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Abstract

Axis Aligned Bounding Box (AABB) is a popular method for object collision detection in distributed virtual environment (DVE). Actually,
besides AABB several researchers have found better methods but those methods are not used in DVE. The simplicity of AABB is one of reasons.
Another side, researchers have found several methods to make a scalable DVE to accommodate huge users. Object-based simulators architecture
is one of them. It uses a simulator for an object in DVE. This paper aims to determine the comprehensive effects of implementing AABB in DVE
and to enhance AABB implementation in DVE using object-based simulators architecture in order to be able to use other object collision detection
methods in DVE. This research had four stages. First stage, we developed DVE application. The second stage was running AABB in DVE. In
this stage, we also determined characteristics of AABB implemented in DVE. Third, we implemented AABB in object-based simulators
architecture. This architecture used more simulators to manage objects. Finally, we analyzed and compared the results to the common existing
DVE. There were three parameters measured in this research: runtime, frame rate and CPU usage of simulation application. The experiment
results showed that computation complexity was the most important thing to be considered in DVE because DVE always updates its environment.
Adding a few workloads into AABB degraded strictly performance of DVE. The results also showed that the enhanced AABB implementation
in DVE using the object-based simulators architecture could rich the user experiences. The average runtime, frame rates and CPU usages using
this architecture are 0.001 second, 239 fps and 20.94%, respectively. These achievements are better than common DVE. This novel approach
could be used to implement other better collision detection algorithms in DVE such as oriented bounding box (OBB).
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1. Introduction

Virtual environment (VE) is an environment that imitates the real one and makes user feeling as residing in the real
world. Therefore, all activities and situation in the VE should meet the real environment requirements. If VE involves
some users locating in different places geometrically, it is known as distributed virtual environment (DVE). Currently,
DVE has been used widely in many applications such as training simulation, social communities, education, laboratory,
games, etc. Even DVE has been used as a powerful tool for autism children training [1], [2], [3]. An aspect in a real
world influencing the VE is that two objects are not able to occupy the same point in a space at the same time. Generally,
object representation in VE does not allow penetration between objects. Therefore, to develop a virtual environment
that represent a real world this constraint has to be fulfilled. One of important tasks in VE is to detect collision among
objects. Thus, we can formulate that collision detection is a mechanism which is able to detect when and where the
objects will collide [4].

Generally, collision detection can be divided into two categories: discrete and continuous. First, discrete collision
detection is a method that just detects the collision at a certain time, for instance at timet. Its consequence is this method
misses many collision detections between two consecutive configurations. It is called tunneling problem. This method
does not require many computations. Therefore, this method gives faster processing. Different from the first method,
the continuous collision detection can address the tunneling problem because it uses interpolation algorithm to examine
the collision in a continuous movement. The continuous collision detection yields more accurate solution for collision
detection. Unfortunately, this continuous collision detection method is slower than discrete method [5]. Generally,

*Corresponding author: Elfizar (elfizar@lecturer.unri.ac.id)

4DOI: https://doi.org/10.47738/jads.v5i3.226

This is an open access article under the CC-BY license (https://creativecommons.org/licenses/by/4.0/).
© Authors retain all copyrights



Journal of Applied Data Sciences ISSN 2723-6471
Vol. 5, No. 3, September 2024, pp. 1286-1298 1287

continuous collision detection uses bounding volume that can be done by using box, sphere, etc. One of the methods
including in this category is Axis Aligned Bounding Box (AABB) [6], [7], [8].

Since its reliability in detection process, continuous collision detection methods have been used in many researches to
invent the new faster method. Tang et al. [9] had used linear interpolation between model vertices and computed the
first time of collision occurred based on hierarchy selection. Curtis et al. [10] had also done basic testing between
triangle pairs. Shellshear et al. [11] used parallel computation to accelerate the continuous collision detection.
Capability improvement of current processor that uses multi cores inspired that research [12]. Tang et al. [13] yielded
parallel collision detection algorithm. That algorithm was run parallel on eight and 16 cores CPU. Each computer gave
collision detection speed of 7x and 13x faster than common computer, respectively. Another side, several researches
accelerated collision detection speed using Graphics Processing Unit (GPU) [14], [15], [16], [17], [18]. Different from
CPU, using GPU processors are very suitable for parallel computation since the number of GPU cores is greater than
CPU cores, and GPU has more bandwidth than CPU [19], [20], [21], [22].

Restricted bandwidth of both CPU and GPU made researchers integrate CPU and GPU to compute the collision
detection among objects [23]. Kim et al. [24] used four cores CPU and two GPU. The results show that it can accelerate
the computation speed from 50% to 80%. Unfortunately, the improvement in these researches is not followed by the
implementation of those methods in DVE. The DVE is still using simple method to do the collision detection among
objects i.e. AABB. Therefore, the latest virtual environment application generated by developers always use the same
method. Qi etal. [25] used AABB to handle collision detection for underground pipelines. Elfizar et al. [26] had found
a method to make the DVE able to access by huge users. This architecture is able to make a large scale distributed
virtual environment [27]. It is called object-based simulators architecture. It can yield the significant decrease of
runtime and memory use. This architecture has more simulators to handle objects residing in DVE [28], [29].

In this paper, we determine the comprehensive effects of implementing AABB in DVE. The characteristics of AABB
is find out in order to answer why many DVE developers still use AABB to handle the collision. These characteristics
are used to determine the limitation of common existing DVE. To address the limitation of DVE we propose a hovel
approach to enhance the AABB implementation in DVE. The novelty of the proposed approach is that the AABB is
done by many simulators in DVE to handle the collision. There are three contributions of this paper. First, we study
characteristics of the common existing DVE. With these characteristics, we are able to find the limitation of DVE in
handling the collision. Second, we deliver enhanced AABB method implementation in a DVE. The result can be used
by developers to build a large scale DVE and remain able to detect collision detection faster. Finally, we yield the novel
approach that can be used by researchers to implement other better collision detection algorithm in DVE. The rest of
the paper is organized as follows: Section 2 describes the literatures review: AABB method and the object-based
simulators architecture. The experiment scenario, several stages and hardware used in this research are described in
Section 3: the research method section. Further, Section 4 presents and describes the experimental results. Finally, the
paper delivers the conclusion at Section 5 and the future work at Section 6.

2. Literature Review

2.1. Axis Aligned Bounding Box Method

AABB is one of the continuous collision detection methods. Each object is covered by a box as illustrated in 2D by
figure 1. In three-dimensional (3D), this box is drawn aligning with each axis in coordinate system (X,Y,Z) [6]. Assume
that we have two balls. If each side of boxes is projected onto each axis, then these two objects can be determined
whether they collide or not. Figure 2 shows us two objects that do not collide because projection intervals between
both objects in X-axis do not overlap (K1-L1 and K2-L2 interval do not overlap). Mathematically, this condition meets
the expression L1 < K2 AND K1 < L2. Further, figure 3 shows two colliding objects because projection intervals
overlap on both axis (X and Y). Therefore, collision between two objects occurs in VE if the projection intervals
overlap on each axis (X,Y,Z2).
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Figure 1. A box covering
an object (in 2D)
Based on figure 3, the collision will occur when this expression below is satisfied for the X-axis: L1 > K2 AND K1 <

L2. This expression also occurs in other two axis. An important thing to note about that expression is that it is made up
of a series of AND which means that evaluation will stop as soon as one of the conditions fails.
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Figure 2. Nonoverlap projection intervals ~ Figure 3. Overlap projection intervals

2.2. Object Based Simulators Architecture

The object-based simulators architecture uses the concept that simulator is no longer a single process that controls
many objects. Each object is acted as a simulator. It is inspired by the concept that we look at DVE as a collection of
objects such as trees, animals, houses, boxes, avatars etc. In DVE, several objects are static and the others are dynamic.
The dynamic objects are able to interact with other objects. Each object is an independent process in the DVE. It can
determine its appearances and behaviors in the environment. For instance, avatar is an object and it is a process that
has specific appearances and behaviors. This process maintains how the avatar should walk, handshake, sit, and other
activities. The avatar may reside in any region or scene in DVE using its properties. The region just calls this process.
This viewpoint is called object-based viewpoint that is very different from the common DVE architecture.

Actually, object-based viewpoint is motivated by the real-world environment. We can easily see person, buildings,
animals, trees, etc. They are objects composing the world and each has distinct appearances and behaviors. Those
properties are controlled by the object itself [28]. Each object is independent process and separated from other objects.
The universe terminology is used to show that objects reside in a continuous space. It differs from the existing DVE
which uses a partitioned space. A process that handles the appearances and behaviors of object is called object simulator
[29]. Several object simulators are shown by figure 4 (right side).

Simulator of
object 1

Simulator of
object 2
Exlisting

Simulator (s)

Simulator of
ohject 3

Simulator of
object M

Figure 4. Existing and the object-based simulators

Figure 4 also shows the difference between simulator used by the existing and object-based viewpoints. Based on figure
4, representation of the current viewpoint is the left side of the figure. This simulator simulates many objects. Different
from the left side, the right side of this figure represents several simulators based on the number of objects. It aligns to
the object-based viewpoint. This model makes object independent in managing itself [29]. The architecture of the
object-based simulators (OBS) is shown by figure 5.
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Figure 5. Object based simulators architecture

The universe component is responsible to determine what objects reside in the environment, their location, and their
physical properties. It stores object properties in a DVE such as object identifier, position, and physical properties.
Object sim is a simulator that has two components in managing an object: scripts and physics engine. Scripts engine is
used to run the object scripts. It determines the appearances and behaviors of object. Physic engine runs the physics
simulation of the object. This engine ensures that the object in the DVE enforces the physics laws such as gravity pole,
collision, etc. Content Delivery Network (CDN) is the same as CDN component in the Sirikata architecture [30]. It
stores permanent data and delivers data to the other components. Meshes that are used to display objects are example
of the data stored on CDN. Viewers are able to download them to view the VE. The CDN is able to be as simple as a
web server. It really needs only to serve requests for files.

There are several advantages of object-based simulator architecture. First, object simulator is an independent process
so that it can reside in distributed computers. Therefore, scalability with the additional hardware is not an issue. Second,
identification of object is able to be done using simulator ID where existing DVEs still use server ID. It supports the
migration of simulator and does not affect the overall simulation process. Third, the object simulator workload is
smaller than existing DVE simulators. Therefore, if the number of objects increase in DVE then it does not affect the
simulator itself. This advantage eliminates the algorithm of workload distribution among servers as occurred in existing
DVE.
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Figure 6. CPU usages of Sirikata and OBS

Elfizar et al. [26] has used Sirikata (existing DVE simulator) to be compared to the object-based simulator. The results
show that the object-based simulator scalability and performance are better than the Sirikata. Figure 6 shows the CPU
usages of both Sirikata (red) and object-based simulator (blue) for varying number of objects. From figure 6, we note
that the trendline of Sirikata CPU usages is linear (dash-line) so that its complexity is O(n). Therefore, the trend-line
of the CPU usages of object-based simulator is logarithmic (solid line) so that the complexity of OBS object simulator
is O(log n).

3. Research Method

The experiment used core i-7 processor and 8 GB RAM. Further, this experiment had two scenarios. Scenario 1
implemented AABB in the common existing DVE. The scenario 2 implemented AABB in the object-based simulators
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architecture. After running the scenario 1, we analyzed the implementation of AABB in DVE. What factors AABB
still implemented in DVE until now were identified. Further, we run the scenario 2 where the experiment used AABB
in object-based simulators architecture. In this scenario we used more simulators based on the number of objects in
DVE. Finally, the results between two scenarios were compared.

There are three parameters used in the research i.e. runtime, frame rates and CPU usage. They are used to measure the
performance of DVE. We use the simulation frame rate to know the effect of increasing of the number of objects and
collisions on the frame rate of simulation. The frame rate of DVE is measured by Glxgears application. The runtime of
DVE is measured using simple script that displaying the time required by DVE to handle the collision. Further, the
CPU usage is taken from the Activity Monitor terminal available from the operating system.

The DVE developed in this experiment is a 3D environment. The basic elements in this environment are the sky and
the ground. The appearance of these elements imitates the real world. The interaction between users and DVE is
illustrated by figure 7. User may able to create moving objects. As user creates an object the other users are able to
view that object. All users reside in a local area network. If two or more objects collide then the DVE displays that
collision. It also displays the collision view and the next appearances of those as collision response. This DVE also has
user moving options i.e. translation and pan-tilt option.

Object, collision view ‘ \ Object, moving option

Figure 7. Interaction diagram

The algorithm of developing DVE is shown by figure 8. It begins with initializing the DVE. This stage relates to the
preparing of the stuff required by DVE. After display the DVE, users are able to create object (s). The objects used in
this research are dynamic boxes falling to the ground with varying sizes and appearances. When a user creates an object
in DVE, it can be viewed by other users directly. The appearance of object is different depending on their viewpoint.
User uses viewer application to view DVE and it is responsible to display the VE to user. Basically, viewer is an object
in the DVE and user can use it to explore the world. But, in this experiment user is not represented by an avatar in the
DVE. The viewer application is able to support multi-viewpoint. It means that user is able to have different viewpoint
from other users to view the same environment. Further, the next step is collision detection. The falling boxes have
high probability to collide with others. The collision is able to occur between object and ground, among objects or
combination of them. DVE uses AABB method to detect the objects collision in the environment. If there is collision
between two objects then the DVE handles the collision response for both objects. The response can be in term of
different positions and appearances of the objects after the collision.
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Figure 8. DVE algorithm

4. Results and Discussion

This section describes the experiment results based on two scenarios. Three subsections describe developing DVE,
implementing AABB in DVE and implementing AABB in object-based simulators architecture, respectively.

4.1. Developing DVE

DVE is developed by using C, OpenGL and Open Dynamics Engine (ODE) as simulation engine. The application runs
on Linux operating system. Figure 9 shows the initial view of DVE. Users can view the environment and create objects
using this interface. Further, figure 10 shows two 3D objects created by users in DVE. The objects are boxes with many
positions and sizes. These boxes are dynamic objects that falling from a certain high to the ground. Figure 10 also
illustrates that DVE has physics activities similar to real world. This DVE has gravity pole and collision detection.
Besides that, translation and pan-tilt options are also available to change point of view.

Figure 9. DVE initial view Figure 10. 3D objects created by users

4.2. Implementing AABB in DVE

Principally, implementing AABB on the object is creating a box covering that object as illustrated in figure 11. The
box aligns with the coordinates (X,Y,Z). Using the box, the collision between two objects is able to be determined. The
collision between two objects is shown by figure 12. Two objects collide when their bounding boxes overlap in X-axis,
Y-axis, and Z-axis. In the figure, we can see that pair of objects far from the user position does not collide because
there is no overlap of the projections on one axis.
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Figure 11. Bounding box of object Figure 12. Collision between two objects

Table 1 shows the measurement of runtime, frame rates and CPU usages of the existing DVE. From Table 1 we can
see that the runtime, frame rates and CPU usages are almost the same for all experiments. The average runtime, frame
rates and CPU usages of DVE are about 0.007s, 234 fps and 50.28% respectively to manage and display the collision
detection.

To get more information about using AABB in DVE, we add a workload of counting sum of integer numbers from 1
to 1,000 into AABB processing script. It means that adding the complexity of O(n) to AABB. Adding this workload
aims to find out the reason of why DVE developers do not use other better collision detection methods in DVE. They
always choose AABB method. The results of runtime, frame rates and CPU usages of additional workload in DVE are
shown in table 2. From table 2, we can see that the average runtime, frame rates and CPU usages of DVE are about
0.045s, 153 fps and 52.33% respectively. It means that the performance of DVE is reduced. It is characterized by slow
movement of the falling objects in DVE.

Comparing table 1 and table 2, we can see that the application runtime increases significantly for ten times after addition
of the AABB workload. Logically, it should not affect the AABB itself since the overall AABB complexity does not
change. It means that adding simple C script in AABB process increases almost 0.1 second runtime. Actually, that
simple C script to execute it only needs 0.003 second. Thus, we need more time in DVE compared to execute the same
script in simple C program.

It also occurs to CPU usages. Adding the scripts increases the CPU usage of DVE. Further, different from table 1the
frame rates of DVE decrease for overall experiments. It means that the additional C script affects the performance of
DVE. Thus, it decreases the user experience in using the DVE.

Table 1. Runtime, Frame Rates and CPU Usage of DVE (Scenario 1)

Experiment Runtime (s) Frame Rate (fps) CPU Usage %
1 0.008 240 49.52
2 0.009 240 49.65
3 0.008 230 50.01
4 0.010 240 49.3
5 0.006 230 49.8
6 0.005 230 50.57
7 0.008 240 49.45
8 0.005 230 49.7
9 0.005 230 50.2
10 0.006 230 50.8
11 0.008 240 50.33
12 0.005 230 50.47
13 0.005 230 51.3
14 0.006 230 51.76

0.005 230 51.38

[N
(6]
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4.3. Implementing AABB in Object Based Simulators Architecture

In object-based simulators (OBS) architecture, we do not use a simulator to handle all objects in DVE. As illustrated
by figure 5, this architecture has many simulators to handle objects residing in DVE. In this experiment, the object-
based simulators architecture is implemented in client-server network as shown by figure 13. Object simulators,
universe and CDN run in server. Clients are viewers, they can view DVE and able to interact with other objects.

Table 2. Runtime, Frame Rates and CPU Usage of DVE (Adding Workload)

Experiment Runtime (s) Frame Rate (fps) CPU Usage %
1 0.040 150 53.22
2 0.040 150 51.95
3 0.050 160 53.38
4 0.048 160 50.89
5 0.050 155 51.14
6 0.060 160 52.73
7 0.050 160 52.64
8 0.043 150 50.32
9 0.040 150 51.87
10 0.040 150 52.36
11 0.050 150 53.29
12 0.050 150 52.96
13 0.040 150 52.78
14 0.040 155 52.83
15 0.040 150 52.62

4.3.1. Runtime Measurement

Table 3 shows the runtime in which the DVE runs the AABB for collision detection. From table 3, we can see that
runtime of DVE is from 0.001 to 0.002 second. The average runtime of DVE for scenario 2 is 0.001 second while the
average runtime of scenario 1 is 0.007 second. It means that the runtimes of scenario 2 decrease significantly as we
compare to table 1.

Figure 14 shows the difference of runtime results between both architectures. The runtime of OBS architecture is
smaller than common DVE. The runtime of OBS is almost 0.001 second for all experiments besides of experiment 4.
Therefore, its trend line is a constant. Thus, if we compared to scenario 1, the scenario 2 has smaller processing time
to handle the collision in DVE. It is the advantage of using OBS because each object is managed by the separated
simulator. The processing time of collision handling is addressed by each simulator. Therefore, the runtime of OBS is
almost constant and always smaller than the existing DVE.

Object

P Universe
simulators

Clients

Figure 13. OBS client server architecture
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Table 3. Runtime of DVE (Scenario 2)

Experiment Runtime (s) Experiment Runtime (s)
1 0.001 9 0.001
2 0.001 10 0.001
3 0.001 11 0.001
4 0.002 12 0.001
5 0.001 13 0.001
6 0.001 14 0.001
7 0.001 15 0.001
8 0.001

0,012
0,01
0,008
0,006 —DVE
0BS
0,004
0,002
0
2 3 4 5 6 7 8 9 10 11 12 13 14 15
Figure 14. DVE and OBS runtime
Table 4. Frame Rates of DVE (Scenario 2)

Experiment Frame Rate (fps) Experiment Frame Rate (fps)
1 240 9 240
2 240 10 240
3 240 11 240
4 240 12 240
5 236 13 240
6 240 14 240
7 240 15 240
8 236

4.3.2. Frame Rates Measurement

The frame rates of DVE for scenario 2 are illustrated by table 4. It is measured in frame per second (fps). This frame
rates are almost stable for all experiments. Their value is almost 240 fps except the experiment 5 and experiment 8.
The frame rates of both experiments decrease to 236 fps. These values are able to deliver smooth environment display
for user. If we compare to scenario 1, the OBS has higher frame rates than the common existing DVE. The average
frame rates of scenario 1 and scenario 2 are 234 fps and 239 fps, respectively. It means that the OBS is able to deliver
better user experiences in running the AABB in distributed virtual environment.
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This better performance is also be shown by figure 15. The frame rates of OBS on each experiment are always higher
than the common existing DVE. From figure 15 we can see that OBS frame rates tend to constant. It means that the
OBS architecture can maintain the performance of DVE. It is not affected by the number of objects reside in DVE
because each object is handled by a simulator. The higher frame rates of application the richer experiences able to get
by the users. It is important aspect for the 3D application to meet this requirement.

242
240
238
236
234

— VE
232

230

228
226

224
i 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 15. DVE and OBS frame rates

4.3.3. CPU Usages Measurement

Table 5 shows the CPU usage of DVE for scenario 2. From table 5, the average CPU usages of OBS is 20.94%. If we
compare to scenario 1, we can see that CPU usages of scenario 2 is smaller than scenario 1 (50.28%). The difference
is very strictly, the CPU usages of scenario 2 is half of scenario 1. It means that dividing simulator based on the number
of objects is able to decrease the CPU usage significantly.

Table 5. CPU Usages of DVE (Scenario 2)

Experiment CPU Usage % Experiment CPU Usage %

1 20.58 9 21.49
2 20.23 10 20.96
3 20.92 11 21.10
4 21.18 12 20.32
5 20.20 13 20.80
6 20.84 14 21.38
7 20.65 15 21.75
8 21.72

Figure 16 shows the difference of CPU usages between scenario 1 and scenario 2. All experiments show that CPU
usages of OBS always half of the existing DVE. The trendline shows that CPU usages of OBS always smaller than the
existing DVE. It means that the performance of OBS is higher than existing DVE in order to manage the objects
collision. This OBS performance is also better compared to last research [28]. It explains that the specification of
computer used in the research also affects the performance of DVE.
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Figure 16. DVE and OBS CPU usages

Based on the runtime, frame rates and CPU usages measurements of implementing AABB in OBS architecture, we can
see that the separation of simulator based on the number of objects is able to increase the performance of DVE. In other
words, the OBS architecture is able to divide the workload of simulator in handling the object collision in DVE.
Automatically, it affects the decreasing of the runtime and CPU usages. It also affects the increasing of DVE frame
rates.

5. Conclusions

This paper has run the AABB method in DVE. One of important things found in this research is that the computation
complexity must be considered in the DVE. DVE is different from common applications. The DVE always updates its
environment. It has to update all objects behaviors and appearances. This characteristic causes the computation time to
execute any addition workload given to the AABB method increases significantly. It becomes a reason that many DVE
applications still use the AABB to manage the collision detection. Adding workload to AABB also degrades the DVE
frame rates. The frame rates become smaller than the common DVE. It yields less user experiences automatically.

To address the problem, OBS architecture has proven that AABB can be implemented better in the DVE. The average
runtime of OBS (0.001 second) is smaller than common DVE (0.007 second). The average frame rates of OBS (239
fps) is higher than common DVE (234 fps). Finally, the average CPU usages of OBS (20.94%) is smaller than common
DVE (50.28%). Thus, the measurement of three parameters shows that the enhanced AABB implementation in DVE
is able to deliver rich user experiences.
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