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U Examples of Applications
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Bremen

U Examples of Applications

Robotics: path planning
(piano mover's problem)
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Examples of Applications

Medical Training / Force Feedback
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Bremen

U Collision Detection Within Simulations

* Main loop:
Move objects

Check collisions

Handle collisions (e.g., compute penalty forces)

* Collisions pose two different problems:

1. Collision detection

2. Collision handling (e.qg., physically-based simulation, or visualization)

* In this chapter: only collision detection
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Bremen

U Definitions

* Given polyhedrons P, Q C R’

* The detection problem:

PriQ+£ 0-&
dJxreR°:2 € PAz€Q

 The construction problem:

compute R:=PNQK
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Bremen

Y Classes of Objects

e Convex

* Closed and simple

(no self-penetrations)

* Polygon soups
* Not necessarily closed
* Duplicate polygons
* Coplanar polygons
* Self-penetrations

* Holes

e Deformable
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Bremen

Y Why is Collision Detection Hard?

1. All-pairs weakness:

2. Discrete time steps:

3. Efficient computation
of proximity / penetration:
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Bremen

U Requirements on Collision Detection

* Handle a large class of objects

* Lots of moving objects (1000s in some cases)

* Very high performance, so that a physically-based simulation can do many
iterations per frame (at least 2x 100,000 polygons in <1 millisec)

* Return a contact point ("witness") in case of collision

e Optionally: return all intersection points

* Auxiliary data structures should not be too large (<2x memory usage of
originial data)

* Preprocessing for these auxiliary data structures should not take too long, so that
it can be done at startup time (< Ssec / object)
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W The Collision Detection Pipeline
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Bremen

W The Collision Interest Matrix

* Interest in collisions is specific to different applications/modules:
* Not all modules in an application are interested in all possible collisions;

* Some pairs of objects collide all the time, some can never collide;

* Goal: prevent unnecessary collision tests
= Collision Interest Matrix Obj1 23456738

TITITTTETS

<N
--Na)

'| X | X | X | X

* The elements in this matrix comprise:

X

X X

* Flag for collision detection

 Additional info that needs to be stored

from frame to frame for each pair for certain

0O NON DL hWNDN

algorithms ( e.qg., the separating plane)
* Callbacks in die Module
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Y Methods for the Broad Phase ‘

* Broad phase = one or more filtering step

* Goal: quickly filter pairs of objects that cannot intersect because they are too far
away from each other — output: PCO's (potentially colliding objects)

e Standard approach:
* Enclose each object within a bounding box (bbox)
 Compare the 2 bboxes for a given pair of objects
* Assumption: n objects are moving
> Brute-force method needs to compare O(n?) bboxes
* Goal: determine neighbors more efficiently

> 3D grid, sweep plane techniques ("sweep and prune"), feature tracking on convex

hulls, etc.
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W The 3D Grid

1. Partition the "universe" by a 3D grid

2. Objects are "close", if they occupy the same cell d D

3. Determine cell occupancy by bbox
4. When objects move, update grid

6>
C

* Neighbor-finding = find all cells that contain > 2 obj's

1
&

e Data structure here: hash table (!) E
* Collision in hash table — probably neighbor

* The trade-off:
* Fewer cells = larger cells

® Distant objects are still "neighbors"
®* More cells = smaller cells \\ J
® Objects occupy more cells

® Effort for updating increases
® Rule of thumb: cell size = avg obj diameter
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Y  The Plane Sweep Technique (aka Sweep and Prune) Jé

* The idea: sweep plane through space perpendicular to the X axis

* The algorithm:

sort the X coordinates of all boxes
start with the leftmost box

keep a list of active boxes

loop over x-coords (= left/right box borders):

if current box border is the left side (= "opening"):

check this box against all boxes i1in the active 1list

add this box to the list of active boxes

else (= "closing"):

remove this box from the list of active boxes
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Y Temporal Coherence

* Observation:

Two consecutive images in a sequence differ only by very little (usually).
>Terminology: temporal coherence (a.k.a. frame-to-frame coherence)
* Examples:

* Motion of a camera

* Motion of objects in a film / animation
* Applications:
* Computer Vision (e.qg. tracking of markers)
* MPEG
* Collision detection
* Ray-tracing of animations (e.g. using kinetic data structures)

* Algorithms based on frame-to-frame coherence are called “incremental”,
sometimes “dynamic” or “online” (albeit the latter is the wrong term)
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U Convex Objects

* Definition of “convex polyhedron”: X

P c R convex <
Vx,y e P: Xy C P&

P = H; , H; = half-spaces

i=1...n

Y

Separating plane H

e A condition for "non-collision":

Pand Q are "linearly separable" :&
4 half-space H: PC HA Q C H®

(“P is completely on one side of H, Q completely on the other side”)
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W The "Separating Planes" Algorithm

* The idea: utilize temporal coherence —
it E: was a separating plane between P and Q at time t, then the new
separating plane Ex1 is probably not very "far" from E; (perhaps it is even
the same)

Et+1
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Y The Algorithm

load Et
E := Et

separating plane between P & Q at time t

repeat max n times

if exists vy Evertices(P) on the back side of E:

rot./transl. E such that v is now on the front side of E
if exists v € vertices(Q) on the front side of E:
rot./transl. E such that v is now on the back side of E
1f there are no vertices on the "wrong" side of E, resp.: \
return "no collision"
1f there are still vertices on the "wrong" side of E.:
return "collision" {could be wrong}

save Et+l := E for the next frame

Et+1 '
For details on the step "rot./transl. E", see perceptron learning algorithm
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@ How to Find a Vertex on the "Wrong" Side Quickly
* The brute-force method: test all v whether f(v) = (v — p)-n > 0

e Observation:
I. fis linear,

2. P is convex = f(x) has
(usually) exactly one minimum

over all points x on the surface of P E
3. v (V') = min
* The algorithm (steepest descent on the surface w.r.t. f):
e Start with an arbitrary vertex v f(v') = min. (among all neighbors)

* Walk to the neighbor v’ of v for which F(v') < f(v)

* Stop if there is no neighbor v’ of v for which
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Bremen

Y

Properties of this Algorithm
+ Expected running time is in O(1)!
The algo exploits frame-to-frame coherence:
it the objects move only very little, then the algo just checks whether the

old separating plane is still a separating plane;
It the separating plane has to be moved, then the algo is often finished after

a few iterations.

+ Works even for deformable objects, so long as they stay convex

— Works only for convex objects

— Could return the wrong answer if P and Q are extremely close but not

intersecting (bias)

* Research qguestion: can you find an un-biased (deterministic) variant?
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@ Visualization 4
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Breme

@, Hierarchical Collision Detection

* The standard approach for
"polygon soups”

* Algorithmic technique:

divide & conquer
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Y The Bounding Volume Hierarchy (BVH)

* Constructive defintion of a bounding volume hierarchy:

1.Enclose all polygons, P, in a bounding volume BV(P) / B\\
2.Partition P into subsets Py, ..., Pp 3. B, 3.
3. Rekursively construct a BVH for each P; /1N B/ \B
and put them as children of P in the tree 2o
* Typical arity =2 or 4 B B,
B3,

B
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Y visualizations of different levels of some BVHs
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Y

The General Hierarchical Collision Detection Algo

e Simultaneous traversal of two BVHs:

traverse( node X, node Y ):
if X,Y do not overlap:
return
1f X, Y are leaves:
check polygons
else

for all children pairs:

traverse( X;i, ¥Yj ) \\\\
PEOC J \@é
QD

Y DE)

Bounding Volume Test Tree (BVTT)
(only a conceptual(!) tree, never actually stored)
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U Different Kinds of Bounding Volumes %l

Requirements (for collision detection):
* Very fast overlap test — "simple" BVs
* Even if BVs have been translated/rotated

* Little overlap among BVs on the same level in a BVH (i.e., if you want to
cover the whole space with the BVs, there should be as little overlap as
possible) — "tight BVs"
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Y

Different Kinds of Bounding Volumes

-
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Cylinder Box, AABB (R*-trees) Convex hull
[Weghorst et al., 1985] |[Beckmann, Kriegel, et al., 1990] [Lin et. al., 2001]
Sphere Prism OBB (oriented bounding box)
[Hubbard, 1996} |[Barequet, et al., 1996] [Gottschalk, et al., 1996]
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Y

The Wheel of Re-Invention

* OBB-Trees: have been proposed already in 1981 by Dana Ballard for
bounding 2D curves, except they called it "strip trees"

* AABB hierarchies: have been invented(?) in the 80-ies in the spatial data
bases community, except they call them "R-tree", or "R*-tree", or "X-tree",

etc.

G. Zachmann Computergraphics 2 SS May 2019 Collision Detection
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W Relationship Between Kind of BV and Runtime "

* In case of rigid collision detection (BVH construction can be neglected):

I =NyCy+ NpCp

Nv = number of BV overlap tests

Cy = cost of one BV overlap test

Np = number of intersection tests of primitives (e.qg., triangles)
Cp = cost of one intersection test of two primitives

* In case of deformable objects (BVH must be updated):
I =NyCy+ NpCp+ Ny(Cy
Nu / Cu = number/cost of a BV update

* As the kind of BV gets tighter, Ny (and, to some degree, Np) decreases, but
Cyv and (usually) Cy increases
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U Discretely Oriented Polytopes (k-DOPs)

b3
* Definition of k-DOPs: by .
2
Choose k fixed vectors b; € R?, with k even,
and b; =-Dbju. .
| bs - by
We call these vectors generating vectors (or
just generators).
of
. . bs
 Ak-DOP is a volume defined by the \
/
intersection of k half-spaces: Note: this is just a sketch in 2D!
in 3D graphics, the generators
D = ﬂ H , H;:b;-x—d <0 should be evenly spaced over

i |
1 K the unit sphere!

» Note: a k-DOP is completely described by D = (di, ..., dk) € R”

G. Zachmann Computergraphics 2 SS May 2019 Collision Detection
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* The overlap test for two (axis-aligned) k-DOPs:
D'ND?* =9 <

B —

=1, (ddh | N [d? d?
i 73

— —

l.e., itis just k/2 interval tests,
like this:

* Note: this is just a generalization

of the simple AABB overlap test!
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Y

« Computation of a k-DOP, given a 0y b,

polygon soup with vertices V : \/
b5< > b1

. V:{VQ,...,V,,}
. D= (dldk) - R*

* Foreachi=1, .., k, compute

d,‘ — MmaxX {Vj‘b,‘}

(assuming |bi| = 1)
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Y some Properties of k-DOPs

* AABBs are special DOPs

* The overlap test takes time € O(k),

k = number of orientations

* With growing k, the convex hull can

be approximated arbitrarily precise
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U Penetration Measures

e Penetration distance
* Many definitions

* Suitable for penalty forces generated by
ad-hoc "virtual" springs

e Penetration volume
 |Intuitive

* Physically motivated (buoyant force of
floating objects = amount of displaced
water)

e Continuous

* Related to deformation energy of
colliding objects

* Requires representation of inner volume
of objects

—-—

In the configuration on the left, the penetration should be
"higher" than in the configuration on the right.
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W Inner Sphere Trees: the Basic Idea

* Challenge: compute proximity, i.e., distance or
measure of penetration

* Don't approximate an object from the outside;

’

instead, approximate it

* from the inside,

* with non-overlapping spheres, and

* with as little empty volume as possible
> Sphere packing

* Build sphere hierarchy on top of inner spheres

Conceptual
image only!
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U Computation of Sphere Packings

man pro apiec;ef lo O

* Have a long history ...

Johannes Kepler
(1571 - 1630)

* Has many applications, besides collision detection:

Radio surgery Discrete element method Architecture
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Y

Protosphere
. Our requirements / variety of sphere packings:

* Non-overlapping
 Arbitrary radii
* Must work for any kind of container (not just boxes)

* Optimization according to some criteria, e.g. number of spheres

* Our approach:

* Find inner Voronoi nodes of container object
* (See course "Computational Geometry")

* |[n our case, use approximation by iterative algorithm

* Place spheres
* Repeat

* Compute new Voronoi nodes of object plus spheres
G. Zachmann Computergraphics 2 SS May 2019 Collision Detection
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U Visualization of Our Algorithm

Candidate
Voronoi node

G. Zachmann Computergraphics 2 SS May 2019
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U Results
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Y  visualization of the Parallelization on the GPU
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Y Inner Sphere Trees (IST's)

* IST = sphere tree over sphere packing

* Constructions is based on a clustering
method known from machine learning

(batch neural gas clustering)

 Bears some resemblance to k-means, but
more robust against outliers and starting

configuration

* We can assign "importance" to spheres

* Easily parallelizable on the GPU

* Naturally generalizes to higher tree degrees

(out-degree of 4-8 seems optimal)
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* BNG hierarchy construction on CPU has complexity of O(nlog n)

» Parallelization of BNG reduces complexity to O(log” n)

G. Zachmann

Construction time in seconds

30 . CPU Time CPU
GPU Time
20 |
10 GPU
00 20 40 60 80 100

Computergraphics 2
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SS May 2019
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@ Examples

Clustering underneath root Clustering underneath level 1 nodes
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Y Proximity / Penetration Query Using ISTs

* Works by the standard simultaneous
traversal of BVHs

* First algorithm that can compute both

minimal distance or intersection volume
with one unified algorithm

* Can compute forces and torques

* Which can be proven to be continuous
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Y Parallel Computation Times for Intersection on GPU
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Y Penalty Forces for Simulation and Force-Feedback

* Accumulate sphere-sphere interaction forces:

 Linear force:

blue red blue blue
f "¢ = Vol(s* N s7)-n;
fblue E : fblue

* Torque: blue __ — (P — C,) x f;

’J

blue blue
T — T’J

* Forces/torques can be proven to be

continuous
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U Application: Multi-User Haptic Workspace

12 moving objects ; 3.5M triangles ; 1 kHz simulation rate ; intersection volume = 1-3 msec
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