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Abstract 
 Algorithms for computing forces and associated surface deformations from a polygonal data 
set are given, which can be used to haptically and graphically display virtual objects with a single-
point cursor. A culled collision detection algorithm is described that works in real-time with large 
data sets utilizing an oct-tree method. After a collision is detected, forces are created based on the 
local area near the cursor, keeping track of an active polygon. This creates a method that is effective 
and scalable for large models. The ‘Bendable Polygon’ algorithm for visual rendering of computer 
generated surfaces is also given. 

Introduction 
Many of the most common data formats for 3D computer-generated worlds utilize 

polygonal representations for objects. In order to take advantage of the large existing quantity of 
polygonal data sets, and a common standard in environments and hardware acceleration, a 
method for creating haptics forces based on polygons is necessary. The following paper 
describes an algorithm that can be used to create the forces on polygonal objects. The 
ActivePolygon algorithm was implemented with triangular datasets, however the concepts can 
apply to any type of polygonal dataset. 

The algorithm first focuses on determining if the user point, or cursor, has touched an object, 
which requires a collision detection algorithm. A culled collision detection algorithm is described that 
works in real-time with large data sets. Then forces are created based on penetration depth and the 
relative position of the cursor to the object’s facets. Graphically, the Bendable Polygon technique is 
described in which a local area of an object is broken up to allow for small-scale visual deformations. 
Larger scale deformations occur in the haptic domain through a system of springs and dampers. 

Collision Detection 

The first step in creating the forces for an object is to find if the cursor is touching the object. 
This means that as the cursor moves, collisions between the cursor and the object’s facets must be 
checked. After a collision is detected, forces are then determined and presented to the user. 

A simple way to do collision detection is to check if the cursor has moved through any of the 
polygons in an object. This can be accomplished by taking the line segment from the cursor’s current 
and previous positions each loop of the cycle, and comparing that segment with every one of the 
polygons in an object. If the line segment intersects any of the polygons then a collision has occurred. 

This can be extremely time consuming, however, if the object consists of many polygons. It is 
inefficient to check every one of the polygons in an object each cycle of the loop. The process can be 
sped up by pre-processing the data and culling the polygons that are not in the cursor’s vicinity during 



run-time, which allows real-time collision detection even with large data sets. An oct-tree is used to 
subdivide the space around the object. During collision detection, each cycle of the haptic loop all leaf 
nodes which the cursor has moved through are determined (usually this is only the current leaf node) 
and only the polygons within these nodes are checked for collisions. 
 
 

 
Figure 1: oct-tree based culling of a polygonal object. 
Nodes A, B and C are empty, the remaining nodes contain one or both of the polygons. 
 

To populate the oct-tree, first all the polygons are added to a single parent node. This node is 
then divided into eight octants all polygons within the parent are checked for overlapping each child 
octant, and added to the child’s polygon list. Then, each of the octants is divided and it’s polygon list 
transferred to the new children. An octant is not subdivided if contains a minimum number of 
polygons. 

In pre-processing the oct-tree culling data, there are three situations in which a polygon should 
be included in an octant’s checking domain as shown in Figure 2. The first is when any vertices of the 
polygon lie within the octant. The second occurs when any of the edges of the polygon intersect any of 
the sides of the octant’s. The third situation occurs when any of the edges of the octant’s intersect the 
polygon. 
 



 
Figure 2: Voxel-Polygon events. 
Top: 1 or more vertices in the voxel. 
Middle: Polygon edge intersects a voxel side. 
Bottom: Voxel edge intersects the polygon 
 
 
If the tool’s start position in the X direction is larger than its end position, octants are queried from 
right to left, otherwise from left to right. Setting the same checks in Y and Z ensures that the octant that 
will be collided with first is checked first. 

The main consideration in using this type of culling comes from trade-offs in time and memory 
usage. The culling represents a method in which the object’s size can grow to contain many millions of 
polygons, and the algorithm would still be able to do the collision detection in real-time. This would 
require very large amounts of memory, however.  The maximum depth of the oct-tree and the 
maximum number of polygons within a leaf node can be changed to make a trade off between memory 
usage and processing time. 



Force Generation 

After a collision is detected, the forces must be presented. When the cursor touches an object, the 
specific polygon that was initially touched becomes the active polygon. The forces are in the 
normal direction and are proportional to the penetration depth into an object, which is measured 
from the currently active polygon. The direction of the force is interpolated at edges as the cursor 
moves across an object, and as the current polygon changes, to create a smooth feeling across 
facets. When the penetration depth of the active polygon becomes negative, the cursor has left 
the object, the forces are discontinued, and the collision detection algorithm is used again. 

Normal Direction for Polygons 
An initial issue is encountered because of the nature of a polygonal data set. The outward 

direction on a polygon is determined from the ordering of the points it contains. The direction that is 
considered outward is important for both graphics and haptics. In graphics, the outward direction is 
used to determine shading effects. In haptics, the outward direction is used in collision detection, force 
direction, and in interpolating between polygons. 

A typical way to overcome this problem, which has become a standard in graphics, is to pre-
process the points and order them so that all the vertex listings are consistent. If a data set is not 
already vertex-ordered correctly, then enclosed objects can be checked to make sure the outward 
direction remains consistent over a surface. 

To find out if the vertices in any given polygon are ordered correctly, a point, point ‘A’, is 
projected from the center of a polygon in the normal direction of that polygon to a sphere that encloses 
all of the polygonal objects, to give point ‘B’ as shown in Figure 3. 
 

A - arbitrary point in  
current polygon

B, first case. Two 
intersections, so 
the normal was 
pointing out.

B, second case. 
One intersection, 
so the normal 
was pointing in.   
 
Figure 3: Finding if a polygon’s vertices are correctly ordered. 
The two cases of point B represent two different ordering conventions. 
 

Then the number of polygons that are intersected by the segment from point A to point B are 
counted. When objects are enclosed, an even number of intersections implies that the original normal 
was pointing outward and an odd number of intersections means that the normal was pointing inward. 

Determining the Active Polygon and Penetration Depth 
Once a collision is detected, one would then like to be able to slide the cursor from one polygon 

to another to touch the entire object. Several problems arise while trying to do this. First, the active or 



current polygon must always be known so that the direction of the force can be determined. Second, 
while sliding across polygons, if there is a sudden change in magnitude or direction of the normal 
force, then corners feel sharp and distinct even when there is only a slight angle between the adjoining 
polygons. 

Originally, the transition from one polygon to another was accomplished by finding the 
distance from the cursor to the three edges of the polygon's normal projection. If the cursor crossed the 
projection then there would be a new active polygon. The problem with this approach was that the 
distance from the cursor to the current polygon’s surface would change when changing polygons, and a 
small jerk would be felt even when the normal direction was interpolated correctly as shown in Figure 
4a. This is a problem not found in graphics interpolation because a second variable, depth, is included 
in the overall interpolation. Also, the distance to the edge of the plane would change, which is used in 
interpolating the direction of the force. And finally, there can be places within an object that are not in 
any polygon’s projection. 

Therefore, a different method was determined in which the distances to ‘edge’ planes rather 
than the normal planes were found (Figure 4b). An edge plane, for a given edge, is determined from 
the two polygon vertices defining the edge and a vector that is the average of the normals of the 
polygons sharing the edge. 
 

Height before crossing

Height after crossing

Height before crossing

Height after crossing
Edge Plane

(a) (b)  
Figure 4: Determination of a change in the current polygon. 
 

The method shown in Figure 4b makes the penetration depth and distance to the edge planes 
consistent while sliding to another polygon. When a change in the active polygon is detected, the new 
active polygon can be found by finding the other polygon that contains the two vertices in the edge 
plane that was crossed. This information can be preprocessed and stored in an array rather than finding 
it as the cycle runs, which saves on cycle time. 

Force Direction Interpolation 
In addition to consistent depth of penetration distances, the directions of the forces need to be 

consistent to keep the edges smooth. This is accomplished by interpolating between adjoining 
polygons in a way similar to Phong shading in graphics. When the projection of the cursor into the 
active polygon comes within a fixed distance from the edge planes, the normal direction is interpolated 
and then normalized. 
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Figure 5: Interpolation of the normal direction. 
 

The direction at point ‘A’ is interpolated continuously (not necessarily linearly) between 
polygons 1 and 2. At point ‘B’, the normal is interpolated from 4 points, ip1 through ip4, all of which 
are normalized. Ip1 is the normal direction of polygon 1. Ip2 is the average of the normals of polygons 
1 and 5. Ip4 is the average of the normals of polygons 1 and 2. Finally, Ip3 is the average of the 
normals of all five polygons. Care must be taken to make sure the direction is continuous while 
interpolating over boundaries. 

Overall, the interpolation over the edges of the polygons presents an interesting psychophysical 
effect. If the forces are interpolated correctly, then the shape of the object is perceived more from the 
direction of the forces than from the cursor’s actual position. For example, the facets of a polygonal 
sphere are easily distinguishable with no interpolation. With the introduction of interpolation, the 
facets become less noticeable and the sphere feels rounder. As the area over which each facet is 
interpolated increases, until the forces over the entire facet are interpolated, the sphere appears to ‘fill 
out’. Although a user is still feeling a faceted sphere, it appears completely round and smooth. This can 
be a powerful effect as the interpolation can be used to modify the way that an object’s shape is 
perceived. Additionally, if an edge is supposed to be distinct, then the interpolation can be turned off 
which will produce a sharp edge. 

Acute Edges 
If the tool is touching the outside of an acute edge the force will not be interpolated across that edge, 
which will make the edge feel distinct and sharp, rather than curved. The force is interpolated across 
the edge in Figure 6a. The force in Figure 6b is taken from the current polygon only. Additionally, 
there is an issue with acute edges known as the thin-wall problem. This is a common problem in haptic 
rendering algorithms where the cursor can unintentionally push though a thin wall, such as a knife 
blade. To handle this problem in the ActivePolygon algorithm, the edge plane that is normally used to 
transition to a new active polygon, as shown in figure 6a, is not computed or used for acute angles, as 
shown in Figure 6b. 
 



 
Figure 6: Interpolation force for an exterior acute edge. 
 

If the tool is on the inside of a very acute edge it may travel some distance from the 
polygon before approaching the edge plane, which can create inconsistencies in the forces. 
Figure 7 shows a cursor point that has touched an interior edge of an acute angle, and has 
penetrated into the object. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Interpolation force for an interior acute edge. 
 
The point is within an orthogonal projection of the polygon in Figure 7a, so the force is in the 
polygon’s normal direction. In Figure 7c, the tool has moved outside the polygon’s orthogonal 
projection, so the force is directly towards the edge. At the point where the direction of the force 
changes from the normal direction of the polygon to the edge, as shown in figure 7b, both of 
those computations are equal, thus giving a consistent force. To increase the speed of the 
algorithm, acute edges are marked during pre-processing. 

Three or More Polygons Sharing a Common Edge 
 As has been described, the ActivePolygon algorithm utilizes a local region when 
computing forces. The currently active polygon and the polygons sharing its vertices are used to 
create forces based on a single point. In order to speed up the algorithm, and reduce processing 
time, polygonal neighbors are preprocessed. However, when a single edge is shared by three or 
more polygons, special processing must be done. In this case, the neighbor information is 
dependent on the side of the polygon. When three or more polygons share a common edge, one 
side of a polygon has one neighbor, and the other side of the polygon has another neighbor. If an 
edge has only two polygons attached to it then the front and rear face neighbors are the same. 

(a)  

Edge Plane 

Tool Point 

(b)  (c)  

(a) (b) 

Edge Plane 



The side of the polygon which is currently active will determine which of the two neighbors is 
used for processing. 
 
 
 
 
 
 
 
Figure 8: An edge with three neighbors. 
 
Shown in Figure 8 is an edge that is shared by 4 polygons. Polygon a will have polygon b as a 
front neighbor and polygon d set as a back neighbor. Polygon c will not be a neighbor of a. 

Bendable Polygon Algorithm 
As the forces are presented to the user, the visual aspects of the virtual object must be 

consistent with the object. A compliant object should deform as the cursor moves into it. If the object 
does not deform, then the cursor can be lost visually within it. One way to solve this problem is to 
simply project the visual cursor, in the direction of the force, to the surface of the object. 

However, if the object is very compliant, then this can create a discrepancy between the visual 
and haptic senses. To solve this, the Bendable Polygon technique is used. When the cursor first touches 
a polygon, it is split into 6 different polygons as shown in Figure 9. The cursor is projected normally to 
the plane of the active polygon, and then that point is projected to the edges of the polygon, making 
base points that are the framework for the approach. The ‘edge base points' move as the cursor moves, 
always normally projected to the sides of the current polygon. When the polygons are Gouraud or 
Phong shaded, the edges look smooth and the polygon seems to bend. The effects of the Bendable 
Polygon technique decrease with increased graphical detail, but for relatively large polygons, the effect 
works well and allows for lower levels of detail on a deformable object. 
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Figure 9: Base Points in the Bendable Polygon algorithm. 
 
The cursor is then connected by a spring and a damper to each of the vertices in the active polygon and 
to each of the edge points. The cursor does not have any forces applied to it by these springs. All six of 
those points, in turn are connected to the base points shown in Figure 9, also by springs and dampers. 

b  c  

normal d  

a 



When the cursor moves into a polygon, the vertices (open circles) are pulled away from their 
respective base points (filled circles), making the polygon bend as shown in Figure 10. 
 

 
Figure 10: Base Points and Vertex Points in the Bendable Polygon algorithm. 
 

The dashed lines represent the object while it is not deformed, and the solid lines represent the 
polygons tha t the user sees after it is deformed. As the cursor moves towards an edge, the springs from 
the edge points to their respective base points lose strength, so the indentation in a polygon remains 
consistent even as the cursor moves across different polygons. Different spring constants and different 
levels of strength reduction give different amounts of indentation (i.e. a small indentation on a water 
balloon as opposed to a larger indentation on a trampoline). The springs from the corner vertices to 
their base points work similarly, in that they lose strength as the cursor approaches them, so the 
indentation remains consistent at the corners of the polygons as well. 

Then, each of the vertices throughout the object is connected by springs and dampers to each of 
the vertices touching it, to give an overall ability of large-scale deformation. In large data sets, the 
number of calculations would become extremely large, so springs might, for example, only be 
connected to vertices in the general surrounding area of the cursor, depending on the application, or a 
finite element analysis can determine the object’s deformations. 

Because the edge points split the current polygon, each of the 3 neighboring polygons must be 
split into two polygons as well so that there is no gap (Figure 10). The graphics loop therefore draws 6 
polygons in place of the original, 2 polygons in place of each neighboring polygon, and then draws all 
of the rest of the polygons. 

The graphical material effects are accomplished by finding the normals for each vertex, an 
average of all the normals of the polygons containing that vertex. Then the surface is either Phong or 
Gouraud shaded according to those normals. 

Deformations 
The base points in the polygonal algorithm can be given dynamics properties to allow the deformation 
of an object. This can be accomplished in several ways. Vertices can be given dynamics properties as 
described above in the dynamics section, with a very small time variable. In this way, the vertices 
move slowly and create a feel similar to clay. Additionally, the vertices can be moved with a simpler 



method of simply displacing them proportional to the force presented. This however does not allow as 
much flexibility in modifying the feel of the object. 

There are several issues that arise when the vertices are allowed to move. First, there must be 
some constraints applied to the vertex movements so that a polygon does not collapse on itself. This 
can be done by maintaining a minimum distance for a side on a polygon, or by allow the vertices to 
move in only a specified direction along a line. 

An additional problem comes from the oct-tree based culling which allows real time collision 
detection. If vertices are allowed to move then the pre-processed tree structure, that describes which 
polygon should be checked for collisions given the cursor is in a specific leaf node, can be made 
invalid. 

Results 

The ActivePolygon algorithm was tested on a Dual PIII 800MHZ computer with 512MB of memory, a 
Wildcat 4210 graphics card, and a Phantom desktop haptic device. The haptics load was obtained 
using the GHOST 3.1 Haptic Load program. Object 1 has a complex geometry with many areas that 
are often troublesome. Objects 2 and 3 were the same object and had the same topology, a relatively 
simple topology, but differed only in their resolution and polygon counts. Object 4 had a large polygon 
count. There were several aspects of the results that were significant. First, the haptic load averages 
and peaks were consistent across objects with varying polygon counts. This was expected as the 
computations are based on a pre-processed data set and are computed locally so the overall size does 
not affect the local computations. Second, the haptics were stable across varying and complex 
geometries. Third, the load times increased as the objects had more polygons. This also was expected 
as there was therefore more data to be preprocessed. A majority of the load time is due to the 
preprocessing. After the preprocessing is done once, the preprocessed data can be saved with the 
object, and the load time can be perceptually eliminated. We additionally tested an object with over 1 
million polygons. The haptic load peak occurred when initially touching or leaving that object, but 
maintained a consistent average. 
 
Table 1: ActivePolygon results 

Object Polygons Load Time (sec.) Visual FPS Haptic Load Avg. Haptic Load Peak
1 5706 1.03 21.33 20% 20%
2 

134232 19.54 6.76 15% 20%
3 

239694 33.52 3.8 15% 20%
4 

1063452 195 0.98 15% 80-100%
 



Table 2: Comparison with GHOST polygonal renderer 
Object Polygons Load Time (sec.) Visual FPS Haptic Load Avg. Haptic Load Peak
1 

5706 0.9 15 20% 30%
2 

134232 11.74 6 85% 100%
3 

239694 17.12 6 70% 70%
4 

1063452 220 Unstable haptics
 
We also compared the ActivePolygon algorithm to the TouchVRML polygonal renderer contained in 
the GHOST 3.1 API from SensAble Technologies. The listed TouchVRML Visual Frames Per Second 
are highly qualitative and were obtained by viewing and estimating. In objects 1, 3, and 4 using 
TouchVRML, the phantom would have force kicks in certain manipulation situations. Objects 3 and 4 
had unstable haptics in the TouchVRML application. 
 Overall, the ActivePolygon algorithm worked very well. Further research is being done to 
continue to extend its functionality and scope, add modifications such as haptic textures, and integrate 
it into software applications. The source code for the ActivePolygon algorithm is available in the e-
Touch library on the e-Touch web site, www.etouch3d.org. 
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Dealing with Desktop Gimbal Noise 
 

Karl Reinig  Chris Lee 

Introduction 
The gimbals of the desktop PHANToM introduce considerable noise into the measured 
state of the stylus. When the virtual tool tip is represented by a point located at the origin 
of the gimbal, the noise goes unnoticed. However, when the virtual tool tip is projected 
away from the origin of the gimbal or the tool possesses non-trivial extent such as a ray 
or cylinder, the noise noticeably degrades both the haptic and graphic display of the tool. 
If the tool is being used as a virtual camera, the noise will introduce jitter into the graphic 
display of the virtual environment. This paper discusses some of the problems and work-
arounds, when attempting to filter the noise.  
 
The following figure shows one of the gimbal angles, as reported by the GHOST method 
getGimbalAngles.  
 

 
 
Throughout the one thousand samples, the stylus was resting on a solid surface. The 
resolution of the encoder, approximately .0015 radians or .086 degrees, can be seen in the 
discrete steps of the samples. The graph also shows the noise to be about eight times the 
resolution. 
 
Consider the consequences of projecting the virtual tool ten centimeters from the gimbal 
origin. Ten centimeters times the tangent of .0015 (the gimbal resolution) results in a 
positional resolution of .015 cm. But the noise results in a positional jitter of 
approximately 1.2 mm. This is unacceptable for most applications.    
 



Filtering the Noise 
Creating an optimal filter is not the point of this paper. Instead, we present some of the 
problems we encountered while implementing a simple filter and discuss our current 
work-around. Consider implementing a filter that simply averages the signal by adding 
equally weighted samples and dividing by the number of filter samples. The resulting 
low-pass filter will scale the excursions due to the noise by the inverse of the number of 
filter samples. It will, of course, also degrade the high frequency fidelity of the virtual 
tool. 
 
Let i? be the sample taken i steps before (for example, the current sample would be 0? ). 
Let )(?F  be the result of filtering the i? . 
For our simple filter, 
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In GHOST, the gimbal state is available as the upper 3 x 3 elements of a 4 x 4 transform. 
The most straightforward implementation of the filter would perform the average on each 
of the elements of the 3 x 3 array.  However, this is more than just wasteful since the 
resulting transform would no longer be a rotation matrix. At the very least, you would 
have to renormalize its elements. This is similar to the problem of using matrices to 
represent camera motion.      
 
Ideally you would filter the gimbal noise directly and then use it to form the PHANToM 
transform. Unfortunately, while GHOST does give direct access to the gimbal angles, it 
does not give access to the methods that create the PHANToM transform. Since the 
rotational components of the PHANToM transform contain positional information, this is 
not a trivial transform.  
 
It would be helpful if the GHOST team made a method available to combine gimbal 
angles and position information to create the transform. This is not necessarily 
straightforward since some of the required information probably only exists at the driver 
level. What follows is a less than ideal solution for the interim. 
 
GHOST does make a set of Euler angles available from the PHANToM transform. The 
angles are the rotations about the x, y, and z axes that would put the stylus in its current 
orientation. The Euler angles can be used to recreate the PHANToM transform and are 
therefore candidates for filtering. Unfortunately, the transform that gets the Euler angles 
from the PHANToM transform does not produce a continuous set of Euler angles. There 
are places in which each of the Euler angles jump by 2PI. Since a jump of 2PI about any 
axis has no effect on the orientation, the ambiguity generally goes unnoticed. However, 
the result of filtering an angle that has 2PI jumps is an angle that makes a quick trip 
around the quadrants. This causes completely unacceptable rapid movements in the 
virtual tool. The method described here recognizes the occurrence of a 2PI jump and 
removes it from the current sample. Note that the gimbal angles themselves introduce no 
such ambiguity.  



Implementation 
A brute force implementation of the averaging filter could be accomplished by keeping 
an array of samples. Samples would be added to the array using a cyclic index that runs 
from 0 to n-1. At each time step, the filtered value could be found by summing the 
elements of the array and dividing by its length. If the averaging is to be performed over 
100 steps, each time step would contain the summing of 100 elements.  
 
The summation can be eliminated by developing a recursive implementation. It can be 
shown that the difference between the filtered samples at consecutive times steps is just 
one over the length of the filter times the difference between the current sample and the 
oldest sample. Therefore instead of summing the elements, we need only find the 
difference between the current sample and the oldest sample, scale it by the inverse of the 
number of steps, and add it to the previous filtered value.  
 
To eliminate the problems caused by the 2PI jumps, compare the current sample with the 
previous sample. If the current sample is more than PI larger than the previous sample, 
simply subtract 2PI from the current sample. If the current sample is more than -PI 
smaller than the previous sample, simply add 2PI to the current sample. As long as the 
magnitude of the actual change in the angle is less than PI, there should be no ambiguity.  
 
The PHANToM transform can be constructed from the Euler angles using the following 
matrix, where X, Y, and Z are the first, second, and third elements of the Euler vector. 
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Summary  
The gimbals of the PHANToM desktop introduce unacceptable noise into the state of the 
stylus.  The information required to transform the gimbal angles into a useful PHANToM 
transform are not made available. A solution is to decompose the PHANToM transform 
into Euler angles, filter them (watching for 2PI jumps), and then reconstruct the 
PHANToM transform.  
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Abstract: Many applications that support force feedback make use of a 
haptic device (such as the PHANToM) used for pointing operations, 
combined with a second device, mainly used for navigation (such as a 
3D mouse). In this research we formally assess  the user’s performance 
in a setup in which we use the PHANToM device for camera 
manipulations. This allows us to eliminate the second device and to free 
the user of the mental load to drive two different devices. Additionally, 
when using Sensable’s PHANToM as a camera device, we will look into 
the effect of the additional force feedback.  

1. Introduction 

Most desktop haptic applications consist of a two-device setup. The haptic device, mostly manipulated with the 
dominant hand, is used for pointing and manipulation operations. A second device (typically a 3D mouse) is used for 
navigation operations. 
In the context of our research, very little can be found in literature about integrating forces in camera manipulations. 
In the early 90’s efforts have been made in defining the best navigation metaphor [1] for a certain task in a virtual 
world. Flying vehicle and Scene in hand are the most commonly known. Other work has been done in improving 
navigation and wayfinding methods in virtual environments [2]. In some research systems hand-held miniatures [3] 
or  Speed-coupled Flying [4] are presented to facilitate the user’s interaction.  A usability test by T.G. Anderson [5] 
provides evidence that additional force-feedback results in better performances when compared to the 2D navigation 
interface of CosmoPlayer. In this paper, based on Anderson’s work, we introduce a fairly new variant on the 
“Eyeball in hand” navigation metaphor presented in [1] and focus on the comparison with the LogiCad Space Mouse 
[6]. 
In the next section we explain our “Camera in Hand” metaphor as a variant of the “Eyeball in hand” navigation 
metaphor. Afterwards, the experimental setup used to assess users’ performance when navigating with this metaphor 
is described. The results of the formal evaluation are summarized and discussed. Finally, conclusions with regard to 
the usefulness of the proposed metaphor are formulated. 

 
 

  
 

Fig 1. PHANToM as a camera device 
with virtual guiding plane 

 
Fig 2. Virtual arena in which users 

have to locate the number 



2. Eyeball in Hand/Camera in Hand 

A possible implementation of the eyeball in hand metaphor is to use a Polhemus tracker as a virtual eyeball, which 
can be moved about the virtual scene. However, this manipulation method appeared to imply a confusing mental 
model in which disorientation is a common problem. In former research in our lab the Eyeball In Hand-metaphor has 
been extended to a MicroScribe device [7][8]: by moving the MicroScribe’s stylus with the non-dominant hand, the 
virtual camera is repositioned. By defining the viewpoint in such a manner that it matches the direction of the stylus, 
disorientation will be avoided. As we are not actually handling an eyeball anymore, but rather a pen-like object, we 
will now call this extension the Camera In Hand Metaphor. 
This paper adopts the latter metaphor for the PHANToM haptic device, and extends it by applying additional force-
feedback.  Informal testing taught us to set up a horizontal virtual plane (as shown in fig. 1) as the most useful 
feedback. This allows the user to easily walk forth and back in this plane. When changing the viewpoint’s altitude 
the user has to act against the resistance of the PHANToM. A formal experiment, described below, was set up in 
order to formalize and detail the results obtained by informal testing. 

3. Experimental Setup 

The aim of our research was to formally compare this new metaphor and camera device to another existing 3D 
device. For this comparison condition we have chosen to use the LogiCad SpaceMouse in a “Flying Vehicle” 
metaphor. 
Twenty-two volunteers with mixed experiences in virtual environments participated in the experiment. Most of the 
subjects are in their late twenties or early thirties, although 4 of them were above the age of 40. All subjects were 
right-handed and one third of the population was female.  
All of the participants had to navigate in a virtual arena to locate and read a digit on a red-white coloured object (see 
fig. 2). This test had to be performed in three conditions; each condition consisted of 15 trials. The first condition 
measured performance with the SpaceMouse, the second looked at the PHANToM device without force feedback 
and finally the PHANToM device with force feedback has been tested. To eliminate transfer effects, the order in 
which to take the experiments was counterbalanced. During each trial the elapsed time and the total traveling 
distance had been logged. Finally, at the end of the test a comparative questionnaire had to be filled-up by the 
subjects. We have to note that one of our 22 test persons had trouble in performing the tasks in all conditions. Since 
his results exceeded 12 times the standard deviation, we have omitted those values. 

4. Results 

Chart 1 shows us the median values of the completion times of all subjects, per trial in each condition, which gives 
us a first impression of the results. 

 

 
Chart 1. Completion Time (ms). Median values per trial 

 
In our further analysis1, we consider the first 5 trials for adaptation to the proposed input devices, and so leave them 
out of our computations2. As can be seen from chart 1 and table 1, the average completion time in both PHANToM 
conditions is slightly better than the SpaceMouse. With a P-value of 0.12, there is no significant difference, however.  

                                                                 
1 Using ANOVA 



 
 

Mouse 13333 ms  P-Values  
PHANToM Force 10256 ms  Condition[Mouse-PH no] 0.1231 
PHANToM NoForce 9499 ms  Condition[PH Fo - PH no] 0.8241 

Table 1. Averages and P-values over all subjects 
 

 
Because of the relative heterogeneity of our population, we have divided all subjects in four categories depending on 
their experience in 3D navigation: no, little, much and very much experience. Statistically, the groups with little, 
much and very much experience behave the same. Therefore, in our further analysis, we consider two levels of 
experience: novice (users without any 3D navigation experience) and experienced (all the others). 
If we look at the average completion times in table 2, we can see there’s still no significant difference between any of 
the conditions in the experienced group. However, we now notice a strong significant difference in completion times 
between the SpaceMouse and the PHANToM conditions among the novice users. 

 
  

 Novice Users Experienced Users

Mouse 17263 ms 9760 ms
PHANToM Force 9381 ms 11060 ms
PHANToM NoForce 9007 ms 9941 ms

 

P-Value 
Condition[Mouse-PH no] <.0001 0.4922
Condition[PH Fo - PH no] 0.0507 0.2636

Table 2. Averages and P-values per category 
 

 
A subjective questionnaire, filled up by all subjects after the test, shows us that experienced users significantly prefer 
the SpaceMouse over the PHANToM. On the other hand novice users choose one of both PHANToM conditions. 

 
 

 

 Novice Expert 
Mouse 2 10 
NoForce 5 1 
Force 3 0 

 
Fig. 3. Subjective preference per category 

5. Discussion 

As can be seen from table 2 experienced users objectively do not perform different in one or the other condition. If 
we look at the measurements of the novice users, we see a dramatic improvement when using the PHANToM. 
Compared to the values of the experienced category, we can notice that the values of the novice users using the 
PHANToM condition are similar. This means we can conclude that our Camera In Hand metaphor provides a 
possibility for the inexperienced user to perform equally to their experienced colleagues.  
However we can also conclude that the addition of force-feedback, which implements a horizontal guiding plane, 
doesn’t offer any advantages. There’s even advantage for the no-force condition, though the difference is 
insignificant. 

                                                                                                                                                                                                                  
2 This is supported by our results, as can be seen in chart 1. 



As the performances of the experienced users are similar in all conditions, we have to ask why they collectively 
choose for the SpaceMouse condition. Our experienced users all spend several hours a day on a computer and all 
have their 3D experience playing games with mouse and keyboard. For that reason we suspect those users to have 
certain expectations and so feel more familiar with the SpaceMouse. In addition, some of those users report the 
limited workspace and tiring pose when using the PHANToM as a disadvantage. 

6. Conclusion and future work 

In this work we presented a 3D camera metaphor using the PHANToM device with and without force feedback. This 
metaphor can eliminate the use of a second input device in a haptic setup. The performances of those conditions have 
been measured and compared to the navigation with a SpaceMouse in a formal usability test. As a conclusion we can 
state that, using the PHANToM, novice users act in the same way with the camera in hand metaphor as the 
experienced users. When those users are using the SpaceMouse there is a strong performance penalty. However, 
experienced users mostly choose for the SpaceMouse, while they perform equally in all conditions. Finally, we also 
can conclude that additional force feedback in a sense of an additional guiding plane doesn’t offer any benefits in this 
test. 
We believe the camera in hand metaphor will be of interest to introduce the novice user into 3D environments, but it 
can also be useful when manipulating a scene that is rather centralized in a limited volume. Although additional force 
feedback doesn’t seem to offer any benefits, we think, dependent on the task, additional stability can be obtained by 
finding a appropriate force factor, which is possibly somewhat smaller than the resistance force in our test. 
In our future work, we want to evaluate the effect of additional functionality to step out of the limiting workspace of 
the PHANToM. This can be achieved by e.g. homing the PHANToM without changing the virtual camera, or by 
moving the virtual camera when the users pushes the outer limits of the PHATNoM’s workspace [5].   

7. Acknowledgements 

Part of the work presented in this paper has been subsidized by the Flemish Government and EFRO (European Fund 
for Regional Development). 
We also want to thank the people of CIT Engineering and Porta Capena and all other volunteers for their 
participation in this test. 

8. References 

[1] C. Ware, S. Osborne. Exploration and Virtual Camera Control in Virtual Three Dimensional Environments. Computer 
Graphics 1990 Vol 24 Nr 2 

[2] G.A. Satalich. Navigation and Wayfinding in Virutal Reality: Finding Proper Tools and Cues to Enhance Navigation 
Awereness. http://www.hitl.washington.edu/publications/satalich/home.html 

[3] R. Pausch, T. Burnette. Navigation and Locomotion in Virtual Worlds via Flight into Hand-Held Miniatures. Computer 
Graphics 1995, Annual Conference Series, p 399-400 

[4] D.S. Tan, G.G.Robinson, M. Czerwinski. Exploring 3D Navigation: Combining Speed-coupled Flying with Orbiting. CHI 
2001 Conference Proceedings p. 418-425, Seattle, Washington, USA 

[5] T.G. Anderson. FLIGHT: An Advanced Human-Computer Interface and Application Development Environment. Thesis 
Master Of Science, 1998, University of Washington. 

[6] LogiCAD SpaceMouse; http://www.logicad3d.com/products/Classic.htm 
[7] T. De Weyer, K. Coninx, F.. Van Reeth Intuitive Modelling and Integration of Imaginative 3D Scenes in the Theatre, 

Proceedings VRIC 2001 p 167-173 
[8] Immersion Microscribe 3D: http://www.immersion.com/products/3d/capture/overview.shtml 
 
 



Fast Haptic Rendering of Complex Objects

Using Subdivision Surfaces

Chris Raymaekers Koen Beets Frank Van Reeth

Expertise Centre for Digital Media, Limburg University Centre
Wetenschapspark 2, B-3590 Diepenbeek, Belgium

{chris.raymaekers, koen.beets, frank.vanreeth}@luc.ac.be

Abstract

Haptic rendering of meshes of arbitrary topology is a difficult and time-consuming process. This
paper presents the use of subdivision surfaces in order to solve this problem. An overview of subdivision
surfaces is given and the algorithms needed to calculate the surface contact point are discussed. We will
show that this algorithm is faster than traditional algorithms.

Introduction and Related Work

Haptic rendering of complex objects needs a lot of calculating power. Even with modern computers, limiting
the number of calculations that need to be made on a complex object can be very difficult. Two approaches
are frequently used: mathematical representations of the objects, and polygonal models. The GHOST SDK
(SensAble, 2001) uses both methods: a mathematical representation is used for simple shapes, such as cubes
and cones, while arbitrary meshes are represented by a polygonal model.

Most of the time, only a limited number of polygons is used in order to keep the calculations within the
1ms interval of the haptics loop. However, this also limits the precision of the model. An alternative is the
use of mathematical representations, such as NURBS. This however introduces other problems: representing
models of arbitrary topology is for instance very difficult.

In our research, we would also like to deform the objects. Using NURBS, the seams of the patchwork can
become visible during deformation. This problem also occurs in computer animation and has been solved
by using subdivision surfaces. A famous example is the Pixar movie “Geri’s Game” (DeRose et al., 1999).

Subdivision Surfaces

A subdivision surface is a surface that is defined as the limit of a series of refinements M1,M2, . . ., starting
from an original control mesh M0. Because of this property, they support level-of-detail. Since they can
also be used to efficiently represent objects of arbitrary topology, and they can be modified easily to support
features such as creases and boundaries, it is no surprise subdivision surfaces are already used in computer
graphics and computer animation. Figure 1 shows a control mesh and the first refinement.

A wide variety of subdivision schemes for surfaces exist, with an equally large variety in properties. Two
of the most well-known subdivision schemes for surfaces are the Catmull-Clark scheme, which works on
quadrilateral meshes, as described in (Catmull and Clark, 1978), and the Loop scheme, which is triangu-
lar (Loop, 1987). The types of surfaces generated by these schemes differ, but the general principles of
subdivision surfaces remain the same. In our research, we use the triangular loop scheme because triangu-
lar polygons are very well suited for modelling freeform surfaces, and they can be easily connected to an
arbitrary configuration . For a detailed explanation of subdivision and subdivision surfaces, we refer the
interested reader to (Zorin and Schröder, 2000).

The Loop scheme, based on the three-dimensional box spline, is an approximating face-split scheme for
triangular meshes, invented by Charles Loop. The resulting surfaces are C2 everywhere except at extraordi-
nary vertices — with a valence different from 6 — where they are C1.



Figure 1: Loop control mesh and first refinement

An iteration of the scheme consists of two stages. In the first stage, known as the splitting stage, a
new vertex is added in the middle of each edge, and both the old and new vertices are connected to form 4
new triangles for each old triangle. In the smoothing stage, all vertices are averaged with their surrounding
vertices. This smoothing step, together with the weights used, is visualized in figure 2. Loop’s original choice
for β was β = 1

k ( 5
8 − ( 3

8 + 1
4cos( 2π

k )2), where k is the valence of the central vertex, but other choices are
possible as well (Warren, 1995). Figure 2 also shows that the support — which is the region over which a
point influences the shape of the limit surface — of the Loop scheme is small and limited.

Figure 2: Subdivision Mask of the Loop Scheme

Calculations using Loop Surfaces

During haptic rendering of polygon meshes, all of the object’s faces generally need to be processed. This
is no longer necessary with subdivision surfaces. The multiresolution properties of subdivision surfaces can
be exploited so that only the control mesh has to be processed as a whole. In the processing stages of the
following, more detailed, subdivision levels, the results of the previous test are used, thus leading to a smaller
number of polygons that have to be processed. This leads to a huge increase in speed.

As mentioned in the previous section, a subdivision surface is defined as the limit of a series of surfaces.
This gives rise to two interesting properties:

• Every face at level n− 1 can be linked to four faces at subdivision level n.

• As can be seen from figure 2, the new co-ordinates of a vertex are influenced by the surrounding
vertices. Using the loop subdivision scheme, most vertices have a valence of 6, so 6 vertices are needed
to calculate the new co-ordinates. Generalizing this for a triangle (figure 3), each vertex of the triangle
is influenced by its 6 neighboring triangles. Since a number of these neighboring triangles are shared,
12 neighboring triangles are needed to calculate the new co-ordinates of each of the triangle’s vertices.
The grey triangle in figure 3 is the triangle that is subdivided.



Figure 3: Area which influences a single triangle

The next two sections explain the 2 problems that need to be solved. In both cases the algorithm starts
from the control mesh at level 0, leading to an accuracy up to an arbitrary subdivision level n, which contains
4n times as much triangles as level 0 does.

Performing the inside-outside test

Consider a control mesh M0, consisting of a triangles. The following steps describe the algorithm that checks
wether a point p lies inside or outside the object.

1. Shoot a semi-infinite ray, starting at point p.

2. Select all the intersected faces and the face closest to the point being tested.

3. Extend this selection by including all triangles in the 1-neighborhoods of all vertices of the intersected
faces.

4. Replace all the selected faces by their subdivided children. The number of triangles is multiplied by 4.
Again test all triangles in this selection for intersection with the ray.

5. Check wether the number of intersections found is different from the previous number. This can happen
because the refined meshes ”shrink” in areas where the control mesh is convex. In concave regions, the
refined meshes grow outside of the control mesh.

If the number has changed, go to step 7, otherwise proceed with step 6.

6. If the required subdivision level is not yet reached, go to step 2.

7. If the number of intersections is odd, the point lies inside the polymesh. Otherwise it lies outside the
polymesh.

Calculating the SCP

Using the results of the previous calculations, the SCP can be calculated.

1. If in the previous algorithm the required subdivion level is found go directly to step 7.

2. Select those faces from the selected faces of the current subdivision level which are closest to the point
being tested.

3. Extend the selection to faces which contain vertices in the 1-neighborhood of all vertices in the selected
faces.

4. Replace the selection with its next subdivision level.


