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ABSTRACT

Thispaper isareview of collision detection technology in virtual environment. First, it introduces the background and
significance of the research, and the research status at home and abroad. Second it makes a comprehensive analysis
and in-depth research of various collision detection algorithms. Thereal-time performance, accuracy and application
fields of various collision detection algorithms are discussed. Then it also introduces our main research work on
collision detection. On the basis of summarizing the characteristics and limitations of existing collision detection
algorithms and aiming at the existing problems of collision detection technology, we propose a set of new callision
detection algorithmswith good performance. Finally, we give the possi ble devel opment direction of collision detection

technol ogy.
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INTRODUCTION

As a classical problem in computational geometry,
computer animation, Smulation robot and other fields,
collision probleminvirtua environment has attracted
much attentionfor many years. Thecomplexity and red-
time of virtual environment have put forward higher
requirementsto collison detection. Thispaper introduces
in detail the research background and significance of the
field of collison detection, the research status at home
and abroad and the main collison detection adgorithms.
We also introduce our main researchwork on collison
detection. Onthebagsof summearizing the characteristics
and limitations of existing collison detection dgorithms
and aming at theexisting problemsof collison detection
technology, aset of new collision detection agorithms
with good performance are proposed. Finaly, we give
the possibledevelopment direction of collison detection
technology.

RESEARCH BACKGROUND
SIGNIFICANCE

Collision detection has a very wide range of practica
goplicationvaue. Collison detectiontechnology isasubject
worthstudying, whoseresearch resultsarevery rich. With
the continuous development of computer graphicsand
theemergenceof new fidds, including virtud redlity, the
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requirement of collisondetectionin practica application
is getting higher and higher. Red-time and accurate
detection of these callisions plays animportant rolein
improving theauthenticity of thevirtual environment and
enhandngtheimmersionof thevirtua environment. Usudly,
virtual environment iscomposed of hundredsof models
of objects. When these virtua objectsaredigributed and
smulated, ontheone hand, collisondetectiontechnology
isneeded to ensuretheir physical authenticity, suchasone
object cannot “intrude’ into another object. Onthe other
hand, collision detection technology is needed to solve
the problem of motion planning and collision avoidance
S0 as to ensure successful dynamic simulation. The
complexity of collision detection technology in virtual
environment liesinfive aspects

1.Hightime complexity in dynamic environment

2. Ability to deal with non-convex objects

3.Computation of Accurate Collison Information

4. Ability to ded with large-scaleand complex scenes

5. Continuous Updating of Object State

RESEARCH STATUS AND MAIN
ALGORITHMS AT HOME AND ABROAD

Inrecent years, scholarsat homeand abroad have done
alot of meaningful work inthefield of collison detection
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and put forward someefficient detectionmethods These
methods can be divided into static collison detection
algorithm, discrete collision detection algorithm and
continuous collison detection algorithm from the
perspective of time domain. They also can bedivided
into collision detection method based on entity space
and collision detection method based onimage space
fromtheperspective of space domain,. For the methods
based on entity space, they can be divided into two
categories according to the different models of entity:
thefirst isspace Decompostion based on BSP (Binary
Space Partitioning) tree, k-dtreeand Octree; the second
isgpace Decomposition based on hierarchical bounding
volumetree. Hierarchical bounding volumetree method
can be divided into bounding spherehierarchical tree,
axid bounding box hierarchicd tree, directiond bounding
box hierarchica tree, k-DOP (Discrete Orientation
Polytope hierarchical tree, convex hull hierarchical tree
and mixed hierarchical tree and so on. The following
focuseson theresearch statusof thesekindsof collison
detectionagorithms.

3.1. Collision Detection Technology Based on Time
Domain

1. Satic Collison DetectionAlgorithms

Itisanagorithmused to detect collisonsbetween
objectsinthedatic sate whentheobjectsinthe
scene do not changeonthewholetimeaxisT.
Static detection hasbeen widely studiedin the
fidd of computational geometry. Generdly, there
isno real-time requirement for the algorithm.
Such algorithms are not suitable for dynamic
virtud environments.

2. Discretecollisondetection agorithm

Discrete collision detection algorithm is an
algorithmthat continuously detectscollisons
betweendl objectsinthe sceneat each discrete
point of the time axis. Essentialy, discrete
collisondetectionagorithmcan beimplemented
at every discrete point by a method similar to
static collision detection agorithm, but it pays
moreattention to the efficiency of thealgorithm.
Dueto the discrete time characteristics of the
agorithm, thereareat least two problemsinthis
kind of algorithmfromthewholetime axis: (1)
thereisapiercing phenomenon. Whenthetime

step is too long, the two objects may have
penetrated at acertain depth beforethe collison
can bedetected, so theauthenticity of themotion
of the object can not be guaranteed; (2) the
collision will be omitted. For anarrow object,
whenthetwo positions of the moving object at
the adjacent time discrete point areexactly on
two sides of the narrow object, the discrete
algorithmwill can’t detect the collision of the
object correctly.

3. Continuouscollisondetection agorithm

Continuous collison detection dgorithmisan
algorithm to judge whether a moving object
intersectswith other object in acontinuoustime

interva [t _,,t. |. Therearemany moving objects
invirtual environment. Inorder to meet the needs

of red tasksin dynamic environment, continuous
dynamic collison detectionagorithmis needed.

Continuous collison detection agorithm can solve
the abovetwo problems of discrete collison detection
agorithmwell, but usually the calculation speed isdow.
It cannot achievereal-time collison detection especidly
in large-scale scenarios, which often becomes the
bottleneck of real-time system calculation. Therefore,
How to effectively combine the advantagesof discrete
collision detection algorithmand continuous collision
detection dgorithmisanew research direction.

3.2 Collision Detection Technology Based on Space
Domain

Fromthe point of view of pacedomain, it canbedivided
into two kinds: entity-space-based collison detection
method and image-space-based collision detection
method. Themain difference between these two kinds
of algorithmsiswhether to usethe three-dimensional
geometric characteristics of the object to calculate
intersection or to use thetwo-dimensional projection
imageof the object plusdepthinformeation for intersection
andyss.

3.2.1Coallision detection method based on image
space

The collisondetection agorithm based onimage space
can effectively utilizethe drawing acceleration function
of graphicshardwareto improvetheefficency of collison
detection agorithm. Inrecent years, the performance of
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graphics acceleration card has beenimproved rapidly

with the rapid development of graphics hardware

technology. Programmable functions have even

appeared, which makethe collison detection agorithm

based onimage gpace enter anew sage of development.

Thiskind of algorithm hasthefollowing advantages.

1. It canéeffectively reducethe computationd load

of CPU by usng graphicshardwareacceleration

technology, so asto improve the efficiency of
thedgorithm;

2. Thedgorithmitsdf isinsengtiveto the complexity
of the scene and suitable for collison detection
between complex objects,

3. For the same complex scene, the collison
detectiontimechangeslittleand hashigh g &hility.
It is helpful to predict the collision detection
process.

However, image-based collison detection dgorithms

aso havethree defects:

1. Because the image itself is spatially discrete
sampling, its accuracy is constrained by the
image resolution, which affectsthe accuracy of
thecolligon detectionalgorithm;

2. Mog dgorithmscanonly ded withthe collison
detection between convex bodies,

3. Becauseof theuse of graphicshardware-aided
computing, image-based collison detectionis
necessary to consider how to reasonably balance
the computational load of CPU and graphics
hardware.

3.2. 2Callision detection algorithm based on entity
space

Researchers have applied various geometric techniques
suchas hierarchical representation, geometric reasoning,
agebraic normal form, spacedivison, anaytical method
and optimization method to collision detection, and
proposed many excellent algorithms. The spacedivison
algorithm and clipping algorithm are excellent initial
detection algorithmsfor complex sceneswith multiple
objects. The other algorithms such as feature-based
agorithm, smplex-based dgorithm, hierarchical bounding
tree-based algorithm, distancefield-based algorithm and
intelligent optimization technology-based algorithmare
all based on discrete collison detection technology for
two object collisionrefinement step by step.
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1. Space Division Algorithm

Space division method divides scene spaceinto small
unitsaccording to somerules, and storesalist of objects
ineach unit to record all objectsbelonging to thisunit.
Collisondetectiononly needsto query the intersection
of objectsinthe same unit or adjacent unit (unit with
common boundary or vertex), because the objectsin
the non-adjacent unit are far away fromeach other and
are not easy to collide. If the characteristics of the
collison comefromthe sameobject, thenthe sdf-collison
of the object can be detected. Space division algorithm
needsto be updated when an object moves or deforms,
that isto say, it must reset thelist of objectsfor each unit
before detecting each time slice. Thecommonly used
structuresareoctree,Kd-treeand BSP tree.

Spacadivisondgorithmcaneffectivey reducetherumber
of ohject parsdetected indetall, but it isdifficult to maintaina
conggtent detection efficiency whendeding with different
scenesand objectswith different shapesand complexities,
oitisusudly usedin collisondetectioningaic scenes.

2. Collision detection algorithm based on distance
field

It is also a common collision detection method to
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edablishthedistancefield of objectsfor intersectionted.
Distancefield isabasic graphical model in computer
graphics. It wasinitially used for volume drawing and
offset surface calculation. Asavector field, thedistance
field representsthe shortest distance fromany point in
gpaceto thesurface of agiven object. Thedistancecan
have asymbol, indicating whether the point isoutside or
inside the object. For aclosed object, the exterior or
interior of the object can be represented by the positive
and negative symbolsof disance. Incollision detection
based on distance field, collision detection between
different objectsiscarried out point by point. Thecollison
detection between pointsand objects can be determined
by calculating thedistance between them. I1f D(p) < 0,
collisonwill happen.

The advantage of collison detection method based
ondistancefield isthat it candirectly return collision
information such as puncture depth and surface normal
vector. Thebottleneck of distance field method isthe
construction and update of field. Although many
accderation agorithmshave been proposed at present,
the speed isnot enough to meet the real-time needs.

3. Feature-based collision detection algorithm

Thiskind of dgorithm calculatesthe distance between
two convex polyhedrons by finding and tracking the
nearest point between them. When thedistanceisless
than or equal to zero, they collide. When the moving
gpeed of the object isnot very fast, the displacement of
themoving object between adjacent frameschangeslittle,
and the distance between objects doesnot change much,
30 the continuity between frames can beused to caculate
incrementaly. The disadvantage of thisalgorithmisthat
it can’t deal with concave model.

4. Collision detection algorithm based on simplex

Simplex-based collision detection algorithm wasfirst
proposed by Gilbert, Johnson and Keerthi and named
by their names, namely GJK agorithm. The principle of
GJK agorithmis that two objects are regarded as a
simplex, and the separation or penetration distance
between them is calculated by the geometric
characteristics of the simplex. The main advantage of
GJX dgorithmisthat it can’t only detect whether two
objectsintersect, but aso return the penetration depth.

In 2004, the SOLID (Software Library for
| nterference Detection) algorithm developed by Bergen

et a. isaso based on GXK. Inaddition to the basicidea
of GJK, it combines the incremental elimination
technology based on sweeping and clipping of the axially
bounding box. By caching the separation axisof theobject
pair inthe previousframe, thepotentid intersecting object
pairs areidentified by the coherence of theframeand
the frameto speed up the dgorithm efficiency.

5. Bounding Box Hierarchical Tree Collision
Detection Algorithms

Thecoreideaof bounding box methodisto approximete
the complex geometric objectsby using bounding boxes
with a dightly larger volume and simple geometric
characteristics, so asto estimate roughly whether the
two detected objects collide by judging whether the
bounding boxesoverlgp or not. Firdly, it detectswhether
the bounding boxesof thetwo objectsintersect. If they
do not intersect, it meansthat the two objectsdo not
intersect. Otherwise, the two objects are further
detected. Becausefinding the intersection of bounding
boxesismuch simpler than finding the intersection of
objects, many digoint objects can bediminated quickly,
thus speeding up the detection agorithm.

The selection of bounding boxesisthekey point of
thismethod. Typical bounding boxesareAABB (Axis
Aligned Bounding Box), Sphere, OBB (Oriented
Bounding Box), asshown in Figure below.

S

In addition, thereare k-DOP (Discrete Orientation
Polytopes) bounding box, Fixed Direction Hull, etc. The
figureisatwo-dimensional projection diagram of these
two bounding boxes.

D €

Thefeatureof bounding box hierarchicd treecollison
detection agorithmisthat it issimple and efficient, but
thedisadvantageisthat the accuracy isnot enough.
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COLLISION DETECTION BASED ON
INTELLIGENT OPTIMIZATION
TECHNOLOGY

Withthe development of artificial intelligence technology,
some novel optimization algorithms, such asartificial
neural network, genetic algorithmand particle swarm
optimization, have been developed by simulating or
reveding some natural phenomenaor processes. The
unique advantages and mechanisms of these algorithms
have aroused widespread atention and research upsurge
of scholars at home and abroad, and have been
successtully gppliedin many fields. Collisondetectionis
oneof them.

Someresearchers put forward acollison detection
algorithm based on genetic algorithm between convex
polyhedrons. Thispaper mainly discussed the calculation
method of the shortes distancein collision detection.
Examples show that the genetic algorithm has fast
calculation speed and high calculation accuracy, and it
has high feasibility in solving such problems. The
disadvantage is that it is only suitable for collision
detection between convex polyhedrons.

Recently, arandom collision detection algorithm
based on particle swarm optimization was proposed by
scholars. Thismethod transformsthe collision detection
problem of objectsin three-dimensional spaceinto an
optimization problemintwo-dimensiona discrete space,
and thenuses particle swarm optimization algorithmto
solveit. Their dgorithm can guaranteecertain efficiency,
and also can ded with collison detection between
polyhedron models of arbitrary shape. It has good
generaity. However, the dgorithm can not guaranteeto
find al the collision feature pairs, and the speed and
accuracy of the algorithm need to be further improved.

Therearemany intdligent optimization adgorithms, but
the methods suitable for collison detection need to
combinetheexigting technology based ongeometric space
or image space according to the characteristics of the
collisondetection problemto achieve thefind satisfactory
results Therefore, how to usetheseintdligent optimization
toolsin collison detectionto ded withtensof thousands
of levels, hundreds of thousands of levelsor higher of
complex scenariosisaresearch directionworth exploring.

Our main research work

Variouskinds of collision detection algorithmsare
comprehensively analyzed and studied inthis Paper. On
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thebassof summarizing thecharacteristicsand limitations
of exigting collison detection agorithms, and aiming at
the existing problemsof collison detection technology,
anew set of collision detection algorithmswith good
performanceare designed, implemented and verified.
Our main research work and achievements are as
followsy
1. A new algorithm for dividing arbitrary
polyhedrons into a series of tetrahedrons is
proposed. Onthisbasis, theideaof parallel is
introduced to redlize parallel collison detection.
Thus, the collision detection between two
complex polyhedronsistransformed into aseries
of parallel collision detection between
tetrahedrons. On the premise of ensuring high
accuracy, theredl-timerequirementsof collison
detection are effectively met, and the
shortcomingsof thegeneral collison detection
algorithm which only applies to convex
polyhedrons are solved. A parallel collision
detection algorithm based on bounding box is
completed.

2. A new pardld collison detection algorithm based
on particle swarm optimization (PSO) is
proposed. Thealgorithmtransformsthe collison
detection probleminto an optimization problem
in the space composed of feature pairs of two
models, and intelligently optimizesthe search
characteristics of PSO to complete the search
process of local minimum feature pairsinthe
collison detection process. Combined with the
polyhedron partitionadgorithm, the optimization
mode isfully parallelized, and thenthe particle
swarm optimization algorithmisused to solve
the problemin paralld. Thealgorithmnot only
inherits the advantages of collision detection
algorithmsbased onintersection, but aso bregks
through therr limitations. It canded with collison
detection between the arbitrary polyhedrons
guaranteeing efficiency. Parallel technology is
introduced, and the detection speed can be
improved by adjusting the number of nodes.

3. Anew pardld collison detectionagorithmbasad
ongeneticagorithmis proposed. Thedgorithm
trandormstheintersection problemof polyhedra
moddsinto alinear programming problemwith
congraints. Theevolutionprocessisdivided into
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different computing nodes and processed in
parallel. After dealing with the constraints,
excellent genesare exchanged through acertain
strategy of information exchange among
populationsto solvetheintersection problem of
polyhedral models and to achieve collision
detection algorithm. Compared with the
traditiond methods, thepardld collison detection
algorithm based on genetic algorithm not only
improves the speed of collision detection, but
also guarantees high accuracy, and is suitable
for red-time dynamic colligon detection between
thearbitrary polyhedrons.

FUTURE RESEARCH DIRECTION OF
COLLISION DETECTION TECHNOLOGY

Inthispaper, various collision detection algorithmsin
virtual environment are studied in detail, and some new
collison detection agorithmsare proposed to improve
the speed of collison detection. However, somework
needsto befurther improved, whichisalso the future
research direction of collison detection technology.

1. At present, Objectsin virtuad environment are
represented by polyhedrons models. Parallel
collision detection algorithm based on
polyhedron dividing only applies to objects
represented by polyhedron. How to divide
objectsrepresented by other modelsto realize
paralld collison detection needsfurther study.

2. Most dgorithmshave successfully implemented
dynamic collision detection in known
environments, but they have not yet achieved
dynamic modeling, that is, collison detectionin
unknown environments needsto be completed
indepth.

3. There are many objects in the virtual
environment. The formsof motion of various
objects arediverse and the changes of motion
are complex. The establishment of various
complex equations of motion needs further
discussion.

CONCLUSION

Themain content of this paper isareview of collision
detectiontechnology invirtud environment. Variouskinds
of collision detection algorithms are comprehensively

andlyzed and deeply studied. Thereal-time performance,
accuracy and application fields of various collison
detection dgorithms arediscussed. We also introduce
our main researchwork on collison detection. Onthe
basisof summarizing the characteristicsand limitations
of existing collision detection algorithmsand aiming at
the existing problemsof collison detection technology,
we proposeaset of new collision detection algorithms
with good performance. Finally, we give the possible
development direction of collison detection technology.
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