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LED Environment Projection [averages of 100 LEGEND MC runs)

Project background =~

= = =Rigg Launches + 0% PMD + ADR2020/02 [

~—Reg Launches + 50% PMD « ADR2020/05 |

1B000

= Exponential increase in orbital
debris (Kessler syndrome)

Effective Number of Objects (>10 cm)
=

S =
=
: &

 Stabilize by de-orbiting several
large objects per year =

1970 1850 2010 2000 2050 OM0 2080 2110 1130 NS MW %0 1210
Year

Source: J.C. Liou, NASA

» Capture satellites with nets

= Simulations required for
development

= Traditional tools expensive and
not user-friendly

Source: ESA

%
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Project background

= Video games include complex
physics

Physics engine Video game

= Suspected advantages
* Flexible & free
« Ease of use
* Fast

» Net simulations with Bullet
physics engine & 3D-modelling
tool Blender

%
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Research objectives

= Assess gaming engine accuracy
« Verify suspected advantages
« Identify possible engineering applications

= Suggest /mplementation of an engineering tool

TUDelft ” eSsSa Challenge the future 7
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Theoretical Analysis

% e
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Time integration of free motion

- Newton-Euler equations

S F = mi
T
e Forward Euler

¢"T = q" + At
¢"T ="+ Atg"

= Semi-implicit Euler
"t ="+ AT
" = "+ Atg" !

- Symplectic integrator I
(conserves energy) ' ' ‘

% p—
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Contact model

 Rigid-bodies and geometry
simplified to contact points

* Penalty based method (Adams)
F. = f(dq,0q) >0

= Constraint based method (Bullet)
find F. >0 such that 0g >0

» Complementarity condition
F.oqg =0

=

%
TUDelft = - eSa Challenge the future 10
T




The complementarity problem

 Including friction & joints yields linear complementarity problem

(LCP)
M -JI' —Jf' -D 0] [urt! Mu” + hf 0
J. 0 0 0 0| X 0 0
J. 0 0 0 0| A |- 0 = la
D" 0 0 0 E|| Xs 0 o
0 0 r —ET 0 ¥ 0 ¢
) e b S

a Ae a r Ae
¢ g ¢ 0

= Solved at every time-step of the simulation

e |terative solvers

% p—
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Inaccurate behavior

Constraint stabilization & elastic collisions

= Penetration errors

= Baumgarte stabilization

Vs

0g > 0
Fer -es At=107"
. p B
%=~ At % qemee At =102
‘ At =103
» Pseudo random energy creation in N Analytic
collisions . \
» No convergence
# e
TUDelft O eSsSa Challenge the future 12




Inaccurate behavior

MNCP solver convergence & uniqueness

» Projected Gauss-Seidel (PGS)
solver often used
 Fast initial convergence, slow
afterwards
* No error based convergence
criterion
» Fixed number of iterations

= Uniqueness not guaranteed

TUDelft © -€Sa Challenge the future 13




Experimental Analysis

% :
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Tennis ball experiment

» High-speed camera & video tracking

= Pseudo-random behavior too large

= Fxperiment bound
----- Simulation

3 o
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String experiment

e Lumped mass model
« Experimentally determined stiffness
» Estimated aerodynamic damping

= Accurate for simple excitations

01, 2-1072
—— Experiment
5-1072 15-10"2 --- Simulation
E 3 1102l
” 0 o 1-10
- 5-1072 5-1073|
_— l | |
0'10 05 1 1.5 2 00 20 40
t [m] w [rad/ s]

%
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Net experiment

; —— Experiment
‘ | | | | 0 -~ Simulation
-02 0 02 04 06 038
X [m] =
" _0'5 ,,: l‘::,‘
o v
£ 7 s 6
0S¢ t[s]
-02 0 02 04 06 08
X _[m]
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Computational efficiency

% p—
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Computational efficiency

—o— Bullet undamped —— Bullet damped
—o— Adams undamped

|| —— Adams damped

% p—
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Computational efficiency

——Adams, y = 0
—— Adams;, y = 1

—o—Bullet & Blender; y = 0
——Bullet & Blender; y = 1
— 20
2,
L)
£ 15| ;
© o)
S 10
I
2 5 ke
&
@)
O 0 o | | | |
0 2 4 6 8 10

Number of blocks [-]

%
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Computational efficiency

S

[~—Adams, s = 1]
—— Bullet; y = 1

-
(&)

Computational time [s]
o

&)

| il [
100 10 10? 103

Number of blodcks [-]
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Conclusions

= Assess gaming engine accuracy
« Simple models, but can be accurate
* Important to select proper combination of algorithms

« Verify suspected advantages
* Much faster in handling contact

- Identify possible engineering applications
 Rigid-body simulations with many contacting bodies
* Real-time applications

= Suggest /mplementation of an engineering tool
« Use Bullet & Blender as a basis

% ,
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Recommendations

« Making a useful tool from Bullet & Blender
* More control over Bullet from Blender
» Add additional modules for post-processing

« Future research
* Thorough investigation on string & net dynamics
« Adaptive time-stepping methods to improve efficiency of simulation
of stiff systems

% p—
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Friction

e Coulomb friction model
|F¢|| < pl||Fell

« Simplifications for simulators
* Linearized friction model
» Decoupled friction model

 Linearized model converges with more
vectors but slower

= Static friction in decoupled model
overestimated by V2
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Back-up slides

Tennis ball experiment

Collision Detection Simulation
State
|
¥
Broad Phase Collision Solver
I / d - Simulate
i = | |
¥ 'L . 1 J End User
Narrow Phase Timé Coritrol Interaction
Discontinuity L ! T
| Signal
Contact . j o Solve,
Determination Hgtlon
|
"
STC Analysis T Cnﬁﬂ[gi[l}_ﬁéiver
Contact Groups
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100

Back-up slides

107!

Semi-implicit Euler integration 1072

1073

Relative period error [-]

10—4_1 I Lo | | .
1 9 10 _ 100_ 10
At < — — <At < — At > Timestep size [s]

W w w

€l

—
Q
Y

- E -
. , --- Numeric -
--- Numeric --- Numeric Analvti E 10°
— Analytic — Analytic 100 _— nalytic g |
— T T T T — 10 T T T T 'E' ‘ ‘ f ‘ ;. ke r
£ 1L | £ \i; flw ,;l U — 50 ,p‘H”‘::H = 17
‘ i - TS = -1 L 4
5 PP T = IRt g 107 :
a e e VLT L AT E &
[ I Ty AR P Y LT L C
g 0 g OWWWWWW g 0 R RTINIATT © L
o Q2 I R R o fr )"Hu ‘|'I‘\‘|H\|\II\I\“\‘HI'IH [0] _ o
E E \'ll‘\r'| 'lll‘\“ '||\"|H‘ Mu:ﬂ" E m J.”F:'.u‘\lr‘l‘ll‘m"l‘l .2 10 = =
& -1 g O s 3 7O T B i
— — i i b = filt ] r ]
O L 0O -10 o _ ! | ! \"!‘ o L n

02040&‘)&‘)1(” mo 2040mm1w 10—3 Lol I I

Time [g] Time [g] Time [g] 107! 100 10
Timestep size [g]
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Back-up slides

Friction models

e Coulomb friction model
| E¢|| < pl|Fell

e Linearized friction model

F; = DX
where = |dq,...
and Z)\ < u||F, \| ‘
-ifu DEIf'[ {? eSa Challenge the future 32




Back-up slides

o || Fe H
Friction models

e Coulomb friction model
| E¢|| < pl|Fell

 Linearized & decoupled friction model

F; = DA
where D = [d;, d5)]
and — p||F|| <A < pl|F||

] o
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Back-up slides

Friction models

Linearized model Decoupled model
-1

c

o

F=]

O

= 0
O

-

S

n 1
c

o -1
b=

O

=

(-

2 0
S

@

c

>

QO 1

-1 0 1 -1 0 1
3 -
TUDelft = - eSa Challenge the future 34




Back-up slides

Error redution

oBaumgarte
»Post-stab.
+Bullet & Blender

w(s)

W(s)

- h= 10"

s JRIEE h= 102
S T h= 1073
A A — Analytic
f
EE
.
H
: |
2 4
t
h= 10"
..... h= 102
h=10"3
— Analytic
!
| |
2 4
t
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Back-up slides

Tennis ball experiment

Fd = —%ACD,O(’U, . ’Ll,) (L>

[Jul]

ﬁ‘r e
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Back-up slides

String experiment

Fij = ke(|[0i7|] — le)os;T
Fij = ce(dijv - 0557)0;5T

g A Fsij+ Faig it |[ogr]| =L
v 0 if [|0i;r]] —le <

1 1 0
F palr [O 0] v’LCDAh7

>0

0"

(2} Camera.001

]
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— "/ ,,L marker
— 1/ gL marker
— 1/ gL marker
1 ,L marker
—"/,L marker

String experiment

Displacement [m]

Displacement [m]

01

5-1072

-5-1072

-01

uil

5-1072 1 |

- 5-10°2

-01

Back-up slides

| |
0 1-107% 2-10°3 3-10°3
Time[q

[Y ()]

MUI

_10—2

.10—2

.10—2

_10—3

-1072
_10—2
.10—2
-10°2

.10—3

10 20 30 40

Frequency {Hz)

# e
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Back-up slides

5-10"2 ﬂ

String experiment
£ 0
wn
|
- 5-1072 - N
. 0.15}| - -0.1 - | | | |
£ 02 04 06 08 1
S t[s]
E 0 1 I - 4 - 10—2 L
©
- 3-1072 |
8 5-1072| - _
= 3
W 2-1072|
0 | | |
0 20 40 60 1-1072
Elements [-]
0 AN g T e N
0 10 20 30 40 50
w [HZ]
# " g
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Back-up slides

String experiment

01, 0.1 0.1

5-1072}) 5.1072 |

e

- 5-10°2 _5.10-2

—01.
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Back-up slides

String experiment

—— Experiment
5| 2-10"2F | |--- Simulation
= 3
=
- T 1102} |
-5 |
| | 0 U ]\ J[\I LA |
0 0.5 1 1.5 0 20 40
t [m] w [rad/ g
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Back-up slides

String experiment

0.12
01
8-1072|
FS’LJ_k(HdLJTH l) T § 6_10—2,
Fg.i=cc(0i5v-04T)0;T — 4-10-2|
2-10 -
0 |
0 10 20 30 40 50
w [HZ]
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Back-up slides

String experiment

10_2§ e s B T ||\|||§
: ; 4-1072 =
1073 - . 0.1~ - —h= 25
i | _ 31072 ——h=_L
E i 1 = £ —h = 1.01
= 7 | & 0 = -2 _ 102
© 10_4 3 s E w E 2-100- / —h e
& - @@ﬁﬂg 1 % Ll
I 1 _o1L \m 1T 1410
10_5 = f E | ! ! \ 0/
- 1 0 02 04 06 08 1 0 20 40
I | t [s] w[Hz]
1()_6 IR | R
10~ 2 101 100
2 [s]

TUDelft * ~€Sa Challenge the future 43




Back-up slides

Net experiment _ Experiment vs.
Experiments simulation

e

— | I | |
-02 0 02 04 06 08
x [m]

t [g]
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Back-up slides

Net experiment

ol s 0.8
_02l 0.6
3 = 04l
=, c 04
N _0.4_ ';'
0.2
_0_6_
0
-0.8 | | | |
-02 0 02 04 06 038 3

x [m]
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Back-up slides

Image processing

%
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Receive position
from Blender

Back-up slides

Bullet algorithm overview

Apply post-
stabilization

Update active
contacts

v

Solve
complementarity
problem

v

Update velocity and
position

Return position to
Blender

3 o
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