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ABSTRACT

We are building a ’virtual-world’ of a real world seabed for
its visual analysis. Sub-bottom profile is imported in the 3D
environment. “’section-drilling” three-dimensional model is
designed according to the characteristics of the multi-source
comprehensive data under the seabed. In this model, the
seabed stratigraphic profile obtained by seismic reflection is
digitized into discrete points and interpolated with an ap-
proved Kriging arithmetic to produce uniform grid in every
strata layer. The Delaunay triangular model is then con-
structed in every layer and calibrated using the drilling data
to rectify the depth value of the dataset within the buffer. Fi-
nally, the constructed 3D seabed stratigraphic model is ren-
dered in every layer by GPU shader engine. Based on this
model, two state-of-the-art applications on website explorer
and smartphone prove its ubiquitous feature. The resulting
’3D Seabed’ is used for simulation, visualization, and anal-
ysis, by a set of interlinked, real-time layers of information
about the 3D Seabed and its analysis result.

Index Terms— Virtual reality, seabed, GPU

1. INTRODUCTION

"Digital Seabed’ has become a hotspot of the marine informa-
tion technology. Virtual Reality is quite popular in computer
simulation as it provides participants with a true feeling of
realism. Visualization technology takes an advantage of the
computer graphics and image processing theory to express the
laws and the relationships hidden in the vast amounts of data.
Therefore, to display Digital Seabed information to partici-
pants the most effective way is by expressing and rendering
marine scenes in an intuitive ways[1].

Virtual reality has the characteristic of interactivity, imag-
ination, and illusion of immersion, and imagination, and it has
the advantage of a real-time display of the dynamic virtual en-
vironments. Whereas, visualization has the characteristic of
intuitiveness, time sharing, and regularity, and it has the ad-
vantage of revealing internal laws and various relationships

in the data. When integrating visualization of massive marine
data into the virtual environment, it is difficult to combine
them organically. So the 3D seabed system, on one hand, has
finished the intuitive display of sub-bottom profile and on the
other hand, it has reserved the real-time features of interactive
roaming and analysis.

Virtual and mixed-reality environments make billions of
dollars in revenue every year, in applications like simulation,
games and education[2]. So, we are exploring the use of these
virtual, augmented, and mixed-reality environments for vari-
ous industrial systems and research-aided tools. We are also
interested in understanding the appropriate methods for com-
municating and collaborating with these environments, which
will aid us to import the real-world data from variety of sen-
sors to these virtual, augmented and moxed environments.

Because the seabed is a special environment, people can-
not observe and analyze the geological features and phe-
nomenon directly. So multi-disciplinary marine investiga-
tions are required to obtain comprehensive information under
the seabed, which include not only direct sampling data (such
as subsurface sampling and drilling sampling) but also indi-
rect survey data (such as geophysical data and remote sensing
images). Furthermore to visualize these multi-dimensional
data to make a comprehensive understanding of seabed is al-
ways a hot issue raised by many experts and scientists. Tradi-
tional visualization in marine geosciences is mainly focused
on the plane maps, the horizontal profiles and the vertical sec-
tions, etc. These are displayed in two-dimensional environ-
ment, and it is hard to read marine geological structure and
features in detail in these 2D environments. Therefore, with
the development of visualization technology, the elevation
of seafloor can be displayed in 2.5 view by several arith-
metic models such as Digital Elevation Model (D E M), Digi-
tal Terrain Model (DT M), Digital Slope Model (DSM). But
such models can only show the topographical and geomor-
phological features of the seafloor surface and can not reveal
the internal geological structure under the seabed. Extensive
amounts of accumulated and diverse marine data sets need



to be commonly organized, accessed, and queried by marine
scientists[3]. 3D visualizations can contain more information
at once and are therefore more suitable for presenting large
data sets.

GIS-related visualization works can be divided into three
categories: visualization tools, visualization of geographicaly
models, and visualization-aided 3D GIS system. Over the
past decades some experts tried many ways to do research
in virtual reality-based simulations. Applying virtual reality,
a 3D diffusion scene management subsystem[1] was devel-
oped, and a new method is proposed for the simulation of
rock crushing[4] in a virtual environment. Many 3D data
models [5][6], which can model the internal structures and
attributes of 3D objects, are issued to meet different applica-
tion requirements. Additionally, study in the aspects of 3D
visualization[7], 3D topology [8][9], 3D analysis and 3D
web services also have made great progress and several high
performance 3D commercial software have been designed,
such as IVM, LYNX, EV S [10][11][12]. Based on the
existing achievements in research of 3D visualization, this
paper studies the 3D modeling methods and presents an in-
teractive analyzing applications for seabed geological objects
with drilling data and seismic profiles, aiming at displaying
geological structures and features of the seabed directly and
completely in the 3D environment.

Rather than simply building a virtual environment which
replicating the seabed, our aim is to create an ubiquitous plat-
form, that platform can capture data from the variation of
strata under the seabed, and then find useful ways (i.e. for
analysis and visualization) for using and displaying that in-
formation for different phenomena. So far, we have devel-
oped several applications based on this infrastructure, opti-
mized for data modeling, simulation, data visualization, and
lightweight analysis. Web and mobile based applications are
client part of the information stack; so is a ’virtual world’
3D representation of the seabed. These visualization layers
each focus on different data and functions for both expert
and non-expert users. We developed a list of missions and
then experimented with several web-based or smartphone-
based virtual environment platforms. The main contribution
of this paper is proposed and developed a ubiquitous client
for seabed modeling and visualization, which is one kind of
state-of-the-art prototype and proof of the concept ’Digital
Seabed’. The sub contributions include: The data source
is multi-source geological sensors but not traidtional video,
this is the nature for challenge of digital seabed system; The
novel modeling and visualization method is ubiquitous and
suitable for both website explorer and smartphone; ~’section-
drilling” three-dimensional model is a novel multi-source data
fusioin and correction linear method, which is the preparation
to tackle the augmented demand on ubiquitous context of dig-
ital seabed system.

2. DATA PREPARATION

Because of the inconsistent raw format and spatial references,
these data need to be processed and converted in advance with
uniform format and spatial reference in order to be integrated
and visualized in 3D environment. Bathymetric data and sub-
bottom profile data are converted/written into (z,y,z) text
format that could be used for interpolation and surface mod-
eling. Drilling data are converted into text file formatted to
record longitude, latitude, water depth, aperture, length, stra-
tums depth, stratas description, and so on. These drilling
data are used to calibrate the spatial model constructed with
bathymetric data and sub-bottom profile data. Geomorphol-
ogy map, which is stored in £.SRI shape file format, can be
produced by processing and analyzing the sub-surface sam-
pling data. Side-scan images data are saved in Geo — TIF'F
format. All spatial data are converted with uniform spatial ref-
erence (Beijing — 54 coordinate system, Gauss — Kruger
Projection).

3. LIGHT-WEIGHT 3D GEOLOGICAL MODELING

As described above, drilling data can directly reveal the strata
structure of the drill location and further lab experiment of the
drilling samples can show the physical and chemical charac-
teristics of the seabed in detail. Because of the complex ge-
ographical environment of the seabed, it is very difficult and
costly to get drilling data, and the spatial coverage density
of the drilling samples is very low. If the geological spatial
model of seabed is constructed only based on those limited
drilling data, the internal structure and features cannot be re-
vealed accurately and completely, especially in complex ar-
eas between the drilling samples. In order to obtain more data
about seabed geological structure and characteristics, a lot of
sub-bottom profiles and seismic sections have been acquired
by marine geophysical exploration. These geophysical explo-
ration data are obtained by indirect manners and need to be
interpreted by scientists to reflect the strata information be-
tween the surrounding of the drilling locations, where there
exists a great uncertainty. Our proposed platform takes ad-
vantage of direct drilling data and indirect geophysical data
to generate 3D model of seabed geological objects by a low-
cost (light-weight) 3D geological modeling approach in order
to enhance the accuracy and performance of 3D seabed visu-
alization and its visual analysis on the ubiquitous context.

3.1. MODELING PROCESS

The process of section — drilling 3D modeling is shown
in Figurel, which mainly includes discrete points prepara-
tion, 3D data interpolation, Delaunay triangulation genera-
tion, model calibration, side face generation, model optimiza-
tion, attribute assignment and data fusion.
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Fig. 1. Modeling process

Discrete points Preparation: For the sub-bottom profiles
and seismic sections, all of interpreted stratum layers are dig-
itized into (z,y, z) ASCII format and stored in the text file.

3D data interpolation: Reasonable interpolation can com-
pensate for the lack of raw data and obtain extra smoothing
data. Within the inputted regional spatial parameters such
as [Xmins Xmaz) and [Yiin, Yimaz] the discrete points in the
spatial range are read into memory and made Kriging interpo-
lation by pre-defined interval values to get regular grid points.
This method mainly considers the variability of the attribute
values in the spatial area and determines influential distance
range within which the value of the point waiting to be inter-
polated will be calculated by the values of sampling points.
Kriging is a method to compute the interpolated Best Linear
Unbiased Estimator (BLUE) value [13]. After considering
the geometric characteristics of samples, such as shape, size
and spatial distribution between segments to be estimated, and
the spatial structure of grade, this method gives a certain co-
efficient to every sample and estimates the segments grade
by weighted average in order to make linear, unbiased and
minimum-variance estimation.

Delaunay triangulation generation: Based on
Bowyer /Watson algorithm[14][15], Delaunay trian-
gulation can be generated using grid points dataset, which
are written in geometry objects and inserted into scene
root. Delaunay triangulation can ensure that every triangles
angle is close to regular triangle abiding by the graphics
optimization principle of minimum internal angle is the
best in triangulation. Additionally, Delaunay triangulation
network generated from irregular distributed discrete points
dataset is unique.

Model calibration: Control point dataset consists of drilling
data and the radiation area of every control point which
is computed by circular buffering algorithm. Interpolated
height values of data points are calibrated by the control point
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Fig. 2. Side Building Diagram

dataset. Suppose control point Vg (0, yo, z0) and interpolated
point from sub-bottom profile V; (¢, yo, 21) then the correc-
tion error H is given in (1).

szl—ZO (1)

Supposing that the radius of the round buffer A of control
point Vjy is Ry and the two-dimensional distance value Ry;
from control point V4 to the point V; waiting to be corrected
as in (2).

Roi =V (yi — 10)% + (2 — 20)%, Vilzi, yi, 2) € Ag (2)

The corrected height c,; as in (3), which is a normalized X-Y
plane Euclidean distance-weighted formula .

czi:Zi+)\XHX(]-7R01'/R0)5A>0 (3)

For the condition of buffer overlapping, the geometric mean
of the difference values between the point to be corrected and
each control points will be computed for correction. After
correction, the corrected points will be inserted into the grid
dataset and rebuild Delaunay triangulation by Lawson algo-
rithm.

Side face building: Firstly, all boundary points of every
layer will be selected. The points in the same side of adjacent
layers 7 and 7 + 1 will be written in a vector V' < 4,7 + 1 >
by counter-clockwise direction, as shown in Figure2, this di-
rection is suitable for light rendering based on GPU, other-
wise, the generated mesh is invisible. The method of counter-
clockwise vector generation is described as followings. Take
the boundary of the minimum X for example, the data set of
layer ¢ s boundary point are written into vector V' < ¢,7+1 >
in decreasing order. And then the data set of layer i + 1s
boundary point are written into vector V' < 4,7 + 1 > in in-
creasing order. After that, the polygon is generated using the
vertices in V' < 7,7 4 1 >. For the side face of concave poly-
gon caused by topographic relief, tessellator processing will
be implemented in order to display completely. The generated
side face is stored in geometric data structure and inserted into
the scene root for visualization.



Model optimization: Triangle strips[16] are built for each
layer generated by Delaunay triangulation model in order to
manage and index the triangular cells, which can cut down the
frequency of I/O and improve the efficiency of the model.
Strata geometry is simplified by edge collapse method[17]
and will occupy less system resources when rendered.

Attribute assignment: Attribute assignment is a very im-
portant step for fusion and partitioning of multi-source data.
Firstly, special color or texture will be rendered on the sur-
face of each layer according to its geological type. Sec-
ondly, according to the sediment classification generated from
sedimentary data, special effects can be rendered by GPU
shaders, such as specular effect, marble effect and so on.
Thirdly, dynamic wave effect can be rendered by GPU
shaders.

Data fusion: In order to observe the topography and geo-
morphology in detail, side scan images are stored in Geo —
TIFF format and attached to the relief of seafloor and the
sediment data are stored in /S RI shape file format and im-
ported to the model for rendering on the seafloor.

3.2. UBIQUITOUS VISUAL ANALYSIS

Different view modes can be generated from the 3D model to
reveal internal characteristics of the seabed by fast linear algo-
rithm on ubiquitous context. It’s obvious that ubiquitous vi-
sual analysis is becoming the important and popular approach
in both industrial application and scientific research.

Profile rendering: Strata profile rendering is done by seis-
mic profiles, in which each strata is rendered with defined
color or texture according to it’s lithological type. With such
render mode, seismic profiles, especially in intersecting lines,
can be visualized to reveal the internal phenomenon of the
seabed model. It’s also helpful for scientists to rectify the in-
terpretation of the seismic profile.

Section analysis: Section analysis mainly extracts spatial in-
formation of a profile from 3D seabed model with a random
line defined by users. User clicks twice in the layer in order
to define start point and end point of the cutting line. The
platform will then extend the cutting line and make it cut the
bottom to obtain points of intersection. Suppose the start and
the end points are (20, y0) and (21, y1) respectively, then the
cutting line formula is in (4).

(Yl—Y())XX+(X0—X1) XY+YOXX1—Y1 XXO =0 (4)

To see the inside profile of the surface, the outside portion
of the profile, which faces the frustum, is cut. After that,
the profile map is generated based on the points of intersec-
tion between the profile and the boundary of each layer. The
height value of each point of intersection is interpolated in
every layer, then the points of intersection is obtained in 3D

Fig. 3. Quadtree block

space and the profile is generated. The visual result is made
up of the geologic entity and profile after secion analysis.

4. THE KEY ISSUES

4.1. GRAPH-BASED SCENE TOPOLOGY

The scene graph is managed by hierarchical bounding boxes,
by bounding spheres and bounding boxes to achieve the scene
bounding volume. The information is stored by a directed
acyclic graph structure. A scene graph includes a root node,
multi-level interior of the side nodes, and multiple terminal
leaf nodes. The root and side nodes take charge of the con-
struction of the level of the nodes, and the completion of cer-
tain functions, whereas the leaf node is saved to one or more
object information. Each node maintains its own bounding
volume, and so on, hence constitutes a distinct level. This hi-
erarchical bounding box diagram can speed up the correction
information, reduction of the scene objects, intersection tests,
collision detection and a series of operations. This structure
allows each node to have multiple parent nodes. When the
same geometric object needs to be repeatedly referenced by
more than one parent node pointing to the same child node,
with each parent node pointing to a new child node of the
tree than the total number of nodes, memorizing utilization
and scene traversal steps reduced, rendering the final results
remain unchanged[18].

4.2. DATA FILE PARTITION

The nodes in the scene graph include terrains, objects and
different data types. Different partition methods are adopted
for them. Geographic data includes terrain model using Tin
Triangulation, the real image in the terrain covers the surface
and the vector data. Furthermore, these geographic data are
the surface data with little overlap in the vertical direction.
So to evenly split the region based on quadtree classification
and index structure, each quadtree level represents a level of
precision. An example of mature application is worldwind
[19]. Quadtree construction processes the whole terrain as
root, starting from the root node, checking whether the par-
tition meet certain conditions. If it is not satisfied; not parti-
tioned then it will be preserved as a leaf node. Otherwise, re-
cursively the root node is continuously divided into four equal



Fig. 4. 3D Visualization; Left. Drilling Correction; Right.
Strata Profile Rendering

sub-regional nodes, until minimal unit. The last step is draw-
ing and rendering all the leaf nodes. The greater the depth of
the division is, the higher the resolution. Which means, for
each raising separate layer of depth, the sampling density is
doubled. Figure3 shows the quadtree-based multi-scale geo-
graphic data block.

The scene contains a variety of object nodes as unit data
block, including the following ones. A. Construction infor-
mation extruded from attributes information with a high de-
gree of vector data; B. 3D model information imported from
3DsMax; C. Geometry data. In the traversal of scene, each
node of the outermost layer under the root is considered as a
unit.

4.3. MULTI-SCALE DATA PREPROCESSING

The topographic data according to the different quadtree lev-
els is divided into the LOD data and stored to external mem-
ory. For object nodes, each one is generated from the re-
fined precision of the data LOD L1 to L4. In which L1,
L2 and L3 are generated by collapse of law on the simpli-
fied model. Whereas, L4 impostor is generated by the image
cache node. The texture object node is based on cell aspect
ratios of 2 : 1 which is generated by three simplified texture
memory to external memory. The texture data is compressed
as DT X3 by GPGPU by using CUDA library. External
memory models in different scales in turn are called, for more
efficient file transfer as compared to single M I PM AP file to
be transferred[20].

4.4. WRAPPER COMPONENT

The client of the platform is wrapped into two components
extending to ubiquitous context: website explorer and smart-
phone. The component on website explorer is encapsu-
lated by Microsoft ATL library. The security certificate is
packed into the component with style of CAB. The compo-
nent is communicated with the website explorer by the way of
JavaScript calling interfaces. The component of smartphone
is implemented in C++, Java with Android SDK/NDK and the
3D visualization rendering tasks were realized using OpenGL
ES. Our test device was an HTC one X phone equipped with
a 1GHz processor, 1IGB RAM.

Fig. 5. 3D seabed Ul on ubiquitous context: Left. Website
Explorer; Right. Smartphone

5. VISUALIZATION

This paper adopted Visual Studio 2010 and OpenGL to real-
ize " section — drilling” modeling and developed the pro-
totype application of virtualdigitalseabed. The data used
for testing is located in the region whose latitude range is
from 38.2N to 38.3NV and longitude range is from 118.8F to
118.9E. Regional interpolation is north latitude 38 — 39, east
longitude 118 — 119 from a typical sea area near DongYing
city, ShanDong province, China which includes multi-beam
bathymetric data, side-scan sonar images, sub-bottom profile,
drilling data and sub-surface sampling data. The right of Fig-
ure 4 shows strata profile rendering generated by initial data.
In order to show the data clearly, the effect is rendered by
GPU. The left of the Figure 4 shows the effect which correct
the strata data after drilling data written in. X — azis coordi-
nate is longitude, Y — axis coordinate is latitude, Z — axis
coordinate is depth from seafloor. Figure 5 demonstrates the
ubiquitous capability of the platform on both website explorer
and smartphone application which developed by eclipse and
OpenGLES. The left of Figure 5 shows the rendering effect
by attaching the side scan image onto the seafloor and stick-
ing special texture to each layer. Z — awis is scaled to 0.01
times in 4.

6. CONCLUSIONS

This paper issued a 3D seabed platform based on ” section —
drilling” model which can realize the modeling, visualiza-
tion and analysis of the comprehensive data under the seabed
in 3D virtual environment. The developed prototype applica-
tion is a useful tool for the scientists and public for browsing
and analyzing seabed information directly, and is agreed upon
as being both immediately useful and generally extensible for
future applications. The platform can be adopted to build
many interesting applications through multimodal interaction.
3D or multi-dimensional visualization of spatial information
is a hot and difficult topic. The spatial model and prototype
application studied in this paper are only an elementary re-
search and discussion. There are many key problems such as
visualization of dynamic data, expressing the special geolog-
ical phenomenon of faults and folds, etc., which need to be
studied and solved in the future. Our 3D seabed platform is



state-of-the-art solution in this developing field, and we be-
lieve there is value in this space for wider field, particularly
in a versatile seabed monitoring device that allows ongoing
multi-source and multi-dimensional integration of virtual and
ubiquitous applications.
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