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Abstract

Robotic manipulation and locomotion often entail nearly-simultaneous collisions—such as heel and toe strikes during a
foot step—with outcomes that are extremely sensitive to the order in which impacts occur. Robotic simulators commonly
lack the accuracy to predict this ordering, and instead pick one with a heuristic. This discrepancy degrades performance
when model-based controllers and policies learned in simulation are placed on a real robot. We reconcile this issue
with a set-valued rigid-body model which generates a broad set of physically reasonable outcomes of simultaneous
frictional impacts. We first extend Routh’s impact model to multiple impacts by reformulating it as a differential inclusion
(D), and show that any solution will resolve all impacts in finite time. By considering time as a state, we embed this
model into another DI which captures the continuous-time evolution of rigid body dynamics, and guarantee existence of
solutions. We finally cast simulation of simultaneous impacts as a linear complementarity problem (LCP), and develop
a probabilistically-complete algorithm for approximating the post-impact velocity set. We demonstrate our approach on

several examples drawn from manipulation and legged locomotion.
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1 Introduction

Modern robots are fast and strong, and their capabilities often
eclipse those of humans. However, when these robots interact
with their environment, whether by manipulating objects or
traversing over uneven surfaces, they do so with far less skill
than their human counterparts. Critical challenges facing the
field lie in modeling, planning, and control of robots in these
complex, multi-contact settings, particularly for locomotion
(Wieber et al.|2016) and manipulation (Kemp et al.|2007).

Chief among the difficulties induced by frictional contact
are collisions between robots and the objects in their
environments. Even a single collision is a complex
interaction, in which object interpenetration is prevented by
material deformation. Often, this process occurs on a spatial
and temporal scale far below the resolution of practical
robotics sensors. Truly accurate capture of these effects
requires an impractically precise set of knowledge of the
constituent materials, geometries, and initial conditions, let
alone the burdensome computation to produce predictions
from such information (Chatterjee|1997). In the face of these
challenges, many robotics approaches make a rigid-body
assumption, a tractable but coarse approximation of contact
mechanics in which objects do not deform (see |Stewart
(2000) or Brogliato| (1999) for a detailed overview).

Deeply ingrained into robotics simulation, planning,
and control methodology is the philosophy of 1) picking
a rigid-body model for its mathematical convenience
and 2) assuming that an arbitrary prediction from the
model is unique and closely matches real-world behavior
(Posa et al. 2014; Mordatch et al. 2015; (Coumans and
Erwin| 2015; Hogan and Rodriguez| |2016; |Chavan-Dafle
and Rodriguez| 2017 [Salehian and Billard| 2018). This
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approach is sometimes reinforced by underlying models
which intentionally select unique outcomes based on a
heuristic such as maximum dissipation (Drumwright and
Shell|[2010), minimum potential energy (Uchida et al.|2015)),
or symmetry constraints (Kaufman et al.[[2008). Popular
linear complementarity problem (LCP) formulations may
have a finite number of non-unique solutions (as opposed
to infinite realistic outcomes), but practically rely on a
numerical solver which may be biased toward a particular
solution (Anitescu and Potral1997; Stewart and Trinkle|1996;
Halm and Posal2018; [Horak and Trinkle[2019; Remy|2017).

However, seemingly minor mathematical differences
between models can result in wildly different predictions
from identical initial conditions; in many cases, no available
model reasonably captures real-world behaviors (Fazeli
et al.| 2017; Chatterjee| |1999} |Stoianovici and Hurmuzlu
1996; Remy| 2017). These discrepancies are particularly
pronounced when multiple impacts occur so quickly that
their order cannot be practically distinguished—for instance,
heel and toe strikes in flat-footed running. The extreme
sensitivity of simultaneous impacts to their ordering has
been widely studied (Wang et al.| (1992); [Hurmuzlu and
Marghitu| (1994); [Ivanov| (1995)); Smith et al.|(2012)); {Uchida
et al| (2015) and others). A ubiquitous manifestation of
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(a) Initial condition

(b) Symmetric impact (c) A-then-B sequential impacts

(d) B-then-A sequential impacts

Figure 1. (a) A cell phone (yellow) with velocity v is dropped onto flat ground (gray), colliding at two corners; multiple
physically-realistic results may emerge from these simultaneous impacts. (b) As the system is symmetric about the vertical axis,
one possibility is that the phone comes to rest; the model in /Anitescu and Potra| (1997) produces this outcome. (c) With sufficient
friction, any impact at a single corner can stick. Therefore, if point A impacts first, the resulting torque would cause the phone to
rotate counter-clockwise. This causes a second impact at point B, causing the phone to pivot about B with A lifting off the ground.
(d) If the impacts are instead ordered B-then-A, the end result by symmetry is A pivoting and B lifting off.

this phenomenon is the difficulty of predicting a billiards
break, though sensitivity to impact also occurs in far simpler
systems. Figure |1| for instance shows how qualitatively and
quantitatively distinct outcomes can results from a single,
slender object impacting flat ground.

As the motivating examples in Section [3.I] will
demonstrate, simultaneous impacts are not limited to
unlikely, pathological events; they are, in fact, regular
occurrences in robotics. Such behaviors require careful
analysis that unique-outcome models do not readily provide.
From the perspective of planning, learning, and control,
it is critical to understand the role of this non-uniqueness
(alternatively, extreme sensitivity), as some of the broad
challenges in executing dynamic, multi-contact motion likely
arise from these issues. For example, methods which use
a simulator to learn or plan a motion may, unwittingly,
be planning for an ambiguous and therefore unstable
outcome due to multi-contact. Furthermore, as the set
of these ambiguous outcomes is often non-convex, it is
insufficient to try to capture this sensitivity via simple models
of uncertainty. To address these issues, we propose the
development of set-valued rigid-body models that attempt
to generate all physically-reasonable outcomes. While some
predictions from such a model may not ultimately occur,
controllers guaranteed to stabilize the model—as well as
learned policies trained on the the model’s predictions—
are well-positioned to perform reliably in the real world. In
this work, we present a rigorously-derived, set-valued rigid
body model which captures arbitrary impact sequencing
in multi-contact scenarios. This work extends our previous
conference publication Halm and Posal(2019)), in which we
first extended of Routh’s impact method to simultaneous
frictional impacts. This paper supplements the scope of this
work with the following:

e In Section [3] we provided a significantly simplified
theoretical analysis of the impact model in [Halm
and Posal (2019), including guarantees on existence
of solutions (Lemma [I4) and impact termination
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(Theorem[23). We additionally include new motivating
examples which highlight the inconsistencies which
arise between existing models of simultaneous impact.

e In Section @] we embed this approach into a uni-
fied rigid body dynamics model, capturing both
impacts and continuous-time evolution with a differ-
ential inclusion. We prove that our differential model
exhibits desirable physical and mathematical proper-
ties. Notably, we prove existence of solutions (Theo-
rem [28) and amortized time advancement (Theorem
[31) in spite of pathological multi-contact behaviors
including Zeno’s paradox.

e In Section[5] we formulate a time-stepping simulation
of the impact model as a linear complementarity
problem (LCP). We provide probabilistic bounds on
computation time for both sampling from (Theorem
and global approximation of (Theorem §3) the
feasible post-impact velocity set.

e In Section[6] we apply our model to several examples
from robotic locomotion and manipulation.

2 Background

We now introduce notation for and review frictional impact
dynamics of rigid multibody systems. In the breadth of
developing both a continuous-time model and a discrete
simulator, there are several prerequisite topics to review. We
offer a thorough introduction to each, and summarize related
notation in Appendix [A] For readers already well-versed in
most of these topics, it may be advisable to skip to Section [3]
and use this section and the appendix as required.

We will begin with the mathematical foundations of
our models: functional analysis (2.I), sampling-based set
approximation (2.2)), differential inclusions (2.3), and linear
complementarity problems (2.4). We will make use of
several set-, matrix-, and vector-valued operations and
constants; the most common of these are listed in Appendix
[Al Table 2] We conclude the section with an overview
of continuous-time evolution (2.3)), discrete-time simulation
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Figure 2. (a) Graph of Unit(v) for n = 1. Note that Unit(v) is
continuous on v # 0. At 0, Unit takes the value [—1, 1], which
contains a continuous extension of ¥ from both the left (—1)
and the right (4+1), so that Unit is u.s.c.. (b) Flow field (yellow)
of the solutions (blue, red) to © € —Unit(v) for v € R?.

(2.6), and impact resolution of rigid bodies undergoing
frictional contact; a listing of the associated system terms
is in Section [2.5] Table [I] For notational brevity, we will
frequently write a singleton set {a} without braces (e.g.
a + B is the Minkowski sum of {a} and B) and suppress the
dependence of system terms on their inputs whenever clear
(e.g. G instead of G(q)).

2.1

The results in this work are derived using tools from measure
theory and functional analysis; for a thorough background,
see [Rudin| (1986, [1991)). For a domain 2 C R", we equip €2
with the Euclidean metric and norm, and integrate over €2
with respect to the Lebesgue measure by default. The total
time derivative f (t) of an absolutely continuous function
f(t) is taken in the Lebesgue sense (i.e. f(¢) is the anti-
derivative of f (t), which is defined almost everywhere
(a.e.)). Convergence of a sequence of functions f, to f
almost everywhere and uniformly are denoted f,, == f and
fn = f, respectively. A key result for the derivations in this
work is the Arzela-Ascoli Theorem (Rudin/1991):

Functional Analysis

Theorem 1. Arzela-Ascoli.  Every uniformly bounded
sequence (fr,), <y of equicontinuous R™-valued functions on
a compact interval |a,b] has a subsequence (f, ), cy that
converges uniformly.

In particular, we will apply this theorem to sequences
of functions that are equicontinuous because they are all
Lipschitz with the same constant. We say a function f :
A — B is Lipschitz with constant L if for each aq, as
in A, || f(a1) — f(a2)|l, < L|lar — azl|,. For instance, an
absolutely continuous function f(¢) has this property if
H Vi) H2 < L almost everywhere. When Lipschitz functions

are composed, the resulting function is Lipschitz as well:
Proposition 2. let f,g: Ax B — A be two Lipschitz

functions with constants Ly and L. Then h(a,bq,bs) =
f(g(a, b1),be) is Lipschitz with constant Ly L.

Our analysis will also make use of positive definite
functions; a function a.(s) :  — clR™ is positive definite if
it is positive on Q \ {0} and «(0) = 0.
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2.2 Set Approximation via Sampling

Intractable problems in robotics can often be approximately
solved with arbitrary precision via stochastic, sampling-
based methods (e.g. “probabilistic completeness” and
“asymptotic optimality” of RRT* (Karaman and Frazzoli
2011)). In Section [5| we will use random sampling to
approximate the set of possible post-impact velocities
corresponding to a pre-impact state. We will show that finite
set of samples can approximate the whole set as an e-net:

Definition 3. For ¢ > 0, an s-net of a set X is a set X' C
X such that for each x € X, there exists an ¥’ € X' with
o — ']l < =

In the spirit of probabilistic completeness, we will show
that, with sufficient samples, our simulation scheme can
approximate this set to arbitrary precision with arbitrary
confidence. We will prove this by leveraging a similar
behavior for the image of a box under a Lipschitz continuous
function:

Proposition 4. Let g(x) : R™ — R™ be Lipschitz contin-
uous with constant L. Consider a set of N uniform i.i.d.
samples X = {x1,...,xn} from [0, h]™. Then g(X) is an -

n . -7 (1_Q)N
net of g([0, h]™) with probability at least 1 — ~~—

0= [1vm]”

, where

ey

Proof. See Appendix[C.1]

2.3 Differential Inclusions

The dynamics of many robots can be captured with a system
of ordinary differential equations (ODEs) & = f(x,u),
which relates «, the state of the robot (typically some notion
of position and velocity), to u, a set of inputs (such as motor
torques) that can be manipulated. However, the dynamics
of rigid bodies under frictional contact present complexities
that this formulation cannot capture. Impacts between bodies
induce instantaneous jumps in velocity that in general cannot
described by an ODE (non-smooth behaviors) (Brogliato
1999). Additionally, when contact occurs at many points,
multiple frictional forces that obey Coulomb’s law of friction
may exist (non-unique behaviors) [Stewart| (2000). It is then
useful to define an object that, unlike ODEs, allows for the
derivative at each state to lie in a set of possible values

v € D(v). (2)

As the set-valued map D(v) associated with friction may not
be continuous, conditions for a function v(¢) to be a solution
to this differential inclusion (DI) are weakened from those of
an ODE:

Definition 5. For a compact interval [a,b], v : [a,b] — R™
is a solution to the differential inclusion © € D(v) if v
is absolutely continuous and v(t) € D(v(t)) a.e. on [a,b).
Denote the set of such solutions as SOL (D, [a, b]).

Solutions to initial value problems for (2) are defined
similarly:
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Definition 6. The set of solutions to ©(t) € D(t) with initial
condition v(a) = vy over the interval t € [a, b] are denoted
as IVP (D, vy, [a, b)).

In Figure[2] we consider an example DI

v € —Unit (v) , (3)
where Unit (v) is the set-valued unit direction function
v 0

Unit (v) = {v} v#0, @
{v:|lv]|, <1} = cl(Ball(1)) v=0.

The only solution to the initial value problem starting from
v(0) = v has the form

v(t) = max (||vol|, —t,0) ¥p .

®)

This solution is non-differentiable at ¢ = ||vg||, and thus
is not a solution of any ODE. In general, non-emptiness
and regularity of the initial value problem depends on the
structure of D(w); fortunately, we will later show that
solution sets for frictional dynamics are well-behaved due
to their upper semi-continuous (u.s.c.) structure:

Definition 7. A function D : A — P (B) is upper semi-
continuous if for any input a and neighborhood B’ of D(a),
there exists a neighborhood A’ of a with B' C D(A’).
Equivalently, if B is compact, for all convergent sequences

(an) ey and (bn), e
by, € D(ay),Vn = limb, € D(lima,).

Proposition 8. (Aubin and Cellinal [1984). Let vy € R”
and [a,b] be a compact interval. Suppose D(v) is uniformly
bounded (i.e. D(v) C Ball(c) for some ¢ > 0). If D(v) is
u.s.c., and closed, convex, and non-empty at all v, then
IVP (D, vy, [a, b]) is non-empty and u.s.c. in vo.

Intuitively, a map is u.s.c. if its value at each v is not
significantly smaller than its value at any v’ near v. U.s.c.
functions have the useful property that they map compact
sets to closed sets, and Proposition immediately and
crucially implies that SOL (D, [a, b]) and IVP (D, vy, [a, b])
are non-empty and closed under uniform convergence. The
DI in Figure 2] for example exhibits this structure.

Similar to continuous functions, there are several useful
compositional rules which preserve upper semicontinuity;
finite combination of u.s.c. functions by cartesian product,
convex hull, composition, union, and addition are all u.s.c..

2.4 Linear Complementarity Problems

We will formulate multi-impact simulation as a sequence of
linear complementarity problems (LCP’s), which have been
widely used for frictional contact simulation (e.g. |Stewart
and Trinkle|(1996); Anitescu and Potral (1997)). We refer the
reader to |Cottle et al.|(2009) for a complete description and
briefly describe some essential properties.

Definition 9. The linear complementarity problem with
parameters W € R™™™ and w € R™ is the constraint
satisfaction problem

find z€R", (6)
subject to 2T (Wz+w)=0, @)
z>0, ®)
Wz+w>0, 9)
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for which the set of solutions is denoted LCP(W, w). The
complementarity constraints (7)—(9) are often abbreviated
as0<z1l Wz+w>0.

For LCPs related to frictional behavior, W is often
copositive (i.e. 7 Wz > 0 for all z > 0). This property is
theoretically useful, as it provides a sufficient condition for
LCP feasibility and computability:

Proposition 10. (Cottle et al.| [2009). Letr w € R", and
let W € R™" be copositive. If wI LCP(W,0) > 0, then
LCP(W ,w) contains a solution which Lemke’s Algorithm
can find in finite time.

While uniqueness of the solution is not guaranteed,
if mapping the solution through a matrix A produces
uniqueness, it also produces Lipschitz continuity:

Proposition 11. (Facchinei and Pang| 2003). For all
matrices W € R"*" A € R™*" if the function f(w) =
ALCP(W  w) is unique over a convex domain Q) C R", it
is also Lipschitz on Q.

2.5 Continuous-time Dynamics of Rigid
Bodies and Friction

We new describe the motion of rigid bodies undergoing
frictional contact; related mathematical terms are listed in
Table[1l

Many robots’ dynamics can be modeled as a system
of rigid bodies experiencing contact at up to m pairs of
points (for a thorough introduction, see [Stewart (2000) and
Brogliato (1999)); each pair is referred to as a contact. The

state
o-[28]

of such a system can be represented by a configuration
q(t) € R™ and velocity v(t) € R™. Though v = ‘é—? for
some systems, others (e.g. those representing rotations with
angular velocities and quaternions) obey the more general

(10)

dg =T'(q)vdt, (11)
for some smooth, bounded, full-rank I'(q).

The geometry of the contacts is represented by a Lipschitz
continuous and continuously differentiable signed-distance
function ¢(q) € R™ for which the ith component is positive
when the ith contact is inactive; zero if it is active; and
negative if there is interpenetration. Impactless evolution of
the system is governed by the manipulator equations

M(q)dv =
(8] P +e-evn-cta) . o

Here, the continuous function M (q) > 0 is the generalized
inertial matrix, and the kinetic energy K (g, v) of the system
can be calculated as

1

1
K(g.v) =5 [0l = 59" M(@v.  (13)

By assumption there exist c;, ca > 0 such that ¢ = M >
coI (thus M and M ! are bounded over configuration
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Table 1. Dynamics terms for rigid bodies undergoing frictional
contact. When clear, some terms may be written with the
dependence on their inputs suppressed.

Term Meaning
Ng number of configuration variables
Ty number of generalized velocities
m number of contacts
t time
q robot/environment configuration
v robot/environment velocity
x robot/environment state (10)
x robot/environment time-augmented state
u robot/environment input forces
T'(q) generalized velocity jacobian
M(q) generalized mass-inertia matrix
C(x) Coriolis and centrifugal effects
G(q) conservative (potential) forces
K(q,v) total kinetic energy (13)
U(q) total potential energy
Jn(q) normal velocity Jacobian
J:(q) tangential velocity Jacobian
J(q) full contact velocity Jacobian
An normal forces vector
At frictional contact forces vector
A full contact forces vector
i ith contact Coulomb friction coefficient
FC(g,v) Coulomb friction cone at state [q; v] 22)
Jp linearized tangential velocity Jacobian
AD linearized friction forces vector
J linearized velocity Jacobian
Y linearized contact forces vector
LFC(g,v) linear friction cone at state [q; v] @I)
C set of all contacts
Ca(q) set of active (touching) contacts at g
Cp(q)  setof interpenetrating contacts at g 23)
Qa set of active-contact configurations
Op set of penetrating-contact configurations
Xa set of active-contact states
Xp set of penetrating-contact states
Z(q) set of impact-causing velocities at q
S(q) set of separating velocities at g (29)

space). The continuous function C(x) encompasses Coriolis
and centrifugal effects and grows at most quadratically in
x. G(q) are conservative forces, related to the system’s
potential energy U(q) as

TaUT_

G(q) =T(q) Er (14)

u are external inputs, modeled as generalized forces (i.e.
motor torques). J, = %‘31‘ € R™*™ projects v onto the
contact normals, and thus JE maps contact-frame normal
forces A, (t) € R™ to corresponding generalized forces. To
prevent degenerate behaviors, we assume that for all active
contacts, there exists a generalized velocity for which the
contact is separating:

Assumption 12. Vi, ¢;(q) =0 = J,(q) # 0.

J, € R2™X"v similarly maps between generalized veloc-
ities/forces and contact tangential velocities/friction forces
Ai(t) € R?™. For i€ 1,...,m, we associate the sub-
matrices corresponding to the ¢th contact as J,, ; and J; ;,
respectively. J,, is bounded and continuous by the properties
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of ¢ and I', while J; has the same properties by assump-
tion. These properties can be guaranteed, for instance, by
the assumption that bodies’ boundaries can be defined as
piecewise-smooth with bounded curvature. A work-energy
relationship dictates that the time evolution of the total
kinetic energy in the system is governed by
dK =v" (u+ N — G) dt, (15)

because neither normal forces nor Coriolis forces do work on

the system.
The contact forces [A,; At] must lie within the Coulomb
friction cone; that is, for each contact i € {1,...,m},

An,ihi(q) <0, (16)
Anidn,iv <0, (17
Ani >0, (18)
Ati € —piAp,;Unit (Jyv) , (19)

where p; > 0 is the friction coefficient for the ¢th contact.
(T6) and restrict normal forces contacts which are active
(¢; <0) and non-separating (J, ;v <0). (I8) requires
that normal forces push bodies apart. (I9) is a maximum
dissipation constraint, capturing the solution set of an
optimization problem which maximizes the mechanical
power lost due to friction:

T}? (Ari) - (Jiiv), (20)
s.t. A € cl(Ball(piXn ) - 21
We denote the set of Coulomb contact forces as
FC(q,v) = {X : Vi, (T6)-(19) hold} . (22)
We note in particular that, since Unit(v) C Unit(0),
FC(q,v) CFC(q,0), (23)

for any g,v. Let C ={1,...,m} be understood as the
collection of contacts. For an individual configuration q, we
denote the set of contacts that are active as

Calq)={ie€l,...,m: ¢;(q) <0}, (24)
and the set of interpenetrating contacts as
Cp(g)={i€l,...,m: ¢i(q) <0} . (25)

We note that because ¢ is continuous, C4(q) and C\
Cp(q) are us.c. in q. From these functions we also
define Q4 = {q: Ca(q) # 0}, the set of configurations
with active contact, and Qp = {q : Cp(q) # 0}, the set
of interpenetrating configurations. Finally, we define the
following for notational convenience:

Jn _ Jn,z
J= |:Jt:| ) Jl_ |:Jt,z:| ) (26)
)‘n A’n,i
T I
Z(q) = {v e R™ :3ie Calq), Jnv <0}, (28)
S(q) ={v eR™ :Vie Ca(q), Jnv > 0}. (29)



Journal Title XX(X)

For a given configuration, Z(q) is the set of impacting
velocities, for which an active contact is moving towards
penetration and thus causes an impact. S(q) likewise is the
set of separating velocities, where no impact can occur as all
contacting surfaces are moving away from each other. While
Z(q) and S(q) are disjoint, there may be some velocities
in neither set; these situations may require impacts, as
in Painlevé’s Paradox (Stewart|2000). By Assumption
when q is non-penetrating, S(q) = int (Z(q)“) and Z(q) =
int (S(q)°).

2.6 Discrete-time Simulation

When generating solutions to the continuous dynamics (12)),
it is important to note the interplay between the dynamics,
non-penetration constraints, and friction cone. Common
ODE integration schemes are an incomplete approach to
discrete time simulation, as arbitrarily selecting contact
forces from the friction cone can cause penetration over a
time-step. Many approaches (e.g. [Halm and Posal (2018);
Anitescu and Potral (1997)) resolve this issue with a
constrained semi-implicit Euler scheme. Given a state © =
[g; v], input u, the state [g7; v ] = [q + Ag; v + Av] after
a time-step of duration At is calculated as

Agq =T(q)vAt,
M(g*)Av =
(J(@)" A +u—C(z) — G(q)) At, (31)

(30)

where AAt is the total contact impulse over the time step.
What remains is to determine a value for A that corresponds
to physically reasonable motion.

2.6.1 Continuous Forces |Anitescu and Potral (1997)
select continuous forces for sustained contact via a natural
first-order approximation to the friction cone constraint: only
contacts that are already active (i.e. active at q) are allowed
to exert force; forces must prevent penetrating velocities at
these contacts; and the forces must lie in the friction cone at

vt
find A, (32)
Vi€ Ca(q), Jni(g)vT >0, (33)
A € FC(qg",vT). (34)

Stewart and Trinkle (1996) and |/Anitescu and Potral (1997)
both approximate the maximal dissipation constraint (I9)
embedded in this problem into an LCP. Given a set
of unit vectors di,...,dy, the cone constraint in the
maximum dissipation formulation (21)) is approximated by
the polygonal constraint

)\t,i € IJ'i)\n,iCO ({dl, - dk}) . (35

Via the definition of convex hull, by packing these vectors
into the matrix D = [dy,...,d;], we can equivalently
search for a coefficient vector Ap ;, that solves

i XL DT (g, (36)
s.t. Ap,i >0,

||>‘D,i||1 < l"i>\n,i7
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and then reconstruct Ay ; = DAp ;. The solution set to this
problem can be represented explicitly with a slack variable
~; as the complementarity constraints
0<Ap,; 1
0 < 1

Jp,i(gT)vt +1v; >0,
idni —1"Ap; >0,

(37)
(38)

where Jp; = DTJM. For convenience, we define the
lumped terms

AD 1

Ap = : , A= BD] , (39)
_AD,m_
o]

Jp = : , J = Bﬂ . (40)
_JDa"”_

Accordingly, we say that the contact forces X are contained
in the linear friction cone if they comply with (T6)—(I8) and
a  exists such that (37)-(38) are satisfied:

LFC (q7v+) =
{X+ 3. Y, ([8)-(8). G- hold} . (41)

In particular, we note that when v = 0, any frictional
force is maximally dissipating (as the objective of (36) is
identically 0). Furthermore, we note that linearized cone is
an inner approximation of the true Coulomb friction cone
constraint || Ay ;||, < pi A, ;, and therefore

LFC (q,v") C LFC(q,0),
J"LFC(g,0) C JTFC(q,0) .

(42)
(43)

More details on the linear friction cone and its embedding
into LCP-based simulation can be found in |Stewart and
Trinkle| (1996).

2.6.2 Event-based Simulation through Impact The above
process is incomplete for simulating a system through time,
as it assumes that no new contacts activate within a time-step.
There are multiple resolutions to this issue, but we will focus
on event-based formulations, which attempt to determine the
sub-time-step instant ¢;,,,, at which a new contact is activated
and resolve an instantaneous impact then via a subroutine
ImpactLaw(q, v), if necessary. |Anitescu and Potral (1997)
present pseudocode for such an implementation, which is
reproduced in our notation in Algorithm I}

There are many choices for ImpactLaw (e.g.|Anitescu and
Potral (1997); Bhatt and Koechling| (1995); |Chatterjee and
Ruina) (1998); [Seghete and Murphey| (2014); |[Routh| (1891);
Drumwright and Shell| (2010); (Stronge| (1990) and others),
each with its own limitation. In this work, we will develop
a tractable LCP-based simulation scheme that can be used
to generate a suitable, individual output for ImpactLaw, as
well to approximate the set of all such outputs for a given
pre-impact state.

2.7 Resolving Inelastic Impacts

We focus on inelastic impulsive impacts, during which
velocities change instantaneously and configurations remain
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Algorithm 1: Event-Based Rigid Body Simulation

Input: Time-step h, initial state x, input callback

u(x,t)
Output: Final state

1t+0;

2 X < Xp;

3 u <+ u(x,t);

4 whilet < T do

5 At < min(h, T —t);

6 Calculate X, g™, v via 30)-(34);

7 if a new contact is penetrating at g* then
8 Estimate t;,,,,, moment at which first new

contact activates;

9 At +— timp — 1

10 Calculate X, g™, v via 30)-(34);

1 vT « ImpactLaw(q™,v™");

12 end

13 t<t+ At;

14 T« [qT;vT];

15 u +— u(x,t);
16 end

constant. Denoting A = AAt and taking the limit of the
discrete-time dynamics (31)) as At — 0 requires the pre- and
post-impact velocities v and v™ to obey
vH(A) =v+M(q)" () A (44)
Models often select A via an impulsive analog to Coulomb’s
friction law (e.g. |[Routh (1891); |Anitescu and Potra
(1997)). We will later combine and generalize ideas from

two categories of these laws: algebraic and differential
(Chatterjee|1997).

2.7.1 Algebraic impact resolution Several methods (e.g.
Anitescu and Potra (1997); Hurmuzlu and Marghitu! (1994);
Glocker and Pfeiffer (1995))) calculate A as the solution to a
system of algebraic equations. In some of these models, all
impacts are resolved simultaneously. For instance, |Glocker
and Pfeiffer| (1995)) and |Anitescu and Potral (1997)) solve for
an impulse A which both prevents penetration and satisfies
the (linear) Coulomb friction cone constraint only at the end
of them impact; this is equivalent to the continuous time
evolution (30)—([34) for At = 0. We particularly note that a
velocity-based complementarity condition is enforced by this
approach:

0<A,;LJ, v (A)>0,VicCa(q). (45)
This behavior is often violated in real systems (Chatterjee
1999); for the system in Figure this formulation can
only generate the symmetric result. An alternative approach
observed in several algebraic models (e.g. [Ivanov| (1995);
Smith et al.| (2012); Seghete and Murphey| (2014)) is to
consider multi-impact as a finite sequence of individual
impacts; to summarize this technique,

1. Pick a single active contacti € C'4(q).

2. Generate an impulse A;, by resolving a single impact
at contact 4, ignoring all other contacts.

3. Incrementv + v+ M 'JIA;.
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4. Terminate and take v+ = v if it is non-impacting (v &
Z(q)); otherwise, return to 1.

Various methods differ in their choice of contact ordering as
will as single-impact resolution methodology; furthermore,
some methods are only able to guarantee that the process
terminates under significant assumptions, e.g. two or less
contacts (Seghete and Murphey|2014). We will compare our
method to sequences of single impacts resolved using the
method of [Anitescu and Potral (1997).

2.7.2 Differential impact resolution As opposed to alge-
braic approaches, differential approaches consider continu-
ous evolution of velocity from pre- to post-impact velocity,
in which the total derivative satisfies a friction law in some
form. We will now describe one of the oldest differential
models for a single impact (Routh [1891), which we will
later extend to the multi-contact case. For a single con-
tact C'a(q) = {¢}, Routh| (1891) proposed a method which
satisfies Coulomb friction differentially. To summarize this
technique,

1. Increase the normal impulse A, ; with slope A; = 1.

2. Increment the tangential impulse with slope A;;,
satisfying to Coulomb friction, identical to (T9) for
the mid-impact velocity v = v+ M~ 1JI'A;, the
velocity after net impulse A;.

3. Terminate when the normal contact velocity vanisheq]
(i.e. J, ;v = 0) and take v+ = .

As observed in [Posa et al.| (2016), this process is equivalent
to a u.s.c. differential inclusion:
v € Fg(v), 46)

where Fy ;(v) is equal to the net increment in velocity due
to the “force” applied in steps[I)) and [Z)) of Routh’s method:
Fgi(v)=M""(J}, — pJUnit (J,v)) . (47)

For any © € Fy ;(v), we can associate a set of forces A; such
that

v=M'TIN, (48)
Ani=1, (49)
A; € FC(q,v). (50)

Note that for a frictionless contact (i = 0), this simplifies to

Fai(v) = {M~J; (51)

A diagram depicting the resolution of a planar impact
with this method is shown in Figure [3] Solutions may
transition between sliding and sticking, and the direction of
slip may even reverse as a result of each impact. While the
path is piecewise linear in the planar case, this is not true
in three dimensions. We additionally note that due to the
definition of Fg ;, @) would predict “forces” even when
v is a separating velocity (i.e. v € S(q)). However, Routh’s
method is intended to be used for velocity trajectories that

*To permit resolutions to Painlevé’s Paradox, terminate only when
consistency no longer requires an instantaneous change in velocity.
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Figure 3. Velocity throughout an impact resolution by Routh’s
method (image adapted from |Posa et al.| (2016)). At the initial
state, the velocity-projected extreme rays of the friction cone are
shown as solid red arrows. The contact begins in a sliding
regime. When v, shown in the yellow dotted line, intersects

Jiv = 0, the contact transitions to sticking and the impact
terminates when J,v = 0.

start in Z(q) only until the first moment that a feasible post-
impact velocity is achieved (i.e. v & Z(q)), and therefore this
non-physical behavior will never be encountered under the
intended use of the system.

From this point forward, we will take s to be the variable
of integration (i.e. “simulation time”) during the resolution
of an impact event; we note that evolution of s does
not correspond to evolution of time, but rather measures
the accumulation of impact impulse over an instantaneous
collision. In a slight abuse of notation, we will consider total
derivatives such as v (s) to be taken with respect to s. We will
also denote the impulse (i.e. the integrated force) on a contact
i over a sub-interval [s1,se] of an impact resolution as
A; (s1, $2). Implicit in Routh’s method is an assumption that
the terminal condition in step [3) will eventually be reached
by any valid choice of increment on A;; if it is possible to
get “stuck” with J,, ;v < 0, then Routh’s method would be
ill-defined and not predict a post impact state. This does not
happen in the frictionless case, as J,, ;v has constant positive
derivative J,, ;v = ”Jnl”?\/rl The frictional case requires
more careful treatment. Intuitively, the added effect of the
frictional impulse will be to dissipate kinetic energy quickly.
One may conclude that termination happens eventually as
zero velocity is a valid post-impact state:

Lemma 13. Let q € Qp be a non-penetrating configu-
ration, and i € Cy(q) be an active contact at q. Then
there exists S(q) > 0 such that for any solution v(s) €
SOL (Fgq.i, [0, ]|v(0)||, S(q)]) of the single frictional contact
system defined in ({#6)) and 7)), v(s) exits the impact at some
s* € [0, |lv(0)]l, S(q)] e, Iy v(s*) > 0.

Proof. See Appendix

The implication of Lemma @] is that a priori, one can
determine an .S > 0 proportional to the pre-impact speed
||v|, such that any solution to the DI (6) on [0,.S] can be
used to construct the post-impact velocity v+. We will see,
however, that the extension of this methodology to multiple
concurrent impacts is non-trivial, and that physical systems
associated with these models often exhibit a high degree of
indeterminacy.
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3 Simultaneous Impact Model

A ” B

(a) Initial condition

(b) Simultaneous algebraic impacts

Figure 4. (a) A compass gait walker, consisting of two legs
attached with a hinge joint at the hip, takes a step with hip
velocity v and excites non-uniqueness in the model of |Anitescu
and Potral (1997). (b) A single impact at that the leading foot
(point A) can cause the trailing foot (point B) to lift off the
ground. Alternatively, impacts at both feet can cause the trailing
foot to slide or come to rest.

We have seen in Figure |I| that two contacts impacting
simultaneously can excite significant disagreement between
models derived from seemingly similar principles. It is
worth noting that making two points coming into contact
at exactly the same is difficult in real life, and a measure-
zero event in analytical models. However, when multiple
bodies are in sustained contact, even a single impact is
enough to generate non-uniqueness. In this section, we first
offer two such common robotics examples—one related to
legged locomotion and the other to manipulation—and show
that simultaneous or sequenced impacts exhibit meaningful
uncertainty; further details can be found in Appendix
We then describe the principles, construction, and properties
of our extension of Routh’s method to arbitrarily-ordered
multiple impacts.

3.1

One of the simplest models of bipedal walking is the
compass gait walker, which consists of two rods (legs)
connected with a revolute joint at the hip. A fundamental
behavior of bipedal walking is to step with a leading foot
while a trailing foot rests on the ground, as shown in
Figure ] As observed by Remy| (2017), if a very wide step

Motivating Examples
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(a) Initial condition

i

(b) Simultaneous algebraic impact (¢) B-then-A sequential algebraic impact

Figure 5. Two subtly different solutions for a box sliding into a wall with velocity v (a) are shown. (b) When a simultaneous impact is
generated vialAnitescu and Potral (1997), the box comes to rest. (c) When point B has an individual impact before point A, a
different outcome results; point A continues sliding, while point B lifts off the wall.

(156° between the legs) is taken by the model, then the
simultaneous method of |Anitescu and Potral (1997) results
in three categorically different solutions. In one case, there is
only an impact at the leading foot, and the trailing foot lifts
of the ground. In two others, impacts at both feet can result
in the trailing foot sliding or coming to rest.

In the second example, motivated by non-prehensile
pushing of an object, we consider a box which slides on
one corner on a floor before impacting a wall (Figure [3).
If a single impact occurs between the box and the wall, it
will trigger a second impact against the floor. Due to the
position of the center of mass of the box, both impacts add
counter-clockwise rotational momentum to the box, causing
the contact with the wall to lift off. Alternatively, if both of
these impacts are resolved simultaneously, the box will come
to rest under sufficient friction.

3.2 Impact Model Construction

As post-impact velocity is sensitive to the ordering of
individual impact resolutions, a model that captures all
reasonable post-impact velocities is a useful tool for formal
analysis of such behaviors. We will construct such a model
by using as relaxed notion of impact resolutions as possible.
A similar model, without theoretical results or a detailed
understanding, was proposed by Posa et al| (2016) where
it proved useful for stability analysis of robots undergoing
simultaneous impact. We consider a formulation in which at
any given instant during the resolution process, the impacts
are allowed to concurrently resolve at any relative rate:

1. Monotonically increase the normal impulse on each
non-separating contact ¢ at rate A, ; > 0 such that

An,i = Oa Vi ¢ CA(q) )
ZAn,i = [|Anll; =1.

(52)
(53)

2. Increment the tangential impulse for each contact at
rate A ; such that A € FC(q,v).
3. Terminate when v ¢ Z(q).

We can understand the constraint on A as choosing a net
force that comes from a convex combination of the forces
that Routh’s method might select for any of the individual
contacts ¢ € C'4(q). As in the single contact case, we might
instead think of the selection of a A as picking an element
of a set of admissible values for ©. As before, we construct a
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u.s.c. differential inclusion to capture this behavior:

v € Dqg(v) = co U Fgi(v) ], (54)
i€Cq(v)
. tdpiv < VA ’
Co) = {i e QA(q) J,v <0} vec (q) 55)
arg miniec , (q) JIn,iv otherwise .

Similar to the single contact case, the behavior on int (Z(q))
(equivalently S(q) for g & Qp) has been chosen to
preserve upper semi-continuity, and is not encountered when
resolving impacts. We denote total impulse over an interval
[s1,52], A (s1, s2), as before. Similar to (50), one can extract
A(s) from a solution v(s) contained in clZ(q) such that

v=M1JTX, (56)
||)‘n||1 = 17 (57)
A € FC(q,v). (58)

3.3 Properties

The construction of (54) is similar to that of the single
contact system (@; it is furthermore equivalent when C'4
is a singleton. We now detail properties of the multi-contact
system that are useful for analyzing its solution set.

3.3.1 Existence and Closure For any configuration q €
Qa, Dg(v) is non-empty, closed, uniformly bounded, and
convex as it is constructed from the convex hull of a
closed and non-empty set of bounded vectors. Therefore by
Proposition[8] we obtain the following:

Lemma 14. For all configurations q € Q 4, velocities
vo, and compact intervals [a,b], SOL (Dg,[a,b]) and
IVP (Dg, vy, [a, b]) are non-empty and closed under uniform
convergence.

Proof. See Appendix [D.I]

3.3.2 Homogeneity As the set of allowable contact forces
are only dependent on the direction of v, Dq(v) is positively
homogeneous in v. That is to say, Vk > 0,v € R",
Dy (v) = Dg(kv). Positive homogeneity induces a similar
property on the solution set to the differential inclusion:

Lemma 15. Solution Homogeneity. For all q, k > 0, and
compact intervals [a, b], if v(s) € SOL (Dg, [a,b]), kv(3) €
SOL (Dy, [ka, kb)).

Proof. See Appendix
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3.3.3 Energy Dissipation An essential behavior of inelas-
tic impacts is that they dissipate kinetic energy. We now
examine the dissipative properties of the model, which func-
tion both as a physical realism sanity check and as a device
to prove critical theoretical properties. On inspection of (56))-
(58), the kinetic energy K (g, v(s)) must be non-increasing
during impact (i.e. when v(s) € clZ(q)) as the definition
of the friction cone FC(q,v) constraints both normal and
frictional forces to be dissipative:

Lemma 16. Dissipation. Ler q € Q 4, and let [a,b] be a
compact interval. If v(s) € SOL (Dg, [a, b]) and v([a, b]) C
clZ(q), then ||v(s)| 5y is non-increasing.

Proof. See Appendix

K has total derivative

K=v"J"X, (59)
and furthermore it will strictly decrease unless the velocity is
constant:

Theorem 17. Let q € Q4, and let [a,b] be a compact
interval. If v(s) € SOL (Dgq, [a,b]) and v ([a,b]) C clZ(q),
lv(s)||pp constant implies v(s) constant.

Proof. See Appendix

One might then wonder if K is strictly decreasing
during impact; certainly, this would not be the case if v(s)
could stay constant. Therefore, solutions to the differential
inclusion must not be permitted to select ¥ = 0, i.e., 0 &
Dy (v*) forevery v* € clZ(q); we will therefore assume it to
hold globally over valid (i.e. non-penetrating) configurations
for the remainder of this work:

Assumption 18. Vg € Q4 \ Qp, 0 & Dy(clZ(q)). As 0 €
clZ(q), in particular,

AEFC(q.0) AN, #0 = J'X#0.  (60)

Critically, Assumption [I§] covers most situations in
robotics, including grasping and locomotion, with the
notable exception being jamming between immovable
surfaces. Furthermore, it guarantees strict dissipation during
the impact process:

Theorem 19. Strict Dissipation. Ler g € Q4 \ Qp and
[a,b] be a compact interval. If v(s) € SOL (Dg, [a, b]) and
v([a,b]) C clZ(q), ||v(s)| pz is strictly decreasing.

Proof. Given that v is never constant on clZ(q) via
Assumption [v(s)|lps is non-constant by Theorem
and thus strictly decreasing by Lemma [T6}

3.4 Linear Impact Termination

While solutions to the underlying differential inclusion are
guaranteed to exist in the simultaneous impact model, we
have yet to prove that they terminate the impact process, as in
Routh’s single-contact method. Termination proofs for other
simultaneous impact models (e.g.|Anitescu and Potral(1997);
Drumwright and Shell| (2010); |Seghete and Murphey| (2014))
and others) exist, but these approaches rely on comparatively
limited impulsive behaviors, and thus cannot generate the
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essential non-unique post-impact velocities highlighted in
Section 3.1l We now show that our model exhibits what we
understand to be the most permissive guaranteed termination
behavior:

Proposition 20. Finite Termination. For any configuration
q € Q4 \ Qp and pre-impact velocity v(0), the differential
inclusion will resolve the impact by some S(q)
proportional to ||[v(0)]] 5.

We will prove this claim as a consequence of kinetic
energy decreasing fast enough to force termination—a
significant expansion of Theorem Even though K must
always decrease, Theorem does not forbid %K — 0.
In fact, it is not possible to create an instantaneous bound
%K < —e < 0. For example, consider a 2 DoF system with
2 frictionless, axis-aligned contacts such that J, = I5. For
every € > 0, we can pick a velocity an corresponding impulse
increment which satisfy K > —2e

ve=(1+0) {Zj € dZ(q). (61)

1 1

b =JT m = m T2 € Do),
However as we take e — 0, v. converges to a non-impacting
velcoity; therefore, K only remains small for a short
duration before impact termination. It remains possible that
the aggregate energy dissipation over an interval of fixed
nonzero length can be bounded away from zero. We define
this quality as «(s)-dissipativity:

(62)

Definition 21. «(s)-dissipativity. For a positive definite
function «a(s) : cIRT — [0,1], the system © € Dg(v) is
said to be «(s)-dissipative if for all s> 0, for all v €
SOL (Dq, [0,5]) s.2. v ([0,s]) € clZ(q), if [[v(0)llp, = 1,
[o(s)[pr < 1= as).

Intuitively, if K >0 on clZ(q) and K decreases at a
sufficient rate, any trajectory v(s) of the multi-contact
system will exit clZ(q) in finite time. The particular rate
imposed by «(s)-dissipativity implies that the exit time can
be bounded linearly in ||v(0)]|

Lemma 22. Aggregate Dissipation. Let g € Q4 and
let © € Dg(v) be «gq(s)-dissipative. Then if v(s) €
SOL (Dg, [0, 5]) and v([0, S]) C clZ(q),

s [|0(0) || ng

S < inf ———4.,
s>0  ag(s)

Proof. See Appendix [D.5]

Proposition 20| arises from this behavior: every g € Q4 \
Qp exhibits «s)-dissipativity. Without «(s)-dissipativity,
solutions that dissipate arbitrarily little would exist, and by
closure of the solution set (Lemma [14), a non-dissipating
solution v(s) would exist as well, violating Assumption[18}

Theorem 23. For every configuration q € Q4 \ Qp there
exists an og(s) such that © € Dg(v) is aq(s)-dissipative.

Proof. See Appendix [D.6]

The u.s.c. structure of Dy has the additional useful
implication that locally, there exists a uniform dissipation
rate a(s) that holds regardless of the impact configuration:
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Corollary 24. Uniform Dissipation. For compact Q C
Qa \ Qp, there exists a single ag(s) such that ¥ € Dg(v)
is ag(s)-dissipative for all q € Q.

Proof. See Appendix

4 Continuous-Time Dynamics Model

We now describe how the simultaneous impact system can be
embedded seamlessly into a full, continuous time dynamics
model. As the impact model relies on integration over a
variable other than time, rather than switching between
integration spaces, we define time advancement t as a
variable in an augmented state &(s):

€ Rratnotl, (63)

For any state &(s) we can extract the relevant configuration,
velocity, and time as by selecting the appropriate indices, e.g.
as g(x(s)). For notational compactness, whenever clear, we
will write this construction in the shortened form g(s). We
will also frequently make use of the sets

={z:q(x) € Qa},
tvp = {Z : q(Z) € Qp} .

(64)
(65)

4.1 Model Construction

We now construct the dynamics model as a differential
inclusion L&(s) € D(&(s)). Under this formulation, the
velocity v(s) is continuous with respect to s, but can be
discontinuous with respect to time ¢(s) in the sense that v
can evolve while ¢ is held constant. To make the system
autonomous, we represent the external forces uw as set-
valued, time-varying full-state feedback /(). In order for
the system to be well-behaved, we assume that the convex-
compact u.s.c. properties exploited in the impact dynamics
carry over into the continuous time case, because U itself
holds these properties:

Assumption 25. U(&) is convex-compact u.s.c. in .

We identify three distinct behaviors that L& € D(z)
should comply with:

4.1.1 No Contact Forces Whenever all active contacts
have separating velocities (including scenarios where no
contacts are active), i.e.

T(s) € Xs = {z : v(T) € S(q(2))} ,

Z(s) should evolve according to the manipulator equations
(12) with no contact forces (A = 0), in the sense that

(66)

M(q)dv € (U(z) — C(x) — G(q))ds,
dt = ds.

(67)
(68)

these equations can be packaged into the differential
inclusion form as

T'v
U-Cc-aqG)
1

z € Dg(x) = (69)
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4.1.2 Impact Whenever v(s) is a penetrating velocity over
some interval [a, b], i.e

([a,0]) € Xz = {2 : v(z) € Z(q(2))} ,

time and configuration should be frozen, and v should evolve
according to our simultaneous impact model:

(70)

0
Dq('”)
0

&€ Dz(T) = (71)

4.1.3 Sustained Contact In addition to impacts, the
model must capture continuous state evolution with respect
to time under finite contact forces, as in the manipulator
equations (T2)). At the same time, proving that our differential
inclusion model is well behaved via (8)) will require that the
right hand side D(&(s)) be convex-valued. A key concept
in this model is that these sustained contact behaviors can
be represented as an convex combination of contactless and
impact dynamics:

z(s) € co(Ds(z) U Dz(Z)) . (72)

To demonstrate this property, we consider that the
manipulator equations @, the evolution of the state q, v
under sustained contact obeys

dq = T'vdt, (73)
Mdve (J'A+U-C-G)dt (74)
for some finite, non-zero contact forces A = [A,; A¢] €

FC(q,v). One major difference between the contact force
A and those occuring within the impact inclusion is
that [[A,[[; # 1 in general. We therefore must restate the
dynamics in terms of X = H>\ o< FC(q,v).

We free ourselves to do so by including ¢ as a state in

our formulation; it therefore has differential dt = #ds. By
selecting f = € (0,1), we rewrite (73)-(74) as

T
dg = ((1 — )0 + iTw)ds, (75)
Mdv € ((1 _i)JTX+i(u—c—G)) ds,  (76)
dt = (1 — )0+ 1)ds, 77)

As X is also in the friction cone, the convex combination
differential inclusion (72) can generate sustained contact
with this choice of £. As a result, £(s) neither evolves directly
with s nor remains constant; effectively, simulation via
slows down time by a factor of (1 + || A, ;). We will seein a
later section that the averge slow-down factor does not grow
arbitrarily large under mild assumptions.

We now combine these three modes of behavior into a
single differential inclusion. While we might easily chose
the contactless mode when & € )?5, arbitrating between
impact and sustained contact when the velocity is non-
seperating is less obvious. First, even if there exists
an admissible, finite force A € FC(q,v) which would
enforce ¢ > 0 under sustained contact, (73)—(74)), Painlevé’s
Paradox (see [Stewart (2000) for details) might require
impact dynamics to prevent penetration due to higher-order
effects (e.g. d) < 0). Furthermore, almost all selections of &
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from co (Ds(x) U Dz(x)) will correspond to non-physical
behavior; a particular & must be chosen to maintain contact
by exactly counteracting forces such that inter-body distance
is identically zero during contact.

We resolve these issues in an implicit manner in the full
differential inclusion

Ds() T e Xs,
Dz (&) Z € int(X7),
co(Ds(x&) U Dz(x))

zeD(x) =
otherwise .

(78)
We will show that in this model, ¢(g) = 0 is effectively a
barrier: solutions beginning at a non-penetrating configura-
tion are forced to never penetrate.

4.2 Properties

4.2.1 Existence and Closure While proofs for existence
of solutions for impact models and discrete-time simulation
are commonplace (Stewart and Trinkle [1996; |Anitescu
and Potral 1997} Drumwright and Shell 2010), guarantees
for continuous-time evolution through impact have thus
far been limited. For example, Burden et al| (2016)
studied discontinuous vector fields, with strong results and
applications to robot impacts, but are restricted to frictionless
contact; and Johnson et al.| (2016) treated a limited form of
friction, but assumed that contact occurs only at massless
limbs. By contrast, our modeling philosophy of including a
wide set of behaviors will allow us to guarantee existence of
solutions via Proposition [8| only using bounded energy and
input assumptions (Assumptions [26]and 27).

The continuous-time DI already exhibits many of
the properties required for application of Proposition 8] For
any g and separating velocity v € S(q), we can pick an
open neighborhood Q x V of [g; v] which also consists
solely of separating velocities by continuity of ¢ and J,,.
Therefore, the set of separating-velocity states Xs is open.
D(x) must then be u.s.c., because it is constructed from two
u.s.c. functions on disjoint open sets, and their convex hull
on the remainder of the space. Furthermore, for any state
x, D(x) is non-empty, compact, and convex. As C(x) can
grow quadratically, D is not uniformly bounded; therefore
Proposition [§] cannot be directly used to prove existence of
solutions. However, nearly identical properties of the initial
value problems can still be established in the following
manner. Suppose first that terms that might contribute to
growth of kinetic energy, ¢/ and G, can only input power
at a bounded rate:

Assumption 26. 3¢ > 0, vT (U — G) < c|v| 5,

This condition is widely satisfied by many robotic
systems, including those with globally bounded controllers
and potential gradients (such as gravity). Assumption [26]
implies that & cannot diverge to infinity over a finite horizon.
Furthermore, we will assume that if & is bounded, Z is
bounded as well:

Assumption 27. Over any compact set X, U-G is
bounded, and therefore D(X') is compact.

In conjunction, Assumptions [26] and [27) imply that over a
finite interval, the solutions Z(s) beginning from a compact
set X have bounded derivative and therefore inherit the
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key existence, closure, and u.s.c. structure for differential
inclusions where the derivative is bounded everywhere:

Theorem 28. Let X be a compact set and [a,b] be a
compact interval. Then IVP (D, X, [a, b]) is compact and
IVP (D, &, [a, b]) is non-empty, closed, convex, and u.s.c. in
x over X.

Proof. See Appendix [E.1]

Below Ground Above Ground

) NN N
M NN\

- B

| N Y BE
| E 2y Bp iy
7| A
bty e
5 5 0 : >

Signed distance ¢(z) = z

(a) 1D ball-ground system (b) 1D system phase portrait

Figure 6. A simple, 1D system of a non-rotating ball falling
under gravity with configuration g = z = ¢(z) is shown (a). (b)
A phase plot demonstrates why the structure of our differential
inclusion prevents penetration; an example trajectory is shown
in white. Penetration on this plot corresponds to crossing from
the right-half- to the left-half-plane. This cross cannot happen
on the top half of the vertical axis (¢ = 0, 2 >= 0), as the flow
of the system here by definition points rightward. The cross also
cannot happen on the bottom half of the axis, as the third
quadrant is constrained to purely-vertical flow (¢ = zdt = 0).

4.2.2 Non-Penetration While there is no structure in
D(x) that explicitly prevents penetration, ¢(q) > 0 is
naturally, implicitly preserved; for each contact i, ¢;(g(s))
crossing from positive to negative along a solution would
require 2 contradicting conditions:

. qﬁz < 0 on int ()?I) because the zero crossing forces
x to enter int ()?I).
e ¢; =0 onint (X7) because D(z) requires ¢ = 0 on

int (2\?1).

An alternative, graphical argument is given for a 1D system
in Figure [§]

Theorem 29. Non-Penetration. Let &y & Xp be a non-
penetrating state, let [a,b] be a compact interval, and
let ©(s) € IVP (D, &y, [a,b]). Then Z(s) & Xp for all s €
[a, b].

Proof. See Appendix [E.2}

4.2.3 Correct Mode Selection Our requirements dictate
that solutions &(s) containing only separating velocities
(Z € Xs) should comply with contactless dynamics, and
likewise with impact dynamics when &(s) contains only
impacting velocities and non-penetrating configurations
(@ € X7\ Xp). The former is a trivial result of the
construction of D, but the latter is only similarly trivial
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when & C int(X7) \ Xp. However, all states & C X7 have
penetrating velocity, and thus any contactless dynamics
component in & would by definition cause & to penetrate (i.e.
enter X'p), allowing a proof by contradiction:

Theorem 30. Impact Dynamics. Let [a,b] be a compact
interval and x(s) € SOL (D, [a,b]) with Z([a,b]) C X7\
Xp. Then &(s) € SOL (Dz, [a, b]).

Proof. See Appendix

4.3 Linear Time Advancement

While Theorem guarantees existence of solutions over
any interval of s, practical application often requires
reasoning about solution sets over intervals in time (over
t(s)). To do so, solutions of the model must significantly
advance time—i.e. for any 7', all solutions of the model have
t(S) — t(0) > T for large enough S.

For small enough T, this property is only requires the
solution to exit the impact dynamics regime, which by
Theorem [23[cannot continue indefinitely:

Theorem 31. Let X be a compact set containing no
configurations in Qp. Then there exists S(X),T(X) >0,
such that for all ' > S(X), if z(s) € IVP (D, X, [0,5]),

we must have t(S") — t(0) > T(X).
Proof. See Appendix[E.4]

CIf ¢(S) —t(0) > T is guaranteed over a particular set
X, then t(s) must at least advance linearly at rate % over

arbitrarily long horizons:

Corollary 32. Let X be a compact set containing no
configurations in Qp, such that

X(9") = {x(s) e IVP (D, X,[0,5]) : ([0, 5]) C X},
(79)
is non-empty for all S' > 0. Define S(X),T(X) > 0 as in
Theorem[31] and let

T'(SY= min t&(S") — t(z(0)). (80)
Z(s)€X(S")
Then liminfg/_, o Té“?) > g(i;\?;

Proof. See Appendix

5 Discrete Impact Integration

Sections [3| and |4 provide a rigorous theoretical framework
yielding guaranteed existence of well-behaved solutions to
our rigid body dynamics model; in this section, we develop
a method to compute numerical approximations of these
solutions. Given pre-impact condition g = [go; vo|, we
will show how one can develop an implicit, LCP-based
integration scheme for our impact differential inclusion
(54). We will bound the number of LCP solves required
in two important scenarios: simulation and reachable-set
approximation.
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5.1 Model Construction

Just as forward Euler integration can cause penetration in
continuous-time simulators (see Section [2.6), it can also
cause impulses to act on separated contacts if applied
to the impact differential inclusion (54). To rectify this
issue, we develop an approximate, implicit, and discrete
integration scheme. Our method seeks to find a contact
impulse increment X, such that

v'(A)=v+M TN,
A € LFC(q,v'(N)),

1)
(82)

where A and J are defined as in (39)-@0). and the
dependence of M and J on g =gqp is supressed.
Compared to the differential inclusion (54) which finds v €

M _1JTFC(q, v), this method approximates the derivative
with a finite difference; enforces the friction cone constraint
(82) at the incremented velocity v’; and replaces the
quadratic friction cone with the linear approximation. Our
method may technically be described as algebraic, but
it differs from most algebraic methods. While common
methods do not attempt to capture any behavior between
the beginning and end of the impact process (e.g. |Glocker
and Pfeiffer; (1995); |Anitescu and Potral] (1997)), our
method behaves differently because it is a direct numerical
approximation of a differential process. For instance, these
methods enforce complementarity between post-impact
velocity and total impulse , a constraint which real
systems do not satisfy (Chatterjee| |1999). Our method
circumvents this issue by instead enforcing complementarity
between intermediate velocities and impulse increments.
Despite these conceptual differences, the linear cone
constraint in particular allows us to draw significant
computational similarities to these methods by casting our
method as a sequence of LCP’s.

Algorithm 2: Sim(h, g, N)
Input: step size h, initial state £y = [go; Vo], max
iteration count NV
Output: final velocity v
1 v < vg;
2 14 0
3 while v € Z(qo) and i < N do
4 )\n,max ~ hp()‘n) 5
5 | Select z = [B; A;~] from
LCP(WQO » Wqq (vv_An,maw)) 5
6 | v v+ M(g) tJ(g)tA;
7 11+ 1
8 end

As our model by construction can generate a set realistic
outcomes, we frame resolving an impact as sampling from
that set. We parameterize the sampling process with a
normal impulse distribution p(A,) over the unit box; step
size h > 0; and (possibly infinite) max iteration count N.
While our theoretical results extend to any finite-density
p(Arn), we assume in this section that p(\,,) is the uniform
distribution for simplicity. We compute samples from our
discrete approximation of Routh’s method (Algorithm [2)) as
follows:
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1. Generate a non-zero, maximum normal impulse
increment Ay, imae ~ Ap(Ay,).

2. Find a set of forces A with normal component A\, <

An,maz that solves (81)-(82).

Increment v < v + M~'JTX.

4. Terminate and take v+ = v if it is non-impacting (v ¢
Z(q)); otherwise, return to 1.

(O8]

To satisfy the friction cone constraint (82), we recall
that the linear friction cone is defined in as linear
complementarity constraints (T6)-(T8) and @7)-(38) with
slack variables ~. If some contacts are inactive, we may
simply remove the associated elements from X and .J;
therefore, without loss of generality, ¢(q) = 0, and thus
is satisfied. To satisfy and (T8), we define slack variables
B € R™ and enforce the following constraint:

OSBJ—)\n,maz*AnZO,
0< X, LJ, W' (A)+B>0.

(83)
(84)

Together, these constraints enforce 0 < A, < Ay maxs
furthermore, for each contact, Ay, ; = Ay, maq,; OF the contact
has terminated.

We can then find a impulse increment A which satisfies

the constraints (83), (84), (37, and by solving for z €
LCP(Wq7 ’Ll)q('l)7 An,'rnaw)):

l@ )\7zi7rLaw
z=|A|, wg(v, A\ maz) = Jv , (8%

k! 0 |

[0 - 0 0]

I Jg,M'J, J,M'Jp, 0
Wa=\o JoMm-'g, oMy, E|> @0

0 I —ET 0|

where q is the configuration of the impacting state. We
note in particular that by eliminating the columns and rows
associated with 3 from this construction, we exactly recover
the impact LCP from Anitescu and Potra| (1997).

5.2 Properties

5.2.1 Existence The most essential property of our
integration step is that, because Wy is copositive, we can
leverage Proposition [I0]to show that the constituent LCP has
a solution:

Theorem 33. LCP (W, wq(v, Ap maz)) is non-empty for
all states [q; v], and normal impulse Xy, s > 0.

Proof. See Appendix [E.6]

5.2.2 Dissipation As discussed in Section [3.3.3] an
essential property of inelastic impacts is energy dissipation;
because solutions to our model approximate the differential
inclusion, the integration step (@I)—(82) cannot increase
kinetic energy:

Theorem 34. Let [q; v] be any state with active
contact, and le{ An,maz > 0 be a normal impulse. Then

all impulses A\ generated by the impact constraints
(LCP(Wy, wq(v, An maz))) dissipate kinetic energy:

K(g,v'(A)) < K(q,v).
Proof. See Appendix[E.7}

(87)
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5.2.3 Impulse Advancement If A, = 0 were allowed in
the LCP solution at a penetrating velocity v € Z(q), then
v = v’ could be selected in an infinite loop, and Algorithm 2]
might never terminate. The structure of the normal impulse
constraints and prevents this behavior by design for
An maz > 0:

Lemma 35. Let [q; v] be an impacting state (v € Z(q)),
and Apmaz > 0. Let X = [X,; Ap] be an impulse gener-
ated by the impact constraints LCP(Wg, wq(v, Ay mag))-
Then either some contact i activates fully (A, ; = Ap maz; ),
or all contacts terminate (J,v'(A) > 0).

Proof. See Appendix [F1].

However, preventing the infinite loop also requires the
stricter condition that the net impulse J"X be non-zero.
Assumption [I8] in fact yields a stricter condition: the
magnitude of the change in velocity M~1J' X grows
linearly in ||A,|[;.

Lemma 36. Consider a configuration q € Q4 \ Qp. There
exists a nonzero vector r(q) € R™, such that for each

non-separating velocity v € clZ(q) and contact force X €
LFC (q,v),

r(q) - M ' J(@)" X > A, - (88)

Proof. See Appendix [F.2]

Furthermore, we now show that r(q) can be computed as
a linear program (LP). We first observe that, for an individual
contact ¢, the net impulse imparted is a convex combination
of the extreme rays of the linear friction cone, i.e. the kth
element of Ap; is equal to p; A, ; and all other elements
of X are zero. The net impulse imparted in this case when
>\n,i =1is

Fip=Jd5+ 35 (midy) . (89)

Any force in the linear friction cone with ||A,[|; can
therefore be expressed as a convex combination of these
forces:

XA ELFC(q,0) A A, =1 <=

A Eco U {F, 1}

ik

(90)

The condition (88 must then be satisfied by any solution to
the following LP:

min Il ©D
s.t. M™'Fip-r>1,Vik. (92)
5.3 Linear Impact Termination
In order to construct a continuous time simulation

environment capable of generating non-unique impacts, we
now show that Algorithm [2] can be used as an efficient
implementation of the impact subroutine in Algorithm [T}

ImpactLaw(q, v) + Sim(h, [g; v],00). (93)
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Let the random variable Z(h, gg, vo) be the number of LCP
solves required for Sim(h, [go; vo], o0) to terminate. Given
that multiple impacts might occur in a single time-step, it is
crucial that Z(h, qg,vo) be as small as possible. Consider
that Lemma [36] implies that the velocity takes large steps in
the = direction with high probability, yet total movement in
any direction is bounded by 2 ||vgl|,, as kinetic energy is
non-increasing (Lemma[33)). We can therefore show that with
high probability, Z grows linearly with [lvgl| ,:

Theorem 37. Let gy € Q4 \ Qp be a pre-impact configu-
ration, let o be the minimum singular value of M (qy), let
h > 0 be a step-size, and let

o=l

where r(qo) is defined from Lemmal[36land m is the number
of contacts. Then for all k € Z", and pre-impact velocities
vo € Z(qo),

(94)

P (Z(h,qo,v0) > c[|lvollpr] + k) <

k

Proof. See Appendix[F3]

As the probability density of Z exponentially decays, it
has finite moments (including its mean and variance).

5.4 Post-Impact Set Approximation

In order to generate robust robot locomotion and manipula-
tion, planning methods must be capable of reasoning about
the uncertainty that contact introduces. We now describe
a probabilistically complete method to approximate the
uncertainty—that is, non-uniqueness—induced by the simul-
taneous impact behaviors modeled in our differential inclu-
sion (54). First, we will examine a condition under which the
full set of reachable post-impact velocities from Algorithm[2]
is well-defined; then, we will reduce the problem of densely
sampling this set to Proposition 4}

In order for computation of the set of possible outcomes
of Algorithm |2 to be well-posed, we must consider a key
practical ramification of the LCP solve on Line[5} numerical
LCP solvers typically only find a single solution, and may
be systematically biased in their selection among multiple
solutions. For all claims in Section [5.4] we therefore make
the additional assumption that this selection process does not
affect the outcome of an individual integration step:

Assumption 38. Consider a configuration with active con-
tact g € Q4 \ Qp. For each velocity v € R™ and normal
impulse increment Ay mqz > 0, every X generated from
LCP(Wq, wq(v, Ap maz)) results in the same incremented
velocity v'. Equivalently, there exists a function fq : R™ x
cl(R™F) — R™, such that

v =0+ M T A= f,(0, Aemaz). (96)
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Critically the time-step outcome fq (v, Ap mar) under
Assumption [38|is only unique given A, mq.; different post-
impact velocities can be generated by selecting different
An maz. However, it is worth noting that Assumption is
violated in the rare cases when |Anitescu and Potral (1997)
produces multiple outcomes, including the compass gait
and RAMone examples in Section [6] One can verify that
the assumption holds for a particular scenario by solving a
convex Semidefinite Program (Aydinoglu et al.[2020).

Under its limitations, Assumption bestows several
useful properties upon the impact simulation algorithm,
including Lipschitz continuity of the single-step map:

Lemma 39. For each non-penetrating configuration with
active contact q € Q4 \ Qp, fq(v, Ay maz) is Lipschitz
continuous.

Proof. We first note that because v’ is unique, we must have
that

ij:[O 37 0} LCP(Wg, wq(v, Ap.maz)), (97)

is a singleton over the convex domain wg(R™, cl(R™)).
Therefore by direct application of Proposition fq is
Lipschitz continuous.

Furthermore, the integration step LCP will select zero
impulse in these scenarios:

Lemma 40. Consider a configuration with active contact
q € Qa4 )\ Qp and Ay ymaz > 0. Then if either J,v > 0 or
>\n,max =0,

v = fq(va An,mam) . (98)

Proof. Observe that if either A, 0, =0 or if v is
not impacting (J,v > 0), we can select zero normal
impulse (A, = 0 and thus v’ = v) and satisfy the normal
complementary equations (83) and (84). Setting the frictional
impulses to zero and the slack variables (3 to the negative part
of J, v constitutes a full solution to the LCP.

The continuity of f, allows for significant expansion of
the J,v > 0 case; if v is almost terminated, then only a
single simulation step with a small A;, ;4 1s required to end
the impact:

Lemma 41. For all configurations q € Q4 \ Qp, veloci-
ties v € R™, and € > 0, there exists a 6(e,vg), such that
for any velocity v which is almost non-impacting (J,v >
—9) and sufficiently small (||v]| 5, < ||v|l7g), we have that

fq(v,21) € I(q).
Proof. See Appendix [F4]

We now iteratively define the reachable set of Algorithm
Let Vn(xo,h) be the set of possible outputs of
Sim(h, g, N). Then we have that

Vo(xo, h) = {vo} , (99)
VN(:E()vh’) = fq(VN,1($07h),[0,h]m), (100)
VN(w(), h) 2 VN—l(mO, h) . (101)

Here, we’ve used the J,v > 0 condition in Lemma 40
to ignore early termination (i.e. J,v > 0 before N loop
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Figure 7. Evolution of the compass gait step. The center plot compares the normal velocities of the two contacts, while the left and
right show velocities of points A and B, respectively. Our model produces the three outcomes in Figure [4b] as well as all reasonable
intermediate velocities of point B. Furthermore, oscillation of impact between the feet allows point A to slide or lift off, while point B

maintains contact.

iterations) in (T00), and the A, ;nae =0 condition to
establish the monotonic growth in (T0I). We can then
construct the entire set of velocities reachable as

Voo(wo,h) = | J Vn(xo, N).

NeN

(102)

Vn(xo, N) can approximate V.. (xo,h) with arbitrary
precision:

Lemma 42. Consider an initial configuration qo € Qa \
Qp, initial velocity vg € R™, and step-size h > 0. Then for
each € > 0, there exists an N, such that Vi ([qo; vo], h) is
an e-net of Voo ([qo; vo], h).

Proof. Vy ([qo; vo], ) is a monotonic (TOT) and uniformly
bounded (via Theorem [34) sequence, and therefore it
is convergent in the e-net sense to some limiting set.
Voo([go; o], h) is by definition the limit of this sequence.

Similarly, the post-impact reachable set is simply the
reachable velocities which are non-penetrating:

Sim(h, g, 00) € Voo (o, h) \ Z(qo) - (103)

Algorithm 3: Approximate(h, g, e, N, M)
Input: step size h, initial state o = [go; Vo],
approximation 0 < € < h, trajectory length
N, trajectory count M R
Output: post-impact set approximation y+
1Vt {}h
2 Y 4 Omaz (M’13T> m(1l 4+ max; p;) +1;
3 fori=1to M do

4 v  Sim(h, g, N);
5 9*(—1)+U{fqo(v,ﬁlm)};
6 end

7 VTVt \ Z(qo);

We can finally use the above derived properties to
construct a method, Algorithm 3] for approximating the post-
impact set. Lemma [42] and Proposition [4] together show that
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M samples from Sim(h, xq, N) well-approximate V., and
can be forced to terminate with only a small additional
step (Lemma [AT). Therefore, Algorithm [3]is approximately
complete:

Theorem 43. Consider an initial  configuration
qo € Qa \ Qp, initial velocity vy € R™, and step-size
h>0. For all €,0 >0, there exists N,M >0, such
that Approximate(h, zg,e, N, M) returns an e-net of
Voo (o, ) \ Z(qo) with probability at least 1 — 4.

Proof. See Appendix [F3]

6 Numerical Examples

We now show several examples of the post-impact velocity
sets that can be generated by our model. The MATLAB code
is available online!, and LCP’s were solved via the PATH
solver (Dirkse and Ferris| |1995). We begin by analyzing
the three examples shown thus far: the phone drop (Fig.
[[); compass gait step (Fig. f); and box-wall impact (Fig.
B). We additionally discuss two further examples which
highlight the applicability of our model to more complex
systems. For each system, we provide plots of the evolution
evolution of the velocity through the impact process with
lines, projected onto the contact frames. Our method is
shown in gray; simultaneous resolution via |Anitescu and
Potra (1997) is shown in blue; and sequential resolutions
are shown in red and yellow. Samples of the post-impact
velocity sets were generated using Algorithm [3] and are
shown as circles; for visual clarity, the gray circles associated
with are method are darkened. Sampling from the impulse
distribution p is conducted with a Sobol quasi-random
sequence, a method for reliably generating uniform-density
e-nets of unit hypercubes (Sobol|[1967). For some examples,
axes of symmetry were used to duplicate samples.

6.1 Phone Drop

We revisit the example of dropping a narrow, rectangular
object onto the ground (Fig. [T), which may either result in
the object coming to rest or pivoting on a corner. As shown
in Figure [9 our method produces each of these symmetric
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Figure 8. Evolution of the box-wall impact. The center plot compares the normal velocities of the two contacts, while the left and
right show velocities of points A and B, respectively. Our model produces both the simultaneous and sequential outcome in Figure
as well as all reasonable intermediate velocities where A still slides and B lifts off. Furthermore, results are also generated where

B slides instead of sticking or lifting off.

and sequential outcomes. During the entire impact process,
our LCP always selects stiction at both contacts. Our model
has the additional capability to temporarily reduce only the
vertical component of v by evenly applying impulse at each
contact. As a result, it can additionally generate scaled-down
versions of the sequential outcomes (i.e., rolling on one foot
with a smaller angular velocity).
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Figure 9. Evolution of the phone-drop impact. The left plot
compares the normal velocities of the two contacts, while the
right shows both normal and tangential velocity of point A. Point
B’s trajectory is omitted, as system symmetry makes it identical
to that of point A. Our method generates the three outcomes
depicted in Figure[T] as well as intermediate velocities between
the symmetric and sequential impacts.

6.2 Compass Gait

We now analyze the outcomes of the compass gait walker
model taking a wide step, as originally described in Figure
Previously, we shoed that the model of |Anitescu and Potra
(1997) always predicts that the leading foot sticks (point A),
while the trailing foot (point B) could slide, stick, or lift off.
As shown in Figure[7] for the compass gait step, our method
generates each of these outcomes, as well as various convex
combinations of these results. However, the model is also
capable of generating oscillatory behavior where impulses at
points A and B alternate during the impact process. This can
potentially cause A to lift off, and B to remain on the ground
instead.
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6.3 Box and Wall

We examine our model’s predictions on the scenario
described in Figure [5] where a box impacts a wall (at point
B) while sliding along flat ground (at point A). The model
of |Anitescu and Potral (1997) predicted an outcome where
the box came to rest, and another where A continues sliding
and B lifts off. As in the previous examples, our model
reproduces both behaviors, as well as convex combinations
of them (Figure [§). Additionally, some sequences allow A
to slide even faster, while others allow B to slide instead of
lifting or sticking.

6.4 RAMone

In this example, we examine a footfall event on a
considerably more complex walking robot: a 5-link model of
RAMone, the parameters of which are described in detail in
Remy|(2017). As shown in Figure[I0] much like the compass
gait example, Anitescu and Potral (1997) always predicts that
the leading foot sticks, while the trailing foot can stick, slide,
or lift. Our model reproduces the same results, as well as
ones where the final contact velocities are scaled down.

6.5 Disk Stacking

In this example, we demonstrate our ability to generate
non-unique results in a multi-object scenario motivated by
manipulation: stacking disks. A tower of 3 discs (Figure[TT)
is created by dropping a disk on two others, which rest on
the ground. The only prediction offered for this 5-contact
collision offered by |Anitescu and Potra (1997) is the entire
tower coming to rest. While we cannot be sure that the
numerical results cover all possible outputs of our model,
we are able to generate various outcomes in which the tower
falls apart. Figure [[Tb] shows how the post-impact normal
velocities compare in the left and right sides of the tower.
The top ball always maintains contact with at least one of the
left or right balls, and one of those balls always stays on the
ground. The contacts that are maintained may slide, while the
ball on the opposite side may even lift off the ground (Figure

L Lc).
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Figure 10. Evolution of a footfall (a) of the RAMone robot. (b) Similar to the compass gait example, |Anitescu and Potral (1997)
predicts that the leading foot, point A, comes to rest, while point B may come to rest, slide, or lift off. All results from our model
produce intermediate outcomes between these three results, and point A remains in stiction for the entire duration of the impact.
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Figure 11. Evolution of a stack of discs (a) as the top disk fall on the bottom two. |Anitescu and Potral (1997) only predicts that the
entire system comes to rest. (b) Our method additional predicts several scenarios where the top disk remains in contact with only
one of the bottom two disks, while the other may roll away or even lift off the ground slightly. (c) various states of rolling, sliding, and
lifting contact are shown for points A, C, and E; plots for B and D are omitted as they are symmetric with A and C, respectively.

7 Conclusion

Non-unique behavior is a pervasive complexity that is
present in both real-world robotic systems and common
models capturing frictional impacts between rigid bodies—
and thus accurate incorporation of such phenomena is
an essential component of robust planning, control, and
estimation algorithms. Our model presents a state-of-the-
art theoretical foundation for capturing these set-valued

Prepared using sagej.cls

outcomes. Despite the high versatility of allowing impacts
to resolve at arbitrary relative rates, both the continuous-
time formulation and simulation method have termination
guarantees.

Future development of our model will focus on capturing
a wider array of contact-driven behaviors; improved
theoretical guarantees; and more efficient computational
approaches. For instance, while may models in robotics
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assume impacts are inelastic, capturing restitution would
increase the accuracy of our model for some robotic systems.
Additionally, while approximation of the post-impact set is
probabilistically complete, there is currently no available
method to compute the necessary bounds. Furthermore,
in practice, the bounds were not tight enough to inform
tractable computation in our examples. Future research
could develop outer approximations of the post-impact
set via Lyapunov-based reachability and sum-of-squares
programming (Posa et al.|2016).
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A Notation

Here, we include a summary of the notation used in this
paper in Table 2]

Table 2. Frequently-used constants and operations on sets
A, A;, A, B, scalars c, vectors v, w, matrices M, N, and
functions f : A — B, g(t): R —-R", D: A— P(B). For
notational brevity, we frequently write a singleton set {a}
without braces.

Expression Meaning
A° complement of A
int(A) interior of A
cl(A) closure of A
co(A) convex hull of A
P(A) power set of A
MA scaled set, {Ma:a € A}
—A (-1A
A+ B Minkowski sum of A and B
A—-B Minkowski sum of A and —B
[A1; ... Ag] Cartesian product Ay x - -+ x Ay
f(A) image of A’ C A, Uyrea {f(a’)} C B
D(A") image of A’ C A, Uy caD(a’) C B
g(t) total (Lebesgue) derivative of g
M; ith row of M
v; ith element of v
Omaz (M) maximum singular value of M
Omin (M) minimum singular value of M
M - N M — N is positive definite
M > N M — N is positive semi-definite
v >w v; > w; for each ¢
v>w v; > w; for each ¢
A>0 each element of A is positive
A>0 each element of A is non-negative
| Al Frobenius norm of A
llvll, lp normof v forp > 0
1] as norm, vVvT Mwv, induced by M > 0
v unit direction, m ofv #0
Ball(c) c-radius open ball, {v : [|v[, < ¢}
1 matrix/vector kl; m,of all 1’s
0 matrix/vector of all 0’s
R™F n-dimensional positive vectors

B Example Details

Here, we list relevant details on the examples in Section
[el The code may be run by downloading the MATLAB
codebaserf] and running Results (). To run the results, the
PATH LCP solver (Dirkse and Ferris|1995) must be installed,
and pathlcp.m must be available from the MATLAB path.
All geometric, inertial, and simulation quantities necessary
for construction of the examples are listed in Tables
and the listed symbols match the variable names used int he
codebase. For the RAMone example, we refer the reader to
Remy| (2017) for a full description of the system’s inertial
and geometric properties. Unless otherwise stated, all objects
have uniform density and zero mass.

C Background Proofs
C.1  Proof of Proposition[4]

Let g(x) : R™ — R™ be Lipschitz continuous with constant
L and let h > 0. Let X = {z1,...,xn} be a set of N
uniform i.i.d. samples from [0, h]". We first note that that
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Table 3. Geometric, inertial, and simulation parameters for the
phone drop example

Parameter Symbol Value
Phone width a 7.444 cm
Phone height b 16.094 cm
Phone mass m 190g
Init. downward velocity Vo 14.01cms™!
Friction coefficient m 1
Step size h 0.3N's
Trajectory length N 10
Number of trajectories M ot4

Table 4. Geometric, inertial, and simulation parameters for the
compass gait example

Parameter Symbol Value
Leg length l 1m
Mass-to-foot length 5 0.5m
Leg mass m 1kg
Trailing leg pitch Dtr 78°
Leading leg pitch Ple —78°
Trailing leg init. angular velocity Dtr,0 0.5rads™!
Leading leg init. angular velocity ~ ¢j.0  0.5rads™*
Friction coefficient m 5
Step size h 1Ns
Trajectory Length N 5
Number of Trajectories M 220

Table 5. Geometric, inertial, and simulation parameters for the
box and wall example

Parameter Symbol Value
Box side length w 1m
Box mass m l1kg
Angle box and ground 0 10°
Init. horizontal velocity Vo 1ms™?!
Friction coefficient m 1
Step size h 2N's
Trajectory Length N 5
Number of Trajectories M 218

Table 6. Geometric, inertial, and simulation parameters for the
RAMone example

Parameter Symbol Value
Trunk pitch D 16°
Leading hip angle Qe —70°
Trailing hip angle Qi 70°
Leading knee angle Ble -2°
Trailing knee angle Btr —92.48°
Trunk init. horizontal velocity Zo —0.4114ms™!
Trunk init. vertical velocity Yo —0.2105ms™!
Trunk init. angular velocity by lrads™!
Leading hip init. velocity Qle,0 0°
Trailing hip init. velocity Qir0 0°
Leading knee init. velocity Bie.o 0°
Trailing knee init. velocity Biro 0°
Friction coefficient m 10°
Step size h 1Ns
Trajectory Length N 10
Number of Trajectories M 220

fhttps://github.com/mshalm/routh-multi-impact
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Table 7. Geometric, inertial, and simulation parameters for the
disk stacking example

Parameter Symbol Value
Disk radius R 1m
Disk mass m 1kg
Initial vertical velocity Vo —1ms™*
Friction coefficient U V3
Step size h 1Ns
Trajectory Length N 10
Number of Trajectories M 220

llg(z) — g(a')||y < L& — a’||,. Therefore, g(X) is a e-net
of g([0,h]") if X is an F-net of [0,h]"; we will bound
probability on the latter.

Consider the following set, a regularly-spaced grid of
cardinality M™:

h o 3h
X=4_— =
{QM’QM’ ’

X’ is by construction a };—}Cf-net of [0, h)"d. Thus, setting

M = [%ﬁ , X' is an 5=-net of [0, h]™. Consider the case
where X contained a close approximation of the entire grid;
that is, for each x € X’, X contains an x; with

U
! 2M’ 2M

(Q‘Ml)h} ) (104)

2M

| cor. aos
and thus [|z; — z[|, < 57. Then by triangle inequality, X’ is
an £-net of [0, h]™ when (T03]) holds for each ;. For a single
z € X', as the elements of X are chosen uniform i.i.d, the
probability of (T03) not holding is

(1—M™N. (106)

Then by union bound, the probability of (I03) holding for
every x is at least

1—M"(1-M™N. (107)

The proof holds as M ~" = Q.

C.2 Proof of Lemma

We may assume WLOG that M =1 by applying a
coordinate transformation of M? to v. Let R be a
matrix with columns that constitute an orthogonal basis of
Range (JlT ) By equivalence of norms there exists € > 0
such that

[Tniv] + [ Jeivll, > || R0, . (108)

We will show that S = (e min (p1;,1)) " satisfies the claim.
Let V(s) = HRTv(s)Hz. Assume WLOG that v(s) is an
impacting velocity (i.e. v(s) € Z(q)) at least until s* =
|[RTv(0)||, 5 < [[v(0)]|, S. Then, on the interval [0, s*),

V =20"RR"v, (109)
€2 (Jn — Uit (Jy0)" T ) RRTv, (110)
= =2 || Tl = 20 [| e v, (111)
< —2emin (s, 1) VV, (112)
< -2V (113)
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The unique solution to the IVP & = — % Vv,

s\ 2
2(s) = (Va0 - ) (114)
therefore bounds V' from above on [0, s*). Thus,
s\ 2
v (V-5 ) 11

T * 2
- (1o, - SR

0. (117)

Therefore RTv(s*) =0, J,,v(s*)=0, and v (s*) ¢
Z(q)-

D Impact Model Proofs
D.1  Proof of Lemmali4

The final claim may be reached via direct application of
Theorem (1} as long as Dg(v) is non-empty, uniformly
bounded, closed-valued, convex-valued, and u.s.c. We will
demonstrate that each of these properties hold.

We first observe that the set of contacts Cg(v), used
in the construction of Dg(v) in (34), is non-empty by
construction. Furthermore, Cyg(v) is u.s.c. in v, because it
is constructed from non-strict inequalities of linear functions
of v. Next, we note that for each ¢, Fy ;(v) is non-empty,
uniformly bounded, closed-valued, and u.s.c. as it is an
affine transformation of Unit(-). Finally, we characterize
Dy (v). Dg(v) is non-empty, uniformly bounded, and close-
convex valued, because it is constructed from the convex hull
of a non-zero number of the sets Fy ;(v). Now, consider
an arbitrary velocity vy and neighborhood Vo O Dg(vy).
As Cq(v) is us.c., we can select a neighborhood V' with
Cq(V) C Cq(vg). Therefore on V,

Dg(v) € Do(v) = co (Uiee, (vo) Fa.i(v)) - (118)

Dy (v) is u.s.c. by its construction from a convex hull of u.s.c.
functions, and furthermore Dg(vg) = Dy (vg). Therefore by
definition of u.s.c. there exists a neighborhood V) of vy such
that

Dq(Vo) € Do(Vo) € V. (119)

Dy(V) is therefore by definition u.s.c. and the claim is
satified.

D.2 Proof of Lemma

Consider a configuration g € R™¢ and compact interval
[a, b].

We first demonstrate that the impact differential inclusion
mapping Dg(v) is positively homogeneous in v. Consider a
velocity v and k > 0. As the function Unit(-) is positively
homogeneous, by its definition (7)), Fy,(v) is positively
homogeneous:

Fgi(v) =M~ (JF, — pJ /] Unit (J,,v)) (120)
=M (J], — pJ]Unit (Jyikv))  (121)
= Fgi(kv). (122)
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Furthermore, we observe that the set of contacts C’q(v),
used in the construction of Dg(v) in (34), is also
positively homogeneous in v. Therefore, Dg4(v) is positively
homogeneous.

We now prove the final claim. Consider a solution v(s)
to the impact DI © € Dg(v) over [a,b], and k > 0. The
function kv(3) is well-defined and absolutely continuous
over the interval [ka, kb], and has derivative equal to ¥(%)
a.e. on [ka, kb]. Then ¥() € Dg(v(%)) = Dq(kv(3)) ae.,
and kv({) € SOL (D, [ka, kb]).

D.3 Proof of Lemma

Let g € Q4, and let [a,b] be a compact interval. Consider
a solution of the impact DI v(s) € SOL (Dyq, [a,b]) with
impact velocity (v([a,b]) C clZ(q)). We will show that
|lv(s)|| 5 is non-increasing by proving that K (g, v(s)) is
non-positive almost everywhere. Pick any s € [a, b] where
0(s) € Dq(v(s)). By construction of Dg(v) and the
definition of the convex hull, there exists coefficients ¢; €
[0, 1] for each impacting contact such that

>

i:J5,;v(s)<0

o(s) € ciFqi(v(s)). (123)

We observe that

K(g,v(s)) €

>

i:Jp,v(s)<0

civ(s)T M (q)Fqi(v(s)), (124)

K is then non-positive as each term in this sum is non-
positive by construction of Fy ;(v):

v(s)" M(q)Fgi(v(s)) =

v(s)" Ty = pi | Jeiv(s)l, - (125)

D.4 Proof of Theorem

Let g € Q4 be a configuration with active contact, and
v(s) € SOL (Dg, [a,b]) a solution to the associated impact
differential inclusion. We additionally assume that v(s) is
non-constant, and that it remains in c1Z(q), the closure of the
impacting velocities over the entire interval [a, b]. Let A(s)
be the associated vector of force variables.

We now prove the claim by showing that ||v(b)||,, <
llv(a)||pss such behavior occurs because any change in
v(s) must result from a strictly dissipative contact. As
v(s) is continuous, we may select a < s* < b such that
V§ >0, v(s) is non-constant on [s*,s* +4]. Let A=
{i € Ca(q) : Jniv(s*) <0} be the set of non-separating
contacts at s = s*. Let B be the set of contacts b € A with
zero contact velocity (Jpv(s*) = 0). As v(s) is continuous,
30 > 0 and € > O such that Vs € [s*, s* + d.] C [a, b],

o All contacts not in A are separating (J, ;v(s) >
e,Vie Ca\A)

e All contacts ¢ € A\ B are moving, with J,, ;v(s) <
—cor || Jv(s)|l, > e
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Select an s from [s*, s* + ;] with v(s) # v(s*). By Lemma

6,
0> L lo(e)12, - & lo(s")]2 (126)
) M9 M >
= o) M (v(s) ~ v(5")) + 3 Jo(s) ~ o(s")[3¢
(127)
= (Fo(s))" A1) + 5 lols) —v(s")3, - (128)

Therefore, there must exist a contact a € A\ B that
generates nonzero impulse [[Aq(s*,s)||; >0 as (128) is
non-positive. Finally,

K(o(s) = K(s%) + [ (o) Adrydr, (129

< K(v(s*)) — el|Aa(s*, 8)|]1,
< K(v(s")).

(130)
(131)

Therefore ||v|| 5, is non-constant.

D.5 Proof of Lemmal22

Suppose not, so there exists a configuration q € Q4,
dissipation rate aq(s) such that ¥ € Dg(v) is agq(s)-
dissipative, s >0 and S > ||[v(0)|,, ao) and v(s) €
SOL (Dg, [0, 5]) with v([0,S]) C clZ(q). Assume WLOG
by Lemma [15] that [[v(0)]|,, = 1. As © € Dg(v) is aq(s)-
dissipative, ds; € [0, s] such that ||v (s1)]l5; <1 — ag(s).
A sequence (sy),cy can be iteratively constructed by
Lemma[I3]such that

_ 1- e o, ——| . (32
Sk € Spo1 + {O,s( aq(s)) } - {o,aq(s)} . (132)
v (si)ll ar
———— < (1 —aq(s)) - (133)
v (sk—1)llas ¢
Therefore ds, € [O, ﬁ(s)] with s, = s < S and by

continuity of v, v (ss) = 0 € clZ(q). But then by Theorem
|lv(s)||p; must decrease below 0 on [s«,S], a
contradiction.

D.6 Proof of Theorem

Suppose not. Then there exists a g € Q4 \ Qp, an S >
0 and a corresponding sequence of solutions (vj(s))j N
v/ (s) € SOL (Dy, [0, 5]), all starting with kinetic energy
3 (e ||v7(0)]|,, =1 and never exiting cIZ(q), which
dissipate less and less energy:

lim H'UJ(S)HM =1.

j—o0

(134)

As Dy is bounded and each solution v7(s) never exceeds
kinetic energy % (by Lemma , the sequence is
equicontinuous and bounded. By Theorem [I] a subsequence
of v7/(s) converges uniformly to a function v, (s), and
because kinetic energy is non-increasing, Lemma[T6|implies
Voo (5)]l 5y = 1 forall s € [0,5]. By Lemma[14| v (s) is a
solution to the differential inclusion © € Dg(v). Therefore
as Voo (s) does not dissipate kinetic energy, it is constant
by Theorem and thus 0 € Dg(v(s)). But as each
v/ (s) € clZ(q), we must also have v (s) € clZ(q), which
contradicts Assumption [T8]
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D.7 Proof of Corollary[24

Let QC Q4 \ Qp be compact set of non-penetrating
configurations with active contact. Let S > 0. Define the
differential inclusion

{-<eo- o]

As Cy4 isu.s.c. and M, ¢, J are continuous, D’ is compact-
convex, uniformly bounded, and u.s.c.. Now consider the sets

(135)

X0:{|:q0:| :qOGQ/\H’U()HM(qO):l} R (136)

Vo

Xs = {x(9) : x(s) e IVP (D', X,,[0,S])} . (137)
Xy represents all initial conditions with configurations in
Q and initial kinetic energy % and Xg is set of states
reachable from A, via solutions to the dynamics (I33)
for a duration S. As A} is compact, IVP (D', &y, [0, S])
and therefore Xs is closed and non-empty by Proposition
Any solution [q(s); v(s)] € IVP (D', Xy, [0,5]) must
have constant g(s) = g(0) € Q, because the inclusion (I35)
prescribes ¢ = 0. Therefore, v(s) must be a solution to
the associated impact differential inclusion ¥ € D) (v).
Therefore, by Theorem 23]

max
las; vsleXs

ao(S)=1- sl arcqe) € (0.1 (138)

Setting g (0) = 0 and selecting an arbitrary configuration
g € Q, we now show that ¥ € Dg(v) is ag(s)-dissipative.
Let S > 0, [|vo]| ps(q) = 1. and v(s) € IVP (Dg, o, [0, S]).
By Definition 5| z(s) = [g; v(s)] € IVP (D', Xy, [0, S])
and thus [[v(s)|[pr(q) < 1 — ag(s) < 1foralls € [0, 5].

E Continuous-time Model Proofs

E.1 Proof of Theorem

Let [a,b] and X' be compact. As D(Z) neither depends on
t(€) nor s, WLOG [a,b] =[0,5] and ¢(€) = 0 for each
Z € X. We will prove that IVP (D, &, [0, S]) has the claimed
properties in the following manner:

1. We will bound kinetic energy growth (via Assumption
, which will guarantee that solutions starting in X
remain in a larger compact set, X”.

2. We will show that, restricted to X', & € D(z) is
equivalent to another differential inclusion, Z € D(&),
which complies with the requirements of Theorem [I]

First, we construct a suitable X’. As X is compact,
we may pick ¢ >0 such that X C Ball.. Let #(s) €
IVP (D, X,[0,5]). We begin by establishing a bound
on v(&(s)) over [0,S5]. Let K(&) = K(q(z),v(Z)). By
Assumptionand @]) deg > 0 such that for all &,

ZDe(@) =vT (U - G) < V2 v,y -

9% (139)

As the impact dynamics dissipate energy (Lemma [I6),
%D;(i) < 0 and thus

0K

K(z(s)) € 5z D(@) < 2cx\/ K (). (140)
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Similar to the argument in Appendix [C.2] we can compare
(T40) to the differential equation & = 2ck+/z, and upper
bound K as

K(g(s).v(s)) < (VE@0). 0(0)) + cxcs)’

The growth of ||v(s)||, can be similarly bounded; picking
car such that ¢} 0]y < v [v]l, < ear [[0] pre

(141)

[v(s)lly < ema v/ K(q(s),v(s)), (142)
<em ( K (q(0), v(0)) + cKs) L (143)
< i 0(0)l; + enrexcs - (144)

Now, we bound g(Z(s)). Given that |q||, < [T [|v],,
llg(s) ||, can be bounded by selecting cr = sup,, [|T'|| , and
applying the triangle inequality:

l9(s)l, < a0}, + ers max o), (145)

Finally, we bound ||t(s)|| < s from < 1. As [|2(0)]|, < ¢,

[Z(s)lly < lla(s)lly + lo(s)lly + [[E(s)] (146)
<c+(crs+1) (c?\/[c—l—cMcKs) +s. (147)

Therefore, Z(s) does not exit X’ = clBall., where
d=c+(ecrS+1) (c?\/lc + cMcKS) + 5. (148)

By Assumption and element-wise application of
Theorem 1 of |Askoural (2008)), there exists a bounded, non-
empty, compact-convex valued u.s.c. function D(i) defined
over R™ such that D| g = D| /. Therefore, by Theorem

VP (D, z, [0, S]) is non-empty, closed under uniform

convergence, and u.s.c. on X. As D and D are locally
equivalent, any solution &(s) to & € D(&) that is fully
contained in X’ is also a solution to Z € D(&), and vice
versa. As all solutions beginning on X remain in X’ over

[0,5], VP (D,aa [0,5]) —IVP (D, #,]0,5]) on X and
the claim is proven.

E.2 Proof of Theorem[29

Suppose not. Then there exists a non-penetrating initial
state Zo = [qo; vo; to] € Xp, compact interval [0,5],
and corresponding solution &(s) = [g(s);v(s);t(s)] €
IVP (D, %o,[0,5]) that penetrates at some sp € [0,S]
(@(sp) € Xp). Thus some contact i € C penetrates at sp
(¢i(q(sp)) < 0). Let k(s) = £(s) € [0,1]; a.e. on [0, 5],

x € (1—k(s))Dz(x(s)) + k(s)Ds(2(s)) . (149)

By the intermediate value theorem, we may select s4 €
[0, sp] such that ¢;(q(sp)) < ¢i(g(sa)) <0 and contact
i penetrates on the entire interval [s4, sp]. In order for ¢;
to decrease, there must exist a non-zero mesure set S C
[s4, sp] with

0,

bi = ——q=J,v(s)k(s) <0,

a4 (150)

on S. But then both ¢; and ¢; are strictly negative on S, and
thus &(S) C int (Xz). Therefore only impact dynamics are
active on S, i.e. k(s) = 0 a.e. on S. But then ¢»; = 0 a.e. on
S, a contradiction.
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E.3 Proof of Theorem

Suppose not. Then there exists a compact interval
[a, b]; solution &(s) € SOL (D, [a,b]) with Z(s) impacting
but not penetrating, Z([a,b]) C X7\ Xp; and set S =
{s:x(s) € D(&(s)) \ Dz(&(s))} with positive measure.
Furthermore, #(s)|s > 0 and g(s) = T'(q(s))v(s)t(s).

We will now show that allowing #(s)|s > 0 must lead
to penetration and therefore a contradiction. By Lebesgue’s
density theorem, we may select a point of density a < 51 <
b, i.e., for all 6 > 0, [s1,s1 + 6] NS has non-zero measure.
As Z(s) remains in X'z, by continuity of J(q) and &(s) we
may select 6 > 0 and a contact 7 that is active ¢;(q(s)) =0
with negative time derivative J,, ;v(s) < 0on [s1,s1 + ¢] C
[a, b]. Let Prax = MaXe[s,,s,+5] In,iV(s) < 0. Then

@i(s1+6) = / Jniv(s)i(s)ds, (151)
[81781+§]
< Prmax / i(s)ds, (152)
[s1,81+8]NS
<0, (153)

and thus Z(s; + &) € Xp, a contradiction.

E.4 Proof of Theorem

Let X be compact containing no penetrating states (X N
Xp = 0). By Corollary there exists a dissipation rate
a5 (s) such that the impact differential inclusion ¥ € Dg(v)
for each configuration q € q(X) is ap(s)-dissipative. Let
K =maxy [[v] prq)-

Suppose the claim is not true. Then, for some S’ >
S(X) = ﬁ there must exist a sequence of solutions
(T;(5))ene ®5(s) € IVP (D, X,[0,5'), for which the
elaped times grows arbitrarily small: t;(S’) — ¢;(0) — 0. By
Theorem IVP‘D, X,[0,5"]) is compact, and therefore
by Assumption [27 the derivatives Z;(s) are uniformly
bounded. Therefore (Z;(s)),cy is equicontinuous. Thus
by Theorem a subsequence of &;(s) converges
uniformly to some Zo.(s) with ¢ ([0,5']) = too(0). As
IVP (D, X,[0,5']) is closed (Theorem , Zoo(s) must
also be a solution to the initial value problem.

We now show that a contradiction arises because &, (s)

follows impact dynamics longer than —£ . Furthermore, as

ax(l)”
too(s) is constant, £, (s) = 0, and thus &, (s) must follow
only impact dynamics, Zo(s) € IVP (D, X,[0,5']). In
order for Z..(s) to be selected from Dz, we must
have Z.(s) € Xs ae., and thus vo.(s) € S(g(s)) ae.
Additionally, as & (s) only follows impact dynamics, the
configuration is constant, i.e. goo([0,5']) = @oo(0) = @oo-
Therefore v (s) is a solution of ¥ € Dg__ (v), and v (s) €
clZ(gwo)- Therefore Z(go,) is non-empty and therefore has
active contact (o, € Q). Furthermore, as X contains no
penetrating states, go, ¢ Qp (via Theorem , and thus
v € Dy (v) is ap(s)-dissipative. Finally, by Lemma
S < % < S(X), a contradiction.

E.5 Proof of Corollary[32
As X(S') is non-empty and compact for all S’ > 0, 7"(S")
is well-defined. Then, liminfg/_ oo % € [0,1] as the
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impact DI enforces #(s) € [0, 1]. Consider a particular
S’ > 0,andlet £(s) € IVP (D, X, [0, 5']). By Theorem
t(s) increases by T'(X') over each interval of length S(X),
bounding

/T (X) >
J > 5 5 —T(X).

t(S") > T(X) { 5 (154)

S()

Therefore, lim infg/ ;o —

E.6 Proof of Theorem[33

Consider some state [g; v] and normal impulse A, ;0 > 0.
Let

B
z=|A| >0 (155)

Y

Then we have
2Z"Wez = 2" (We+W]) z, (156)
_T7 2 T

= |7 Xy asn)
>0, (158)

where the final inequality holds because g has positive
entries and M - 0. Therefore, My is copositive.

Suppose further thatz € LCP(Wy,0), thus Wz >0
and 2T W,z = 0. W,z > 0 implies by construction that

(159)
(160)

A <0,
E"Ap < pX, <0.

Therefore as A, Ap > 0, A,, = 0 and Ap = 0. Finally, as
An, maz and B are non-negative,

ZT’LUq(’U, )‘n,mam) = ﬁT)‘n,max >0. (161)

Therefore by Proposition (10}, LCP(Wg, wq(v, An maz)) is
non-empty.

E.7 Proof of Theorem|[34
Consider a state [g; v], normal impulse increment )‘E»mfm >
0, and solution to the impact LCP z = [,6; A; 'y] €

LCP (W, wg(v, Ap.maz))- Let v’ = v + M~1J" X. Then
from the complementarity condition we have

0= ZT (qu + ’U)q(’U, )\n,mam)) 5 (162)
= 5\T:7> v’ + )\Z;,U")’ + BT)\n,maa: 5 (163)
= (’U/ — ’U)T Mov' + AZ;H/Y + ﬂT)\n,maz . (164)
As )\g[J/'y + ,BTAn}ma:z: >0,
(v —v) Mv' <0. (165)

(T&3) is equivalent to ||v'[|3, < v Mwv'. The Cauchy-
Schwartz inequality then gives va’||?v[ < [|v||pz IV'] o> and
therefore K (q,v’) — K(gq,v) <0.
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F Simulation Proofs

F.1  Proof of Lemmal35
Let [g; v] be an impacting state (v € Z(q)), and let

An,maz > 0 be a normal impulse. Consider an impact LCP
solution

[ﬁ; An; )\D; 7] S LCP(anwq(va)\n,mam)) .
such that

)\n < )\n,mam . (166)

Therefore for each contact 7, the complementary equation
(@3) yields B; =0 as A, maw; — Any > 0. Then from
complementarity equation (84), J,, ;v’ > 0.

F2 Proof of Lemma

Consider a configuration g € Q4 \ Qp. It is sufficient to
prove the claim for v = 0 as LFC (q,v) C LFC (g, 0) for
any velocity v (see (@])). Furthermore, as M is full rank, we
may assume WLOG that M = I. Consider the set of forces
in the linear friction cone with total normal force 1:

A=LFC(g,0)N{A: [ A, =1} . (167

As LFC(q,0) is a convex cone, any vector  satisfies the
claimifr- J A > 1.

As the linear friction cone is a subset of_the Coulomb
friction cone (see (@3)), by Assumption 0¢ J"A.
Furthermore, J A is compact, non-empty, and convex.
Therefore, 0 ¢ JA - (—jTA) = 2:ITA, and by Theorem
11.4 of Rockafellar| (1970) J'A and —J"A are strongly
separated by some hyperplane. Then by definition there
exists some vector 7 such that

min F-r.
FeJ'A

min F-r> max F-r=—

(168)
FeJTA Fe—JTA

Setting e = ming _yr) F -7 > 0,7 = g satisfies the claim.

F.3 Proof of Theorem|[37

Let go € Q4 \ Qp be a pre-impact configuration and let
vg € Z(qo) be a pre-impact velocity. As each A, jaq 18
selected from the uniform distribution over the unit box, we
have that

G
m+ 1 (169

Cp = EAn,nLam"’p |:min An7ma11:| =

K]
We assume WLOG that p is supported on the interior of
the unit box (0,1)™, as the probability of being on the
boundary is 0. Let o > 0 be the minimum singular value of
M = M(qp). We can bound the norm of the initial velocity

from below by
Vo llvlly < [[vllay -

Now, select r for gy as defined in Lemma [36] We will
now show that the existence of = in conjunction with
dissipation (Theorem @]), allows us to create a useful
sufficient condition for impact termination.

Consider any execution of Algorithm [2] with initial state

[qo; o], and let AF A= [AF: AE] and vy be the

n,max’

maximum normal 1mpulse selected impulse; and velocity

(170)
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computed on lines on the kth iteration of the loop. If
the loop has not terminated after K steps, then for all loop
iterations k € {1,..., K}, v, € Z(qo). By Theorem [34]and
Lemmas we have that

lvollar = llvkllas (171)
>f||v1<||2, (172)
> Vo—— (173)
[Ir ||2

> Yo, vﬁZHAnmam . (174

Il
Z_\/5”'00”2 || || ZH nmaa:”la (175)
> — |\vo||M+Z i mmA’;;max . (176)

2

For this inequality to hold, and thus for vx to remain in
Z(qo), it must be true that the summation in is no
greater than 2 ||vg|| ;. Therefore, termination of the impact
within K steps (i.e. Z(h, qo,vo) < K) is implied by Zx >
cz ||vo|| . Where

2|rfly

2= 300 (177)
K1

Zk =Y —minAL .. (178)
S ho

Given that the A, ;00 ~ hp are selected ii.d. we have
that E [Zx]| = Kc,. Thus we would expect an impact to
terminate proportional to

* ¢z
K= || Mol (179)
Cp
We now explicitly bound the termination time Z using
Hoeffding’s inequality, applied below in (I33); for k € Z*
and K = 2K* + k,

P(Z>K)<P(Zk <czllvollpg) » (180)
< P(Zx < K*c), (181)
=P(Zx —Kec, < —(K*+k)c,), (182)
< exp (—[2( (K* + k) cf,) , (183)
<exp(—(K*+k)cl), (184)
<exp(—kc)) . (185)

Thus the claim is satisfied.

F4 Proof of Lemma

Suppose not. Then there exists a configuration g € Q4 \
Qp, velocity v, and £ > 0, such that for all N € N, there
existsavy, Jooy = — %, [[onllar < [0l pg and yet oy =
Falvy.c1) € I(q).

Due to energy dissipation (Theorem and the
boundedness of vy, the sequence vy is bounded as well.
Without loss of generality we can therefore assume that
UN — Vs and vy — vl As Jyoy > ——, it must be
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that J, v > 0. Therefore, v, = fq(Voo, 1) = Voo Via
Lemma As vy and vﬁv converge to each other, there
exists an N*, with LCP-selected force Ay« = [An; Ap]
such that

e
<5 (186)

2 r(g)ll;

where 7(q) comes from Lemma However, by Lemma

as vy € Z(q), at least one contact must fully activate,

and thus ||A,||, > But then again by Lemma

137
HM 177 Ay

|2 == HM_leXN*

[V~ = vn-)

> W, a contradiction.
2 2

F5 Proof of Theorem

First we will show that generating an e-net of Vo (o, h) \
Z(qo) can be reduced to generating an &'-net of Vy (xo, h)
for a suitable (&', N'). We will then show that Vi (x, h) is
the image of a box under a Lipschitz continuous function,
reducing the claim to Proposition

Select an initial condition &y = [qo; vo] € (Qa \ Op) X
R™v; step size h > 0; and approximation constants
€,0 >0. By Lemma we can select N such that
Vn(xo,h) is an Z-net of Vo (xo,h). Consider a run of
Approximate(h, g, e, N, M) for some M > 0. Define ¢
as it is constructed on line [2 of Algorithm (3| Furthermore,
suppose that the M samples from Vy (xo, h) generated on
line [ of Algorithm [3|constitute a &’ net of Vi (o, h), where

5 (ﬁ,m)

’ : €
eE=mm| -, ——— s
3 O'maw(']n)

(187)

and ¢ (ﬁ, vo) comes from Lemma
Consider any possible post-impact velocity v; €

Voo(o, h) \ Z(qo). Then there exists a ve € Vi (o, h)
with  [|v; —vafl, < 5. Select the closest velocity
v3 € VN (20, h) € Vool(xg, h) to vy selected on line
during a run of Approximate(h, xo, €, N, M). From (187),
we can determine two key facts: [|vz —vall, < £, and

ga

Jyv3 > =0 (ﬁ,’uo). This same w3 is used to generate
v4 = fqo(v3, 551m) on line 5} and J,v4 > 0 via Lemma
vy is in the post-impact set Vo (g, h) \ Z(go) by Lemma
and it will be output by Approximate(h,zo, e, N, M).

Furthermore suppose that A = [A,; Ap] was the LCP-
selected force in the calculation of v,4; we then have that

s — vs]l, < HM—leS\H2 : (188)
<a|Al;, (189)
<U||)\n||1(1+maxpi), (190)

€
<z 191
<3 (191)

where 0 = 000 (M -1J T) and the final inequality comes

from the construction of ¢ on line 2] of Algorithm [3] Thus,

by triangle inequality, ||vs — v1]|, is bounded above by
lva = villy + [[vs — vally + [lva —wsl, <e. (192)

Therefore, the claim is true if the samples from Vy (xo, h)
generated on line 4 of Algorithm [3|are a &’ net of Vy (o, h)
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with probability 1 — §; we conclude by calculating an M that
guarantees this property.
Consider the sequence of functions

fl(A}'L) = fqo(vOa)‘it)a
.fk()‘}wvAfz) = fQO(fk_l(A}w“

Examining (T00), we see that the sequence £ can be used
to construct the /V-step reachable velocities:

(193)
SR X)L (194)

Vn (o, h) = £V ([0, R)N™). (195)
Furthermore, if fg, has Lipschitz constant L, then N
is Lipschitz continuous on [0, k)™ with constant LY by
Proposition [2| Under Assumption [38] Sim(h, xo, V) yields
a uniform sample of [0, 2]¥™ mapped under V. Therefore,
the claim holds, with M given by Proposition [4}

In(6Q2)
M=iaza; (196)
N —Nm
e
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