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Abstract. This paper presents a new concept of using Level Of Detail (LOD)
in haptics. LOD and model simplification methods are widely used in computer
graphics. In recent years they have started to appear in haptics as well. All these
techniques pursue a similar goal as in graphics — they try to simplify the origi-
nal model as much as possible without incurring the loss of significant details. We
take a different approach. A very complex scene can be confusing to the users, es-
pecially to visually impaired people, because they cannot adjust their movements
according to the image on the screen. We have proposed a method, that will sim-
plify the model in agreement with the speed of the user’s fingertip. When users
explore the surface quickly, only a rough shape is presented to them, whereas
slow movements result in highly detailed surface. This paper presents the current
state of our research in this field.
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1 Introduction

Virtual environments are becoming very popular in many areas of our lives. We can
come across them in entertainment, education, medicine and virtual design. The impor-
tant component of these environments is haptic display with its force and tactile feed-
back, that gives the user a greater sense of immersion in them. Force (or kinesthetic)
feedback refers to the sensation from the application of physical force in response to
user input. Tactile feedback refers to the sensation caused by stimulating the nerves of
the skin such as by pressure and vibration.

The basic building block of the virtual environment is a 3D model. A wide palette of
methods for describing a 3D model has been developed. The easiest solution, and prob-
ably the most commonly used, is a polygonal mesh. For its simplicity it is frequently
used in the 3D computer graphics as well as in haptic rendering. Highly detailed meshes
(obtained for example using range scanning systems [2]) need to be simplified [4, 6] to
meet the requirements of a rendering device. To further improve rendering performance,
several versions of a model at various levels of detail can be defined. We obtain a Level-
Of-Detail (LOD) approximation. When the object is close to the viewer, a detailed mesh
is used, whereas for the object far away from the viewer, a coarse representation is ren-
dered.



As has been mentioned, LOD and simplification methods play an important role
in 3D computer graphics, but in recent years they have entered the field of haptics [1,
3, 11]. We will focus on the main contributions in the next section, but prior to this
we will concentrate on differences between using LOD in graphics and haptics and
briefly outline our approach. In Section 3 we will discuss it in greater detail. Finally, in
Section 4 we will present our results and outline our future research directions.

1.1 LOD: Graphics versus Haptics

LOD and multiresolution techniques have been developed to accelerate rendering and
handling 3D models in graphics. If we want to use them in a different area, in this case
in haptics, we need to modify the criteria of choosing a relevant LOD representation
which will meet the different needs of haptic rendering. First of all, when the surface
of a model is explored, the user is always in contact with it. Therefore, we cannot use
typical selection criteria known from graphics such as the distance of the object from
the viewer or size of the model on the computer screen. In our approach we are using
the speed of the user’s fingertip, and another possible criterion could be the pressure of
the fingertip on the surface.

Next, we must take into consideration the sensitivity of the human sense of touch.
We cannot use a discrete LOD consisting of several precomputed levels and switch
between them, while the program is running, as in graphics. Abrupt surface changes are
unnatural and disturbing. Finally, we must take the relation between surface curvature
and the radius of the fingertip into consideration so that we don’t miss important features
of the surface [10].

Recently published methods using LOD in haptics [1, 3, 11] follow the perceptually
driven approach — the model is simplified so that the haptic device can render it and
for rendering the most faithful representation as possible is chosen. This technique is a
similar to that used in graphics, but the sense of touch, while allowing for active explo-
ration, is spatially focused and has a far lower bandwidth than the visual sense [9]. Thus,
if a visual representation is not available or cannot be used (as in the case with blind
or visually impaired people), haptic representations of large data sets can be confusing
to the user. Additionally, the experiments demonstrated that the greater the curvature of
the surface, the lower the speed of the user’s fingertip [13] and even a brief contact may
suffice to extract a number of features that are diagnostic of the object’s identity and
also the location of contact [8].

With these results in mind we have proposed a new concept of LOD — velocity
driven LOD. It follows the hierarchical mode of surface exploration and facilitates
the orientation in the scene. The users fly quickly through the scene and get a rough
overview of it. When they slow down, they get more and more details about the scene.
We will describe our method in more detail in Section 3.

2 Related Work

LOD techniques are not an independent field of research, but are linked to other areas.
Many approaches to using LOD have been developed over the past two decades. Firstly,



we briefly mention the LOD techniques used in computer graphics that are related to
our work. Then we focus on their application in haptics.

2.1 LOD and Simplification in Haptics

The simplest solution is a discrete LOD. The levels are created during offline prepro-
cessing, and the appropriate LOD is chosen to represent the object. For a continuous
LOD, the simplification algorithm creates a data structure encoding a continuous spec-
trum of detail. Hoppe [6] proposed such approach in progressive meshes.

The continuous LOD can be extended to a view-dependent LOD. Besides terrain
modeling it can be used for local mesh refinement for lighting or visibility, as Xia and
Varshney [14] suggested. Another application of the view-dependent LOD is a gaze-
controlled LOD. This approach was published by Zha et al. [15]. They refine a small
area of the model which the user’s gaze is focused on, while the rest of the mesh remains
in a low detail.

The application of LOD in haptics is supported by the study undertaken by Zhang
et al. [16]. The results of their experiments suggest that users might not be able to
distinguish two haptic objects if they are beyond some refinement level. Okamura and
Cutkosky [10] defined surface features based on local curvature. They give examples of
how a large fingertip can miss some small surface details.

Several multiresolution methods for use in haptics have been proposed. El-Sana
and Varshney [3] have proposed a continuously-adaptive rendering method. They con-
struct a multiresolution hierarchy during the pre-processing stage and at run time they
use high-detail representation for the regions around the probe pointer by applying a
bell-shaped filter centered at the position of the probe. Asghar and Barner [1] devel-
oped a nonlinear multiresolution technique for scientific visualization. This technique
preserves edges and sharp features. It is designed for visualizing a regularly sampled
dataset, such as terrains.

Kim et al. [7] introduced an algorithm using localized contact computations. They
decompose the surface of each polyhedron into convex pieces and construct bounding
volume hierarchies for fast proximity queries. Multiple contacts are detected between
each pair of decomposed convex pieces. Otaduy and Lin [11] develop this algorithm for
their sensation preserving simplification algorithm. They construct a multiresolution
hierarchy, which is then used to compute a fast contact response of the object-object
interaction.

3 Velocity Driven LOD

The velocity driven LOD approach simulates the human process of object recognition.
At the beginning of this process, a person gets an advance hypothesis about the object
from several brief contacts with it, which Klatzky and Lederman [8] call a “haptic
glance”. Having this hypothesis in mind, the user tries to validate or to disprove it by
further exploration of the object.

This process is much more difficult, if we are dependent solely on the kinesthetic
and tactile information without visual feedback from the screen. The user can rapidly



become lost in complex or highly detailed scenes. Therefore, when the user quickly
scans a virtual object, only a coarse shape is displayed. Slowing down the user’s finger-
tip involves a refinement of the mesh and hence the presentation of the surface in more
detail.

Our method is based on the dynamic gaze-controlled LOD by Zha et al. [15], which
has been designed for computer graphics. They proposed a method that displays the
part of the scene at which the user’s gaze is focused on at a great detail, while the rest
of the scene remains in low on detail.

We have achieved a selective mesh simplification which employs the general data
structure, the vertex tree, and represents the mesh hierarchies. This structure, called
a merge tree (MT), was introduced in [14, 15]. We construct the MT using the mesh
simplification proposed by Hoppe [6], but unlike the other approaches we use it only
for collapsing the edges.

3.1 Algorithm Overview
For haptic visualization, we are using the force-feedback device PHANToM and in our
current implementation we are using the modified software architecture proposed by
Ho et al. [5]. It is composed of three independent threads. A visual thread displays
a model on the screen and handles user events, a haptic thread communicates with a
PHANToM device and computes the final force exerted on the user. There is a commu-
nication thread between these threads. It processes the tasks presented in the run-time
loop of Algorithm 1, except for the computation of final force. For a smooth run of the
application, we are using two sets of data — active and non-active. From the former is
computed the final force while the latter is used for a data transfer. When the non-active
set is filled with a new data, both sets are switched.

Whole algorithm is divided into two main parts — preprocessing and run-time loop:

Algorithm 1 Velocity driven LOD

1:
�
Preprocessing part �

2: initialize and fill all data structures
3: construct the merge tree

4:
�
Run-time part �

5: loop
6: estimate the velocity of the user’s fingertip
7: determine the appropriate LOD that will be used for displaying
8: detect collision of the probe with a scene
9: – find the bounding boxes

10: – select the relevant subset of triangles from a surface mesh
11: simplify the subset to the requested LOD
12: compute the force exerted on fingertip from the simplified triangles
13: end loop

Before construction of a merge tree, we initialize all data structures of the triangle
mesh, add corresponding connectivity and create a simple bounding volume hierarchy



(BVH) for collision detections. For BVH, we use k-DOP bounding volumes, namely
14-DOPs. The construction of the merge tree is described in Section 3.2.

The algorithm proceeds through several steps during the main loop of the applica-
tion. First of all, the current speed of the user’s fingertip is detected from the PHANToM
driver and a requested LOD is set. Only a simple linear transformation between the min-
imal and maximal achievable velocity is currently implemented.

After this, the algorithm detects a collision of the probe of the haptic device with
a model. The probe is bounded by a sphere of a given radius and if the collision with
BVH occurs, impacted triangles are selected for consequent simplification. This is one
of the principal ideas of our method — we take only the local neighborhood of an ex-
plored surface into consideration. The rest is not important, because the human fingertip
perceives the surface in a similar manner.

In the next step, the algorithm simplifies the obtained data. We discuss this proce-
dure in more detail in Section 3.3. Finally, the final force is computed from the sim-
plified set of triangles. For this step we use well known methods such as god-object or
proxy position — for further details see the overview presented in [12].

3.2 Merge Tree Construction

The mesh simplification is based on two basic operators — edge collapse and its op-
posite, vertex split, as shown in Figure 1. With reference to the software framework
used in haptics, we use only one operator, a half-edge collapse. During this operation,
two vertices � and � are merged into one and triangles adjacent to these vertices are
modified. Let us define the affected triangles of the vertex as the union of triangles that
are adjacent to it. The affected edges of the vertex form a set of edges leading from the
vertex.

Fig. 1. Edge collapse and vertex split [6]

We construct the merge tree as follows: edge collapses are implemented by using
a priority queue. In the beginning, we fill the queue with all edges of the mesh sorted
by the length of edge. The shorter edges are placed further ahead in the queue. Then
we iteratively remove the shortest edge from the top of the queue and collapse it until
we reach the requested LOD. For each edge collapse, we locate the affected edges for
both endpoints of the edge, update their length and position in the queue, register LOD
number and endpoints to the merge tree and finally remove the collapsed edge from
the priority queue and increase the LOD number for the next iteration. Because the two



successive levels of detail differ only in one edge collapse, the change between two
LODs is continuous. This is very important for a smooth rendering, since the bigger
changes between two LODs that are used in graphics cause an unnatural perception of
explored surfaces.

Fig. 2. An original mesh and its merge tree (left) and the mesh after two edge collapses (right)

An example of a simple merge tree is shown in Figure 2. There is the original
triangle mesh with a corresponding merge tree on the left side. Note that in practice
there is no need to simplify a whole mesh into a single vertex, so we usually get a forest
of trees. The horizontal lines indicate the LOD number. At the basic level, LOD � , there
are also simple bounding volumes outlined for this mesh. By applying one iteration of
the Algorithm 1, the highlighted bounding volume and its two triangles are selected.
The mesh is then simplified using the merge tree (see Algorithm 2 in the next section):
after a first edge collapse the vertex ��� collapses into vertex �
	 and after the second edge
collapse the vertex �
	 collapses into ��� . The resulting LOD � mesh along with marked
edge collapses is on the right side of the Fig. 2.

3.3 The Simplification of a Local Surface to a Requested LOD

When the application detects a collision with the surface, it selects a subset of triangles
(see Algorithm 1). This subset is then simplified using the following algorithm.

This algorithm iteratively collapses the edges until it reaches the requested level
of detail. With each iteration, it locates the endpoints of collapsed edge �������� and re-
moves and updates the affected triangles of the edge. The general case of collapsed edge
is shown in Fig. 1. Note the condition of adding triangles on lines 6–8. The simplifica-
tion process starts with several triangles, but it could happen that the triangle directly



Algorithm 2 Simplification of subset of triangles according to the merge tree

Input: subset of triangles of the original mesh, corresponding part of the merge tree

1: sort all vertices of the subset by their LOD number, the smallest numbers first
2: repeat

�
edge collapse �����������

3: get the vertex � with smallest LOD from the sorted list
4: from the MT determine the edge to be collapsed – ���������
5: collect the affected triangles of the vertex �
6: if some affected triangles are not in subset then
7: add them to it
8: end if
9: delete the edge ��������� and affected triangles from the subset

10: re-triangulate the resulting hole
11: until requested LOD is reached

under the fingertip is removed. This would result in the user’s finger falling through the
surface.

Fig. 3. Progress of the set of triangles when the triangle under the fingertip is removed

This situation is depicted in Fig. 3. In case a � is the original mesh with a selected
subset of triangles. The fingertip position is marked with a dot. The highlighted triangle
is removed after the the edge  �!�"�#� collapses, the final force is evaluated as zero and
the user falls through the surface. To prevent this, the algorithm checks whether there
are some affected triangles, that are not in the selected subset. If so, it adds them to the
subset. This situation is shown in Fig. 3 b � and after one more iteration in 3 c � .



Fig. 4. Original mesh and an example of its two simplifications

4 Results and Future Work

Because we are still working on this project, we have no final results or comparative
tests with other methods yet. The method is implemented and being tested and the
results are shown in Fig. 4. Below we discuss the issues we plan to address.

Fig. 5. More complex surface with magnified simplification area

While our approach is designed for 3D models having a 2-manifold surface with
boundaries, we present our results for illustration on a simple regular mesh only. On the
far left of Fig. 4 is the original mesh, and simplified meshes are on the right side. For
the sake of clarity, the original mesh is drawn below the simplified set and the small
sphere represents the position of the user. Figure 5 represents a more complex surface,
with subset of triangles being simplified and magnified on the right.

Future Work:
$ Interpolation between two successive LODs — The method we have proposed uses

a continuous LOD. Two successive levels differ only in a single edge collapse. De-
spite this, the change between two LODs is sometimes disturbing and after the LOD



Fig. 6. The change of LOD causes that the fingertip finds itself below the current surface

change, the user can find himself above or below the current surface. This situation
is shown in Figure 6. To solve this problem, we want to develop an interpolation
method between two successive LOD changes when necessary.$ Determination of requested LOD — We also plan to elaborate the computation
of the requested LOD and replace the currently used linear transformation with
a technique that would correspond to individual needs of each user. The possible
solution can be some kind of learning algorithm.
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