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Abstract— As the number of Interactive Virtual Environments 
over the Internet for gaming or training purposes has increased 
dramatically in recent years, there has been the need for making 
these environments appear more natural and real. Avatar 
locomotion is an important contributor to improving the realism 
of interactive 3D virtual environments.  This paper presents a 
novel collision detection and avoidance algorithm that prevents 
avatars from colliding with each other or obstacles in their bath 
while moving in a linear as well as in a curvilinear motion with 
changing velocities. 
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I. INTRODUCTION

With the growing popularity of online gaming, social 
networking, training, and entertainment over collaborative 
virtual environments, has led to the research demand for 
making the user’s presence and participation in these 
environments appear more natural and real. Avatar locomotion 
is an important contributor to improving the realism of 
collaborative virtual environments (CVEs). One of the 
interests of many researchers is investigating the locomotion 
characteristics of Avatars in a CVE, with a primary focus on 
avatar collision detection and avoidance in virtual scenes 
[6][12]. 

Many collision management solutions for avatars in CVEs 
have been proposed. Cohen et al [5], Patrick et al. [7], Wilson 
et al. [9] and Xiao et al. [10] – all proposing techniques to 
improve collision detection in virtual environments. Some of 
these include direction indicators, maps, path restrictions, and 
artificial force field algorithms. These algorithms though, 
focused on a collision detection of an avatar with static objects 
in its path and not with other moving avatars present in the 
same virtual scene. 

A more recent Avatar-Avatar collision detection scheme, 
AACD [13], uses the Voronoi theory [4], to provide an 
effective linear solution for collision-free movement of an 
Avatar in a CVE.  AACD however, has as a major limitation, 
where in order for two Avatars to effectively exercise 
horizontal collision management, they must be in direct line of 
sight with each other. 

This paper extends the AACD scheme by proposing a 
Curvilinear Avatar with Avatar Collision Detection scheme 
(CAACD) to achieve a collision-free collaborative virtual  
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Figure 2. Avatar representation in CAACD 

environment for avatars going in a linear as well as curvilinear 
motion [3] with changing velocity. 

The rest of this paper is organized as follows. Section 2 lists 
the design concepts for the CAACD. Section 3 explains the 
CAACD algorithm. The CAACD architecture design is 
covered in section 4. Some of the simulation results are 
revealed in section 5. Section 6 concludes the paper with a 
discussion of future works. 

II. CAACD DESIGN CONCEPTS

The Avatar-Avatar collision avoidance scheme, AACD, 
uses the Voronoi theory, which provides an efficient, 
componentized mechanism, modeled around real world human 
collision avoidance behavior [13]. The concept of Voronoi 
theory adopted in the AACD model is based on the 
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that if ( ) prerep rBAdr ≤< ,  the Avatar state is set to Critical.

A collision occurs when the distance ( ) reprBAd ≤, , as shown 
in Fig. 6. 

If the repulsive zones 1Z  and 2Z  of both avatars intersect 
at point in time nP , nt  along the radii of their precaution 
fields, an avoidance event will occur to alter the elements of 
motion -  v (velocity), θ (angular direction), ta (acceleration 
in direction of velocity to change the velocity’s magnitude),  
and na (centripetal acceleration perpendicular to velocity to 
change the velocity’s direction), for either A or B, or both. 
Similarly, for an avatar A approaching an Obstacle O, if the 
repulsive zone 1Z  of A overlaps the precaution field of O, an 
avoidance event will occur to alter the parameters of motion 
for A.

Additionally, each avatar is equipped with a steering 
parameter and navigation probes (an avatar’s projected 
repulsive zone). These probes acquire data, to approximate 
collision and avoidance factors that contribute to determining 
locomotion parameters before taking the next step.  

III. PROPOSED CAACD ALGORITHM

The Curvilinear Avatar with Avatar Collision Detection 
scheme (CAACD) divides the overall collision detection into 
three phases: Collision Determination, Collision Avoidance 
and Path Amendment.  Based on the distance between two 
Avatars, and their velocity and correlative information, 
Collision Determination estimates whether a potential 
collision exists, and generates a Collision Avoidance event if it 
does.  Collision Avoidance amends an Avatar’s navigation 
speed and direction to avoid a potential collision and generates 
a Path Amendment event.  Finally, Path Amendment aims at 
maintaining an Avatar’s original path and navigation 
destination to avoid unnecessary spatial loss while 
guaranteeing the user’s spatial awareness while interacting in 
the scene. 

A. Collision Determination 
Each Avatar in our simulation was assigned its own target 

destination. These target destinations were implemented 
randomly such that one or more Avatars may have interest in 
the same target destination nP . If two Avatars arrive at a 
common, or in close proximity to a destination nP , they must 
negotiate which Avatar is allowed to proceed, and which must 
wait.  In our model, a random generator is used to set Avatar 
target destinations such that, all destinations are set outside the 
radius of all Obstacle Alert fields in the scene. 

As avatars A and B converge on nP  it is important to note 
that their Tolerable and Precaution fields will overlap before 
their Repulsive fields intersect at nP . As a result, it is 
important to estimate the relative speeds and converging 
distance between A and B as they approach nP  if Avatar 

locomotion is to be collision free.  Initially, at 0t ,

TolerableBA statestate =,  and 3, TBA =ττ , a threshold 

minimum Alert arrival time. 3T  is a reasonable threshold time 
estimate since the Alert protection field has a larger radius 
than the repulsive or precaution field. 

In the CAACD model, avatar A’s approximate arrival time 
τ  is determined as a function of the relative projected distance 

dR  between A and B and the relative speed sR  of B to A.
Therefore, at 1t , approximate convergence distance dA

between A and B is determined using the relative velocity vR
and relative position pR  locomotion components of BA, ,

and relative speed sR  is determined as the magnitude of vR .
Therefore, if relative velocity  

vvv ABR −= (1) 

then relative speed 

vs RR = (2) 

Using the relative normalized tangential velocity 

v
v

t R
R

R *1= (3) 

and the relative position 

ppp BAR −= (4) 

the projected distance dR  between A and B is defined as the 
dot product of their normalized tangential velocity and relative 
position, such that 

ptd RRR .= (5) 

Hence, dR  relative to nP  is computed as 

zpztypytxpxtpt RRRRRRRR ...... ***. ++=
With dR and sR known, the estimated convergence arrival 

time τA  of A  to B  is 

sd RRA =τ (6) 

If 3TA >τ , TolerableBA statestate =,  and no avoidance 

initiatives are undertaken.  However, if 30 TA <≤ τ , the 
positions of all avatars in close proximity to A  are computed 
in order to determine the avatar which poses the greatest threat 
to A .  This proximity information coupled with arrival time 
estimates computed above is used to establish the possibility 
of collisions, and negotiate collision avoidance. 

Using the estimated arrival time τA  computed in equation 
(6), and the actual Avatar positions pp BA , , the distance dB
(distance of the Avatar with greatest collision threat to a 
specific Avatar) is computed and compared with 
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alertprerep rrr ,,  to determine if B , in its current position, 

poses a potential Critical or Alert threat.  Therefore, at 1t , if 
BA,  current convergence positions are 

( )vpcp AAAA *τ+= (7) 

and 
( )vpcp BABB *τ+= (8) 

respectively, then the relative convergence position RcpB  of 
B  relative to A  is 

cpcpRcp BAB −= (9) 

Hence, by computing the approximate length of vector 

RcpB , the relative convergence distance dB  of the Avatar 
with the greatest threat to A  is: 

( ) ( ) ( )( ) 21 ** λλ MaxRcpSumRcpMaxRcpd BBBB −+= (10) 

where ( )MaxRcpB  is the coordinate yx,(  or )z  with the 

highest numeric value for vector RcpB , ( )SumRcpB  is the sum 

of the coordinate values yx,(  and )z  for vector RcpB , and 

21,λλ  are decimal constants whose numeric sum 
approximates to 1.0.   

If pred rB ≤  a Critical threat is signaled.  If alertd rB ≤

an Alert threat is signaled.  However, if alertd rB >  there is 
no immediate threat to be reported.   

If a potential Critical or Alert threat is detected, the 
CAACD system shifts into collision avoidance mode where 
the best evasive collision avoidance option is determined and 
adopted.  Avatar parameters for current and relative 
convergence positions, velocity, speed and directional forces 
are integrated in order to derive an amicable solution to a 
potential threat. 

B. Collision Avoidance 
Collision avoidance for Avatar A  is managed using a 

combination of three directional vectors sidefwdup AAA ,,  for 
upward, forward and lateral motion respectively.  These are 
used to influence sA'  current velocity by injecting upward,
forward and lateral forces, as and when required, into its 
current trajectory causing angular shifts in motion in a 
particular direction, and hence collision avoidance.  Initially, 
all directional vector components are set to zero 
values: 0,0,0=upA , 0,0,0=fwdA , 0,0,0=sideA .

LSVA is designed so that directional vector coordinate 
parameters computed in this step are used to influence an 
Avatar’s trajectory during its next step.  Therefore, values for 

sidefwdup AAA ,,  computed at 0t , are used in determining 
the locomotion parameters for Avatar A  at 1t .

Lateral avoidance lavoidA  for Avatar A  is computed as 
the multiplicative product, of the dot product of the difference 
of sA'  current position and sB'  relative convergence position 
in relation to sA'  upward directional force upA  as revealed in 
equation (11).  

( )( )( ) upupcpplavoid AABAA *.−= (11) 

Therefore, we compute all lateral avoidance forces lavoidA
as a function of an Avatar’s position.   

Forward avoidance vector coordinate components are also 
computed as a function of Avatar positions.  These directional 
vectors can be used to either speed up, or slow down an Avatar 
based on its current velocity relative to a predetermined 
threshold MaxSpeed .  If sA'  current speed, taken as the 
magnitude of its velocity, is lower than the threshold 

MaxSpeed , ( )( )3* λMaxSpeedAv < , sA'  current forward 

directional vector is adopted as its new forward directional 
vector fwdfavoid AA = .

fwdfavoid AA =  if ( )( )3* λMaxSpeedAv < (12) 

However, if sA'  current speed is greater than the threshold 

MaxSpeed , ( )( )3*λMaxSpeedAv > , forward avoidance 

becomes a function of the multiplicative product, of the dot 
product of the difference of BA,  relative convergence 
positions, and sA'  forward directional vector component such 
that 

( )( )( ) fwdfwdcpcpfavoid AABAA *.−=

if ( )( )3*λMaxSpeedAv >
(13) 

After finalizing directional vector components, 

favoidlavoid AA ,  for lateral and forward avoidance 

respectively, a combined navigational steering force steerA  is 

applied to sA'  velocity vA  prior to A  taking its next 
locomotion step.  Therefore if  

favoidlavoidsteer AAA += (14) 

then sA'  new velocity 

steervv AAA += (15) 

The resultant steerA  force is designed to skew the original 
trajectory taken by Avatar A , away from potential threats, as it 
navigates towards its target destination. 

C. Path Amendment 
Destination parameters are introduced in the path 

amendment model so that regardless of the avoidance, or 
penetration constraint action taken, the optimum path for the 
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next step of the journey is determined.  Hence, consideration is 
now given to sA'  target destination, relative to its current 
locomotion parameters.  For every target destination a 
threshold deceleration distance decelψ  is defined.  Hence, 
Avatar A  is constantly decelerated until its Repulsive field 
origin completely overlaps its corresponding target destination 
origin.  At this point sA'  velocity is then set to zero. 

IV. CAACD ARCHITECTURE DESIGN

The CAACD is implemented as a partitioned, layered 
architecture with three (3) major layer components.  These 
include the CAACD Application Layer (Layer 1), the Local 
Space Vector Analysis (LSVA) Object Management Layer 
(Layer 2), and the Hardware Layer (Layer 3), as displayed in 
Fig. 8. 

The application layer presents the User Interface 
components, required for user interaction with the model. The 
controls on the user interface allow users to manipulate or 
adjust avatar locomotion parameters such as Mass, Force and 
Speed prior to launching an instance of the simulation. This 
allows the selection of the optimum parameter combination, 
for collision free Avatar locomotion to be determined, thereby 
ensuring maximum navigation efficiency and effectiveness for 
all Entities in the scene. 

The LSVA Object Management layer contains two sub-
layers; the Object Initialization Layer and the Object 
Curvilinear Motion Layer.  The Object Initialization Layer 
ensures that all entities, protection fields, threshold constants 
and locomotion parameters are created and initialized, in 
preparation for scene interaction. Once initialization is 
complete, the Object Curvilinear Motion Layer activates and 
takes responsibility for the real time management of all scene 
Entities, as Avatars navigate around Obstacles and other 
Avatars.  Avatar velocity, position, directional forces, status, 
and protection states are all monitored and regulated in this 
layer. 

No hardware devices were implemented in our simulations.  
Therefore, instead of user controlled Avatar locomotion and 
target destinations via input devices, the simulation randomly 
generates an Avatar’s initial locomotion parameters, and its 
target destination for each Avatar participating in the scene.  
However, Human Interface Devices such as joysticks and game 
pads can be easily integrated into the simulation for user 
interaction convenience. 

V. SIMULATION RESULTS

A number of simulations were conducted on a two-
dimensional (2D) space, as shown in Fig. 9 by varying the 
number of Avatars, ranging from five (5) to one hundred (100).  
Once activated, Avatars navigated the virtual space randomly 
while attempting to avoid fixed obstacles as well as each other.  
Many simulations were conducted and with each one, 
locomotion parameters including Mass, MaxSpeed and 
MaxForce were manipulated to determine the parameter  
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Figure 8. Architecture of CAACD 

combination that would yield the optimum result for minimum 
collisions. 

Obstacles in the scene were represented by grey circles of 
varying sizes. The concentric inner and outer circles around an 
obstacle represent the obstacle's repulsive and precaution 
fields respectively. An obstacle's position is fixed in the virtual 
scene for the duration of the simulation. Avatars in the scene 
were represented by mobile small circles of equal sizes, as 
shown in Fig. 9. The concentric inner, middle, and outer 
circles around an avatar represent the avatar's repulsive, 
precaution, and alert fields respectively. The short straight line 
and the white parallel lines attached to an Avatar, represent the 
current navigation bearing and Repulsive zone respectively for 
the current locomotion of an Avatar. Each intended destination 
in the scene was represented by a black target symbol. Those 
targets were selected randomly and every avatar is aware of its 
target and must follow a path to reach it. 

Locomotion parameters used in documenting the results of 
the various simulations were structured as 
Mass/MaxSpeed/MaxForce respectively.  The individual 
parameter values varied depending on the parameter being 
tested in the current simulation.  The range of values tested for 
each parameter are listed as follows: FMassF 0.20.1 ≤≤ ,

FMaxSpeedF 2.14.0 ≤≤ and 
FMaxForceF 20.002.0 ≤≤ , with F represent Float Units. 

The locomotion parameters 1.0/1.0/0.06 and 1.0/0.8/0.06, 
for Mass/MaxSpeed/MaxForce respectively, produced a 
relatively high number of collisions when compared to the all 
other locomotion parameter combinations assessed in this 
simulation.. Generally for these parameters, the number of 
collisions was 2≤  for 10≤ Avatars, 4≤  for 30≤  Avatars, 

8≤  for 40≤  Avatars, and 11≤  for 50≤  Avatars.  However, 
the number of collisions increased significantly to a maximum 
of 109≤  when the number of Avatars ranged from 50-100 as 
depicted in Fig. 10. 
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Figure 9. Simulation evironment with obstacles and avatars 
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Figure 10. Target high vs. Overall avg. frequency collisions 
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Figure 11. Target low frequency collisions 

However, after removing the locomotion parameters 
1.0/1.0/0.06 and 1.0/0.8/0.06 from the result set of the Target 
Curvilinear Motion simulation, the remaining combinations of 
Mass/MaxSpeed/MaxForce demonstrated results indicating a 
relatively Lower Frequency (LF) of Avatar collisions. 
Generally for these parameters, the number of collisions was 

2≤  for 10≤  Avatars, 4≤  for 30≤  Avatars, 6≤  for 40≤
Avatars and 7≤  for 50≤  Avatars.  However, the number of 
collisions increased to 23 when the number of Avatars ranged 
from 50-100 as depicted in Fig. 11. .  The bold line, shown in 
Fig. 11, indicated the most effective locomotion parameter 
combination of 2.0/0.4/0.06, which across all parameter 
combinations investigated in the Target simulation, generated 
the least collision situations. 

From these simulations, one can observe that the CAACD 
algorithm was able to provide collision avoidance capability for 
a large number of avatars within a confined space. But as the 
speed of each avatar and the number of avatars increase within 
that limited space, the number of collisions generated will 

naturally increase. Therefore to minimize the number of 
collisions generated by avatars, the MaxSpeed threshold and 
the number of avatars allowed within a confined space should 
be set appropriately. 

VI. CONCLUSION

The While the AACD algorithm did present a collision 
detection scheme for moving avatars, it took into consideration 
a horizontal collision detection scheme for avatars moving at 
constant velocity with a non-linear locomotion. This paper 
extended the work of the AACD algorithm by presenting the 
CAACD, which accommodates collision detection with 
changing speed and curvilinear motion. 

Future research work will focus on extending the avatar 
state information to play a more integral role in the avatar 
collision management process by assigning several priority 
levels to each of the states. Hence, minimize the number of 
collisions in an environment with high volume of avatars. 
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