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The purpose of this study is to propose an approach to fuse multiscale charts into three-dimensional (3D) electronic navigational
chart (ENC) systems based on underwater topography and remote sensing image.This is the first time that the fusion of multiscale
standard ENCs in the 3D ENC system has been studied. First, a view-dependent visualization technology is presented for the
determination of the display condition of a chart. Second, a map sheet processing method is described for dealing with the map
sheet splice problem. A process order called “3D order” is designed to adapt to the characteristics of the chart. Amap sheet clipping
process is described to deal with the overlap between the adjacent map sheets. And our strategy for map sheet splice is proposed.
Third, the rendering method for ENC objects in the 3D ENC system is introduced. Fourth, our picking-upmethod for ENC objects
is proposed. Finally, we implement the abovemethods in our system: automotive intelligent chart (AIC) 3D electronic chart display
and information systems (ECDIS). And our method can handle the fusion problem well.

1. Introduction

Since the 1960s, when “geographic information system (GIS)”
was issued, the relative theories and technologies, including
spatial data processing andmanagement, spatial data service,
web GIS, and 3D GIS, have been greatly developed [1].
Among them, 3D GIS is attracting more and more attention
because it is more visually efficient, quicker, and easier to
understand based on cartographic 3D visualization and can
provide rich 3D spatial analysis functions [2]. And 3D GIS
can take advantage of more types of spatial data, such as 3D
building models and terrains.

With the development of computer science and sensor
technology, spatial information can be conveniently obtained
in various ways. Up to now, the most advanced and efficient
way is the air-to-ground observation (remote sensing). It
has many advantages such as large perception range, short
repetition period, and high resolution[2]. Since 1957, when
USSR successfully sent the world’s first artificial earth satel-
lite to the reservation orbit, spatial science research and
technology application have entered a new situation. At the
beginning of 1970s, USA successfully sent the world’s first

earth observation satellite (Landsat-1). Nowadays, aerospace
surveying and mapping program gradually matures. A num-
ber of satellite systems are established, such as EarlyBird,
QuickBird, GDE, OrbView, IKONOS, EROS-2, and SPOT-
5 (HRG). This promotes the application of remote sensing
images in 3D GIS. And with the development of 3D GIS
systems such as digital earth and digital city, there is an
increasing demand for remote sensing images.

Remote sensing image has been widely used in surveying
and mapping, navigation, resource survey, meteorology, and
so on. Researchers have committed to the combination of
GIS and remote sensing image, especially the use of remote
sensing images in 3D GIS systems. Numerous methods
have been proposed to process and visualize remote sensing
images in GIS systems [3, 4]. And many successful software
applications have been developed, such as Google Earth,
Google Map, NASA World Wind, ArcGlobe, and Windows
Live Local. In order to explore the full value of remote sensing
images, the appropriate information has to be extracted and
presented in standard format to import it into geoinformation
systems and thus allow efficient decision processes. So, many
researchers study how to provide an appropriate link between
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the remote sensing image and GIS [5]. Lots of remote sensing
pattern recognition approaches, such as supervised, unsu-
pervised, and knowledge-based expert system approaches,
have been developed, and these methods have been used in
urban planning studies [6–9]. Some researchers use various
methods to construct 3D building models from remote
sensing images and then integrate the 3D models into spatial
databases and GIS systems to support planning and analysis
applications [10–12]. And efforts have also been directed
toward developing methods capable of producing global
elevation data in digital formats [13–16].

There is a huge potential of applications in reach, if we
can take advantage of the 3D technology and remote sensing
image in marine GIS systems, especially in ENC systems.
Many researchers in this area have researched 3D charts to
provide chart display systems, aimed to reduce the amount
of marine accidents caused by fatigue, mental overload, and
limited awareness of the navigational situation. Porathe and
Sivertun [17] presented a research project suggesting the use
of real-time 3D visualization techniques normally used in
simulation environments as a navigation aid. Arsenault et al.
[18] presented a prototype of 3D visualization system that
overlaid a scanned paper navigational chart over a 3D bath-
ymetry. Gold et al. [19] proposed a type of marine GIS system
formaritime navigation safety. Ray et al. [20] introduced a 3D
chart to facilitate the understanding of maritime behaviors
and patterns at sea. Li et al. [21] presented an accuratemethod
to describe underwater terrain.

However, most of the researches listed above mainly
focus on the description of overwater information. Few
researchers study how to fuse multiscale charts into 3D ENC
systems based on underwater topography and remote sensing
image. The ENC is critical to marine GIS systems. It is
an abstraction and generalization of the real world, which
focuses on sea data, with less emphasis on land information.
The remote sensing image contains rich land information.
And the 3D underwater topography can provide more direct
and intuitive sounding information. So, these data should
be fused together to provide a more visually efficient ENC
system.

In this paper, we propose an approach to fuse multiscale
charts into 3DENC systems based on underwater topography
and remote sensing image. Our fusion approach is mainly
divided into three parts: view-dependent visualization, map
sheet processing, and object rendering. Then, we introduce
the picking up method for information inquiry. At last, we
implement our method in our system AIC 3D ECDIS. The
application shows the effectiveness of our approach.

2. Fusion Approach

In order to provide more rich and intuitive geospatial infor-
mation for navigation, we use the remote sensing image to
describe the overland information anduse the 3Dunderwater
topography to directly describe the sounding data. Artificial
water surface objects and entity objects are extracted from the
ENC to fuse with them. Artificial water surface objects, such
as depth contours, coastlines, depth areas, anchor zones, and
prohibited areas, are organized into point, line, and polygon

Figure 1: Electronic navigational chart.

object groups. Entity objects, such as beacon lights, bridges,
and port structures, are represented by 3D models. Other
objects (e.g., land areas) in the ENC can be ignored. In this
paper, we propose an approach to fuse these data together.
Fusion effects are shown in Figures 7, 8, and 9.

However, the ENC is based on the scheme of subdivision
and multiscale. As can be seen from Figure 1, there is an
overlap between the adjacent map sheets. And there is an
association between the different scalemap sheets in the same
area. Therefore, in order to fuse multiscale charts into 3D
ENC systems based on underwater topography and remote
sensing image, four main problems should be solved:

(1) handle the multiscale problem;
(2) solve the map sheet splice problem;
(3) fuse multiscale charts with the remote sensing image;
(4) fuse multiscale charts with the underwater topogra-

phy.

Based on the above analysis, we propose a method to solve
the problems listed above.Themethod consists of three parts:
view-dependent visualization, map sheet processing, and
object rendering. Firstly, use the view-dependent visualiza-
tion technology to display the charts according to their scales.
Secondly, use the map sheet processing method to deal with
themap sheet splice problem.There are twomain steps in this
process: map sheet clipping andmap sheet splice.Thirdly, use
the rendering method to solve the last two problems.

2.1. View-Dependent Visualization. Essentially, the 3D ENC
system is a 3D computer graphics system, which is based
on the 3D rendering pipeline. In order to display multiscale
charts in 3D ENC systems, we should deal with the scale
problem in the viewpoint observation system. Here, we use
view-dependent visualization technology to display multi-
scale charts; that is, the display process of charts is determined
by the change in viewpoint. The detailed steps of the view-
dependent visualization are described as follows.

(1) Calculate the height ℎ (the distance between the
reference point and the viewpoint) of the current
viewpoint in the world-coordinate reference frame.

(2) Calculate the current display scale ds. ds is calculated
by the following equation:

ds = 2 × tan (𝜃/2) × ℎ
𝑤

. (1)
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In this equation, 𝜃 is the field-of-view angle measured
in radians,𝑤 is the width of the viewport measured in
pixels, and ℎ is the height of the viewpoint measured
in meters.

(3) Display the chart according to the current display
scale and its drawing scale. According to the display
requirements of S-52 standard, the ENC should be
displayed in its drawing scale, and it can be enlarged
or reduced when needed. Zoom factor can be 0.5 to
3 times the drawing scale. However, the ENC can be
limitlessly enlarged when needed. Thus, we mainly
consider the reduced state. In this step, we design a
display condition for each chart. To be specific, if the
display scale is larger than 1 in 2 of the drawing scale
of the chart, the chart should be displayed; otherwise,
the chart should not be displayed. The larger scale
chart is prior to the smaller scale chart, that is, the
larger scale chart is displayed above the smaller scale
chart.

2.2. Map Sheet Processing. In order to directly and intu-
itively display underwater topography, artificial water surface
objects such as depth contours, coastlines, depth areas,
anchor zones, and prohibited areas are displayed in semi-
transparent mode. However, the multiscale charts overlap
and interweave. This will seriously affect the display effect.
We propose a method to deal with this problem. Ourmethod
of map sheet processing is a dynamic process based on
the change in viewpoint. There are three key points in our
method: 3D order, map sheet clipping, and map sheet splice.
The detailed steps of this process are shown in Figure 2.

2.2.1. 3D Order. In order to get the right result in the map
sheet processing, the charts should be processed in order.
We design a process order called “3D order” to adapt to
the characteristics of the chart. In the third step of the map
sheet processing, the “3D order” is shown in Figure 3. The
𝐴 axis depicts the left-to-right direction, the 𝐵 axis depicts
the down-to-up direction, and the 𝐶 axis is the scale axis
depicts the small-to-large direction. The charts should be
firstly processed from left to right and then from down to
up and at last from small scale to large scale. So, 3D order
is the sequence 𝐴, 𝐵, 𝐶. This can ensure that no chart will be
repeatedly processed or missed and larger scale chart is prior
to smaller scale chart.

In order to facilitate description, here we give a schematic
diagram for multiscale charts in Figure 4. Suppose the scale
of chart A, chart B, and chart C is 1 : 25,000, the scale of chart
D is 1 : 15,000, and the scale of chart E and chart F is 1 : 4,000.
The process order should be the sequence B, A, C, D, F, E.

2.2.2. Map Sheet Clipping. Map sheet clipping is used to deal
with the overlap between the adjacent map sheets. When two
charts overlap, we should clip the other map sheet based on
one map sheet in 3D order described above and update the
geographic scope of each map sheet. Figure 5(a) shows the
map sheet clipping result of the charts in Figure 4 at the same
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Figure 3: The schematic diagram for 3D order.

scale level. Figure 5(b) shows the last clipping result of the
charts in Figure 4 at all scale levels.

This operation can be divided into two parts: map frame
clipping and object clipping. The purpose of object clipping
is to use the geographic scope of one chart to clip artificial
water surface objects and entity objects in another chart.
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Figure 4: The schematic diagram for multiscale charts.

The geographic scope of the chart (map frame), whether
regular or irregular, is a polygon. Artificial water surface
objects and entity objects are point, line, or polygon objects in
the chart. So, map frame clipping can be treated as a special
case of object clipping. Here, we mainly describe the object

clipping specifically. For a point object, we just need to judge
if the object lies inside the geographic scope of the reference
chart and then do the clip. For line and polygon objects, the
clipping process is shown in Figure 6.

It should be noted that, according to the data trans-
fer standard S-57, line and polygon objects in ENC are
segmented, and each part is marked with ordinal number,
direction, display attribute, and so on. We sort the boundary
points of each object into counterclockwise order to simplify
the following calculations and then process each segment in
counterclockwise order.

Suppose segment 𝑎𝑏 of the object and segment 𝑐𝑑 of the
frame are being processed. We firstly transform their coor-
dinates to Mercator coordinates. Mercator projection plane
can be treated as the 𝑋𝑌 plane. Intersection judgment and
intersection calculation can be performed by the following
equation:

𝑝 =

{{{{{{{{{{{{

{{{{{{{{{{{{

{

𝑎, 𝑃1 = 0, 𝑃2 = 0, 𝑎 = 𝑐,

𝑎, 𝑃1 = 0, 𝑃2 = 0, 𝑎 = 𝑑,

𝑏, 𝑃1 = 0, 𝑃2 = 0, 𝑏 = 𝑐,

𝑏, 𝑃1 = 0, 𝑃2 = 0, 𝑏 = 𝑑,

𝑐 ⋅ |(𝑑 − 𝑎) ⋅ V|
(|(𝑑 − 𝑎) ⋅ V| + |(𝑐 − 𝑎) ⋅ V|)

+
𝑑 ⋅ |(𝑐 − 𝑎) ⋅ V|

(|(𝑑 − 𝑎) ⋅ V| + |(𝑐 − 𝑎) ⋅ V|)
, 𝑃1 < 0, 𝑃2 < 0,

(2)

where 𝑃1, 𝑃2, and V are calculated by (3), (4), and (5),
respectively. Consider

𝑃1 = ((𝑎 − 𝑐) × (𝑑 − 𝑐)) ⋅ ((𝑏 − 𝑐) × (𝑑 − 𝑐)) , (3)

𝑃2 = ((𝑐 − 𝑎) × (𝑏 − 𝑎)) ⋅ ((𝑑 − 𝑎) × (𝑏 − 𝑎)) , (4)

V = 𝑛 × (𝑏 − 𝑎) , (5)

where 𝑛 is (0, 0, 1) and 𝑝 is the intersection point. If the
intersection point cannot be calculated by (2), it indicates that
segment 𝑎𝑏 does not intersect with segment 𝑐𝑑. At last, the
coordinates of 𝑝 should be transformed to latitude-longitude
coordinates.

In this clipping process, the intersection calculation and
the clip operation are based on the counterclockwise order.
And the calculation of each intersection point is followed by
a clip operation. Boundary points that lie inside the frame of
the reference chart should be removed. Frame points between
two intersection points should be added to the boundary
point set of the object in counterclockwise order. When
all intersection calculations are finished, the object is also
clipped.

2.2.3. Map Sheet Splice. Map sheet splice is used to deal
with the splice point after the map sheet clipping. Splice
points of the same object in two adjacent charts may have
different coordinates. To handle this problem, there are three
commonly used methods: enforcement method, averaging

method, and optimization method. For two splice points,
enforcement method directly assigns coordinates of one
point to the other point. This method is mainly used in
the case of knowing which point is more accurate and
reliable. Averaging method uses the average values of the
coordinates of the two points to replace their coordinates.
Optimizationmethod is relatively complicated and needs lots
of intersection calculations.

In order to improve the efficiency of the map sheet splice,
we adopt the following strategy.

Firstly, compare the scale of the two adjacent charts.
Secondly, choose the splice method according to the
comparison result. If the two charts have the same
scale, we use the averaging method to deal with the
splice points. If one chart has larger scale than the
other one, we choose the enforcement method. The
reason is because larger scale chart is more accurate
and reliable.

2.3. Rendering Method. There are two classes of ENC objects
we use: artificial water surface object and entity object. Entity
objects are represented by 3Dmodels. Artificial water surface
objects are organized into point, line, and polygon object
groups. Essentially, artificial water surface objects are vector
data. Most methods map the vector data to the terrain in 3D
GIS systems [22–24], and do not consider the rendering of
multiscale vector data. However, this will not give an intuitive
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Figure 7: Overwater view effect of the fusion.

cognition of the artificial water surface object. We propose
a method to intuitively describe the artificial water surface
object and the underwater topography. The details of our
method are as follows.
(1) Extract entity objects from ENCs. Then, use 3D

modeling tools, such as 3DS Max, SketchUp, and building

Figure 8: Water surface view effect of the fusion.

Figure 9: Underwater view effect of the fusion.

information modeling (BIM) tools, to create 3D models for
the representation of these objects.
(2) Extract artificial water surface objects from ENCs.

After the map sheet processing, boundary points of each
object are sorted into counterclockwise order. For point and
line objects, we should get their object attributes and spatial
attributes for the following rendering. For polygon objects,
we should find all the inner boundaries for each object
and get their object attributes and spatial attributes. And
we have to pay attention to the facing of the polygon. In
most 3D graphics systems, the side whose boundary points
are counterclockwise is the front side. That is why we use
counterclockwise order.
(3) Pretreat before rendering. Firstly, use view frustum to

cull the scene [25].This can effectively reduce data amount in
the scene. Then, calculate the display attribute 𝑒(obj) of each
object by (6). If 𝑒(obj) is less than zero, it indicates that the
extent of the object is less than 1.0 pixel in the current scene;
otherwise, the object should be displayed. Consider

𝑒 (obj) = √𝑎2 + 𝑏2 + 𝑐2 − 2 × tan (𝜃/2) × 𝑑
𝑤

. (6)

The parameters of the equation are as follows:
𝑎: side length of the minimum bounding box of the

object, measured in meters (m);
𝑏: side length of the minimum bounding box of the
object, measured in meters (m);
𝑐: side length of the minimum bounding box of the
object, measured in meters (m);
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𝜃: field-of-view angle, measured in radians (rad);
𝑤: width of the viewport, measured in pixels (px);
𝑑: distance between the viewpoint and the center of the

minimum bounding box of the object, measured in
meters (m).

For entity objects, we use the distance between the viewpoint
and the center of the minimum bounding box of the entity
model to determine whether the model should be displayed.
This method is also used in the rendering of the point object.
(4) Use the color blend method in 3D computer graphics

to draw the artificial water surface objects based on a certain
elevation (the elevation of chart datum, the elevation of tidal
datum, the elevation of tide, etc.) on top of the underwater
topography in semitransparent mode. Hence, artificial water
surface objects will not obscure the underwater topography.
This will give an intuitive cognition of the underwater depth.
It should be noted that all drawing styles should follow
the display requirements of S-52 standard. Then, draw 3D
entity models on the surface of artificial water surface objects
according to their positions and adjust their elevations to get
better visualization effect.

3. Picking Up Method

In order to query the information of ENC objects, we need
to solve a problem first: pick up the object in the 3D ENC
system. There are two classes of ENC objects that we use:
artificial water surface object and entity object. For entity
objects, we use the ray tracing method [26] to pick up
them. For artificial water surface objects, the ray tracing
method is relatively complicated and time-consuming. Here,
we introduce a simple and ingenious method. The detailed
steps are as follows.

(1) Convert the pick-up point to a pick-up range. The
pick-up point is a screen pixel point. We extend
several pixels in the 𝑋-axis and 𝑌-axis directions,
respectively. This fuzzy picking up method can pro-
vide better user experience, especially when picking
up point objects and line objects.

(2) Clear the color buffer of the pick-up range. This
operation is executed in the back buffer, so it does not
affect users’ visual effect. Then, draw all objects with
specified picking up flag colors instead of the original
colors. The same object uses the same picking up flag
color. This process is also executed in the back buffer.
At last, read the value of the color buffer of the pick-up
range to judge whether an object should be picked up.
After all objects are judged, we can get a list of picked
up objects.

(3) It should be noted that objects may overlap. So, we
have to use the final value of the color buffer of the
pick-up range to make the judgment; that is, the
judgment must be made after the rendering of all
objects is finished.

This method can avoid complicated spatial intersection cal-
culations. It is very efficient.

4. Application

We implement our methods in our system AIC 3D ECDIS
[27]. AIC 3D ECDIS is a future ECDIS. This system can
support global spatial data and 3D visualization. It uses
multiresolution pyramid model to organize terrain data and
remote sensing image data. And it visualizes these data
in a unified framework and interface. This system can be
published on the web to provide application and data service
through the network.

There are two ways of implementing our method. One is
to use the method on the server side and publish the data to
the client side. The other is to use the method in the client
program. In order to simplify the client’s workload, we choose
to implement the method on the server side. When the client
program needs data, it sends the request, which includes state
parameters, such as viewpoint, viewport, world reference
point, geographic scope, and display scale, to the server
side. On the server side, spatial analysis servlet components
and spatial calculation servlet components are responsible
for the map sheet processing. These servlet components
receive parameters from data service module and store the
processed data in the cache memory. Then, the data service
module publishes the data to the client. The client program
receives the data and uses the view-dependent visualization
technology and the rendering method to visualize the data.
Here, we give the fusion effects in the client program. The
fusion effects are shown in Figures 7, 8, and 9, where the
green portion depicts the deep-water route and the symbol
in the top right corner is the directional compass. As can be
seen from these figures, entity objects, artificial water surface
objects, remote sensing images, and underwater topographies
are fused together.

5. Conclusions

This paper provides a solution for the fusion of multiscale
charts in 3D ENC systems based on underwater topography
and remote sensing image. It is the first time that this subject
has been studied.

The remote sensing image, normally used in 3D GIS, is
extended to enhance the understanding of the land environ-
ments in 3D ENC systems.The underwater topography gives
an intuitive cognition of the underwater depth.The ENCdata
has important applications in the analysis and management
of overwater spatial environments. Combination of these
data helps in understanding the navigation environment. Our
method based on the characteristics of the ENC is proposed
to fuse these data together in the 3D ENC system. And we
present the picking up method for ENC objects in the 3D
ENC system.

At present, we implement the method on the server side.
Further work has to be done in terms of data service, for
example, server side concurrency calculation.
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