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Figure 1: Simulating stacked bodies is known to be difficult.
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Figure 2: The simulation loop.




Figure 3: Separating plane between bodies A and B with normal
vector n.

Vg. € An-q.<d and Vg €B.n-q,>d. (1)



Objective
Ax=x" —x and AR =R"R . (2)

Ax® =x® —x and AR® =RER™". (3)
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Linearizing the Separation Constraints
An = nP" —n = é:n, + dyny, (7)

body >r er body T
q. = Ruq, ° +%x. and qﬂ'“ — Rf; d. y —|—xff’,

ARw = w 4+ Ar x w:

a? = ARu(qu — Xa) + xB. (8)
q]iﬂ‘i' = qu —|_ &xu ot &ra A (qm EEe xuj* {9}



Linearizing the Separation Constraints

(n+d:n,: +0yny) - (qa + AXa + Arg X (e —Xa)) < d. (10)

n-Ax, —(nx (q, —X,)) - Ar,

+(H’I ' (]“,)63; “F (Ily ] qﬂ]ay —d < —Il - Qa. (1 1}

n-Ax, — (n x (g — xp)) - Arg
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Figure 4: Explanation of critical vertices.



Input: current and target positions for each body
Output: new current position for each body

S—10
repeat
find current close pairs and add to S
for all close pairs P = (A, B,C) € S
calculate the separating plane (n, d) for A and B
find current critical vertices of A and B with respect
to (n, d) and add them to C
solve QP
if infeasible
rollback all body positions
else
update the current positions
while QP was infeasible or
critical vertices were added or

objective was improved

Table 1: Position update algorithm.



Bounds

4= % (mm{ n-q, + min n - q;;.) : (13)
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Figure 5: Friction cone and regular octagonal approximation. Ratio
r /R of inner to outer radius is cos /8.



Momentum Update
(nz-§)°+(ny-j)" <p’(n-j)* and n-j>0.  (14)

T mwh Th
Wh— (5 CO8 gn + cos Inm -+ sin ?ny: (15)

u, -j >0, for h=0,1,2...,7. (16)
v(q) =n-((ve+ws X (@—Xb)) — (Va twa X (@ —Xa))). (17)

m;'j and I, '((q—xs) xj) (18)

m,j and  I;'((q—Xa) X j) (19)

if v >0 then vt >0 else v7 > —e-v . (20)



Force or Acceleration Calculation

(a) (b)

Figure 6: Acceleration cone vs. friction cone. If a lies on side of
cone, new a is projection to n,, n, plane.

a(q) =(ap+ap X (q —Xb)) — (a0 + @a X (@ —Xa)). (21)

n-a(q) > 0. (22)



Force or Acceleration Calculation

k

1 1
Z —mig - a4 E?ﬂiﬂ ra+ 5*—'1311'&{31'- (23)
i=1
a(q) =a(q) — (n-a(q))n. (24)

o / } :
(,u " cos gn + cos %ni + sin %ny) - (a(q) —a(q)) = 0.

for each frame
update positions and find contact points
apply impulses
calculate new body accelerations



Joints

Figure 7: Simple multi-body pendulum made of six sticks.

Qo+ AXe+ AT X (ga—Xa) = qp+AXe+Ary X (e —Xp), (26)



Non-Convex
Solids

Figure 8: Jacks: an example of non-convexity.



Experiments and Results

#solids | close pairs/fr. | collisions/fr. | contacts/fr. | #frames | sec./fr. | avg. #qp/fr. | rollbacks [%]
Stack 10 6.6 29 257 600 0.9 3 0
Cubejam 100 172 411.7 2784 1500 222 4.8 0
Wall 90 1292 404.3 220.6 600 12.3 4 0
Jacks 50(150) 1233 167.1 94 1500 155 4.6 003
Pendulum 6 0 0 0 1000 0.1 2.1 0
Hybrid 100 159.1 518.7 497.6 1500 259 4.8 0.07
Hourglass 1000 1723 4 1673.6 1673.6 2000 135 26 0
Robot 306 308 507.7 507.7 580 7.3 6 2.7

Table 2: Complexity of scenes and efficiency issues.




Experiments and Results
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Figure 9: Solution time of one QP vs. number of close pairs for the
position update.



