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Abstract. This paper presents an efficient collision detection method for inter-
active haptic simulations of virtual environments that consist of both static and 
moving objects. The proposed method is based on a novel algorithm for predict-
ing the time of proximity between a pair objects and the appropriate employ-
ment of the calculated prediction in a complex virtual scene with multiple  
objects. The user is able to interact with the virtual objects and receive real-time 
haptic feedback using the PHANToM Desktop haptic device, while the visual 
results are shown in the screen display. Experimental results demonstrate the  
efficiency and the reliability of the presented approach compared to state-of-
the-art spatial subdivisions methods, especially for haptic rendering, where  
collision detection and response is a procedure of critical importance. 
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1   Introduction 

The goal of Virtual Reality is the immersion of the user into a virtual environment by 
providing artificial input to its interaction sensors, for example the eyes, the ears and 
the hands. While the visual inputs are the most important factors in human-computer 
interaction, virtual reality applications will remain far from being realistic without 
providing to the user the sense of touch. The use of haptics augments the standard 
visual interface by offering to the user an alternative way of interaction with the  
components of the virtual environment. Haptic rendering provides a realistic human-
computer interface for the manipulation of virtual objects, improving this way the 
level of immersion of the user into the virtual world. However, haptic interaction re-
quires the integration of efficient modules for the dynamic generation of contact and 
friction information. 

Collision detection is a major component of dynamic simulations responsible for 
enhancing interaction and realistic behavior between the virtual objects. Extended 
research has been performed in the area since the first applications of virtual reality 
emerged and excellent surveys of prior work can be found in [1], [2], [3] and [4].  

The majority of the previous work in collision detection emphasizes on queries be-
tween a pair of objects. The dominant approach in this field is Bounding Volume  
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Hierarchies (BVH). The hierarchy consists of primitive objects like spheres [5], 
AABBs [6], OOBs [7] or discrete orientation polytopes [8]. The main characteristic of 
bounding volumes is the existence of efficient methods to test for intersection  
between them. If an intersection is detected in the root of the BVH tree, the algorithm 
proceeds by checking the volumes in the children of the root and so on, until the leaf 
nodes are reached and the accurate points of collision are found. 

The previous methods are widely used for testing pairs of objects. However, as vir-
tual environments become larger, and include more complex objects, problems arise 
by the high computational cost of testing each pair. In such scenes it is inefficient to 
employ the brute force approach of testing all possible pairs of objects because most 
of the time, the objects are far from each other. Many approaches have been intro-
duced to overcome this difficulty by reducing the pairwise collision tests in large 
complicated 3D scenes. The most known are the Sweep and Prune technique [9, 10] 
and Space Partitioning methods [11, 12, 13, 14]. The Sweep and Prune technique can 
be used to maintain the objects of the scene in some sort of spatial ordering and  
therefore narrow down testing pairs to objects in adjacent positions of the sorted data 
structure. Space Partitioning methods divide space into regions and reduce testing in 
objects of the same region. The most notable of them is the Binary Space Partioning 
Hierarchy Tree [12], [13]. 

In this paper we present a new collision detection method for virtual environments 
containing a significant number of static and moving objects. The proposed method is 
based on a novel algorithm for predicting the time of proximity between a pair  
objects. Prediction is particularly useful in interactive haptic applications since with 
the appropriate object organization, the computational cost of collision detection can 
be dramatically reduced. In the rest of the text, the general aspects of the proposed 
framework are presented in section 2 while the implementation details of the ap-
proximate collision prediction algorithm are given in section 3. Further details about 
the interactive haptic rendering are presented in section 4 and the experimental results 
demonstrating the efficiency of the presented approach are given in section 5. 

2   Collision Detection Framework 

Broad/narrow phase methods have been widely used for collision detection between a 
large number of objects [16, 11]. In such systems, the broad phase is responsible for 
quickly eliminating tests between objects that are impossible to collide due to their 
distant positions [12, 13, 16], while the narrow phase performs collision tests in pairs 
of objects using accurate algorithms like in [6], [7] and [8]. From an abstract point of 
view, the two phases can be seen as ``black boxes''. The objects of the scene are given 
as input to the broad phase. The produced output contains all the pairs of objects to be 
further checked for collision, i.e. the broad phase cannot decide that there is no  
collision for them. These pairs are the input of the narrow phase which returns the 
accurate collisions for every object in the scene. 

In the broad phase of the proposed framework, collision prediction is employed in 
order to efficiently reduce the tested object pairs. The time value of possible collision 
for pairs of objects is estimated in continuous time, using a conservative prediction of 
the trajectories of the objects. The purpose of the prediction is to approximately  
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determine the time when the two objects will be in close proximity. Further collision 
tests are not executed in every frame but only in the time intervals where the objects 
are close to each other. Proximity is explicitly defined using the bounding spheres of 
each object. When the spheres overlap, the objects are considered to be close to each 
other. Otherwise the objects are considered to be far enough to be excluded from the 
narrow phase tests. 

The narrow phase follows tests each pair for collision using an external algorithm. 
By external we mean that it is not a structural part of the framework. If no collision is 
found for a testing pair, the objects of this pair remain in the narrow, until the respec-
tive bounding spheres stop overlapping. This feature differentiates the proposed 
broad/narrow phase approach from the usual one, as both phases function independ-
ently on the objects and not with the classical sequential method. Figure 1 displays the 
proposed approach for the broad/narrow phase. 

 

 

Fig. 1. The flow control diagram of the objects in the proposed framework 

3   Approximate Collision Prediction 

Prediction is performed utilizing the knowledge of the object’s motion and a simple 
geometric representation of each object that consists of bounding spheres. Spheres are 
preferred to other bounding volumes, because a simple distance check is enough to 
determine if a point lies in the interior or the exterior of the sphere, while being also 
rotation invariant. Furthermore, the registration of the Phantom haptic device is quite 
straightforward using a sphere at the probe position. 

In general, the objects are separated in Interactive Objects (IO) and Environment 
Objects (EO). IOs are considered to be controlled by the user while EOs are objects 
that “belong” entirely to the virtual environment. The substantial difference between 
them is that the motion of IOs cannot be defined accurately, while for the EOs it is 
well known. In common VR applications with haptic rendering there is only one IO in 
the scene, such as the Phantom probe. Both types of objects are considered to  
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translate along a second degree curve for a specific time interval. Although this  
assumption may seem restrictive, the actual motion of the object is not restricted, 
since the prediction algorithm needs only a second degree estimation of the real path, 
even if it is not accurate. The Least Squares Curve Fitting method [15] can be used to 
calculate an approximation based on points from the real path. 

We further extend this approach and instead of using just a specified path, a set of 
points around this path is considered to represent all the possible positions that the 
object could lie at a specified time. These points belong to the interior of an area de-
fined by an absolute deviation from the predicted path. The deviation extends to all 
directions, so that the possible positions of the object form a spherical volume. The 
center of this sphere moves along the estimated curve while the radius depends on the 
deviation. A 2D projection of the resulting path is shown in Figure 2 where s(t) is the 
estimated path and R(t) the deviation. 

 
Fig. 2. Estimated path with deviation. The deviation R(t) extends the predicted path s(t) in all 
directions. All points inside C indicate a possible position of the object at time t. 

R(t) is considered a simple second degree polynomial such as R(t) = a + bt + ct2. 
Deviation is also considered positive and monotonically increasing because as time 
passes, is more probable that the object will diverge from the path. Hence, the devia-
tion model should “tolerate” this change in order to have a valid estimated path for an 
acceptable time interval. 

3.1   Estimation of Proximity 

The bounding sphere of an object combined with the estimated path and the deviation, 
result in a moving bounding volume which increases with time, as shown in Figure 3, 
where S is the bounding sphere of the object and S΄(t) is the extended moving bound-
ing volume. The following analysis involves two objects with arbitrary deviation in 
their movement. It is then trivial to extend to the specific cases (EO-EO, IO-IO,  
EO-IO). 
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Fig. 3. Moving bounding volume. As the bounding sphere S of the object moves along the  
estimated path s(t), the deviation R(t) forms a new extended bounding volume S΄(t). 

Let s1(t) be the path, R1(t) the deviation and r1 the radius of the bounding sphere of 
the first object and s2(t), R2(t) and r2 for the second object respectively. The time of 
collision between the moving bounding spheres can be calculated by solving 

r(t)R(t)R|(t)(t)| 2121 ++≤− ss  . (1) 

for min(t > 0), where r = r1 + r2. Squaring the previous equation ends up to a fourth 
degree polynomial equation for t, as R1(t), R2(t), |s1(t)-s2(t)| are second degree poly-
nomials. The complexity of solving (1) is prohibitive for real-time applications. To 
reduce the computational cost, a linear approximation of each path is used. Let tinit and 
tfinal be the minimum and maximum time values of the interval to check for collision. 
Let s(t) denote any of s1(t) or s2(t) and R(t) any of R1(t) or R2(t). Then s(t) can be  
approximated in [tinit, tfinal] from the line segment given by 

uss m)(t(m) init +=  . (2) 

for m in [0,1] and u = s(tfinal) - s(tinit). The same approximation can be employed for 
the deviation R(t), where R(m) = R(tinit)+mDR and DR = R(tfinal) - R(tinit). Figure 4-(a) 
shows the maximum error value caused by the approximation. To deal with this  
error, the bounding volume extends further in order to enclose the disregarded area 
(Figure 4-(b)). 

Let terror be the time of the maximum approximation error and verror = s(terror) - s(tinit) 
be the vector from the starting position of the estimation to the position of maximum 
error. It is trivial to prove that 

2)t-(ttt initfinaliniterror +=  . (3) 

and the maximum error emax equals to 
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Fig. 4. Figure (a) displays the maximum absolute value of the approximation error which corre-
sponds to the maximum distance between the linear approximation s(m) and the path s(t). The 
error is used to extend the bounding sphere Cint, moving along the linear interpolation, so that it 
includes the disregarded area of C, as displayed in (b). 
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⋅=  . (4) 

The same error correction is not necessary for the approximation of R(t). As can be 
easily seen, R(t) is convex on the interval [tinit; tfinal]. Consequently, the approximate 
deviation results to a larger moving bounding volume and no collision will be missed. 
Finally, equation (1) can be replaced by 

212121 eer(m)R(m)R|(m)(m)| ++++≤− ss  . (5) 

where e1 and e2 are the maximum approximation errors for the two objects. Let P(m) 
be the polynomial defined as 

2
2121

2
21 )eer(m)R(m)R(|(m)(m)|P(m) ++++−−= ss  . (6) 

Equation (5) holds when P(m) is negative or zero. Note that the valid approxima-
tion interval of m is [0,1] because outside this interval, m corresponds to time values 
outside [tinit; tfinal]. That means that not every root of P(m) is a valid collision time. If 
ms is a valid solution of P(m) according to the previous analysis, then the estimated 
time tcollision of the next future collision can be approximated by 

)t-(tmtt initfinalsinitcollision +=  . (7) 

If there is no possible collision, then we can be sure that there is no collision  
until tfinal. 

4   Interactive Haptic Rendering 

Briefly, haptic rendering involves the process of detecting human-object collisions and 
generating the appropriate feedback depending on the texture and the “sense” of the 



400 A. Vogiannou et al. 

virtual objects [17], [18], [19], [20]. While all modules are important in human-
computer interaction [18], in this paper we focus only on collision detection. In par-
ticular we are interested in virtual environments with a significant number of objects. 

For the haptic interaction in the experiments, we employed the PHANToM 
(http://www.sensable.com). The PHANToM is a general purpose haptic device from 
SensAble Technologies providing highend force feedback while being very simple to 
use. It has six degrees of freedom for reading the position of the probe and three or six 
degrees of freedom concerning the feedback, depending on the model. 

In the proposed collision detection method, the probe acts as the single IO in the 
environment while all the other virtual objects are considered as EOs. The user is able 
to interact with every EO in the scene by setting it in motion, if it is static, or chang-
ing its direction, if it is already moving. The challenging part of this simulation is to 
handle collisions and contact in real-time. 

For the rest of the haptic rendering update, force feedback is calculated using a 
standard spring force model. The force applied to the user is perpendicular to the object 
surface depending on the spring constant that which represents the physical properties 
of the simulated object and the penetration depth of the probe into the object. 

5   Experimental Results 

Experimental tests were conducted to evaluate the performance of the proposed 
framework. The results elaborate on the performance gain in a real-time application 
and the comparison with other state-of-the-art approaches for broad phase collision 
detection. The algorithms of the proposed framework were developed in C++. Other 
two software packages were used in the tests: SOLID 3.5 (http://www.dtecta.com/) 
and ODE 0.9 (http://www.ode.org/). SOLID is a collision detection software package 
containing both broad and narrow phase algorithms, described in detail in [21]. ODE 
is a general rigid body simulation library with a collision detection engine which  
employs a Multi-resolution Uniform Grid or a Quad Tree [11] in the broad phase. 
Tests were performed using a Core2 6600 2,4GHz CPU PC with 2GB of RAM and 
GeForce 7600 GS Graphics Card. 

Table 1. Average performance gain of the proposed approach over state-of-the-art methods 

Number of 
Objects 

Brute Force Sweep & 
Prune 

Quad Tree Uniform 
Grid 

20 97.9% 83.3% 80.4% 82.1% 
40 96.3% 51.8% 51.4% 49.9% 
60 97.8% 60.7% 62.6% 64.6% 
80 97.9%  46.1% 54.8% 59.7% 

100 97.4%  32.7% 38.7% 39.9% 

During the experimental tests, the user was free to “touch” a number of static or 
arbitrary moving virtual objects using the PHANToM probe. The comparative results 
concerning the performance are displayed in Table 1. The first thing to notice is that 
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the brute force approach is an order of magnitude slower than the other methods, and 
the difference increases as more objects are added to the scene. This fact clearly  
suggests that the brute force approach is extremely aggregative for the application. 
Comparing the proposed method with the other methods, there is an almost constant 
improvement in the average performance. The update rate of the application varied 
from 80 Hz to 450 Hz. The improvement of the proposed method comprises a major 
advance in haptic interaction since it is very important to achieve very high update 
rates in order to produce realistic haptic feedback. 

5.1   Performance Analysis 

A concrete asymptotic analysis of the performance of the proposed method would 
conclude in a rather obscure result that could not give a clear picture of the algorithm. 
Therefore, it is preferred to describe the general characteristics of the proposed 
method. The overall performance highly depends on the frequency of collisions be-
tween the objects in the scene. Theoretically, the worst case is O(n2) and occurs when 
every object is near with all the other objects. However, the possibility of such a case 
is almost zero for large n in practical applications, as the usual case for the objects is 
to be near at discrete time intervals. The average performance can be roughly consid-
ered as O(nc + k) where k is the number of pairs in the narrow phase and c is the 
number of objects that need estimation of future collision. The gain is higher for  
limited number of collisions in the scene, even for large number of objects, which can 
be relatively close to each other. It is also important to note that when no objects are 
near with each other, the performance is almost constant. 
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