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Abstract

We describe a method for an intuitive haptic rendering and modeling of GIS terrain models represented as
triangular irregular networks (TIN). The TIN terrain model does not allow representation of concavities and
overhangs but it is sufficient for most GIS applications. Model editing is achieved by a set of virtual tools with
various shapes which are controlled by a haptic device with force feedback. The haptic feedback makes
manipulation with the terrain model much more intuitive than by the mouse, because it operates in 3D and it
also provides better control with the force. The haptic device is point-based, so the forces provided by
different tools must be mapped to a point. This, in effect, helps eliminating certain vibrations that could be
caused by numerical errors and insufficient scene sampling. Our approach allows an adaptive adjustment of
the level of detail of the model according to the terrain properties and user requirements. Haptic visualization
in GIS models has been already used but such solutions are not common. Unlike existing approaches, our
solution uses a general shape of the tool, it allows interactive editing of the TIN model, and it utilizes
parallelism and coherence between consecutive states of the model that make haptic visualization faster and
smoother.

Keywords: geovisualization, haptic visualization, triangular irregular network terrain model,
interactive manipulation

INTRODUCTION

Various approaches to exploration, visualization, and intuitive editing of GIS data have been developed last
years, but there are still many open problems. One of them is the haptic visualization and editing of terrains.
The haptic visualization has the potential to provide additional information to the user (sense of touch) in
addition to visual output only. And, unlike the mouse or keyboard, the haptic devices provide native 3D
manipulation, which is also more intuitive. Haptic devices were very expensive but, nowadays, they are
becoming affordable for general public. New falcon devices, such as Falcon Novint are priced at $250 in
December 2011.

The most commonly used terrain representation in existing haptic applications is digital elevation model
(DEM) based on a regular grid or volume data. Volumetric-based or grid-based methods are memory
consuming, because the resolution of the grid must correspond to the smallest detail of the the model. To the
best of our knowledge, there is no suitable haptic method which works natively with TIN and allows both
editing and simulation of physical processes on the terrain.

We have developed a haptic visualization method which works natively with TIN and allows interactive
editing of the terrain and erosion simulation using a haptic device. User can imprint a tool shape into the
terrain or he/she can drag a tool across the terrain. The physical model of the terrain represents sand but our
approach is general enough to simulate different materials. All changes in the terrain are smoothened by
thermal erosion which can be also controlled, e.g., allows varying the sand humidity. This limitation of our
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technique is that it does not allow shapes with overhangs. The goal of our haptic visualization is to be
realistic, easy to use, and reasonably fast to be usable.

Our method uses the Delaunay triangulation (DT) [Berg 97] for the TIN representation and the Constrained
Delaunay triangulation (CDT) for editing [Sloan 93]. We have created various editing tool shapes, such as
rectangle, circle, sphere, ellipsoid, and man foot print. As the haptic device provides point-based feedback,
all forces exerted on our shapes must be mapped to a single point. Because of different frame rate
requirements, our implementation uses multiple CPU threads; one for the graphics feedback and one for the
haptic visualization.

The paper is structured as follows. The following section will briefly introduce the existing work. Next, our
method is described. Next section summarizes our experiments and the last section concludes the paper.

RELATED WORK

Haptic visualization methods of geospatial data are quite rare. The previous work is focused on haptic
exploration and haptic visualization of volumetric data sets or point sets.

Faeth at al. present a framework for haptic visualization of geospatial data using X3D in [Faeth 08], their
framework also allows making deformation of the model. They use the ArcGIS program to convert various
GIS formats into X3D indexed mesh and grid image. Vertices changed their heights after deformation and,
additionally, they are rearranged according to Generalized Chainmail deformation algorithm [Li 03]. It results
in a cloth-like behavior of the terrain. "Soft" and "hard" materials are distinguished. Force response can map
terrain properties.

Guo at al. [Guo 04] present a method for interactive haptic manipulation of point sets. User edits are
described with implicit functions. The model consists of two representations. The first is a global scalar field
which stores a distance from the zero plane. The other representation is a voxel regular grid. A global
mass-spring system is created between voxels. This method allows simulation of voxel-based physics
processes. Haptic visualization uses the exponential weighted average extrapolation scheme to smooth the
resulting force.

Benes$ at al. have described an algorithm for haptic visualization of the sand surface in [Bene$ 06]. The user
can interactively edit the terrain using a haptic device and the terrain changes are smoothened by erosion.
The terrain model is described as a regular height-field. This is significantly better than voxel-based
approaches in terms of memory requirements.

Grid-based methods have high memory requirements and have implicit limits on the details they can
represent; TIN-based methods do not allow editing but only a deformation of existing terrain. No new vertices
can be added to the TIN. Our method provides such features.

PROPOSED METHOD

Our algorithm consists of three main parts: (i) the geometric model, (ii) physics simulation, and (iii) haptic
interaction. The input of our algorithm is a set of 3D points [x, y, z], where x and y defines the position in
terrain and z is an elevation of the terrain. The points are given by a height map, by an image, or a bivariate
function. The output of this process is the TIN modeled as a Delaunay triangulation of the given set of points,
which we use for physics simulation. DT is computed using the incremental insertion algorithm [Berg 97].
This algorithm is very useful for our purpose, because it can add vertices into the triangulation on the fly. So
the terrain modification could be easily handled. Terrain could be modified by erosion or by haptic device. As
a testing algorithm for physics simulation, we have developed an algorithm for thermal erosion in
[Purchart 11].

We use a set of virtual tools for the haptic manipulation. The tool consists of a set of control points and
edges between these points. The edges are used as constraints for the CDT. The terrain is deformed inside
the virtual tool shape according to this shape and according to the user requirements. The height of these
points adapts to the terrain height in the current tool position when the tool is imprinted into the terrain, (see
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Figure 1). The amount of material pushed away by the tool is defined as a difference between heights of the
tool depth level, and height of the control points in the direction of tool movement.

Fig. 1. Demonstration of terrain editing. Left: Three imprints of elliptic shape tool on a nearly flat terrain

covered by yellow sand. Right: The same scene displayed as a wireframe model. Border edges of ellipses
are constrained.

Haptic visualization

The haptic manipulation is initiated by a haptic tool handled by the user and it causes geometric changes of
the TIN. The erosion algorithm is applied to the changed vertices. The challenge is to maintain a correct
haptic feedback when the TIN is changing its geometry even though the TIN is not in a stable state for a
while.

The graphics visualization refresh rate is about 60Hz that is way below the required refresh rate for haptic
rendering that is about 1,000Hz. The TIN is constantly changing because while the user edits it and the
erosion smoothes it, the haptic thread must update its data only if the slow graphics and geometry thread
reaches a stable state. The only stable state is the end of graphics thread loop (all terrain edits have been
performed and the TIN has been repaired).

The data, the update of which is fast enough to be directly handled in the haptic thread, are the position of
haptic cursor and the force feedback. The haptic device sends a 3D position of the cursor as a point [x, y, Z]
1,000 times per second. The virtual tool is correctly updated based on this position. The tool movement
(direction as well as its velocity) is acquired as a difference of two consecutive tool's positions. We must set
the force feedback F, to the device (3D vector in hewtons). This value must be also set 1,000 times per
second. The device acts in the direction of force vector with the given force amount.

As it is mentioned above, visualization and haptic threads have different refresh rates. Usually it is 60Hz
versus 1kHz. So the haptic thread makes 1,000/60~17iterations for each graphics render. We call this
number of iterations it, and we assume it to be constant. Slow communication with the haptic device would
be suboptimal — the haptic perception would change very slowly, only with 60Hz refresh rate instead of 1kHz.
The force feedback feels runny for low framerate. The speedup in our approach is achieved by interpolation
of the forces between two consecutive frames. Our algorithm stores the old force feedback state before an
update and the new one. The force is interpolated in time in each haptic iteration, so that the resulting force
feedback is smoother.

Force feedback components

The force feedback F consists of two forces (see Figure 2). The first one is a penetration force F, and it
depends on the tool depth level — a deeper penetration results in a larger force which acts strictly in the
vertical direction for sand and our set of tools. Sand settles down quickly because of erosion, so we can
expect a nearly horizontal surface [Benes 06]. It is impossible to feel the difference between our simplified
strictly vertical F, and the real, physically correct Fp,.

The second part of the force feedback is the friction force F,, which is physically defined by Equation 1. It
depends also on the penetration depth in the direction of tool movement and on the speed of tool
movement — a higher velocity means a larger force which acts against the tool movement direction.
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where p is the coefficient of friction, which is an empirical property which differs for each material, and F, is
the normal force which is perpendicular to the surface and acts against the tool. In our method we use an
approximation of this physical law as explained below.

Fig. 2. Low end haptic device (Phantom Omni) used for the test.

The force feedback is a bit more complicated as the user editing tools can have an arbitrary shape rather
than a single point. We have created tools with various shapes, such as a rectangle, a circle, a sphere, an
ellipsoid, and a human footprint, but the haptic cursor is a single point for the haptic device we use. We need
to map all the forces on the circumference of the tool into the single point. This can be roughly computed as
a mean value of forces in all control points of the tool (Equation 2). Such approach is not physically accurate
for non-circular tools, but it gives a good force feedback for tools we have tested.

N
F+F,,
F=M+F @
N ¢

where F is the friction force for the i-th control point, F is the penetration force for the i-th control point, N is
the number of control points, and F¢ is the force caused by the so called gel effect.

The force Fg is an additional horizontal force. It is a haptic effect [Lin 08] known as a “gel effect’. This force
depends on the velocity of the tool and acts as a tangent viscosity; higher velocity causes that a larger force
acts against the moving direction. This force very well describes behavior of the real sand and simulates a
sand resistance against the fast movement.

Force computation

Let z,,o be a current tool depth level, ¢; is a position of i-th control point of the tool, z is a z coordinate of i-th
tool control point, P, is a current position of the tool, Pyq is a previous tool position, and T is a vertical force
tolerance. If the tool is in vicinity of the terrain surface (tool's distance from the surface is smaller than T) the
force starts to act.

The height difference for i-th control point is computed by Equation 3. Note that the points coordinates have
to be normalized into the interval [0; 1].

Ahi = Zigol — Zgi- (3)

The force feedback starts to act only when the inner part of the tool (a tool depth level) is below the terrain
level or slightly above it to avoid numerical errors (Ah; > -T). The direction dir; of the tool movement from the
tool position to the i-th control point is described by Equation 4:
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The friction force is computed by Equation 5:

F. =—dir, -Ah, %M ()
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where Fy, is the maximum force allowed by the haptic device (10N in our case).

The penetration force for the i-th control point is computed by Equation 6:
F
Foi= Ah;: ?M (6)

To obtain the "gel effect" force, we compute a tool velocity v between frames by Equation 7. Note that we
expect a constant time interval between frames (equal to one).

V= I:)old - Pact' (7)

The force for the "gel effect” is then defined by Equation 8. Zero z coordinate restricts the Fg to the strictly
horizontal direction.

FG = [Vx ’Vy '0] ’ FM (8)

The final force feedback F,, which is sent to the device, is interpolated between two consecutive frames in
order to smooth any abrupt changes during haptic frames between the geometry updates. In the haptic
thread, there are two counters: the total frame count in the previous haptic rendering sequence it, and the
frame count rendered since the last geometry update it. The resulting force is computed from Equation 9:

F -F
- old it, (9)

it,

=

out — I:old +

where F is the force from Equation 2 and Fyq is the force F computed before the last geometry update.

EXPERIMENTS AND RESULTS

We have implemented our algorithm in C++ and used OpenGL library, GLSL, and OpenHaptics® library
[Sensable] for haptics rendering. All data were measured on a standard desktop computer running Windows
7, with 12GB RAM, Intel Core i7 clocked at 1.67GHz, and NVIDIA GeForce GTX 295, with 1.5GB of memory.

We have experimentally verified our algorithm by drawing into real box with two types of real sand and
comparing visually the results as shown in Figure 3a. So far, the haptic feedback has been tested in the
scope of our working group.

As a demonstration of haptic manipulation we have simulated the same effect using our system (see
Figure 3b). Force feedback is smooth and it is almost the same as the real sand. The penetration force is
slightly increased with increasing depth of the tool. The user must make a significant effort to push the tool to
the sides if its depth is high. If the tool rests, the force components are mutually balanced.
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Fig. 3. The word GIS written in real sand (a); simulated using our system (b).

CONCLUSIONS

The force feedback in our model is not physically accurate because we have a haptic device with only
a point cursor, but the touch sense feels very much like a real sand as we verified in the experiment. As
haptic device is nowadays rather cheap and available, the described approach can be useful for the reader.

There are many possible ways how the algorithm can be extended. One apparent way is by using a different
type of triangulation.

Another possible avenue for future work is to perform a user study to measure the accuracy of force
feedback or to extend the haptic visualization with materials with different granularity.
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