epopuoloviog T uéBodo g
OVTIKEIUEVOOTPEPODS AVOADONG EIKOVAS. XTOYOS EIVAL 1] QUTOUOTIH GVOYVOPIOH TWV
YEWUOPPOLOYVIKDV KOL HUOPPOTEKTOVIKDV JOUDV, POGEL HOPPOAOYIKDV KPITHPLWV KOl
XOPIKOV oyéaewv. XpnoomoOnke évo yneloxo poviéio vwobaldooiov avoylogov,
avaloons 150 uétpav. Apyixad, mopnynooy omo to ynelaxo poviéio vroboldocion
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avaylbpov, ot kAioeig, n koumvAotyta, N kKoumvlotnro kabeto oty diedBovon Kliong, n
KopmoAotnro. mopoAinie oty oiedBoven rlions kou o Oeiktng tomoypapikng Géong.
AnuiovpynOnroay 5 O1090petiKd, eMImedo. KOTATUNONG, UE OKOTO THY ECOYMYN TWV
TEMKAV yemuoppoloyikdv kAdoewv Ptolemy trough, intraslope basins, main basins,
small basins, continental shelf, plains, continental slope, escarpments, canyons,
spurs, discontinuities, fault like xoz fault surface. IlpoyuotomoniOnke mocotixi
a1oAdynon twv omotelsoucTwy, pécw tv kabispwuivav deiktey Completeness,
Correctness xaz Overall Quality. o tov vwoloyioué avtav twv deiktdv, nHrav
OTOPOITNTY 1 WHPLOTOINGY TWV OpPIWV TWV OVIIKEWUEVOV TOD TPOEKDWOV UUE
pwTogpunveia. Xty ovVEXELD, 01 OEIKTES OVTOI VIOLOYIOTNKAY OO T CUYKPIOH TWV
WHPLOTOINUEVWY OPIWYV TV OVIIKEIUEVWV TOV TPOKDITOVY OXO PWTOEPUNVELD, GE
oyéon ue 1o eCoydévra avtikeiueva amo ™ uéBodo e avTIKEIULEVOTTPEPODS AVOAVGHG
ewovag (oe uopern shape file). Alier va avopepOei 6 to amoteréouora e
ollodoynons  eivor  101utépaws  kavomomtike.  Emouévews n pébodog g
OVTIKEIUEVOTTPEPODS OAVAAVONS EIKOVAS TOV ovamtOyOnke Oewpeitor eTITOYNG.

Aééers  wleowd:  WPnpioké Moviélo  YmoBoddooiov  Avayibpov (VY.M.Y.A),
YEWUOPPOUETPIQ, DTOOOAGOTIO POPLyYLa, PHYUO, ETIPCVELQ. PIIYUATOG.

1. Introduction

The Hellenic Orogenic Arc is formed along the convergent plate boundary of the northwards
subducting African plate underneath the active margin of the European plate (McKenzie, 1972; Le
Pichon and Angelier, 1979). The southern Cretan margin is in one of the most seismically active
fore-arc regions in Europe (Papazachos et al., 2000; Bonhoff et al., 2001, 2005). According to
Kokinou et al. (2012) bathymetric, seismic- reflection and fault plane solution data were used to
identify the main tectonic features on the margin, correlating their evolution with the main
sedimentary sequences recognized on Crete (Figure 1). The fore-arc setting of Southern Crete is a
region of predominantly obliqgue movement above well-defined detachment zones of convergent
tectonic plates. Papanikolaou and Royden (2011) suggest that the southern Hellenic arc is in a state
of rapid transition, experiencing an increase in subduction rate toward a steady state rate of not less
than ~60 mm/yr. Model results argue that, at present, ~300 km of oceanic lithosphere has been
subducted beneath the Peloponnesus section of the Hellenides, and ~450 km beneath the Crete
section of the Hellenides. Tiago et al. (2007) analyze 9.5-kHz long-range sidescan sonar (OKEAN),
seismic reflection and sediment-core data in the two tectonic troughs south of Crete and reveal eight
different types of stratigraphic contacts on basin-margin highs, and basinal areas showing significant
changes to the margin’s configuration occurred in association with the post-Alpine tectonic and
eustatic episodes affecting the Eastern Mediterranean.

The last decade, a new approach called Object Based Image Analysis (OBIA) integrated low level
image analysis methods, such as multiresolution image segmentation algorithms, with high level
classification methods, such as fuzzy knowledge-based systems (Blaschke, 2010). Within this
approach, the low level image analysis produces primitive image objects, while the high level
processing classifies these primitives into meaningful domain objects (Benz et al., 2004). In this
effort, through the OBIA approach different layers of segmentation were created in order to extract
some of the geomorphological classes, i.e. continental slope, canyons and spurs.

2. Physical Setting

The very detailed illustration of the swath bathymetry and morphology of the South Cretan Margin
reflects the offshore active tectonics and faulting of the seafloor and the overall deformation since
Middle Miocene, in association with the general extension of the South Aegean region. Tectonic
and neotectonic movements result to vertical movements and strike slip faulting, which have
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produced a complicate morphotectonic structure with diverse canyons and valleys superimposed on
elongated, fault-controlled basins (Lykousis et al., 2006).
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Figure 1 - Bathymetry of the Cretan and Libyan Seas, surrounding the island of C

rete (Kokinou et al., 2012). The red box indicates the study area.

Nomikou et al. (2015) claim that one of the most dominant geomorphological structures of the
southwest Cretan slope is the submarine Samaria Canyon (Western Cretan Trough) which is
characterized by high relief steep walls and V-shaped cross sections. Despite the fact that, the trough
trends predominantly northeastward, with a central axis oriented from east to west, the head displays
a north-trending hook termination on the continental shelf. The minimum depth of its axis is 1400
m. In addition, abrupt alternation in the axial trend of the canyon is observed, accompanied by sharp
changes in axial gradient and in the geometry of the canyon profile, which ends in a flat area of 3600
m depth.

From Paleochora up to Sindonia, humerous small canyons trending N-S crosscut the steep Cretan
southern margin, that reaches the 2000 m isobath. These are transversal to the main direction of the
slope, that is E-W. Furthermore, the detailed bathymetric map reveals the morphology of several
troughs, which are bordered by steep slopes and cut by transverse channels. Their flat bottom may
reach up to 3000m water depth. The most characteristic one, Ptolemy trough (eastern South Cretan
Trough), is located in the central southern margin, south of Messara basin. It has a main central axis
orientated ENE-WSW, a maximum depth of 2600 m and is bounded by E-W fault zones.

On the other hand, Gavdos Rise occupies a major part of the South Cretan Margin. It is bordered by
longitudinal troughs with steep slopes. Two intraslope basins are also distinguishable at the
southwestern part of the Rise, with depths 1100 and 2000 m respectively. The gentler slopes of the
Rise are relatively channel-free with low morphological values.

In such a setting, the fault-bounded continental slope of Crete effectively separates a region of uplift
(Crete) from subsiding troughs to the south (Kokinou et al., 2012).
3. Materials and Methods

The swath bathymetric survey of the South Cretan Margin was conducted during the HERMES-1
(May-June 2005) and HERMES-2 (September-October 2005) cruises onboard R/V AEGAEO using
the 20 kHz, SEABEAM 2120 system. High-resolution multibeam bathymetry outlines in
unprecedented detail the shape and the morphological features of the region (Nomikou et al., 2015).
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Morphological and morphotectonic analysis of the seafloor is considered a rather tedious and time
consuming task requiring expertise. The present work is based on OBIA which is a method that
offers the advantage of multi-layer image analysis contrary to pixel based methods that ignore the
concepts of neighborhood, hierarchies and scale (Burnett and Blaschke, 2003). The idea behind
OBIA is to segment the image into a network of homogenous primitive objects at any chosen
resolution forming hierarchical levels of segmentation. These objects serve as building blocks and
information carriers for the subsequent classification process (Benz et al., 2004). The classification
process assigns a class to each image object based on a fuzzy knowledge base. The result of the
classification is a network of image objects with concrete attributes, topological relations and
relations to the classes in the class hierarchy (Benz et al., 2004). Another important part of the
analysis is the classification based segmentation which uses the knowledge developed in the
classification process to form new objects or correct the shape of existing image objects through
refinements or merges.

Object Based Image Analysis is still an active area of research (Blaschke, 2010). Studies on
advanced segmentation methods (Carleer et al., 2005), on advanced classification methods
(Gamanya et al., 2007; Aplin and Smith, 2008; Tzotsos and Argialas, 2008), on remote sensing
applications (Lucas et al., 2007; Hofmann et al., 2008; Bhaskaran et al., 2010) and on scale-space
representation (Tzotsos et al., 2011) are recent efforts. The OBIA approach includes two basic
procedures: segmentation and classification and in this study it was applied through the eCognition
Developer Trial 8.7 software.

A DEM of the seabed in the area of South Crete, Greece, with a resolution of 150mx150m was
employed. The DEM was created through processing multibeam echo sounder data of the area. The
first step in this approach was the creation of certain derivatives of the DEM (9 layers), especially:
elevation, slope, aspect, curvature, planform curvature, profile curvature, topographic position
index, with radius of 300m TP1300, 1000m TP11000 and 5000m TP15000.

The presented OBIA approach was designed by a trial and error effort to include five different levels
of resolution. The objects on all levels were designed to represent different scales of seabed features
and to facilitate the extraction. Creating a bottom to top approach, larger objects were created in
lower levels and therefore larger scale geomorphological features were classified, while in higher
levels the finer scale features were identified. For each level a set of classes was designed with the
name of each class containing the number of the level that it was designed for i.e. continental slope
(2) for the level 2.

Different segmentation parameters can be applied creating different objects in various resolution
levels of hierarchy in the same image. Objects in higher levels are referred to as super-objects, while
in lower levels as sub-objects, creating a hierarchical objects network. Subsequently, the user defines
the classes of interest assigning selected attributes and their values through fuzzy membership
functions to each class.

4. Results
4.1. Level 0 and Level 1

Objects on level 0, the highest level, were created only, in order to separate the land from the sea.
Objects on level 1, were created, in order to separate the background (1) of the image (no data area),
from the actual DSEM, called study area (1). For this separation, only the Elevation feature was used.
No further description of it will be made, since it is of no geomorphological or topographical interest.

4.2. Level 2

The objects on level 2 were created using a smaller scale parameter of 10, and shape 0.1 and
compactness 0.5, so as to extract smaller features. The only image layer used was the slope.
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The morphological slope map, was created primarily, in order to distinguish objects belonging to
classes: flat area (2) (<1%), mild slope area (2) (1-4%), moderate slope area (2) (4-15%) and steep
slope area (2) (>15%).

Classes flat area (2) and mild slope area (2) included objects with slope values smaller than 4%, in
the thematic level of the DSEM. By applying the algorithm merge region, these classes were
composed of a single object. Furthermore, in order to identify objects which eventually would be
categorized as depressions (2) and not depressions (2), the Topographic Position Index (TPI) feature
(TP11000, TPI15000) was used. The objects of class depressions (2) have negative values of TPI, as
they are at lower elevations than their neighboring objects.

Based on the existence of super-objects belonging to class depressions (2), the following classes of
sub-objects were derived: trough (2), intraslope basins (2), main basins (2) and small basins (2),
based on the features Asymmetry, Area and Relative Border to. The orange color trough indicated
in Figure 2, corresponds to the unique trough of the area called Ptolemy Trough, as it is also indicated
in Figure 1.

Moreover, based on the existence of super-objects belonging to class not depressions (2), the
following classes of sub-objects were derived: continental shelf (2) and plain (2), based on the
feature Distance to. Based on the existence of super-objects belonging to classes moderate slope
area (2) and steep slope area (2), the following classes of sub-objects were derived: continental slope
(2) and escarpment (2), based on the features: Relative Border to and Distance to.

Consequently, for the classification of Level 2, a class hierarchy was created, containing the
following classes: continental slope (2), escarpment (2), continental shelf (2), plain (2), trough (2),
intraslope basins (2), main basins (2) and small basins (2) (Figure 2).

4.3. Level 4

The purpose of Level 4 was the derivation of the hydrographic network in the study area. Thus,
classes canyons (4) and spurs (4) were created. In the previous levels, it was not possible to identify
those categories, due to their small size.

For the segmentation of Level 4, the objects were created using the smallest scale parameter of 1.
Shape was set to 0.1 and compactness to 0.5, without particular importance due to pixel size of
objects. Segmentation took place by assigning weigh 1 to both slope and planform curvature
thematic layers.

Classes canyons (4) and spurs (4) were derived based on the features Planform Curvature and Slope.
Using the feature view tool, through a trial and error effort, the crucial value of Mean planform
curvature feature, was revealed and the separation between the two classes, through fuzzy
membership functions, was achieved. Class gently sloping area (4) was created in order to
distinguish objects belonging neither to canyons (4), nor to spurs (4).

Consequently, for the classification of Level 4, a class hierarchy was created containing the
following classes: canyons (4), spurs (4) and gently sloping area (4) (Figure 3).
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Figure 2 - Classification results in Level 2 and 3D display of study area (separation of
continental slope and depressions was highlighted in 3D model).

= @ study area (4)

@ canyons 4)

) gently sloping area (4)
@ spurs (4)

Figure 3 - Classification results in Level 4 and 3D display of study area (separation of
canyons and spurs was highlighted in 3D model).
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4.4, Level 5

The purpose of Level 5 was the derivation of the morphotectonic lineaments, in the study area.
That’s why, classes discontinuities (5), fault like (5) and fault surface (5) were created. In the
previous levels, it was not possible to identify those categories, due to their small size.

For the segmentation of Level 5, the objects were created using the smallest scale parameter of 1, while
shape was 0.1 and compactness was 0.5, without particular importance, due to pixel size of objects.
Segmentation took place by assigning weigh 1 to both slope and profile curvature thematic layers.

Classes discontinuities (5) and fault like (5) were derived based on the features Profile Curvature
and Slope. Using the feature view tool, through a trial and error effort, the separation between the
two classes, through fuzzy membership functions, was achieved. Faults were characterized as fault
like because the extracted faults are based on geomorphometric and topologic relations, without the
use of seismic data confirming the existence of actual faults.

The class fault surface (5) was derived based on the features Relative border to discontinuities (5),
Relative border to fault like (5) and Slope. Fault surface, generally, is called the surface along which
the two blocks move respectively to each other, so in this case is the area disclosed between
discontinuity and the trace of the fault. Class other (5) was created in order to distinguish objects
belonging neither to discontinuities (5), nor to fault like (5) or to fault surface (5).

Consequently, for the classification of Level 5, a class hierarchy was created, containing the
following classes: discontinuities (5), fault like (5), fault surface (5) and other (5), (Figure 4).

Figure 4 - Classification results in Level 5.

5. Discussion

For the quantitative evaluation of extracted objects, the established indices Completeness,
Correctness and Overall Quality (Mariano et al., 2002) were employed. For computing these indices,
it was necessary to digitize the boundaries of the objects derived by photo-interpretation.
Digitization was applied in the open source software QGIS. Then, the computation of the above
indices, took place by comparing the results of digitized photo-interpretation boundaries, to the
extracted feature boundaries through OBIA analysis (in shapefile).

The classification result of trough (2) (blue polygon) was compared with the result derived by photo-
interpretation (pink polygon), as shown in Figure 5. The values of the indices were computed as
Completeness = 80%, Correctness= 96%, Quality = 77%. The two polygons were matched almost
entirely, that’s why the results were very satisfying (Figure 5).

1639



o=

Figure 5 - The quantitative evaluation of the class trough (2).

The classification result of main basins (2) (blue polygon) was compared with the result derived by
photo-interpretation (pink polygon) as shown in Figure 6. The values of the indices were computed
as Completeness = 83%, Correctness= 87%, Quality = 74%. Minor divergences were occurred on
the two big basins, in the N and NW study area. But, in general, the overall results were very
satisfying (Figure 6).

Figure 6 - The quantitative evaluation of the class main basins (2).

The classification result of continental slope (2) (red polygon) was compared with the result derived
by photo-interpretation (green polygon), as shown in Figure 7. The values of the indices were
computed as Completeness = 92%, Correctness= 74%, Quality = 69%. Some objects were probably
misclassified to class continental slope (2), although they belonged to class escarpment (2). That
commission error was due to the limits of the values of the feature Distance to land. Despite these
errors, the OBIA analysis gave acceptable results (Figure 7).
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Figure 7 - The quantitative evaluation of the class continental slope (2).

6. Conclusion

This work has shown that the developed OBIA approach through a digital elevation model is a useful
tool for the automated extraction of geomorphological and morphotectonic features of the seabed.
The knowledge of the eCognition software, the study of the area, the experience and ability of photo-
interpretation and background knowledge in geomorphometry were necessary for the OBIA analysis
to be successful.

Segmentation to large objects was employed to distinguish huge regions such as land and sea.
Segmentation to medium objects was employed to distinguish landforms such as depressions,
trough, basins, continental shelf and continental slope. While segmentation to small objects, was
employed for the recognition of faults, lineaments, spurs and canyons.

It 1s worth noting that the Ptolemy trough (figure 1), as determined by quantitative evaluation of the
results, was the landform class extracted with the highest accuracy (Correctness 96%). This seems
reasonable, because this specific landform is easily distinguishable due to the abrupt transition in
slope angles.

Moreover, discontinuities (5), and fault like (5), were the landform classes detected with the lowest
accuracy (Correctness 67%). The photo-interpretation and the digitization were extremely difficult
because of the specific linear shape of those morphotectonic features.

The OBIA approach is expected to be even more successful and precise on identifying
geomorphological and morphotectonic features with a better resolution DSEM, or with AUV data
and it would be even more interesting in applying this approach to sidescan sonar images.
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