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Stepping Towards Control of Systems Undergoing Impact for Legged Locomotion
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Dr. Samuel A. Burden
Electrical Engineering

This dissertation focuses on bringing control theory to mechanical systems subject to uni-
lateral constraints, with the focus on legged locomotion. The key feature of these systems is
the impact that occurs, causing a sudden change in the velocity of the object and a potential
change in its underlying vector fields. The primary challenge for such systems arises from
constraint activation, in other words, when a leg transitions from moving through the air to
the ground. Throughout this dissertation, the dynamics are captured using the modelling
paradigm of hybrid dynamical systems. In the language of hybrid dynamical systems, a
reset occurs causing instantaneous change in the systems velocity. In addition, when a con-
straint activates or deactivates, the underlying vector field discontinuously changes. Such
discontinuities violate continuity and smoothness assumptions many classical control tech-
niques impose. This dissertation focuses on developing three aspects of control for legged
locomotion: developing a control law about a desired trajectory undergoing simultaneous
constrain activations, such as a pronk gait, determining the complete state, both discrete
and continuous, of the system from noisy measurements, and finding a control law to track

a desired trajectory through contact.
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Chapter 1
INTRODUCTION

In this dissertation I seek to solve of the challenges facing control of legged robots. The
challenge of such systems is the sudden change in velocity whenever a leg touches down,
particularly when running with legs of significant mass. Many current control techniques
for legged locomotion attempt to minimize or remove these discontinuities, either through
modeling (massless limbs, multi-level control such as templates and anchors [36]) or control
that minimizes impact velocity. As part of the goal of this dissertation, I seek to enable
control that at the model level does not require such workarounds.

Throughout this dissertation, I will be assuming the robot is made of rigid mechanical
components, neglecting the rich subfield of soft robotics. This assumption makes possible
the use of hybrid dynamical systems® in a straightforward manner. Additionally, modeling
the physical system as a hybrid dynamical system, in particular a mechanical system subject
to unilateral constraints, captures the salient features of the real world dynamics. That is,
the flow of such models are left-continuous.?

Three critical components, but by no means the only critical component, of any closed
loop control system are tracking a reference, state estimation, and generating the control
signal. Classical control® focuses on controlling continuous flows. For each of these three
problems, classical solution has several solutions for. While hybrid dynamics is not a new
field and has been used for control, most of the early motivation was for continuous systems

and later work seeks general control techniques for all hybrid dynamics. It is my view, much

LAlso hybrid system or hybrid dynamics

2 As will be briefly touched on in chapter 4, hybrid dynamics is but one modeling choice for such systems,
complementarity and measure differential inclusion are two others.

3Which I lump so called modern control theory as part of.



can be gained by incorporating knowledge from mechanics into the control techniques. This
dissertation will not solve these challenges for legged robots but to provide feasible paths

forward.

1.1 A brief overview of rigid mechanical systems modeled as Hybrid Dynam-
ical Systems

Before proceeding, I will provide an overview of the relevant portions of hybrid dynamics
as will be useful in this dissertation. See [39] for a general introduction to hybrid dynamics
and [50] for a more detailed account of modeling legged robots with hybrid dynamics. The
hybrid domain, which in this dissertation may sometimes be referred to as mode or discrete
state, indexes into the set of underlying vector fields. To account for this additional infor-
mation, I will refer to the state of a hybrid system as the continuous state and discrete state.
A guard is a set of sets within the hybrid domain specifies when the state change, either
the discrete or continuous or both change* may change. For a legged robot, guard generally
correspond to when unilateral constraints are active, which is equal to zero. When a uni-
lateral constraint becomes active, an impact occurs which causes a jump in state’s velocity
such that the unilateral constraint is not violated. In hybrid systems, this jump in state is

referred to as a reset and what causes the discontinuous trajectories.

1.2 Dissertation Content

Chapter 2 (Aim 1) This chapter focuses on showing tracking a feasible trajectory for a
very particular system, the nonplastic inelastic billiard. We show that while the well known
mirror law [35] for the elastic billiard uses a technique of extending the tracked trajectory
past unilateral constraints, a similar method is not possible for inelastic billiards. From this
example, we conjecture geometric control techniques for continuous systems [1,22] cannot

be used for mechanical systems with inelastic collisions.

4There can be guards and corresponding resets that don’t cause either to change, that is not the norm.



1.2.1  Chapter 3 (Aim 2)

The aim of this chapter is to develop an estimator for the complete state. In it, we incorporate
the discontinuous jumps in continuous state into the process noise by using the Student’s ¢
distribution. Additionally, we formulate the state estimation problem as an optimization
problem, relaxing the restriction the discrete state from being nodes of the simplex to lying
anywhere within the simplex. This relaxation, results in a smooth-nonconvex objective
function. We provide demonstration of the state estimation technique of simulated data for

a mechanical hopper.

1.2.2  Chapter 4 (Aim3)

This chapter focuses on differentiability for legged robots, particularly in cases where si-
multaneous activation occurs. In it we® show that for admissible trajectories undergoing
simultaneous impacts of lift-offs the flow is piecewise—differentiable. Under more restricted
assumptions, we show the flow is at least once (classically) differentiable. Additionally,
we provide two example systems. One, a biped like model, we provide three variations
demonstrating discontinuous, piecewise—differentiable, and differentiable flow. The other,
the double pendulum, we develop a controller for using the implicit function for piecewise—

differentiable functions.

5 All work in this dissertation comes out of collaborations with my adviser, Professor Sam Burden, and
others as indicated at the beginning of the chapters.



Chapter 2

NONPLASTIC INELASTIC BILLIARDS MUST HAVE A NEW
DISTANCE FUNCTION!

2.1 Abstract

In this chapter, we show the nonexistence of an extended distance function compatible (de-
fined below) with the constrained distance function under a projection preserving trajectories
in the constrained space for the 1-DOF nonplastic inelastic billiard. We show the nonexis-
tence by extending the system past the point of impact in a manner similar to the mirror
law [35] and then construct a projection from the extended state space to the constrained
state space such that a trajectory undergoing one impact in the constrained space maps
uniquely to a trajectory in the extended space. We then show there does not exist a distance
function on the extended space by showing any function on the extended space cannot be
both compatible with the constrained space distance function and continuous. Hence, clas-
sical geometric tracking techniques [1,22] cannot be used for tracking (or state estimation
of) inelastic billiards. Furthermore, we conjecture for any rigid mechanical system under-
going impacts, there does not exist a local continuous extension of any nonplastic inelastic
mechanical system with a consistent distance function as essential features of the dynamics

of the 1-DOF billiard embed in such systems around impact.
2.2 Introduction

A common technique in tracking a desired trajectory or in observer design uses distance
between the current state and the desired state (tracking) or between the estimated state

and observed state (estimation); for mechanical systems state includes both position and

!The results of this chapter stem from several enlightening discussions with Todd D. Murphey.



velocity. Many methods exist for determining distance, and hence error, for a continuous
trajectory of a mechanical system. For these smooth systems with continuous trajectories,
the underlying differential geometric structure of the mechanical system can be used to
develop a tracking controller [22] or observer [1].? For rigid mechanical systems subject
to unilateral constraints, discontinuity at points of impact distinguishes these trajectories
from other smooth mechanical systems. The impact times for the desired trajectory and the
reference trajectory generally differ. While the position distance remains constant at the
point of impact, the velocity error will jump discontinuously. For perfectly elastic collisions,
the mirror law [35] accounts for the discontinuity in error at points of impact by extending
the trajectory of either the desired trajectory or the actual trajectory past the unilateral
constraint when only one of the trajectories has undergone impact. The error distance used
for reference tracking then uses this extended trajectory. Within this chapter we seek to

show for billiards undergoing nonplastic inelastic impacts, no similar method exists.

In this chapter, we present the 1-DOF' billiard, the simplest possible example of a me-
chanical system undergoing impact. We detail the dynamics and state space of the system
and then describe the extended state space. Next, we motivate the definition of compati-
ble by equating points in 7T’ C with corresponding points along a trajectory in T'C. After
which we present the main result of this chapter in section 2.3.3: for the nonplastic inelastic
1-DOF billiard, there does not exist an extended distance function that is compatible with
the distance function on the constrained state space. We conclude with a conjecture that
no mechanical system undergoing inelastic impact has an extension with a compatible func-
tion and a brief overview of other methods of tracking trajectories for mechanical systems

undergoing impact and more general hybrid dynamical systems.

2While both of these techniques are mathematically sound, implementation issues remain, such as deter-
mining the geodesic on the underlying Riemannian manifold. Outside of the examples given in [22], closed
form solutions for geodesics are scarce. First order approximations of the geodesic distance and parallel
transport between two points near each other are provided in [1, IL.C].



2.3 Nonplastic Inelastic 1-DOF Billiard

In this section, we construct a distance function for the 1-DOF billiard® with no external
forcing, undergoing an inelastic impact. Constructing an appropriate distance function is a
key aspect of any tracking controller. We then show no distance function can exist for the

complete trajectory when either the reference or the nominal trajectory undergoes impact.

REMARK 1. We aim to simplify the exposition of this example. With this goal in mind, we
relegate much of the technical nuances of extending the example to more complicated systems
to the footnotes. We hope that the citations included in these footnotes may enable future

readers to formalize this extension.

2.8.1 Constrained Billiard

We begin by describing the 1-DOF billiard system. Let ¢ € ) = R be the position of the
billiard and let a: Q — R with a(q) = ¢ > 0 be the unilateral constraint.* The motion of the
billiard is restricted such that the unilateral constraint is satisfied for all time. The feasible
configuration space of the system is then C' = R™ = {¢|¢ > 0}. The overall feasible state
space of the system is then TC' = RT x R 3 (q,¢).> Fig. 2.1 provides a visual representation
of the feasible configuration and state spaces for the billiard system.

Next, we describe the dynamics of the billiard. For simplicity, let the mass matrix®

M (q) = I. Hence, the distance between two points z,y € TC' is given by

d:TCxTC —-RY  d(z,y) = ||z —yl,, (2.1)

3Billiards is game with a long history of generating mathematical problems. See [62] for one such early
example.

4In an effort to simplify notation, we will overload a to have domain of Q or TQ > TC. By a:TQ — R
we mean a o Ilg, where Ilg: T'QQ — @ is the canonical projection operator onto manifold Q.

5TC notation denotes the tangent bundle in the context of smooth manifolds [60, App. A].

6 In geometric mechanics, the mass matrix determines the distance between two points on the underlying
space [65, §2.4]. A constant mass matrix, also referred to as a flat metric, greatly simplifies the challenge
of finding this distance. A Riemannian manifold is said to have a flat metric (or be flat) if it is locally
isometric to an Euclidean space [60, pg. 12].
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Figure 2.1: A graphical representation of a trajectory in T'C. The arrows indicate the

direction of travel with increasing time t¢.

the /?>-norm.” Additionally, we assume no external forces act on the billiard. With some

abuse of notation,®
M(q)j=q4=0. (2.2)

Finally, let the coefficient of restitution v € (0,1). That is, the billiard undergoes neither a
perfectly plastic? v = 0 nor perfectly elastic v = 1 impact. The impact law is

it = i (2.3

and impact occurs when a(gq) = 0 and ¢ < 0, where ¢* and ¢~ denote the right- and
left-handed limits, respectively. We adopt the convention that the trajectories generated

by eqgs. (2.2) and (2.3) are right-continuous. Without loss of generality, we will assume for

"In general, the metric for a Riemannian manifold M does not give a unique metric on the tangent bundle
TM, also a Riemannian manifold. A metric is used to calculate the distance of the infimal path between
two points on a manifold. In order to calculate the distance for both position and velocity between a
reference and a controlled trajectory, that is the distance on T'C, a metric on T'C' is needed. See [1,22] for
methods of calculating the distance between two points in T'C' with applications in tracking and observers,
respectively. For a general discussion on constructing a natural Riemannian metric on TC, see [77] for a
brief overview.

8For a mechanical system with dynamics given by differential geometry, external forces are cotangent
vectors [65, §2.3] and the Levi-Civita connection [65, §2.4] provides a way of defining acceleration giving
a choice of coordinates. See [60, Chp. 4] for an explanation of why acceleration differs from the time
derivative of the velocity vector on a general smooth manifold.

9For reasons that will not be discussed in this paper, a perfectly plastic impact gives rise to a sub-
Riemannian metric [74].



any trajectory!® the time of impact occurs at t = 1, a(¢(t =1)) = 0. Additionally, we
will consider only trajectories that undergo impact. Equivalently, the trajectories under
consideration are those with nonzero velocity. These two assumptions imply the velocity for

any considered trajectory at ¢t = 0 is negative.

REMARK 2. Asy # 0 and the force is constant, any trajectory can be extended to any time.
That is, for a given trajectory C:|a,b] — TC with a,b € R and a < b, there exists a unique
trajectory (: R — T'C' such that Z|[a,b}: ¢. That is for all q,q € T'C, there exists a trajectory
(:R — TC such that ((0) = (q,q). Without loss of generality, we will assume all trajectories
have domain R and a (((t = 1)) = 0. That is the impact for all trajectories occurs at time

=1.

2.8.2 FExtended Billiard

We now introduce the extended billiard system, a system that does not undergo impacts
resulting in continuous trajectories. The two key characteristic of trajectories for the ex-
tended system are equality with a unique trajectory on the constrained system 7T'C' under
the defined projection and continuity.!!

Let the extended configuration space be denoted with C=R> G. There are no unilateral
constraints for the extended system. The extended state space is then (g, (j) €eTC =R xR.
For notational purposes, we partition the extended state space into two nonoverlapping half-
spaces with

TC, ={(¢.9): 4> 0}
TC = {(3.4): 4 <0},

S
v

(2.4)

TC = TC, | |TC_.*2 Fig. 2.2 provides a visual representation of the extended state space

10 Ag this assumption is not used to generate a tracking controller, it is not the same as assuming the
reference and nominal (or plant) trajectory impact at the same time.

UThe idea for the extended system is inspired by [85].
2By TC' = TC, | |]TC—, we mean TC = TC, | JTC_ and TC, NTC_ = .



and the partitions. As no external forces act on the constrained system,'® there are no forces
on the extended system, yielding

q=0. (2.5)

Figure 2.2: An example trajectory in TC.

We construct a projection operator P: TC — TC such that a trajectory in Té, E: R —
TC maps to a unique trajectory in T'C', (:R — T'C. Equivalently, the projection operator
is such that a trajectory in T'C'; which undergoes exactly one impact, corresponds to one

trajectory in TC. That is P o E: (. We define P as

P(q,q) = _ a (2.6)
(=vq,—vq) ifg<O.

That is P|ya, = I and Pl = —7I. See Fig. 2.3 for a visualization of P.

REMARK 3. As there is no acceleration on the extended system eq. (2.5), any extended
trajectory Z that maps to a given ¢ in TC under P, P o Z: ¢, must have the same initial

condition ((t = 0) = ((t = 0) and be continuous. Clearly, there is only one such extended

trajectory Efor every trajectory ¢ with nonzero velocity. Additionally, if E(t) € T5+, then

13 In general, if there are forces on the constrained system, the extended system will experience forces
mapped with the projection operator P eq. (2.6). For instance, in the bouncing ball system the sign of
the force will switch. See [68, § 1.6] for how dynamics change under a smooth mapping.
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Figure 2.3: Visual representation of the projection P on two points in T’ C and their corre-

sponding points in T'C'(top) and for a trajectory (bottom).

the point on the corresponding trajectory ((t) has not yet undergone impact. Likewise, if

E(t) € TC_, then C(t) = (Po()(t) is post-impact.

REMARK 4. The position after projection for P|rs changes as any (¢,q) € TC_ violates
the unilateral constraint, a(q) < 0. As T'C is the codomain of P, the unilateral constraint is

not violated after projection, a (P(cj, Q)) >0 for all (§,q) € TC.

REMARK 5. With the assumptions the time of impact for trajectory ¢ occurs at t = 1,
a(C(t =1)) =0, and ¢ has nonzero velocity, the unique (Remark 3) corresponding extended

trajectory Z will remain in the left-half plane;** for all t € R, Z(t) = ((j, (j) (t),q(t) < 0.

14This is not the case when extending the trajectories for systems with force. See footnote 13 for a brief
comment and systems with nonzero forces.
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2.3.8 A compatible function under P on TC does not exist

As TC and TC are not the same space,'® we provide a definition relating distance on TC
to distance on T'C', using the idea points in T 6, TC lie along trajectories. In particular,
we focus on when both points x,y € T6'+ or both z,y € TC-_. Following from Remark 3,
if both x,y € TéJr then both points along their corresponding trajectories in T'C' have not
undergone impact. Likewise, if both points are in T 6'_, then both points occur after each
respective trajectory has undergone impact. In these two instances, the two points along
their corresponding trajectories have both either undergone or not undergone an impact,

and as such we wish to preserve the corresponding distance in T'C' under the projection P.

DEFINITION 1. A function d on TC is compatible with distance function d on TC under P

when

d(x,y) = d(P(z), P(y)) if 7,y € TC, (2.7)
orif z,y € TC_. |

Fig. 2./ gives a visual representation of the two cases for when functions d and d are com-

patible.

REMARK 6. The definition of d compatible with d under P does not restrict the definition

of d everywhere, e.g. g(:v, y) when x € TC_ and y € TC,.

We now provide the main result of this paper, for the constructed extended state space
TC and projection P, there does not exist a function that is compatible with d.'6 We
prove this fact by showing any compatible function cannot be continuous and hence is not a

distance function. Fig. 2.5 provides a visual representation for the proof of theorem 1.

THEOREM 1. There does not exist a distance function d:TC x TC — R* that is compatible
with the distance function d:TC x TC' — RY eq. (2.1) under P:TC — TC eq. (2.6) for

nonplastic inelastic impacts v € (0,1).

I5For instance, topologically TC' has a boundary and T'C' does not.

16 All distance functions are continuous [76, Chp. 2 §20 Exercise 3].
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TC TC
(" @) =d(",e)
q q
~e . ~e .
q —>q

Figure 2.4: A visual representation of function d compatible with d under P, (top) when

both points are in TC,. (bottom) when both points are in TC_.

Proof. Let d:TC x TC — R* be a distance function on TC. Assume for the sake of
contradiction d is compatible with d under P. Let z = (0, —v) and y = (0, —v — d) for some

v,0 >0; x,y € TC.
d(z,y) = d(P(z), P(y)) = d((0,—v),(0,—v =) =6 (2.8)

Let z, = (=1/n, —v) and w,, = (=1/n,—v —¢) for n € N; z,, w, € TC. Then lim,, o 2, =

and lim,,_,, w, = y. Finally,

lim d(z,,w,) = lim d(P(z,), P(w,))

n—o0 n—oo

= lim d((l/n,’)/l)), (Yn,y(v + 5)))

n—oo

(2.9)

lim o

n—oo

J

RN

=d(z,y),

where the inequality holds as v € (0,1). This completes the proof as d is not continuous and
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P:. TC — TC
taq /\ L q

@

0!

limd( , )= d(.a.) # d( 7.) = g( 7.)

Figure 2.5: Assuming a function d:TC x TC — R is compatible with d, d cannot
be continuous and hence is not a distance function. with the desired properties of
continuity and compatibility can not exist. The two sequences in Ta, the semi-filled blue
and green circles, converge to the filled blue and green circles, yet with the distance measure
d having the compatibility property the distance on the convergent series does not equal the

distance of the converged points.

hence cannot be a distance function. O

REMARK 7. For perfectly elastic impacts v = 1, the above proof does not hold. For v =1,
Ply& = —1y. With d(z,y) = ||z — yll2 for all z,y € TC, d is compatible with d under P.
The given extended distance d is equivalent to the well known mirror law [35] for a 1-DOF
billiard.

REMARK 8. The proof of theorem 1 does not specify how d(x,y) is defined. Hence, for any
d that is compatible with d, d cannot be continuous.
2.4 Discussion

REMARK 9. One possible method of extending the billiard system is to consider mappings

N:TC — TC such that N o E;é (. If such mappings were considered, then it is possible to
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define a continuous and compatible function on TC. Clearly, one such N: TC — TC is

(

(¢,q) if¢>¢

N(q,q) = (—vq,—7q) if ¢ < —¢ (2.10)

(—(1 — 1_77q)q, — (1 — 1_77(1) Q) otherwise

for any € > 0. As the motivation is tracking, we do not consider such mappings.

The example we provide in section 2.3.3 demonstrates classical geometric tracking tech-
niques [1,22] cannot be used on the 1-DOF billiard undergoing nonplastic inelastic collisions.
The 1-DOF billiard exhibits the key characteristic of mechanical systems subject to unilat-

eral constraints, a discontinuous trajectory due to an impact As such, we make the following

conjecture:

CONJECTURE 2. For any rigid mechanical system subject to unilateral constraints and cor-
responding state space TC with the distance function d:TC x TC — RY wundergoing a
nonplastic inelastic collision, there does mot exist a local extension T@, projection opera-

tor P:TC — TC, and distance function d:TC x TC — R* such that
(i) trajectories Z on the extended domain TC are continuous,

(i) Po ¢ = ¢ locally,

(iii) d is a distance function (and hence continuous), and

(iv) d is compatible with d under P.

This conjecture does not imply tracking on mechanical systems with impacts cannot be
done, only that different techniques from continuous control must be used. Indeed many
such techniques exist with varying levels of generality.

We conclude with a brief summary of these techniques, mentioning only methods that

do not assume both desired and nominal trajectories impact at the same time. For tracking
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trajectories for a general hybrid dynamical system, [53]| takes the approach of gluing pre-
and post-impact states and extends the method to deforming the underlying domain such
that all trajectories are now continuous. Instead of designing a metric, the problem is shifted
to designing a gluing function. In [17] demonstrates when the distance function takes into
account the instantaneous change in state, Lyapunov-based techniques can be used to show
global stability.

Another technique for handling impulsive events is to extend either the reference or nom-
inal trajectory past the point of impact. Reference spreading [88,89] extends the idea to
multiple potentially simultaneous impacts and general hybrid dynamical systems by extend-
ing the reference trajectories beyond and prior to impacts as if the impact does not occur.
Regardless of how the extended reference trajectory is generated, to first order the controller
maintains asymptotic tracking. Another method of extending the trajectory is through a
nonlinear coordinate transformation, Zhuralev-Ivanov transformation [20, Chpt. 1, §1.4.3].
For the inelastic bouncing ball [46] demonstrates control using Zhuravlev-Ivanon transfor-
mation. Additionally, there have been several methods developed for tracking trajectories
specifically developed for mechanical systems subject to unilateral constraints, see [70] for
tracking periodic mechanical impacts, [37] for a method using an internal model principle

based controller, and [75] when the system as a complementarity Lagrangian system.
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Chapter 3
STATE ESTIMATION IN HYBRID DYNAMICAL SYSTEMS!

3.1 Abstract

We propose an offline algorithm that simultaneously estimates discrete and continuous com-
ponents of a hybrid system’s state. We formulate state estimation as a continuous opti-
mization problem by relaxing the discrete component and using a robust loss function to
accommodate large changes in the continuous component during switching events. Subse-
quently, we develop a novel nonsmooth variable projection algorithm with Gauss-Newton
updates to solve the state estimation problem and prove the algorithm’s global convergence
to stationary points. We demonstrate the effectiveness of our approach by comparing it
to a state-of-the-art filter bank method, and by applying it to simple piecewise-linear and

-nonlinear mechanical systems undergoing intermittent impact.

3.2 Introduction

This paper considers the problem of using noisy measurements from a piecewise-continuous
trajectory to estimate a hybrid system’s state. A hybrid dynamical system switches between
dynamic regimes at time- or state-triggered events. The state estimation problem has been
extensively studied in classical dynamical systems whose states evolve according to one
(possibly time-varying) smooth model. This problem is fundamentally more challenging for

hybrid systems since the set of discrete state? sequences generally grows combinatorially in

! Joint work with J. Zhang and A. Aravkin. This chapter appeared in [107]. Additional discussion of the
derived optimization algorithm can be found in [106, Chp. 4].

2The state of the hybrid system is specified by the discrete and continuous components. We refer to the
discrete component of the hybrid system state as the discrete state, and refer to the continuous component
as the continuous state.
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time.

When the discrete state sequence and switching times are known a priori or directly mea-
sured, only the continuous state needs to be estimated, yielding a classical state estimation
problem; this approach has been applied to piecewise-linear systems [100, Chap. 4.5] and to
nonlinear mechanical systems undergoing impacts [71]. When the discrete state is not known
or measured, estimating both the discrete and continuous states simultaneously improves es-
timation performance. One approach uses a bank of filters, each tuned to one discrete state,
and selects the discrete states as the filter with the lowest residual [13, §4.1]. This filter bank
method has been applied to hybrid systems with linear dynamics [11, §4.1] [41], nonlinear
dynamics [14], and jumps in the continuous state when the discrete state changes [12]. Like-
wise, particle filter methods for hybrid systems [18,29,97] use a collection of filters, identified
as particles, and are applicable to more general nonlinear process dynamics. Particle filters
and filter banks are effective when the number of discrete states and dimension of continuous
state spaces are small.

Another approach formulates a moving-horizon estimator over both the continuous and
discrete states, resulting in a mixed-integer optimization problem [16]. The inherently dis-
crete nature of the problem formulation enables estimation of the exact sample when the
discrete state switches, at the expensive of combinatorial growth of the set of discrete decision
variables as the horizon increases. Multiple methods have been developed to mitigate the
challenge posed by this combinatorial complexity. One approach entails summarizing past
measurements and state estimates with a penalty term in the the objective function [32].
Another approach, applicable to systems with bounded noise, entails restricting the set of
possible discrete state sequences using a priori knowledge of the system [3,4].

An alternative approach to circumventing the combinatorial challenge entailed by exactly
estimating the discrete state sequence involves relaring the discrete state estimate to take
on continuous values as in [9,51]. The latter reference uses a sparsity-promoting convex
program whose objective incorporates a nonsmooth penalty across all possible discrete state

sequences, and guarantees the estimate converges to the true continuous and discrete states.
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Both approaches are formulated for piecewise-linear systems whose continuous states do not
jump when switching between subsystems; in the language of hybrid systems, the continuous

states are reset using the identity function.

Our approach and contributions

We propose an offline algorithm for estimating the state of hybrid systems with nonlinear
dynamics, non—identity resets, and noisy process and observation models. Although prior
work accommodates aspects of our problem formulation, to the best of our knowledge no
work simultaneously allows nonlinear dynamics and non—identity resets: [12] does not allow
nonlinear dynamics, [18] and [33] do not allow non-identity reset, and [9] does not allow
either nonlinear dynamics nor non—identity resets. Our starting point is the optimization
perspective on generalized and robust state estimation [5,6]. To formulate state estimation
as a continuous optimization problem, we relax the discrete state to take on continuous
values as in prior work. Unlike prior work on state estimation for hybrid systems, we model
process noise using the Student’s ¢ distribution, which allows large innovations and makes
the method applicable to systems with non—identity resets.

In combination, these elements yield a nonsmooth nonconvex continuous optimization
formulation for offline state estimation (Sec. 3.3). We develop a Gauss-Newton type algo-
rithm to solve this problem and prove the algorithm globally converges to stationary points
(Sec. 3.4). The algorithm is compared to a class of state-of-the-art algorithms (Sec. 3.6) and

evaluated on piecewise-linear and -nonlinear hybrid system models (Sec. 3.7).
3.3 Problem formulation

We consider observational data periodically sampled from a continuous-time hybrid dynam-
ical system [39] that undergoes occasional jumps in continuous state, such as a mechanical
system undergoing intermittent impacts [50]. We utilize a discrete-time switched system as
the process model for this sampled data. The process model is chosen to capture the salient

features of a hybrid dynamical system model, e.g. the continuous-time dynamics differing
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between discrete states, while shifting the challenge of non—identity resets to the process
noise. As we explain below, combining this process model with a Student’s ¢ distribution
for the process noise captures the salient features of the underlying system dynamics while

enabling our derivation of a computationally efficient state estimation algorithm.

3.8.1 Process and observation models

We use a discrete-time switched system

Tpy1 = Fon(x)we|m| + o
mZ:l (@) we[m] + 65.1)

Y = Hi(xy) + 6

where m € {1,..., M} indexes the continuously-differentiable process model F,,: R" — R",
M € N is the number of process models, H,;: R" — R? is the continuously-differentiable ob-
servation model that generates observations v, € R? of the hidden continuous state z, € R",
04,0, are process and measurement noises, and w; € DM is a one-hot vector®that indicates
which process model is active at time ¢. Note that the observation model does not de-
pend explicitly on the active model F,,, which must be inferred from measurements of the
continuous state x;.

The model F,, that is active during each time step may be determined by an exogenous
signal, prescribed as a function of time or state, or some combination thereof. Thus, the
equation in (3.1) can represent the process and observation models of a wide variety of
hybrid systems. Appendix A.1 provides an overview of the construction of a switched system
by sampling a general hybrid dynamical system. We are motivated theoretically and
experimentally to focus on cases where the active model F,, is constant for many time steps,
only occasionally switching to a new model. When the sampling rate of a continuous-time
hybrid dynamical system is much faster than the dwell-time [43], consecutive measurements

will often be from the hybrid system in the same discrete state.

3w € RM is one-hot if w[i] € {0,1} for all i € {1,..., M} and 17w = 1; DM C RM denotes the set of
one-hot vectors.
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The problem of when measurements from a switched-system as in (3.1) with no process
noise o; ~ 0, and no measurement noise 6; ~ 0, can reconstruct the true discrete and
continuous state (i.e. when is the system is observable) is well studied continuous time
switched linear systems [105] [51, Chpt. 2]. For the more general linear hybrid system,
when the continuous state undergoes occasional jumps, observability tests with particular
assumptions have been proposed [11]. To the best of our knowledge there is not a general
observability test that applies to nonlinear hybrid systems with non—identity resets; a class
of hybrid systems considered in this paper.

When the discrete state changes in a hybrid system, the continuous state may change
abruptly according to a reset map. As an example, the velocity of a rigid mass changes
abruptly when it impacts a rigid surface [66]. Empirically, these discrete reset dynamics are
much more poorly characterized than their continuous counterparts. For instance, whereas
the ballistic trajectory of a rigid mass is well-approximated by Newton’s laws, the abrupt
change in velocity that occurs at impact is not consistent with any established impact law [31].
Including such a reset in the system model (3.1) will introduce bias into the state estimate
because the model will generate erroneous predictions at resets, diminishing the accuracy
of estimated states at nearby times. This observation motivates us in the next section to

account for the effect of unknown resets as part of the process noise.

3.3.2 Process noise and observation noise models

Instead of incorporating continuous state resets explicitly into the model (3.1), we introduce
a distributional assumption on the process noise o; that accepts large instantaneous changes
in the continuous state estimate. Specifically, we assume that process noise o, follows a
Student’s ¢ distribution. However, we emphasize that this is a modeling assumption. It
does not imply that process noise from real hybrid system has to follow this distribution.
Compared with the commonly-used Gaussian distribution, the heavy-tailed Student’s t is
tolerant to large deviations in the estimate of the hidden continuous state x; [8]. Hence,

the Student’s t error model allows an instantaneous change in the state that is consistent
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7\

probability density = negative log-likelihood

Figure 3.1: Probabability density and negative log-likelihood functions for Gaussian (solid
blue) and Student’s ¢ (dashed red; degree-of-freedom r = 1) distributions.

with (3.1) before and after the change. The negative log-likelihood of the Student’s ¢ (as a

function of ;) is given by

rlog (r + HQ—1/2<775H2> —C(r), (3.2)

where r is the degrees-of-freedom parameter of the Student’s t, and () is the covariance

matrix, and C(r) is a term independent of oy.

If the continuous state z; was known, then any residual between the predicted observa-
tions H,(z;) and actual measurements y; at time ¢ is due to measurement noise; in particular,
the residual does not exhibit large deviations due to continuous state resets at switching
times. Thus, we assume the measurement noise d; follows the usual Gaussian distribution,

with negative log-likelihood

Ll 9

where R is the covariance matrix. Figure 3.1 provide a comparison between the probability
density (left) and the negative log-likelihood (right) for the scalar Gaussian (solid blue) and
Student’s t distributions (dashed red; degree-of-freedom r = 1).
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3.3.83  State estimation problem formulation

We derive the objective function for estimating states of (3.1) using mazimum a posteriori

(MAP) likelihood. Including the constraint on w, we obtain the optimization problem

T-1
xtERg,I}U?EDm tZ:; lmeas (It, yt) + lproc (.’Ift, Yt wt) (34)
where
z — LR -t ||
meas(xtayt) - 9 || (yt t(xt))H
and

lproc(xta Y, wt) ==
2

rlog | r +

Q' ($t+1 -y ]—"m(xt)wt[m]>

m=1

Problem (3.4) is a nonlinear mixed-integer program with respect to both the continuous ()
and discrete (w;) decision variables, with the discrete variable constrained to be a one-hot
vector (w; € DM). We can significantly simplify the structure by establishing the following

lemma.

LEMMA 1 (FORMULATION EQUIVALENCE). Given w € DM, any vectors x1, x5, models

Fi, and any penalty functional g, we have

min g (mz — w[m]fm(x1)>

weDM 1
M
= i vl (e~ Falen)

and

argmin g (xg — Z w[m]fm(%))

weDM m=1
M
= argmin Z wlm]g (xe — Fn(xy)).

M
weD m=1
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Proof:
Since w € DM for both problems, there are only M possible values for both objective

functions, i.e.

g(xe — Fi(x1)), g(xa — Falxr)), ..., gz — Far(zy)).

Hence, the minimum objective value for both problems will be min,, g(xs — F,(x1)) and
every minimizer is a one-hot vector that selects a minimum value. [
Based on Lemma 1, an equivalent formulation to (3.4) is given by
-1

min Z (5 HRfl/Q (ye — Ht(:vt))H2 +

¢ ER" w €DM
t Wt =0

M (3.5)
Z wi[m]rlog (r + HQ‘VQ (41 — }"m(xt))H2> )

Although still a mixed-integer program, this reformulation exhibits linear coupling between
the discrete variables w; and continuous variables z;. We will leverage this linear coupling
when we develop our estimation algorithm based on the relaxed problem formulation intro-

duced in the next section.

3.3.4  Relazed state estimation problem formulation

Ultimately, the discrete state estimate will be specified as a one-hot vector, w, € DM C
RM . To formulate a continuous optimization problem that approximates the mixed-integer
problem formulated in the previous section, we relax the decision variable w; to take values in
the convex hull AM of DM We use AM := {w € [0,1]™ : 17w = 1} to denote the simplex in
RM . The optimal relaxed w; will generally lie on the interior of the simplex, so we project the
result from our relaxed optimization problem to return the one-hot discrete state estimate.
Since this relaxation-optimization-projection process tends to induce frequent changes in the

discrete state estimate, we introduce a smoothing term on wy,

V”wt+1 —th%,
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yielding the continuous relaxation of (3.5) given by

T-1

min  f(z,w) := Z (% ||R—1/2 (ye — Ht(xt))HQ

xtER”,thANI —0
M 2

+ Z wy[m]rlog (r + HQ_1/2 (41 — fm(a:t))H ) (3.6)
m=1

# o = wil? ),

where z is the concatenated variable containing all x;, w is the concatenated variable con-
taining all wy, and v is a parameter controlling the strength of smoothing. The optimal
relaxed discrete state estimate w; € AM is projected onto DM by choosing the (unique)

one-hot vector whose argmax,,, w;[m] component is equal to 1.

3.4 State estimation algorithm

In this section, we derive an algorithm to solve the relaxed state estimation problem formu-

lated in (3.6) using two key ideas:

1. nonsmooth variable projection;

2. Gauss-Newton descent with Student’s ¢ penalties.

These two ideas are explained in the next two subsections, followed by a convergence

analysis in the third subsection.

3.4.1 Nonsmooth variable projection

The first idea is to pass to the value function, projecting out (partially minimizing over) the

w variables, so as to reduce the number of variables to optimize over. Define

v(x) = min f(z,w) (3.7)
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with f(z,w) as in (3.6). The objective f(z,w) is convex in w, but not strictly convex. To

guarantee differentiability of v(z), we add a smoothing term and consider
: B
vp(w) = min f () + =[] (3.8)

where /3 is usually taken to be a very small number (e.g. 10~* or smaller) so that the added
term has minimal effect on the original value function. (The minimizer of vg is different from
that of v.) The function vg(x) is a Moreau envelope [93, Def 1.22] of the true value function v;
we refer the interested reader to [7] for details and examples concerning the Moreau envelope
specifically (and nonsmooth variable projection more broadly). The unique minimizer w(x)
can be found quickly and accurately since the minimization problem with respect to w is
strongly convex: projected gradient descent converges linearly and can be accelerated using
the Fast Iterative Shrinkage-Thresholding Algorithm (FISTA) [15]. With the minimizer

w(x), the gradient of v is readily computed as
VUB(‘T) = a:c.f<x> w)|w=w(:c)- (39)

Plugging w(z) back into (3.6) we obtain the problem

min vg(z ZHyt ()| Hvllwiga (x) — we() |13
Jeess = Falzoll3 (3.10)
m 1 1 )
—l—mzﬂwt, (x)r 0g< + "
B
o),

where wy () = we[m](x).

3.4.2  Gauss-Newton descent with Student’s t penalties

We derive a Gauss-Newton descent algorithm to solve (3.10) based on a line search method
first proposed in [27] for convex composite problems. To apply the method we first cast the

objective in (3.10) into a convex composite function, let vg = p o F', where

fi()
fa()

F(z) =
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with
T-1 M
%to 5 i mog( o —imm)ngl)
+vffwia (z) - wt(ﬂﬁ)HnggHw(%)H2
fa(w) =H(z) —y
and

c 1 9
p =c+ §||u||R*1+5[0,+OO](C)'
U

At each iteration, we choose a search direction d*(x) that
1
d* € argmin, p(F(z) + FY(z)d) + §dTU(x)d
. 1
€ argming fi(x) + Vfi(z)d + §Hf2($) + V fo(x)d|| %
1
+5d"U(z)d (3.11)
1
€ argmin, édT (U(z) + VH(z)"R'VH(z)) d
+ Vg (.T)Td
where the equivalence is obtained by dropping terms independent of d. In general U(z) can
be any positive semidefinite matrix that varies continuously with respect to z, but for our
particular objective function involving Student’s t penalty, U(z) is chosen to be a Hessian
approximation of the Student’s ¢ term in f;(z). Therefore the update can be interpreted as

a Gauss-Newton style update. This approximation, proposed in [8, (5.5), (5.6)], is employed

here because of its significant computational advantage; it is of the form

up AT 0
Ay Uy AT 0
U= |"?% 7 (3.12)
0 AT UT

with
M

A= —r Z Wi—1 ()

m=1

Q 'V Fu(wi—1)
T+ ||z — -Fm(xt—l)Hz o
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Ut =T

f: Wi (2)V Fon ()T QY Fo (1)
— Tt |21 — Fonl@e) |13 -

Wy — 1m< )Q_l
P = Fule DI

for1<t<T-—1, and
7"7~UT—1,m($)Q71

T+ [|zp — ]:m(xT—1>||2Qfl .

Ur =

We can rewrite U(z) as

Z«F TQm ))71Fm(x)>

where _ _
1 0 0
—VF,.(z 1 0 O
Go() = (@2)
0
0— VFu(xr) 1
and

Qm(w(z)) ™" = diag(Qm,t(w(=)) ")

5 ()1 — TWwy— lm( )Q_l
Qm(w(z))” 7=+||gjt Fi(x— 1)||Q 1

Clearly U(z) is positive semidefinite; we show in Lemma 3 that U(z) is actually positive

definite, so problem (3.11) reduces to the block tridiagonal linear system
(U(z) + VH(z)"RT'VH(z)) d + Vug(z) = 0.
Given d*(z), the new z™ is of the form
t =+ 4d,

where ¢ is a step size selected using the Armijo-type [79, Sec. 3.1] line search criterion.

¢ = max{y":p(F(z ++'d")) < p(F(2)) + v Aw; d")
and c € (0,1)}

(3.13)
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with
Afw;d) = p(F(x) + FO()d) + Sd"U()d — p(F(x).

When d = 0, we have A(z;0) = 0%, and since we choose the minimizing

1
d* = argmin p(F(z) + FW(z)d) + §dTU(x)d,
d

we have A(z;d*) < 0. Further,
1
A(z;d*) = 0 < 0 € argmin p(F(z) + FO(x)d) + §dTU(x)d
d
& 0€ dp(F(z))FY(x)

by [27, Thm. 3.6]. In other words, stationarity is achieved when A(z;d*) = 0. When

A(z;d) < 0, we are guaranteed to have descent
p(F(x) + FV(2)d) < p(F(x))

since U(z) is positive semidefinite. This condition ensures that the line search step (3.13) is
well-defined [27, Lemma 2.3].

Our approach is summarized in Algorithm 1. The positive parameter € in the algorithm
specifies the stopping condition. Finally, we project the relaxed discrete state estimate

w; € AM to obtain a discrete state estimate in DM as described in Section 3.3.4.

3.4.83 Convergence of state estimation algorithm

In this section we show the convergence of the proposed algorithm. The convergence of
Algorithm 1 to a stationary point for a general class of convex composite objective functions
is established in [27] and [8]. In particular [8, Theorem 5.1] establishes the possible outcomes
when applying this type of algorithm; informally, either the algorithm converges or the search
direction dj diverges. In the remainder of this section we provide two technical results needed

to formalize this intuition and to apply the aforementioned theorem:

4We overload A here to match the notation in [8,27]; A(x;d*) should not be confused with A which
is used to denote the simplex containing relaxed state estimates.
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Algorithm 1 Variable Projection for (3.6).
Require: z,w,Q, R,r,v, 3, €
1: for k=1,2,3,... do

2: d*) + Gauss-Newton direction for z*)

3 ) B 4 5g®
4: w* « InnerSolvery, A (w™®)

5. lossy < f(axFD qk+D)

6:
Iterate till A(z®);d*) > —e.

e Lemma 2 establishes a set of sufficient conditions that prevent divergence (||d®||— o0);

e Lemma 3 proves that the sufficient conditions are satisfied.

LEMMA 2. Let A = {y|p(y) < va(xO)}. If F~Y(A) = {z|F(x) € A} is bounded and U(z)
is positive definite for all x € F~1(A), then the hypotheses in [8, Theorem 5.1] are satisfied

and the sequence of search directions {d®)} is bounded.

Proof: The hypotheses in [8, Theorem 5.1] require that F' M) to be bounded and uni-
formly continuous on the set S = co(F(~Y(A)) where ¢o stands for the closed convex hull.
F® is continuous on S since fl(l) exists and is continuous by property of Moreau envelope
and proximal operator, and f2(1) is continuous trivially. Further, given that S is closed by
definition and bounded by assumption, it is compact. Hence F(") is bounded and uniformly
continuous on S.

Now we need to show that the sequence of search direction is bounded. At any iteration,

the search direction d we choose satisfies
1
0.< p(F(@) + FO(2)d) + 5d"U(@)d < p(F () < p(F(a?))

where the first inequality relies on p > 0 and on the positive semidefinite property of U(x);
the second inequality comes from A(z;d) < 0; the third inequality results from the line

search condition that creates a decreasing sequence {p(F(z*)}.
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Since p(F(x°)) is finite, d'U(z)d < oo for all iterations. Because A is closed by closedness
of p and F is continuous, F~!(A) is also closed. Along with its boundedness by assumption,
F~Y(A) is compact. Since z € F71(A) = A\uin(U(x)) is continuous, its image is bounded,
hence given that U(x) is positive definite there exists some Ay, > 0 for all z € F~1(A).
Therefore 0 < Apin||d||>< d"U(x)d < oo, which implies that d*) cannot be unbounded. O]

LEMMA 3. F~Y(A) is bounded for problem (3.10) and U(x) is positive definite for all x €
F7Y(A).

Proof: First note that A is bounded by the coercivity of p. This implies that for an
unbounded sequence ||2®)||— oo, we still have f;(2*)) < oo and || fo(x®))||< co.

If ||2*)||— oo, then we can find some ¢+ 1 and a subsequence .J such that hmke(]ngi)l |=
oo. By the definition of f; and fi(z®) < oo, limkeJH]-"i(:xik))H: 0o, which further implies
that limkeJHxEk)H: oo. Iteratively this means that limkeJngk)H: oo for all ¢, in particular
for the given starting point g, but that is not possible.

To show that U(x) in (3.12) is positive definite, recall that we can rewrite U(z) as
ZG (2)TQp(w(x)) " G () = 0.

If there exists some d such that d?U(x)d = 0, then

P (Z Gm@)TQm(w(m))_le(x)) d
:;d Gr(2)" Qm(w(z))™ Gm(z)d

zm ()T zm ()

= (@) Qulw()) () =0,

=2 (1) Qu(w(2)) 2 (1) = 0 Vi

= 2 ()T Qe (w(2)) 2 () = OVE Vi
since Qp,(w(z)) ™" = diag(Qp¢(w(x))™"), and

Qui(w(z)) ™t = rw () m Q"

P [z — Fo(z) -
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are positive semidefinite. However because each w; € A, there has to be some Q;:t >~ 0 for

each t. Therefore U(x) must be positive definite for all z € F~'(A). O

3.5 Parameter Tuning for Proposed Algorithm

Before we present numerical results, we include a general guidance on parameter tuning for
the new algorithm. We discuss both standard parameters (e.g. ), R) that must be tuned
by any algorithm for this application, as well as the parameters v and r which are specific to
our approach. We first give a rough outline of steps we have taken to tune the parameters,

followed by more detailed guidelines to tune each individual parameter.

1. Start with large r for Student’s ¢, i.e. distribution close to Gaussian.

2. If @ and R are unknown, they are tuned such that the smooth part of trajectories can

be well approximated.

3. Decrease degrees of freedom r of Student’s ¢ so that the nonsmooth part of trajectories

can be captured.

4. Adjust smoothing coefficient v to reduce number of switches.

For degrees of freedom r, one can start with a large value, meaning that the distribution is
close to Gaussian, and decrease it later to capture jumps in the continuous state.

For covariance matrices () and R, if empirical estimations are available, they can be
supplied to the model directly. There is existing literature on estimation methods for noise
covariance matrices [30]. When such estimations are not available, we usually assume the
matrices to be diagonal for simplicity, in which case the inverse of diagonal entries can also
be interpreted as weights. The diagonal values of R represent variance for measurements.
When choosing R, we consider the relative scale of measurements, e.g. measurements with

smaller magnitude usually have smaller variance. For choices of diagonal values of (), we
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usually assign smaller variance for observed states, e.g. positions in our examples,and larger
variance for unobserved states.

The choice of smoothing coefficient v depends on modeler’s belief in frequency of switches.
One can start with a small value of v (i.e. little penalty on frequent switches), and gradually
increase it, till the pattern of switches is close to modeler’s belief.

We recommend having a short piece of manually labeled trajectories as a training set for
the purpose of parameter tuning. After tuning, the user can apply the same parameters on
larger dataset collected from similar scenarios.

In terms of sensitivity of estimation results on parameters, we had the following observa-

tions when running our experiments:

e The estimation result is not very sensitive to r. We were able to decrease r fairly

aggressively during parameter tuning.

e For the diagonals of () and R, we found that it was important to have values in the

correct ranges, but the exact values taken were not crucial.

e For smoothing coefficient v, we noticed that the switching times were sensitive to v
when v was very small relative to the diagonal entries of Q! and R™!. Since we
assumed that the discrete states should not change too frequently, we used a slightly

larger v.
3.6 Comparison with the Interacting Multiple Model (IMM) method

We compare the nonsmooth variable projection algorithm® (Algorithm 1) with the Interacting
Multiple Model (IMM) [19] algorithm implemented in the open-source package filterpy [58].
We consider two examples, in both cases the continuous state x is a scalar, and there are

two discrete states. In the first example, the continuous state x undergoes no jumps, i.e. the

®We provide an implementation of Algorithm 1 and the comparison results in this section at https:
//github.com/jizezhang/hds-state-estimation (and duplicated at https://github.com/apace2/
hds-state-estimation).


https://github.com/jizezhang/hds-state-estimation
https://github.com/jizezhang/hds-state-estimation
https://github.com/apace2/hds-state-estimation
https://github.com/apace2/hds-state-estimation
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reset is the identity function. In the second example, the continuous state x undergoes an
instantaneous jump when the discrete state changes; i.e. a non—identity reset. The dynamics

of the two discrete state process models are:

j: - _1 fw=17

.Z'Zl szg.

For the second example with non—identity resets, when a discrete state switch occurs, the
continuous state decreases by 5. In both examples the discrete state switches at ¢ = 1 and
t = 2. Additionally, the measurement noise has a variance of R = [.0001], which is used
as the measurement noise covariance for all models. M M; uses a process noise model of
covariance () = [.001] for both the internal Kalman filters and /M M, uses a process normal
process noise model with covariance @ = [.2].

In the first example, Algorithm 1 (VP) and IMM perform nearly identically (Figure 3.2).
Both methods accurately recover the continuous state and discrete state. When the system
undergoes instantaneous jumps in the continuous state at discrete state changes, Algorithm 1
outperforms IMM (Figure 3.3). For IMM, there is a clear trade—off exists between recovering
the continuous state and recovering the discrete state. When using a process noise model
with large covariance, as in the case of I M Ms, the continuous state can be recovered at the
expense of the discrete state. In the top subplot of Figure 3.3, wyyps, is nearly the same
value for the duration of the simulation, with slight separation between the two modes. With
a smaller covariance, as in I M M, the discrete state can be recovered. From ¢t = 1 to near
t = 1.25, IM M, incorrectly identifies the discrete state due to the continuous state jump
direction being opposite of the continuous state dynamics for discrete state w = 2.

Both Algorithm 1 and IMM require a similar number of parameters from the user. For
both methods, covariance matrices for the process error model ) and measurement error
model R need to be provided. IMM adjusts the estimated frequency of switching between
the discrete states via a probability transition matrix while Algorithm 1 uses the smoothing

parameter v, Sec. 3.3.4. Algorithm 1 has one additional parameter r due to the process noise
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Figure 3.2: Algorithm 1 (VP) performs comparably to IMM when the continuous
state does not undergo any resets. The top plot shows the true state w and the simplex
estimate of the true state from both methods wy p, Wy, . The simplex estimate is shown
in color and the probability estimate of the discrete state being w = 1 is superimposed as a
black line. The middle plot shows the actual value of the continuous state of the simulation
and the estimates. The bottom plot shows the residual between true continuous state and
the estimated continuous state.

Wimm, B
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Figure 3.3: Algorithm 1 (VP) outperforms the IMM when there are jumps in the
continuous state. The plots follow the convention laid out in Figure 3.2.
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model being Student’s ¢ distribution, which is crucial for obtaining accurate estimates with

non—identity resets, Sec. 3.3.2.
3.7 Experiments with hybrid system models

To evaluate the proposed approach to state estimation for hybrid systems, we apply our
algorithm to linear and nonlinear impact oscillators. In addition to being well-studied (
28, §1.2], [95]), these mechanical systems were chosen since they are among the simplest
physically-relevant models that have non—identity reset maps. The parameter and trajec-
tory regime considered in what follows is representative of a jumping robot constructed from
one limb of a commercially-available quadrupedal robot [52] and controlled with an event-
triggered stiffness adjustment; Figure 3.4a contains a photograph of the limb. The jump-
ing robot’s hip and foot are constrained to move vertically in a gravitational field, so the
rigid pantograph mechanism depicted in Figure 3.4b has two mechanical degrees-of-freedom
(DOF) coupled through nonlinear pin-joint constraints. These two DOF are preserved, but
their nonlinear coupling is neglected, in the piecewise-linear model illustrated in Figure 3.4c.
The hybrid dynamics of these linear and nonlinear impact oscillators are specified in Sec-
tion 3.7.1

We perform two sets of experiments. The first set of experiments in Sec. 3.7.2 concern the
piecewise-linear model depicted in Figure 3.4c and explore the consequences of our modeling

assumptions and the efficacy of our proposed algorithm:

e Sec. 3.7.2 demonstrates the advantage of employing a Student’s ¢ distribution for pro-

cess noise as compared to a Gaussian distribution;

e Sec. 3.7.2 demonstrates the superior convergence rate yielded by Gauss-Newton descent

directions as compared to gradient (steepest) descent;

e Sec. 3.7.2 demonstrates the advantage of smoothing the relaxed discrete state estimate;

and
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Figure 3.4: Jumping robot and impact oscillator hybrid system models (Sec. 3.7.1).
(a) Photograph of the physical robot (one leg from a Minitaur [52]) that inspired the sim-
ulation models. (b) Nonlinear model consisting of two masses coupled with a linear spring
and a nonlinear pantograph mechanism. (c) Linear model consisting of two masses coupled
with a linear spring.

e Sec. 3.7.2 demonstrates the algorithm’s performance when onboard measurements are

used instead of offboard measurements.

The second set of experiments in Sec. 3.7.3 evaluate our proposed approach using the non-
linear model depicted in Figure 3.4b.

Since this section is devoted to comparing estimated states to ground truth simulation re-
sults, and since our approach entails the determination of a relaxed discrete state estimate en
route to obtaining the discrete state estimate, we now introduce notation that distinguishes

these quantities:

e w, € DM denotes the ground truth discrete state;
o w, € AM denotes the relaxed discrete state estimate;

e W, € DM denotes the discrete state estimate.

This notational distinction was not introduced previously in the interest of readability since
there was no ambiguity entailed by overloading notation in the problem formulation and

algorithm specification.
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3.7.1 Impact oscillator hybrid system models

The continuous state z = (¢, ¢) € R* for the jumping robot hybrid system model consists of
the two-dimensional configuration vector ¢ € R? and corresponding velocity ¢ € R?, where
q[1] and ¢[2] denote the vertical height of the hip and foot, respectively. The foot is not
permitted to penetrate the ground, ¢[2] > 0, so the first part of the discrete state indicates
whether this constraint is active: A (air) if ¢[2] > 0, G (ground) if ¢[2] = 0. To compensate
for energy losses at impact, an event-triggered controller stiffens or softens a spring based
on which direction the hip is traveling, so the second part of the discrete state indicates the
direction of travel for ¢[1]: 1 if up, | if down. With ¢,,(q,¢) € R? denoting the acceleration
of the hip and foot in discrete state m € {A],GJ,G?1,A1},5 formula for this acceleration
are given in Table 3.1. At the moment of impact (when the discrete state changes from
wy € {A L, AT} to weyy € {G{,GT}) the foot velocity ¢[2] is instantaneously reset to 0,
corresponding to perfectly plastic impact. An example of the jump in continuous state when

transitioning from A ] to G| on the foot velocity ¢[2] is shown in Figure 3.5 near time 17.5s.

3.7.2  Piecewise-linear impact oscillator experiment

In this subsection, we employ the linear spring laws

ki(q,¢) = 10(q[1] — ¢[2]) — 3,
and

ka(q, 4) = 15(q[1] — q[2]) = 3,
with parameter values m;, = 3,m; = 1,9 = 2. Appendix A.2 contains a complete definition
of the hybrid system.

In our first demonstration the observed states are ¢[1] and ¢[2], position of the hip and

foot, leaving the velocities unobserved:

Hpos(2) = q. (3.14)

6To simplify exposition we identify m = A | with m = 1, m = G| with m = 2, m = G1 with m = 3,
and m = A1 with m = 4.
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Discrete state w Icon Gu ()

w=A]

w=Gl l —mLh (_kl(oq)(,?)) —9g]

w=G7T

w=At Y

Table 3.1: Discrete states and continuous dynamics for impact oscillator hybrid
system models (Sec. 3.7.1). Note that the continuous dynamics § have the same general
form for both the piecewise-linear and -nonlinear models, with the spring law k£ being a
linear or nonlinear function of the continuous state = = (g, ¢) depending on which model is
considered.

State estimation results for this system are shown in Figure 3.7b.

In the remainder of this subsection, we demonstrate the effects of the choices we made in
our problem formulation (Sec. 3.3) and algorithm derivation (Sec. 3.4) using the piecewise-
linear model as a running example. We also consider a variation where the measurements
correspond to the leg length and velocity, which are more representative of the onboard

measurements available to an autonomous robot operating outside of the laboratory.

Student’s t versus Gaussian process noise

Figure 3.5 compares the estimation of foot velocity using Student’s ¢ with » = 0.01 versus
using Gaussian for the process noise distribution; in both cases the true discrete state is given.
The estimated trajectory for both distributions match the true simulated trajectory away
from jumps, while near jumps, such as around times 16.6s and 17.5s, using the Student’s ¢

distribution enables closer tracking of the instantaneous change in the true foot velocity ¢[2]
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Figure 3.5: The Student’s ¢ distribution process noise yields better estimates of
instantaneous changes in continuous state (Sec. 3.7.2). In this plot, estimates of the
foot velocity are shown near two impacts (= 16.6s, 17.5s).

than when using a Gaussian distribution.

Gauss-Newton versus gradient (steepest) descent

We empirically compared convergence rates for continuous state x; updates obtained using
Gauss-Newton and gradient (steepest) descent directions (Algorithm 1, line 2). Figure 3.6
shows the log loss versus algorithm iteration for the two methods; the actual discrete state w;,
was taken as given to perform this comparison. As expected, the objective value decreases
significantly faster when the search direction is determined by the Gauss-Newton scheme as
compared to the direction of steepest descent, reaching the stopping criterion in ten times

fewer iterations in our tests.

Smoothing the relaxed discrete state versus not

If the continuous states are given, the discrete state estimate returned by our algorithm
(skipping lines 2 and 3 of Algorithm 1) is very close to the true discrete state regardless

of whether a smoothing term is included in the relaxed problem formulation. When simul-
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Figure 3.6: Gauss-Newton descent directions yield faster convergence than gra-
dient (steepest) descent (Sec. 3.7.2). In this plot, the discrete state variables w are given
and the second line of Algorithm 1 is modified to use either Gauss-Newton descent directions
or gradient (steepest) descent to estimate the continuous state variables x by minimizing the
relaxed objective function f(x,w) (3.6).

taneously estimating both the continuous and discrete states, the smoothing term becomes
crucial, as illustrated by comparing the discrete state estimates (w;) in Figure 3.7a (without
smoothing) and Figure 3.7b (with smoothing). In particular, the estimated discrete state
switches rapidly without smoothing, whereas with smoothing the discrete state tends to

remain constant for many samples and change mostly near ground-truth switching times.

Onboard versus offboard measurements

In the laboratory, the positions of the robot hip and foot can be directly measured offboard,
e.g. with an external camera system. Outside of the laboratory, only the relative position of
the hip and foot can be directly measured onboard our robot. Thus, we are motivated by
this practical consideration to evaluate our algorithm’s performance in the case where only

the relative position and velocity of the hip and foot are measured,

q[1] — q[2]

I (3.15)
q[1] — ¢[2]

Hrelative (IE) =
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Figure 3.7: Without smoothing (v = 0), the discrete state estimate switches fre-
quently (Sec. 3.7.2). With smoothing (v > 0), the discrete state estimate mostly

switches near the true switching times. (Sec. 3.7.2).

The top plot shows the true

discrete state of the system w € DM, the relaxed discrete state estimate w € AM, and
the discrete state estimate @ € D™ for a simulation of the piecewise-linear system. The
subsequent plots show the estimate, simulation, and error € values for position and velocity

of the hip ¢[1] and foot ¢[2].
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Figure 3.8: Estimated discrete state using onboard (relative position and velocity)
measurements Hyelative (3.15) for the piecewise-linear system closely matches true
discrete state. (Sec. 3.7.2). Continuous state estimates are not shown since they are
formally unobservable using only onboard measurements (in practice, they drift away from
ground truth over time).

Although the full hybrid system state is formally unobservable with these relative mea-
surements, our algorithm nevertheless yields good estimates of the discrete state as shown
in Figure 3.8; due to large errors in the estimate of (unobservable) continuous states, we

omit those results from the figure.

3.7.8  Piecewise-nonlinear impact oscillator experiment

To test Algorithm 1 on a nonlinear model, we included the kinematic constraints depicted in
Figure 3.4b, resulting in a nonlinear spring force. In this model we set the two spring laws
to be the same k; = ks, decreasing the number of discrete states from four to two: w = A
when ¢[2] > 0 and w = G when ¢[2] = 0. Appendix A.3 contains the complete hybrid system
description for the model. State estimation results compare favorably with the analogous
results from the piecewise-linear system when using either absolute position measurements
Hpos (3.14) (compare Figure 3.9a with Figure 3.7b) or relative measurements Hielative (3.15)
(compare Figure 3.9b with Figure 3.8).

In Figure 3.9a we see that the model can estimate continuous and discrete states in the
nonlinear setting. However, we do notice that the estimated trajectories are not as close to
ground truth as in the linear case. In particular, when ¢[2] has a value only slightly greater

than 0 (e.g. between times 3s and 4s), the algorithm fails to detect the transition between
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w=A and w = G.
3.8 Conclusion

We proposed a new state estimation algorithm for hybrid systems, analyzed its convergence
properties, compared with IMM, and evaluated its performance on piecewise-linear and -
nonlinear hybrid systems with non—identity resets. The algorithm leverages a relaxed state
estimation problem formulation where the decision variables corresponding to the discrete
state are allowed to take on continuous values. This relaxation yields a continuous optimiza-
tion problem that can be solved using recently-developed nonsmooth variable projection
techniques. The effectiveness of the approach was demonstrated on hybrid system models of

mechanical systems undergoing impact.
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(a) Continuous and discrete states estimated for the piecewise-nonlinear model
(Sec. 3.7.3). Notational and plotting conventions are adopted from Figure 3.7.
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(b) Estimated discrete state using onboard (relative position and velocity) measure-
ments Hyelative (3-15) for the piecewise-nonlinear system closely matches true discrete

state. (Sec. 3.7.2). As with Figure 3.8, continuous state estimates are not shown since they drift
from the true values over time.

Figure 3.9: State estimatotion for a piecewise-nonlinear model (Sec. 3.7.1); note the nonlinear
model only has two discrete states.
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Chapter 4
PIECEWISE-DIFFERENTIABLE FLOW!

4.1 Abstract

The goal of this paper is to present the conditions under which a mechanical system with
unilateral constraints is PC” and under which it is at least once C*. Additionally we provide

an example of such systems.
4.2 Introduction

In this paper we handle rigid mechanical systems subject to unilateral constraints, a type
of mechanism with many applications including locomotion and manipulation. One key
characteristic of such system is the discontinuous trajectories that result from impact with
unilateral constraints. While the trajectories themselves are discontinuous, under certain
circumstances away from points of impact, the flow is differentiable. Ignoring grazing, it is
well known that the flow is classically differentiable near trajectories undergoing indepen-
dent contacts [2]. The same is not the case near trajectories with simultaneous impacts, one
example is the flow for a rocking block [67] which is discontinuous along such trajectories.
When unilateral constraints are orthogonal with respect to the mass inverse matriz the flow
is at least continuous even for simultaneous impacts [10]. In this work we show that along
admissible trajectories the flow is piecewise—differentiable, a class of differentiability stronger
then directional differentiable and weaker than classical differentiable. We use the notion of
piecewise—differentiable from [91,96], which provides similar properties as classically differen-
tiable, e.g. composition, chain rule, and implicit function theorem [96, Chp. 3] We next show

with even greater restriction to the system, of which limbs decoupled through the body is a

Portions of this chapter originally appeared in [83,84]
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subset of [83], the flow is classically differentiable along trajectories even with simultaneous
impacts.

Much work has gone into characterizing flows for systems with switching vector fields. [2]
The work in [2] shows the existence of a first-order approximation for a continuous trajectory
undergoing a discontinuous change in the underlying vector field when all nearby trajectories
undergo the same sequence of vector field changes; [2, (2.5)] is the well known saltation (or
jump update) matrix. This result is extended to continuous left-hand side trajectories in
[49].2 [23] generalizes the result of [2] to cases where nearby trajectories may undergo differing
switching orders and shows the flow to be piecewise—differentiable. Similar result are shown
in [90, 94], where sensitivity analysis is provided for fixed mode sequences and potentially
varying mode sequences respectively. All the above results come from hybrid dynamics. [57]

provides a differentiability result when the dynamics stem from a complementarity problem.
4.3 Background

Within this section we cover well known properties of mechanical systems interacting with
unilateral constraints. We utilize two common formalisms for modeling mechanical systems
undergoing impacts (i) measure differential equations / inclusion and (ii) hybrid dynamical
systems.® Measure differential inclusion provides the key result of existence and uniqueness
[10, Thm. 10] and continuity [10, Thm. 20] of flow.?

The section is organized as follows, we first define constraints and what contact is and
provide a key assumption orthogonality of constraints. Next, we introduce the well known
dynamics of the system, and introduce assumptions to guarantee existence and uniqueness
of the flow followed by a reiteration of [10, Thm. 20]. Next we state key assumptions on

what makes a given trajectory admissible.

2In [49], the notion of piecewise—differentiable is introduced for trajectories undergoing up to two simul-
taneous impacts but means directional derivative as opposed to the stronger notion provided by [91].

30ther modeling conventions are singular perturbations and complementarity systems [61, Chp. 1].

4To the best of the authors’ knowledge, there are no comparable results to [10, Thm. 20] using the hybrid
dynamical systems formalism for mechanical systems subject to unilateral impacts.
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Figure 4.1: Figure of a basic example piecewise differentiable flow. The pictured system is

described in detail in section 4.5.1
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4.3.1 Mechanical Systems Subject to Unilateral Constraints

In this paper, we study the dynamics of a mechanical system with configuration coordinates

q € Q = R? subject to n (perfect, holonomic, scleronomic)® unilateral constraints
az(Q) 207VZ € {1727an}a (41)

where a;: () — R is differentiable and n,d € N. We are primarily interested in systems with
n > 1 constraints. Given any ordered set J C {1,...,n} with the natural ordering, and
letting |J| denote the number of elements in J, we let a;:Q — R denote the function

defined by

(as); (q) = as,(q) (4.2)
for all i € J and g € @, with ay(q) = 0.
DEFINITION 2 (CONTACT MODES). With A = {q € Qla;(q) > 0Vie {1,...,n}} denoting

the set of admissible configurations, the constraint functions {aj};.lzl partition A into a finite

collection® {A;} ;con of contact modes:
VJe2" :A;j={q€Q|aylq) =0,Vi & J:a;(q) >0} (4.3)
Welet TA={(q,q) €TQ:q€ A} and TA; ={(q,q) € TQ : q € A;} for each J € 2.

DEFINITION 3 ((IN)ACTIVE CONSTRAINTS). For an admissible configuration g € Ay C A,
we refer to the J as the set of active constraints and the set {j € {1,2,...,n}|a;(q) > 0} as

the set of inactive constraints.

REMARK 10. In definition 2, J = {1,...,n} indexes the mazimally constrained contact

mode and J = () indexes the unconstrained contact mode.

5A constraint is: perfect if it only generates force in the direction normal to the constraint surface;
holonomic if it varies with configuration but not velocity; scleronomic if it does not vary with time. We
will discuss the inclusion of imperfect, nonholonomic, or nonscleronomic constraints in section 4.6.

SWe let 2" = {J C {1,...,n}} denote the power set (i.e. the set containing all subsets) of {1,...,n}.
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ASSUMPTION 1 (INDEPENDENT CONSTRAINTS [10, §3.4]). The constraints are indepen-
dent:
vJ €2 g€ a;'(0): {Da;(q)};c; C T, Q is linearly independent. (4.4)

REMARK 11. Algebraically, Assumption 1 (independent constraints) implies that the con-
straint forces Ay are well-defined, and that there are no more constraints than degrees—of—
freedom, n < d. Geometrically, it implies for each J € 2™ that a}l(()) C @ s an embedded
codimension—|J| submanifold, and that the codimension—1 submanifolds {a;l(O)}jeJ inter-
sect transversally; this follows from [59, Thm. 5.12] since (4.4) states that a;:@QQ — R is

constant—rank on its zero section.

ASSUMPTION 2 (ORTHOGONAL CONSTRAINTS [10, THM. 20]). Constraint surfaces in-

tersect orthogonally:

Vi,je{l,...,n}, i #j, ¢€a;*(0)N aj_l(O) : (Da;(q), Da;(q)) -1 = 0. (4.5)
REMARK 12. Note that Assumption 2 (orthogonal constraints) is strictly stronger than As-
sumption 1 (independent constraints). Physically, the assumption can be interpreted as as-
serting that any two independent limbs that can undergo impact simultaneously must be in-

ertially decoupled. This can be achieved in artifacts by introducing series compliance in a

sufficient number of degrees—of—freedom.

It is well-known (see e.g. [10, Sec. 3] or [50, Sec. 2.4, 2.5]) that for a constant contact mode
with J = {j € {1,...,n} : a;(q) = 0}, the set of active constraints, the system’s dynamics
take the form

M(q)g = f(¢,4) — c(a.4)q + Das(a) " A\s(a,9), (4.6a)
0" =20q.47)d, (4.6b)
where M: Q — R4 specifies the mass matrix (or inertia tensor) for the mechanical system

in the ¢ coordinates, f:7TQ — R? is termed the effort map [10] and specifies” the internal

"We let TQ = R? x R? denote the tangent bundle of the configuration space Q; an element (q,q) € TQ
can be regarded as a pair containing a vector of generalized configurations ¢ € R% and velocities ¢ € R%;
we write ¢ € T,Q.
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and applied forces, c: T'Q) — R%*? denotes the Coriolis matriz determined® by M, Da;: Q —
RIMI¥4 denotes the (Jacobian) derivative of the constraint function a; with respect to the
coordinates, A;:TQ — R’ denotes the reaction forces generated in contact mode J to

enforce the set of active unilateral constraints, a;(q) = 0 [66, (4.5)],

Mg, 4) = —As(q) <DG(Q)M_1(CI) (f(g:q) — clg,4)q) + %(Daj)(qm), (4.7)

A TQ — R gpecifies the collision restitution law that resets velocities to ensure com-
patibility with the active unilateral constraints, and ¢ (resp. ¢~) denotes the right— (resp.
left—)handed limits of the velocity vector with respect to time.

Given Assumption 2 (orthogonal constraints), the impact law eq. (4.6b) has a unique

solution [50, Sec. 2.5]

A(g, 4) = 1a— (1 +~(q)) M(q) ' Da,(q)"A;(q)Day(q),

where I; is the d—dimensional identity matrix, v: Q — [0, 1] is a continuous function speci-
fying the coefficient of restitution,and A j: Q — R?*? is given by

1

As(q) = (Das(@)M(q)"'Das(a)")
and Ag(q) =0

REMARK 13. When only constraint deactivations occur, ¢© = Ay(q,47)¢~ = ¢~. In a
similar vain, we adopt the convention Ag(q,q) = Iy since any velocity is allowable in the

unconstrained mode.

REMARK 14. Equation eq. (4.6) generates a right hand continuous flow, with discontinuities
whenever a constraint is activated. It is import to note eq. (4.6b) does not apply only when
the constraint mode changes, indeed at every instant in time eq. (4.6b) for a constant mode

J§"=As(q.47)q =q as Ay ensures as(g) = 0.

8For each ¢,m € {1,...,d} the (£,m) entry cg,, is determined from the entries of M via

C@m—i

M=

(D My, + D My, — DyMyry,) -
P
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In the present paper, we will assume that appropriate conditions have been imposed to

ensure trajectories of eq. (4.6) exist on a region of interest in time and state.

ASSUMPTION 3 (EXISTENCE AND UNIQUENESS [10, THM. 10]). There ezists a flow for eq. (4.6),
that is, a function ¢ : F — TA where F C [0,00) x TA is an open subset containing

{0} x T A and for each (t,(q,q)) € T the restriction @l x{(q.q3: [0,t] = TQ is the unique
left-continuous trajectory for eq. (4.6) initialized at (q,q).

REMARK 15. The problem of ensuring trajectories of eq. (4.6) exist and are unique has been
studied extensively; we refer the reader to [10, Thm. 10] for a specific result and [50] for a

general discussion of this problem.

Since we are concerned with differentiability properties of the flow, we assume the ele-

ments in eq. (4.6) are differentiable.

ASSUMPTION 4  (C" VECTOR FIELD AND RESET MAP [10, §3.4]). The vector field eq. (4.6a)

and reset map eq. (4.6b) are continuously differentiable to order r € N.

REMARK 16. If we restricted our attention to the continuous—time dynamics in eq. (4.6),
then Assumption 4 would suffice to provide the local existence and uniqueness of trajectories
imposed by Assump. 3; as illustrated by [10, Ex. 2], Assumption 4 does not suffice when the
vector field eq. (4.6a) is coupled to the reset map eq. (4.6b).

REMARK 17. The problem of ensuring trajectories of (4.6) exist and are unique has been
studied extensively; we refer the reader to [10, Thm. 10] for a specific result and [50] for a

general discussion of this problem.

4.3.2  Differentiability for constant contact mode sequence

It is possible to satisfy the hypothesis of Assumption 3 (existence and uniqueness of flow)
under mild conditions that allow trajectories to exhibit phenomena such as grazing (wherein

the trajectory activates a new constraint without undergoing impact) or Zeno (wherein the
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Figure 4.2: Example of what a constant contact mode sequence means for differentiation

and why differentiable

trajectory undergoes an infinite number of impacts in a finite time interval). In this and
subsequent sections, where we seek to study differentiability properties of the flow, we will
not be able to accommodate grazing and Zeno phenomena. Therefore we proceed to restrict
the trajectories under consideration.

One import reminder is that while we seek criteria that denote differing concepts of dif-
ferentiability of the flow, this does not imply the flow is everywhere continuous. Importantly,
permissible trajectories with constraint activations must be discontinuous. Instead, the re-
strictions of considering trajectories will enforce continuity of final condition with respect to
perturbations of the initial condition. That is, under assumptions laid out in this section,
¢ is a continuous function nearby (¢, (¢, dotq)), Fig. 4.2 provides an example of a classically

differentiable flow with a discontinuous trajectory.

DEFINITION 4 (CONSTRAINT ACTIVATION/DEACTIVATION). The trajectory ¢\¢9 initial-
ized at (q,4) € TA; C TQ activates constraints I € 2" at time ¢t > 0° if (i) no constraint

in I was active immediately before time t and (ii) all constraints in I become active at time t.

9We also informally refer to a constraint activating as impacting constraints I due to, once excluding
grazing trajectories, all constraint activations cause a discontinuity in the velocity according to eq. (4.6b).
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Formally,*°

E>0: InT=0, (i) 6((t—=,1),(,0)) C TAy,

(i) ¢(t, (¢, q)) € TAp,.

(4.8)

We refer to t as a constraint activation time for ¢\@9. Similarly, the trajectory ¢'@9 deac-
tivates constraints I € 2" at time t > 0 if (i) all constraints in I were active at time t and

(ii) no constraint in I remains active immediately after time t. Formally,

de>0: ICJ (i) ¢(t,(q,q) € TAy,

(ii) ¢ ((t,t +¢€),(¢,4)) € TAns-

(4.9)

DEFINITION 5 (ADMISSIBLE (DE)ACTIVATION). A constraint activation time t > 0 for
¢\ @9 4s admissible if the constraint velocity'' for all activated constraints I € 2" is negative.
Formally, with (p, p~) = lim, - ¢(s,(q,q)) denoting the left-handed limit of the trajectory

at time t,

Viel:Dila;o¢](0,(p,p)) = Dai(p)p” <O0. (4.10)

for all activated constraints I € 2% is negative.

A constraint deactivation time t > 0 for ¢\¢9 s admissible if, for all deactivated con-
straints I € 2™: (i) the constraint velocity or constraint acceleration'® is positive, or (ii) the
time derivative of the contact force is negative. Formally, with (p, p*) = lim,_ 4+ ¢(s, (q,q))

denoting the right—handed limit of the trajectory at time t, for all i € I :

Dy [ai 0 ¢](0,(p, p7)) > 0 or

D [a; 0 ¢] (0, (p, p7)) > 0,

(4.11a)

t1,t2),(q,q9)) = t,(q,q)) : t € (t1,t2)} C TQ denotes the image of ¢%9 over the interval (t1,t3) C
104 b Qd h f pla:d) h 1
[0, c0).

1 Formally, the Lie derivative [59, Prop. 12.32] of the constraint along the vector field specified by (4.6a).
Although constraint functions are technically only functions of configuration ¢ € @ and not the full state
(¢,4) € TQ, by a mild abuse of notation we allow ourselves to consider compositions a o ¢ rather than the
formally correct a o mg o ¢ where mo:T'QQ — @ is the canonical projection.

12Formally, the second Lie derivative of the constraint along the vector field specified by (4.6a).



54

or

Dy o 6] (0, (p, 54) < 0. (4.11b)

REMARK 18. The conditions for admissible constraint deactivation in eq. (4.11a) can only
arise at admaissible constraint activation times; otherwise the trajectory is continuous, whence
active constraint velocities and accelerations are zero. Hence deactivations of the form
eq. (4.11a) occur contingent upon an activation, and are thus referred to as contingent de-

activations.

DEFINITION 6  (ADMISSIBLE TRAJECTORY). A trajectory ¢'®9 is admissible on [0,1] C R
if (1) it has a finite number of constraint activation (hence, deactivation) times on [0,t], and
(ii) every constraint activation and deactivation is admissible; otherwise the trajectory is

inadmissible.

REMARK 19 (ADMISSIBLE TRAJECTORIES). The key property admissible trajectories pos-
sess that will be leveraged in what follows is: time—to—activation and time—to—deactivation
(that is the time to a constraint (de)activation) are differentiable with respect to initial con-

ditions; the same is not generally true of inadmissible trajectories.

REMARK 20 (GRAZING IS NOT ADMISSIBLE). The restriction in definition 6 (admissible
tragectory)that all constraint (de)activation times be admissible precludes admissibility of

qgrazing.

REMARK 21 (ZENO IS NOT ADMISSIBLE). The restriction in definition 6 (admissible tra-
jectory)to a finite number of constraint activations occur on a compact time interval precludes

admissibility of Zeno.

REMARK 22 (ANALYTICITY IS SUFFICIENT). Given Zeno trajectories are not admissible,
the necessary order of differentiation for all functions may be less than analytic, Additionally
we know that the intersection of Assumption 4 (C" vector field and reset map) and Assump-
tion 3 (existence and uniqueness of flow) given analytic functions satisfy both. We choose not

to assume all functions are analytic given that analyticity is a very restrictive assumption.
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REMARK 23 (EQUIVALENCE WITH COMPLEMENTARITY). The dynamics near a defini-
tion 6 (admissible trajectory) with Assumption 2 (orthogonal constraints) can be written

without the explicit dependence on the contact mode J. That is, we can write eq. (4.6a) as

M(q)q = f(q.9) — clq. @)+ >_ 8:(q. §)Dai(q) " Nilg, 9). (4.12)

i=1
where

) 1 ifai(q) =0 and Da;(q)qg = 0 and \(q,q) <0
6i(q,q) = (4.13)
0 otherwise.

The total force due to the set of active constraints is the superposition (that is the sum) of
the forces due to the individual active constraints as the constraints are orthogonal. The

conditions on the constraint force eq. (4.13) are equivalent to

Ai(g,q) <0, ai(q) 20,  ai(qg)Ni(g,4) =0

Ai(g,4) <0, Da;(q)g >0,  XNl(q,4)Da;(q)¢ =0,

(4.14)

which are identical to the complementarity equations [66, (2.2)]. That is, for admissible
trajectories undergoing orthogonal constraint activations eq. (4.6) is equivalent to comple-

mentarity.

DEFINITION 7 (CONTACT MODE SEQUENCE [50, DEF. 4]). The contact mode sequence

associated with a trajectory ¢'¢9 that is admissible on [0,t] C R is the unique function
w:{0,...,m} — 2" (4.15)

such that there exists a finite sequence of times {t;}jt" C [0,t] for which 0 =ty <t < --- <
tme1 =1 and

Ve {0, m} : Ol(te tenn), (4, )) © T A, (4.16)

REMARK 24. In definition 7 (contact mode sequence), the sequence w is easily seen to be
unique by the admissibility of the trajectory; indeed, the associated time sequence consists of

start, stop, and constraint activation/deactivation times. Note that successive modes in the
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sequence need not be related by set containment (i.e. w(f) C w(l + 1) or w(f) D w(l + 1))
since, e.g., one constraint could activate and another deactivate at the same time instant as

in Fig. 4.4. Thus, w is not simply a discrete “counter” as in hybrid time domains [40, §5.2].

We now state the well-known fact!® that, if the contact mode sequence is fixed, then

admissible trajectory outcomes are differentiable with respect to initial conditions.

LEMMA 4 (DIFFERENTIABILITY FOR CONSTANT MODE SEQUENCE [2]). Under Assump-
tion 3 (existence and uniqueness of flow), Assumption 4 (C" vector field and reset map),
and Assumption 1 (independent constraints), with ¢:[0,00) x TA — T'A denoting the flow,
if X CTQ is a C" embedded submanifold such that all trajectories initialized in X N'TA

(i) are admissible on [0,t] C R and

(i1) have the same contact mode sequence,

then the restriction ¢|gyxx is C”.

4.8.83 (Dis)continuity with differing contact mode sequences

As stated in section 4.2, the purpose of this paper is provide sufficient conditions that ensure
trajectories of eq. (4.6) vary differentiably as the contact mode varies. In this section we
consider what condition must be imposed to give rise to continuity, a precondition for differ-
entiability. We begin in section 4.3.3 by demonstrating that the trasnversality of constraints
imposed by Assumption 1 (independent constraints) generally gives rises to discontinuity,
then introduce an orthogonality condition in section 4.3.3 that suffices to guarantee conti-

nuity.
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Figure 4.3: Example of a discontinuous flow

Discontinuity with differing contact mode sequences

Consider an unconstrained initial condition (g, ¢) € TAy C T'Q that impacts (i.e. admissibly

activates) exactly two constraints i, j € {1,...,n} at time ¢ > 0. With (p, p7) = ¢(¢, (¢,9)),

we have

agiy(p) = 0, Day(p)p® < 0, Daj(p)p~ < 0. (4.17)

The pre-impact velocity p~ resets via eq. (4.6b):

P =Apupp)p . (4.18)

As noted in Remark 11 (independent constraints), the constraint surfaces a;*(0), aj_l(O)
intersect transversally. Therefore given any ¢ > 0 it is possible to find (¢;, ¢;) and (g;, ¢;) in
the open ball of radius ¢ centered at (g, ¢) such that the trajectory ¢(%4) impacts constraint
i before constraint j and ¢(%9) impacts j before i. As ¢ > 0 tends toward zero, the time

spent flowing according to (4.6a) tends toward zero, hence the post-impact velocities tend

13The result follows via a straightforward composition of smooth flows with smooth time-to—impact maps;
we refer the interested reader to [26, App. Al] for details.
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toward the twofold iteration of (4.6b):

P = A (p)Ai(p)p~,

P = Agy(p)A(p)p.

(4.19)

Recalling for all J € 2" that A; € R%? is an orthogonal projection'* onto the tangent
plane of the codimension—|.J| submanifold a;'(0), observe that pf = p* = p; if and only
if Da;(p) is orthogonal to Da;(p). Therefore if constraints intersect transversally but non-
orthogonally, outcomes from the dynamics in (4.6) vary discontinuously as the contact mode

sequence varies.

REMARK 25 (DISCONTINUOUS LOCOMOTION OUTCOMES). The analysis of a saggital-
plane quadruped in [87] provides an instructive example of the behavioral consequences of
transverse but non-orthogonal constraints in a model of legged locomotion. As summarized
in [87, Table 2], the model possesses three distinct but nearby trot (or trot-like) gaits, cor-
responding to whether two legs impact simultaneously (as in eq. (4.18)) or at different time
instants (as in eq. (4.19)); the trot that undergoes simultaneous impact is unstable due to

discontinuous dependence of trajectory outcomes on initial conditions.

Continuity with differing contact mode sequences

To preclude the discontinuous dependence on initial conditions exhibited in section 4.3.3,
we strengthen the transversality of constraints implied by Assumption 1 (independent con-
straints) by imposing orthogonality of constraints.

Section 4.3.3 demonstrated that Assumption 2 (orthogonal constraints) is necessary in
general to preclude discontinuous dependence on initial conditions. The following result
demonstrates that this assumption is sufficient to ensure continuous dependence on initial

conditions, even as the contact mode varies.!®

Mrelative to the inner product (-,-)p;. For further discussion of orthogonal projection in constraint
activation of mechanical systems, see [50, §1.3.4].

15We note for the interested reader that the result on continuity with respect to initial conditions in [67]
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LEMMA 5 (CONTINUITY ACROSS MODE SEQ. [10, THM. 20]). Under Assumption 3 (ex-
istence and uniqueness of flow), Assumption 4 (C" vector field and reset map), and Assump-
tion 2 (orthogonal constraints), with ¢:[0,00) x TA — T A denoting the flow, if t € R and
(p,p) € TA C TQ are such that t is not a constraint activation time for (p,p), then ¢ is
continuous at (t, (p,p)).

REMARK 26 (CONTINUITY WITH DIFFERING MODE SEQUENCE). The preceding result im-
plies that the flow ¢ is continuous almost everywhere in both time and state, without needing
to restrict to admissible trajectories. Thus orthogonal constraints ensure the flow ¢ depends
continuously on initial conditions, even along trajectories that exhibit grazing and Zeno phe-
nomena.' For the reason described in Remark 19 (admissible trajectories), we will not be
able to accommodate these phenomena when we study differentiability properties of trajecto-

ries in the next section.

4.4 Differentiability with differing contact mode sequences

Within this section we present the two main results of this paper, theorem 3 (piecewise dif-
ferentiability with differing contact mode sequences) and theorem 4 (at least once classically
differentaible with differeing contact mode sequence). Additionally, we discuss how to cal-
culate the piecewise—derivative of the flow and the sufficient assumption for theorem 4 (at

least once classically differentaible with differeing contact mode sequence) to hold.

4.4.1  Piecewise—differentiability of trajectories

We now provide conditions that ensure trajectories depend differentiably on initial conditions,
even as the contact mode sequence varies. In general, the flow does not possess a classical

Jacobian (alternately called Fréchet or F-)derivative, i.e. there does not exist a single linear

is inapplicable along trajectories that simultaneously activate and/or deactivate more than one constraint;
such trajectories do no satisfy hypothesis 4 and 5 of [67, Thm. II1.2].

16We remark that [10, Thm. 20] implies the function ¢ is continuous everywhere with respect to the
quotient metric defined in [24, Sec. III], whence the numerical simulation algorithm in [24, Sec. IV] is
provably—convergent for all trajectories (even those that graze) up to the first occurrence of Zeno.
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map that provides a first—order approximation for the flow. Instead, under admissibility
conditions introduced in section 4.3, we show that the flow admits a piecewise—linear first—
order approximation termed!” a Bouligand (or B—)derivative [96, Chp. 3.1]. Though perhaps
unfamiliar, this derivative is nevertheless quite useful. Significantly, unlike functions that are
merely directionally differentiable, B—differentiable functions admit generalizations of many
techniques familiar from calculus, including the Chain Rule [96, Thm. 3.1.1] (and hence Prod-
uct and Quotient Rules [96, Cor. 3.1.1]), Fundamental Theorem of Calculus [96, Prop. 3.1.1],
Implicit Function Theorem [96, Thm. 4.2.3], and the B-derivative can be employed to im-
plement scalable algorithms [54] for optimization or learning.

We proceed by showing that the flow is piecewise—differentiable in the sense defined
in [96, Chp. 4.1] and recapitulated here; functions that are piecewise—differentiable in this
sense are always B—differentiable [96, Prop. 4.1.3]. Let r € N{J {oo} denote an oder of differ-
entiability'® and D C R™ be open. A continuous function ¢: D — R is called piecewise—C" if
the graph of ¢ is everywhere locally covered by the graphs of a finite collection of functions
that are r—times continuously differentiable (C™—functions).!® Formally, for every x € D
there must exist an open set U C D containing x and a finite collection {ww: U— Rf} of

we

C"functions such that for all x € U we have ¢ (z) € {¢,(z)} We now state and prove

weN”
one of the two main results of this paper: whenever the flow of a mechanical system subject
to unilateral constraints is continuous and admissible, it is piecewise-C"; see Fig. 4.4 for an

illustration.

THEOREM 3 (PIECEWISE-DIFFERENTIABLE FLOW). Under Assumption 3 (existence and

uniqueness of flow), Assumption 4 (C” wvector field and reset map), and Assumption 2

17"This terminology was introduced, to the best of our knowledge, by Robinson [91].

18We let context specify whether r = oo indicates "mere” smoothness or the more stringent condition of
analyticity.

19The definition of piecewise-C" may at first appear unrelated to the intuition that a function ought to be
piecewise—differentiable precisely if its “domain can be partitioned locally into a finite number of regions
relative to which smoothness holds” [92, Section 1]. However, as shown in [92, Theorem 2], piecewise—C"
functions are always piecewise—differentiable in this intuitive sense.
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(orthogonal constraints), with ¢:[0,00) x TA — TA denoting the flow, if t € [0,00),
(p,p) € TA C TQ, and X C TQ is a C" embedded submanifold containing (p,p) such
that

(i) the trajectory oPP) qctivates and/or deactivates constraints at a finite set of times

{tilt: € (0,)},
(i) ¢'PP) has no other activation or deactivation times in [0,1],
(111) trajectories initialized in ¥ N T A are admissible on [0,t], and

(iv) the set Q of contact mode sequences for trajectories initialized in X N'T A is finite,

then the restriction ¢|jo.)xx is piecewise-C" at (i, (p,p)).

Proof. We seek to show that the restriction ¢|j o)<y is piecewise-C™ at (¢, (p,p)). We first
show the result when there is only one instant of time s € (0,¢) when constraints activate
and/or deactivate. We will proceed by constructing a finite set of r times continuously
differentiable selection functions for ¢ on [0,¢] x ¥. In the example given in Fig. 4.4, there
are two selection functions, one corresponding to a perturbation along (v,, v, ), colored red,
and the other along (v, ), colored blue. Let m € {1,...,n} be the number of constraints

undergoing (de)activation at time s. These selection functions will be indexed by a pair of

functions (w, ) where: w: {0,...,m} — 2™ is a contact mode sequence, (de)activating at time
s. ie. we Qn:A{0,...,m—1} — {1,...,n} indexes constraints that undergo admissible
activation or deactivation® at the contact mode transition indexed by ¢ € {0,...,m — 1}.

For instance, in Fig. 4.4 the index functions for the (de)activation sequence starting from

(vr,0p), in red, are w,(0) = {1},w.(1) = 0,w.(2) = {2}, n.(0) = 1,n.(1) = 2, and the

20In light of Remark 18, we only consider deactivations of type (ii) in definition 5 (admissible constraint
activation/deactivation). In some systems, a deactivation of type (ii) may only arise following a (simulta-
neous) activation; it suffices to restrict to functions 7 that do not index such deactivations. This restriction
of n is the only constraint we impose on the (w,n). We do not attempt to find the set of feasible (w,n)
and instead show the result holds for all possible (w,n) pairs.
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index functions for the (de)activation sequence starting from (wvp, 0p), in blue, are w,(0) =
{1}, wp(1) = {1,2},wp(2) = {2}, m(0) = 2,m(1) = 1. Note that for each w € € the set
H(w) of possible 7’s is finite; since the set €2 is finite by assumption, the set of pairs (w,n)
is finite.

Let (w:{0,...,m} — 2") € Q and (7:{0,...,m —1} — {1,...,n}) € H(w) be as de-
scribed above. Let p: {0,...,m} — 2" be defined as pu(k) = Ji=y {n(i)}, where we adopt the
convention that | J,_, {i} = 0); note that y is uniquely determined by 7. (k) as defined above
is equivalent to the union of only activated constraints up to £ — 1 because of orthogonality
of constraints and constraints undergoing deactivation must be active at some prior point
for deactivation to occur.?! For the sake of readability, we suppress dependence on 1 and w
until (4.26). Let (p, p7) = limyys ¢(u, (p,p)). For all k € {0,...,m} define pp = Ay (p)p~.
There exists an open neighborhood Uy C TQ containing (p, px) such that the vector field
determined by (4.6a) at w(k) admits a C™ extension to Fy: Uy — R?*?. (Note that for k = m
(resp. k = 0) the neighborhood U}, can be taken to additionally include ¢((s,t], (p,p)) (resp.
8((0,5), (p.5))).

By the Fundamental Theorem on Flows [59, Thm. 9.12], F}, determines a unique maximal
flow ¢p: Fr — Uj over a maximal flow domain F, C R x Uy, which is an open set that contains
{0} x Uy, and the flow ¢, is C". (Note that (t — s, (p, pm)) € Fn and (s, (p,p)) € Fo.)

If n(¢) indexes an admissible constraint activation (recall that ¢ € {0,...,m — 1}), then
there exists a time-to—activation 7,: U, — R defined over an open set U, C T'() containing

(p, pe) such that

V(q,q) € Uy = angey o ¢e(e(q, 4), (q,4)) = 0. (4.20)

If instead 7n(¢) indexes an admissible constraint deactivation, then there exists a time—to—

deactivation 7,: Uy — R defined over an open set U, C T'Q) containing (p, p¢) such that

V(g,q) € Up : Myoy © de(7e(q,4), (¢,¢)) = 0. (4.21)

21y is not uniquely determined by w due to the possibility of instantaneous activation/deactivation for
the same constraint; consider for instance the bounce of an elastic ball [42, Chp. 2.4].



63

In either case, 7, exists and is C" by the Implicit Function Theorem [59, Thm. C.40] due to
admissibility of trajectories initialized in ¥. (Note for ¢ = 0 the neighborhood U, can be ex-
tended to include ¢([0, s), (p, p)) using the semi-group property®? of the flow ¢,.) See Fig. 4.4
for an illustration of constraint activations and deactivations.

Let pi: R x Uy — R x U, be defined for all (u, (¢,q)) € R x Uy by

oo(u, (q,4)) = (u—1e(q,4), ¢ (1e(q, 4), (¢, 4))) - (4.22)

The map ¢, flows a state (¢, ¢) using the vector field from contact mode w(¢) until constraint
n(¢) undergoes admissible activation/deactivation, and deducts the time required from the

given budget u. The total derivative of ¢, at (0, (p, p¢)) (see also [26, § 7.1.4]) is

1

(4.23)
0 Iyq— ﬁfg

D@@(O, (pa p@)) =

where f = F(p, p¢) and g = Dhye)(p, pe) where hy: TQ — R is defined for all (¢,q) € TQ by

he(q, ) = aye)(q)-
Let 'R x TQ — R x T'Q be defined for all (u,(q,q4)) € R x T'Q by

Co(u, (¢, 9)) = (u, (¢; Auey (g, 4)q))- (4.24)

The map Iy resets velocities to be compatible with contact mode w(¥) while leaving positions

and times unaffected. The total derivative of T'y at (u, (¢, ¢)) is given by

1 0 0
DT(u, (¢,4)) = |0 I o |- (4.25)
0 Dy(Auwpy(a,0)d) Auw(a)

For each w € 2 and n € H(w) define ¢! by the formal composition

m—1

¢l = Pm © H (Tey1000) . (4.26)

£=0

Z¢o(u+v, ) = ¢o(u, pe(v, x)) whenever (v, ), (u+v,z), (u, pe(v, 7)) € Fy.
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We take as the domain of ¢, the set
FL=(01)7 (TQ) CR X TQ, (4.27)

noting that 7 is (i) open since each function in the composition is continuous, and (ii)
nonempty since (¢, (p,p)) € F. The map ¢! flows states via a given contact mode sequence
for a specified amount of time; note that some of the resulting “trajectories” are not physically
realizable, as they may evaluate the flows {¢x},., in backward time. An example of such
a physically unrealizable “trajectory” is illustrated in Fig. 4.4 by ¢ (¢, (v, 7)), which first
flows forward in time via the extended vector field Fy;y past the constraint surface {az(q) = 0}
until constraint 1 deactivates and then flows backwards in time until constraint 2 activates,
ultimately terminating in T'Ayyy.

WithF =N{F!:weQ,ne Hw)} C[0,00)xTQ, for any (u, (¢,4)) € FN([0,00) x T'A)
with contact mode sequence w € ) and constraint sequence n € H(w), the trajectory out-
come is obtained by applying ¢” to (u,(q,q)), i.e. ¢(u,(q,q)) = ¢"(u,(q,q)). See Fig. 4.4
for an illustration of trajectories with different contact mode sequences.

The maps ¢, I'y, and ¢! are C" on their domains since they are each obtained from
a finite composition of C" functions. Therefore the restriction® ®lj0,00)xx 1S a continuous

selection of the finite collection of C" functions
{of :weQne Hw)}

on the open neighborhood F C T'Q) containing (¢, (p,p)), i.e. @|j,c0)xx is piecewise-C" at
(t,(p,p)). See Fig. 4.1 for an illustration the piecewise—differentiability of trajectory outcomes
arising from a transition between contact mode sequences.

As the composition of a finite number of piecewise—differentiable functions is piecewise—

differentiable [96, Thm. 3.1.1], the above result can clearly be extended to include any finite

23 As a technical aside, we remark that the domain of ¢ is confined to [0,00) x T'A, whence invoking the
definition of piecewise—differentiability requires a continuous extension 5 of ¢ defined on a neighborhood
of (¢, (p,p)) that is open relative to [0,00) X TQ. One such extension is obtained by composing ¢ with a
sufficiently differentiable retraction [59, Chp. 6] of TQ onto T'A (such a retraction is guaranteed to exist

locally by transversality of constraint surfaces).
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set of (de)activation times {t;|t; € (0,t)}. O

REMARK 27 (SATISFYING THEOREM 3 HYPOTHESES). Models of animal or robot behav-
tors 1nvolving intermittent contact with terrain—uwalking, running, climbing, leaping, danc-
ing, juggling, grasping—qgenerally satisfy our hypotheses, so long as they possess sufficient
compliance as in Fig. 4.5 (middle and right).

REMARK 28 (RELAXING THEOREM 3 HYPOTHESES). Since the class of piecewise—differentiable
functions is closed under finite composition, conditions (i) and (ii) in the preceding Theorem
can be readily relazed to accommodate a finite number of constraint activation/deactivation
times in the interval (0,t). Conditions (iii) and (iv) are more difficult to relax since there
are systems wherein trajectories initialized arbitrarily close to an admissible trajectory fail to
be admissible themselves. As a familiar example, consider a 1 degree—of—freedom elastic im-
pact oscillator [42, Chp. 2.4] (i.e. a bouncing ball): the stationary trajectory (initialized with
q,q = 0) is admissible for all time, but all nearby trajectories (initialized with ¢ # 0 or ¢ #0)

exhibit the Zeno phenomenon. We will discuss further possible extensions in section 4.6

Under the hypotheses of the preceding Theorem, the continuous flow ¢ is piecewise—
differentiable at a point (¢, (p,p)) € [0,00) x T'A, that is, near (¢, (p,p)) the graph of ¢ is has
an open covering by the graphs of a finite collection
{o :w € Q,n e H(w)} of differentiable functions (termed selection functions). This implies

in particular that there exists a continuous and piecewise-linear function

Do(t, (p,p)) : Tty ([0,00) x TA) = Ty, (p50) A (4.28)

(termed the Bouligand or B—derivative) that provides a first—order approximation for how
trajectory outcomes vary with respect to initial conditions. Formally, for all (u, (v,?)) €
Tt o)) ([0, 00) x TA), the vector D(t, (p,p);u, (v,0)) € R* is the directional derivative of
o(t, (p,p)) in the (u, (v,v)) direction:

lin = [(6(¢+ v, (0 + v, -+ @) = 6(6, (0. 1))) — Do, () (0,0)] =0, (429
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Furthermore, this directional derivative is contained within the collection of directional

derivatives of the selection functions. Formally, for all (u, (v,?)) € Tt p)) ([0,00) x T'A),

Do(t, (p,p); u, (v,9)) € {DSL(t, (p, p); u, (v,9)) 1w € Q,n € H(w)}. (4.30)

The selection functions are classically differentiable, hence their directional derivatives can be
computed via matrix—vector multiplication between a classical (Jacobian/Fréchet) derivative
matrix and the perturbation vector. Formally, for all (u, (v,?)) € T(1,pp)) ([0,00) x T'A) and
corresponding w € €, n € H(w),

u
Dil(t, (p,p); u, (v,0)) = D(t, (p,P)) |v] (4.31)
v
where D¢l (t, (p,p)) € RED>*1+2d) i5 the classical derivative of the selection function ¢7. The
matrix D¢/ (t, (p,p)) can be obtained by applying the (classical) chain rule to the definition
of ¢! from (4.26).

REMARK 29  (CALCULATING Do¢(t, (p, p;u, (v,0))). We will assume that for a given (u, (v, 0)),
the corresponding constraint (de)activation and mode sequences is known, corresponding to

n and w in the proof of theorem 3 (piecewise differentiability with differing contact mode
sequences).** As the component of the derivative with respect to time is the underlying vec-
tor field at ¢(t, (p,p)), we will only discuss the calculation of D4 ¢(t, (p,p);u, (v,0)). In
particular, as the derivate of the flow away from constraint (de)activation is well studied
(see [44, §7.2] for calculating the variational equation of a continuous flow), we will calcu-
late the jump update, or saltation matriz, of the variational equation at points of admissible
contact (de)activation.

For the given (u, (v,0)) and the corresponding n and w,

Digay@(t, (p,5): (v,)) = Digy 81t (,5)) | (4.32)

24Tt is nontrivial to to determine 7,w from wu, (v,?) and to the best of the authors’ knowledge, existing
literature does not contain a closed form solution.
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Without loss of generality, assume m simultaneous constraint (de)activations occur at time

s € (0,t) and no other constraint (de)activations occur.

m— 1
oo (2, ( =¢o Loye41) © o)) © (t — s, 0(s, (p.p)))
n‘f"l (4.33)
= ¢ o (Fn(f—i-l) © SOUJ(Z)) o (t - S, <p7 pi)) 5
/=0

with (p, p~) = limus &(t, (p,qp)), Ty eq. (4.24) is the impact map into mode J eq. (4.6b),
Cu) €q. (4.22) is flowing in mode w(l) until the next ¢ + 1 constraint (de)activation occurs.

The calculation of D] then follows from the chain rule

m—1

D@ = Do(t — s, (p, p H DTy(e11)Dpuy) (s, (p, p7))Do(s, (p, ), (4.34)
=0

where DT is given in eq. (4.25) and Dy in eq. (4.23). Let E1:R x TQ — R be given with®

m—1

[I]

m—1
E = [[ Proe Do (4.35)
=0 =0
Next, we will show the equivalence of = with the more common form of the saltation ma-
trix S for the jump update to the variational equation on the state alone when only one

2 With F* denoting the vector field immediately post con-

constraint undergoes activation.
straint activation, F'~ the vector field immediately prior to constraint, g = D q4) (a; o Ilg)and
R;: TQ — TQ denoting the reset of the state due to the activation of constraint i being defined

with

Ri(q,q) = (¢, Mgy (g, 4)q), (4.36)

Z5We denote this jump matrix update to the variational equation of = for consistency with [26].

26When a constraint undergoes deactivation, the underlying vector field is continuous, hence the corre-

sponding EZ((?) =1
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1 0 1 HFL_g 0 (4.37)
0 DR| |0 DR— —2-F—g| |l

gF—

_ o -
fDRJrgF_ (F* = DRF7) gy,

which matches [49, (1.5)] and [94, (27)] for autonomous mode transitions.>” Clearly, for
multiple simultaneous constraint (de)activations for a given mode sequence w and constraint

(de)activation sequence n,

m—1
+1
sn= 11 i (4.38)
(=0
Then
v
Dyg.py(t, (p,p); (v,9)) = Digyd(t — s, (p, p7))SH(0s p7) Digayd(s, (p:9)) | |- (4.39)
v

4.4.2 At least once (classically) differentiable

Under Assumptions 2 to 4 from section 4.3, previous work has shown that, when the contact
mode sequence is fixed, trajectory outcomes vary continuously [10, Thm. 20] and differen-
tiably [2] with respect to variations in initial conditions (i.e. initial states and parameters).
This enables the use of scalable algorithms for optimal control [86] and reinforcement learn-
ing [102] to improve the performance of a given behavior (corresponding to the fixed contact
mode sequence) using gradient descent. However, these algorithms cannot be relied upon to
select among different behaviors (corresponding to different contact mode sequences) since
trajectory outcomes are known to depend nonsmoothly on initial conditions theorem 3 (piece-
wise differentiability with differing contact mode sequences). In this section we report that
Assumption 5 yields classically differentiable trajectory outcomes even as the contact mode

sequence varies, enabling the use of scalable algorithms to select behaviors.

2"In both the cited examples the reset map R is not directly written, instead using the notion that the
reset is the initial state plus the change in state [49, (1.4)] or [94, (13)]. In the notation of [94], R = I + A.
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To show the flow is at least once differentiable, we introduce an assumption such that all

components of the piecewise-derivative are equal.
AsSUMPTION 5 (COMMUTING SALTATION MATRICES).

Vi,je{l,....,n}, i#j.q€a;'(0)Na;'(0):
Vg € {¢|Da;(q)¢ < 0} N {q¢|Da;(q)d < 0} : (4.40)

where S, S7 are defined in eq. (4.37).

REMARK 30 (LIMBS DECOUPLED THROUGH THE BODY). While Assumption 5 has min-

8 a weaker condition with more mechanical intuition while also

imal mechanical motivation,?
yielding at least once C' flow is limbs decoupled through the body /83/. Broadly speaking,
limbs decoupled through the body requires any two unilateral constraints (limbs) that undergo
simultaneous activation must be intertially decoupled. This assumption is strictly stronger

than Assumption 2 (orthogonal constraints). See section 4.6.3 for a further discussion of

decoupled limbs.

REMARK 31 (STRUCTURE OF SALTATION MATRIX S). Given Assumption 2 (orthogonal
constraints) and unilateral constraints only dependent upon positions eq. (4.1), the structure
of a saltation matriz S* eq. (4.37) for corresponding to admissible activation for constraint i
18
S A; 0O
S'(q,4) = , (4.41)
B; C;
where A;, B;, C; € R and 0 is the 0 matriz.

The following is a collection of facts related to the structure of the saltation matriz with

R; as defined in eq. (4.36).

281t is possible to provide a set of equations which are equivalent to eq. (4.40), but those equations provide
neither mechanical motivation nor elegance and only distract from the underlying idea; when the saltation
matrices pairwise commute, the flow is at least C!.
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1. Following from the chain rule and Assumption 2 (orthogonal constraints), the reset

maps commute R; o R; = Rj o R; and hence
DR;(R;(q,4))DR;(q,q) = DR;(Ri(q,q))DR;(q, ). (4.42)

2. As coefficient of restitution only depends upon configuration, Dy(A;(q,4)q) = Ai(q) and
C; = Ai(q). Hence, for two different constraint activations i, j andi # j, C;C; = C;C;.

3. It can be shown, A;A; = AjA;.

4. If Dy(Ai(q,4)) = 0, e.g. when the mass matriz is configuration independent, the de-
termination of whether the saltation matrices commute depends on how forces change
when the velocity jumps. See section 4.5.1 for an example system with constant mass

matrix and non-commuting saltation matrices.

EXAMPLE 1 (SPECIFICATION OF H(w) FOR A SIMPLE SYSTEM). Let the example system

consist of m € N independent bean bags and a ceiling constraint. Assume all bean bags hit

their corresponding ceiling constraint at the same time, then Q = {(w: (0,...,m) = 0)|m € {1,...

In this ezample, the various orderings will be due ton. Then |H(w)| = m! with two examples

of the impact sequence being ny,m2: (1,...,n) = (1,...,n),

m(i) =i (4.43)
m(i) =n+1—i. (4.44)

THEOREM 4 (AT LEAST ONCE (CLASSICALLY) DIFFERENTIABLE WITH DIFFERING CON-
TACT MODE SEQUENCES). Under Assumption 3 (existence and uniqueness of flow), Assump-
tion 4 (C" vector field and reset map), Assumption 2 (orthogonal constraints), Assumption 5
(commuting saltation matrices), with ¢:[0,00) x TA — T A denoting the flow, if t € [0,00),
(p,p) € TACTQ, and X C TQ is a C" embedded submanifold containing (p,p) such that

(i) the trajectory ¢PP) activates and/or deactivates constraints at a finite set of times

{tilt: € (0,8)},
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(i) ¢'PP) has no other activation or deactivation times in [0,1],
(111) trajectories initialized in X NTA are admissible on [0,t], and

(iv) the set Q of contact mode sequences for trajectories initialized in X NTA is finite,

then the restriction @l oo)xx 15 at least C* at (¢, (p, p)).

Proof. We begin by stating that from theorem 3 (piecewise differentiability with differing con-
tact mode sequences), ¢ is piecewise—differentiable at (¢, (¢, ¢)). We will show D¢(t, (¢, 4); u, (v, 0))
is a linear function of (u, (v, 0)). It will then follow that D¢(¢, (g, ¢)) exists and is the classical
derivative [96, § 3.1], proving the theorem. We first show the result when there is only one
time instant s € (0,t) when constraints activate and/or deactivate. Let (p, p~) = &(s, (¢,9)),
that is the impact configuration and the pre-impact velocity.

We next demonstrate that showing all possible state saltation matrices S are identical is
equivalent to showing Do(t, (¢, 4); (u, (v,?)) is linear as a function of (u, (v,?)). Dé(t, (q,¢;+))
is composed of two components: D;d(t, (q,q);); the derivative with respect to time, and

Dq.y®(t, (q,4);-); the derivative with respect to state. As discussed in Remark 29, D;¢ is

the underlying vector field at ¢(¢, (¢, ¢)); hence independent of (u, (v,?)). From eq. (4.39),

D(q,d)¢(tv <Qa (]), (U7 U)) = D(q#j)gb(t - S, (p7 p+))SZ’,(p, p_)D(q,q')¢(8’ (q, Q)) U ) (445)
v

where 1, w depend on (v,v). Hence, showing D¢(t, (¢, q; ) is a linear function is equivalent
to showing S7(p, p=) = ST (p, p~) for all w,w’ € Q and n € H(w),n' € H(W').

We next show all the state saltation matrices are identical. Without loss of generality,
assume all constraints are undergoing activation (not excluding dependent deactivations).
Let m be the number of constraints undergoing activation Assume |w|= |'|= m or equiv-
alently assume both perturbations undergo m distinct constraint activations.?? Then by

Assumption 5 (commuting saltation matrices), S" = SZ, and Do(t, (q,q)) exists.

29This assumption does not loose cause a loss of generality, as clearly if ||omegal|< m simultaneous
constraint activations occur and hence this theorem can be applied to those perturbation directions.
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As the composition of a finite number of differentiable functions is differentiable [59,
Cor. C.11], the above result can clearly be extended to include any finite set of (de)activation

times {¢;|t; € (0,¢)}. O

EXAMPLE 2 (SIMULTANEOUS ACTIVATION/DEACTIVATION OF TWO DIFFERENT CON-
STRAINTS). Let
(¢,47) € TApy and at t = 7 constraint 2 activates and constraint 1 deactivates. Assume
constraints 1 and 2 are orthogonal. Then two of the word sequences are {1} — {1,2} — {2}
and {1} — 0 — {2}.

For the flow to be continuous, the post impact velocity must be the same regardless of the

word, 1i.e.

gt = ApyAnyg = ApyAgg™

Given (q,47) € TApy,

Apayg = Apyg

completing the example, as from orthogonality of constraints Ag 2y = A3 Aqyy.

4.5 Applications

We demonstrate the applicability of results from section 4.4 on two example systems. Sec-
tion 4.5.1 provides variations of biped-like system with a constant mass matrix. The system
variations demonstrate discontinuous flow, piecewise—differentiable flow, and classically dif-
ferentiable flow about a trajectory undergoing simultaneous impacts. Section 4.5.2 generates
a nonsmooth control law using the knowledge a piecewise—differentiable system has an im-
plicit function. In this subsection, the example system is a double pendulum with two joint

stops.
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4.5.1 Demonstration of various types of flow occurring at simultaneous impact for a simple

system

Our initial system is a crude approximation of a biped with two unilateral constraints as
the left and right feet, blue and red dots, respectively, in Fig. 4.5(top). For this system we
detail three variations, the discontinuous model, the piecewise—differentiable model, and the
classically differentiable case. Fig. 4.5 gives a visualization of each system variation and a
slice of the flow demonstrating the modes respective properties. In the following sections,

we provide a detailed description of each of the system variations.

Rigid biped: An example of discontinuous flow

For ease of notation, we will model the system shown in Fig. 4.5(top left) using bilateral con-
straints and not generalized coordinates. As discussed in section 4.6.10, bilateral constraints
can be incorporated into the general results. The legs, excluding the feet, are assumed to
be perfectly rigid and massless. Additional parameters used in the generation of Fig. 4.5 are
given in table 4.1.

The configuration parameters of the rigid biped are
9= \zy x = 2 2z 2 0], (4.46)

and the equivalent location on the piecewise-differentiable biped are depicting in Fig. 4.1.
The mass matrix is

M(Q) = dlag (mbamf>mf7mb7mfamf7[b) ) (447)

where both the feet have the same mass m;. We will assume the system undergoes perfectly
plastic collisions, i.e. y(¢q) = 0 for all ¢ € Q). For convenience, we will introduce the following

variables:

e w, half the width of the body,

e /, the leg length from the foot to the body,
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e d, the distance from the center of the body (zy,2) to either the right (z,,z.) or left

(21, 1) foot, d = /€2 + w?),

e ¢, the angle from the center of the body to the right foot ¢, = cos™ (w/d), and

e ¢; the angle from the center of the body to the left foot ¢; = cos™ (—w/d).

Annotation of w and ¢ are given in Fig. 4.1.
For the rigid biped, there are two sets of constraints, unilateral and bilateral. The two

unilateral constraints require the two feet remain above the ground,

ai(q) =2 >0, (4.48a)

as(q) = z. > 0. (4.48b)

For ease of notation, we denote the bilateral constraints with the symbol a;, for i & {1,2}.
The first two bilateral constraints as and a4 require the right foot and the center of the body

remaining a fixed distance apart,

as(q) = zp +dcos(¢r +6) — 2z, =0 (4.49a)

as(q) = xp + dsin(¢, +0) — x, = 0. (4.49Db)

Likewise, bilateral constraints as and ag require the left foot and the center of the body

remain a fixed distance apart,

as(q) = zp + dcos(¢ +0) — z =0, (4.50a)
as(q) = zp + dsin(¢y + 0) — 2, = 0. (4.50D)
As outlined in section 4.6.10, for a system with bilateral and unilateral constraints,

eq. (4.61) must be satisfied for all pairwise sets of constraints. The rigid biped does not

have orthogonal constraints as for any ¢ € @,
Day(g)" M~ (q)Das(g) = —1/my # 0 and

Day(q)" M~*(g)Das(q) = —1/my # 0.

(4.51)
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The only applied force on the rigid biped comes from gravity g € R,

fle, @) =10 0 0 —mpg —myg —m,g O], (4.52)

with ¢ > 0. As bilateral constraints are always considered active, the set of possible modes
is given with
(
{3,4,5,6} ai1(q) > 0 and az(q) >0
{1,3,4,5,6} ai1(q) = 0 and as(q) > 0

I (4.53)
{2,3,4,5,6} ai1(q) > 0 and as(q) =0

\{1,2,3,4,5,6} a1(q) =0 and az(q) =0

The continuous dynamics for the rigid biped are then given with eq. (4.6a). As a result of the
constraints not being orthogonal, eq. (4.6b) cannot be used. Instead, the reset law follows

from the rocking block [67, §II.E].

Biped with actuation: An example of PC" flow

The biped with actuation is depicted in Fig. 4.5(top center), where the gray circle denotes
an attached flywheel actuator and as opposed to the rigid legs of section 4.5.1, the legs are
now massless spring. The state, mass matrix, and unilateral constraints remain the same as
in section 4.5.1. As the rigid, massless legs are replaced with massless linear springs, there
are no bilateral constraints. The two unilateral constraints a; and a, are clearly orthogonal

with respect to the inverse of the mass matrix eq. (4.47).

Before we define the effort map f for the actuated biped, we define two convenience

functions, L,, L;: Q — R, the length of the right and left limbs, respectively.

L.(q) = \/(3:,, — (2 + wcos0)” + (2, — (2 + wsinh))?,

(4.54)
Li(q) = \/(xl — (zp —wcos ) + (z — (2, — wsinh))”.
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The effort map f:TQ — R? is then

flg,q) = [0 0 0 —mpg —myg —m,g 0] force from gravity
+ k(Li(q) — £)Dy(Li)(q) + k(L(q) — €)Dy(Ly)(q)  force from springs (4.55)
+ [0 00000 B(4-— zr)2] force from actuator,

where /¢ is the nominal length of the spring, « is the spring constants, and [ is a constant
parameter.

While the actuated biped meets Assumption 2 (orthogonal constraints), it does not
meet Assumption 5 (commuting saltation matrices). Clearly it can be shown the two state
saltation matrices do not commute and additional the cause is the force from the actua-
tor. Hence, the assumption for theorem 3 (piecewise differentiability with differing contact
mode sequences) are meet, but not for theorem 4 (at least once classically differentaible with

differeing contact mode sequence).3!

Springy biped: An example of classically differentiable flow

The springy biped is depicted in Fig. 4.5(top right). The dynamics for this variation are
similar to that of the actuated biped in section 4.5.1 with the exception the effort map
differs. The effort map f changes to

f(q,q')Z[O 0 0 —mpg —myg —mypg 0O force from gravity
(4.56)

+ k(Li(q) — L)Dy(L;)(q) + k(L+(q) — R)Dy(L,)(q) force from springs.
to mimic the removal of the massless actuated flywheel. As the mass matrix and the unilateral
constraints do not change, the unilateral constraints remain orthogonal. Additionally, it can
be shown the conditions for Assumption 5 (commuting saltation matrices) are meet as the

system now satisfies Remark 30 (limbs decoupled through the body).3?

31To see the explicit calculation of the saltation matrices for the actuated biped, see biped/salt_calc.py
in https://github.com/apace2/20-mechanical-simultaneous-impact.

32To see the explicit calculation of the saltation matrices for the actuated biped, see biped/salt_calc.py
in https://github.com/apace2/20-mechanical-simultaneous-impact.
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Table 4.1: Parameter values used in simulation to generate Fig. 4.5

Parameter Description Value
my, my,m, | Mass of the body, left foot, and right foot (resp.) 1
I body inertia 1
g gravity 1
l,w length of leg and half of the body width 0.5,0.25
leg spring constant 27
B actuator parameter 1.5
T Final time 14

4.5.2  Non-smooth control

In this section we seek to demonstrate the phenomenon of PC" flow on a system with
non-constant mass matrix which causes non-zero Coriolis forces. We will use the double
pendulum with inelastic impacts as the basis for our example. First, we demonstrate the
example system is PC" and then we generate a nonsmooth control law controlling for a final

state about a trajectory with simultaneous constraint activations.

Double pendulum and PC" flow

For the double pendulum shown in Fig. 4.6a the configuration space is Q = R? with config-

uration states being
-
a= o, 6) (4.57)

The mass matrix for the system is given in [78, (4.10)]. The unilateral constraints are

(4.58)

33The code used to generate Fig. 4.6b can be found at https://github.com/apace2/
20-mechanical-simultaneous-impact in pendulum/PCr_plot.py.
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Table 4.2: Parameter values used in simulation to generate Fig. 4.6

Parameter Description Value
my, Mo Mass of rod 1 and 2 (resp.) 1
lh,ls Length of rod 1 and 2 (resp.) %,%
y Coefficient of restitution 3
(01,09) = (01,02)(t = 0) Initial configuration (0.681,1.29)
(61,62)(t = 0) Initial velocity (—.992,1.943)
T Final time 1.4

where ¢ € R is a carefully chosen3?

constant such that for the given choice of parame-
ters in table 4.2, Day(q)M~'(q)Dagy (g) = 0 when both a;(¢) = 0 and ax(q) = 0. It can
be shown that with b = mylilo/2 and d = myl3/3 + ma(ly/2)?, with ¢ = arccos(—d/b),
Day(q)" M~'(g)Daz(q) = 0 when ¢ = [0, c}

For the sake of simplicity, the only forces on the system are Coriolis forces due to the
choice of reference frame. That is, the effort map f(q,¢) = 0. The coefficient of restitution
~is 0.3. Due to the nature of elastic impacts, similar to the bouncing ball, whenever one
constraint is activated the same constraint is deactivated due to condition eq. (4.11a), a
contingent deactivation.

It can be shown?® the described double pendulum does not satisfy Assumption 5 (commut-

ing saltation matrices). Without explicitly calculating the necessary state saltation matrices,

the configuration dependence of the mass matrix provides intuition the system may not be

34 (98] goes into detail on designing mechanical systems such that unilateral constraints are orthogonal
at points of simultaneous constraint activation.

35See pendulum/DP_PCr_salt.py in https://github.com/apace2/20-mechanical-simultaneous-impact.
The saltation matrices in the referenced file are calculated for the two possible pairs of words and activation
sequences

w={0,0,0}
m:{0,1} = {1,2} with n1(0) =1, m(1)
n2:{0,1} — {1,2} with n2(0) =0, n2(1)

0 (4.59)
1
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classically differentiable. In particular, D;Apy(q) # 0 for both ¢ = 1 and i = 2 at point
of simultaneous constraint activation and the lower left d x d submatrix of the saltation
matrix is non-zero. See Fig. 4.6 for an example of the piecewise nature of the flow due to

simultaneous constraint activation.

4.5.8  Nonsmooth Control law

One method to generate a control law for a differentiable system uses the implicit function
theorem, see [63], which is another method of developing a deadbeat control law on a linear
system. As implicit function theorem exists for PC” functions [96, 4.2.1] a similar method
can be used for the double pendulum.

The control parameter u is a constant torque applied to the shoulder joint as shown
in Fig. 4.6a. As the system is underactuated, only one final state can be controlled using
this method. For the sake of demonstration purposes, we will develop a control law to
regulate final elbow angle at time T" 05(7") with respect to the initial shoulder angle #,(0).
We numerically calculate the control law for a range of 8; values about the nominal theta,.
The control law and the resulting final elbow 02(T") rotation using this control law is shown

in section 4.5.3.
4.6 Discussion

While the results presented in this paper are most directly applicable to the study of loco-
motion and manipulation, we contend the potential of extending the results presented here
to a broader class of hybrid systems. In [26], the existence of a piecewise—differentiable flow
was shown to exist in nonsmooth vector fields commonly used to model neural networks and
power distribution systems along with locomotion. theorem 3 (piecewise differentiability
with differing contact mode sequences) extends this result for locomotion and manipulation

to allow non-trivial state resets between domains and varying dimensions of the hybrid state

36The code used to generate this figure can be found at https://github.com/apace2/
20-mechanical-simultaneous-impact in pendulum/nonsmooth_controller.py.
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space. To the best of our knowledge, this is the first time a class of hybrid systems with
non-trivial state resets has been shown to generate piecewise—differentiable flows. A similar
proof technique may be useful to generalize the result to additional hybrid systems.

We conclude by discussing possible routes (or obstacles) to extending our results and

implications.

4.6.1 FExtending our results

The hypotheses used to state theorem 3 (piecewise differentiability with differing contact
mode sequences) restrict either the systems or systems trajectories under consideration; we
will discuss the latter before addressing the former.

Trajectories we termed admissible exhibit neither grazing nor Zeno phenomena. Since
grazing generally entails constraint activation times that are not even Lipschitz continuous
with respect to initial conditions, flow is not piecewise-C" along grazing trajectories. This
fact has been shown by others [28, Ex. 2.7], and is straightforward to see in an example.
Indeed, consider the trajectory of a point mass moving vertically in a uniform gravitational
field subject to a maximum height (i.e. ceiling) constraint. The grazing trajectory is a
parabola; the time—to—activation function involves a square root of the initial position. Zeno
trajectories, on the other hand, can exhibit differentiable trajectory outcomes following an
accumulation of constraint activations (and, hence, deactivations); consider, for instance,
the (stationary) outcome that follows the accumulation of impacts in a model of a bouncing
ball with inelastic collisions [42, Chp. 2.4]. Thus we cannot at present draw any general
conclusions regarding differentiability of the flow along Zeno trajectories, and speculate that
it might be possible to recover piecewise—differentiability along such trajectories in the com-
pletion of the mechanical system [82, Sec. IV] after establishing continuity with respect to
initial conditions in the intrinsic state—space metric [24, Sec. III].

The (so—called [10]) effort map f was not allowed to vary with the contact mode, while
the dynamics in eq. (4.6) vary with the contact mode J C {1,...,n} due to intermittent

activation of unilateral constraints a;(¢) > 0,Vi € {1,...,n}. Contact-dependent effort can
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easily introduce nonexistence or nonuniqueness. Indeed, this phenomenon was investigated
thoroughly by Carathéodory and, later, Filippov [34, Chp. 1]. For a specific example of
the potential challenges in allowing contact—dependent forcing, note that the introduction
of simple friction models into mechanical systems subject to unilateral constraints is known
to produce pathologies including nonexistence and nonuniqueness of trajectories [101]. To
generalize the preceding results to allow the above phenomena, one would need to provide
conditions ensuring that trajectories (i) exist uniquely, (ii) depend continuously on initial

conditions, and (iii) admit differentiable selection functions along trajectories of interest.

Generalizing result to non—-mechanical systems

Two key challenges need to be meet,

e the unilateral constraints must be orthogonal in some sense, to avoid the discontinuity

challenge presented in section 4.3.3.

e Continuity must be guaranteed. To the best of our knowledge, orthogonal constraints
are sufficient for continuity. [10, Thm. 20] is the only result the authors are aware of

that proves continuity and it applies to mechanical systems

Including control inputs

We focused on autonomous dynamics in eq. (4.6); however, parameterized control inputs can
be incorporated through a standard state augmentation technique in such a way that theo-
rem 3 (piecewise differentiability with differing contact mode sequences) implies trajectory
outcomes depend piecewise—differentiably on initial states and input parameters, even as the
contact mode sequence varies.

Specifically, suppose eq. (4.6) is replaced with

M(q)i = f((q.4),u) + c(q,4)d + Das(q)"As((g,9), u), (4.60a)

it =As((g,47),u)q, (4.60b)
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where f: TQxU — R? is an effort map that accepts a constant input parameter u € U = R™,
A: TQ x U — Rl is the reaction force that results from applying effort f (¢, ¢, u) in contact
mode J, and A 7TQ x U — R? is a reset map that accepts input parameter u as well. We
interpret the vector u as parameterizing an open— or closed—loop input to the system; once
initialized, u remains constant.3” It is possible to generalize the proof of theorem 3 (piecewise
differentiability with differing contact mode sequences) to provide conditions under which
there exists a continuous flow ¢: F — TA for eq. (4.60) that is piecewise—differentiable with
respect to initial conditions (q,¢) € T'A and input parameters u € U over an open subset

F C [0,00) x TA x U containing {0} x TA x U.

4.6.2  Implications for optimization and learning

Optimization and learning algorithms have emerged in recent years as powerful tools for syn-
thesis of dynamic and dexterous robot behaviors [55,56,64,72,103]. Since scalable algorithms
leverage derivatives of trajectory outcomes, their applicability to the dynamics in eq. (4.6)
has previously (i) been confined to a fixed contact mode sequence [72,73] or (ii) relied on
approximations or relaxations of the dynamics [55,56,103]. Neither of these approaches is
entirely satisfying: (i) prevents the algorithm from automatically selecting the behavior (cor-
responding to the contact mode sequence) in addition to extremizing its performance; (ii)
implies the model under consideration is no longer a mechanical system subject to unilateral
constraints. The results we report in section 4.4 provide an analytical and computational
framework within which derivative-based algorithms can be rigorously and directly applied
to the dynamics of mechanical systems subject to unilateral constraints eq. (4.6) to select
between permutations of constraint (de)activations. The issue of whether or not a contact
needs to be activated still must be addressed. See section 4.6.4 for a discussion of difficulties

associated with grazing, and hence varying the number of contacts between trajectories, is

37A control policy represented using a universal function approximator such as an artificial neural net-

work [56,64] provides an example of a parameterized closed—loop input, while a control signal represented
using a finite truncation of an expansion in a chosen basis [55,72] provides an example of a parameterized
open-loop input.
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difficult.

4.6.3  Decoupled limbs

Limbs decoupled through the body [83] meets the conditions imposed by Assumption 5
(commuting saltation matrices), and can be interpreted physically as asserting that robot
segments that can undergo impact simultaneously (i.e. limbs) must be decoupled through an-
other segment not undergoing impact (i.e. the body). Crucially, this condition is required to
ensure trajectory outcomes vary continuously with respect to initial conditions [10, Thm. 20];
since continuity is a precondition for differentiability, this condition is equally necessary for
the result reported in theorem 4 (at least once classically differentaible with differeing contact
mode sequence). We note that this condition is violated by conventional robots constructed
from rigid serial chains and non-backdrivable actuators [78]. In contrast, design method-
ologies that incorporate direct—drive actuators [48,52] or series compliance [80,99] tend to

produce robotic limbs that are (approximately) decoupled.

4.6.4  Grazing contact

definition 5 (admissible constraint activation/deactivation) precludes grazing trajectories, i.e.
those that activate constraints with zero constraint velocity, or deactivate constraints with
zero instantaneous rate of change in contact force. The key technical challenge entailed by
allowing constraint activation (resp. deactivation) we termed inadmissible lies in the fact that
the time-to-activation (resp. time-to-deactivation) function is not differentiable. This fact
has been shown by others [28, Ex. 2.7], and is straightforward to see in an example. Indeed,
consider the trajectory of a point mass moving vertically in a uniform gravitational field
subject to a maximum height (i.e. ceiling) constraint. The grazing trajectory is a parabola,

whence the time-to—activation function involves a square root of the initial position.
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4.6.5 Zeno phenomena

definition 5 (admissible constraint activation/deactivation) precludes Zeno trajectories, i.e.
those that undergo an infinite number of constraint activations (hence, deactivations) in a
finite time interval. The key technical challenge entailed by allowing Zeno lies in the fact
that evaluating the flow requires composing an infinite number of flow—and-reset functions.
Composing a finite number of smooth functions yields a smooth function, but the same is not
generally true for infinite compositions. Thus although it is possible to show that the infinite
composition results in a differentiable flow in simple examples like the rocking block [45] and
bouncing ball [10, Sec. 6.1], we cannot at present draw any general conclusions regarding

differentiability of the flow along Zeno trajectories.

4.6.6  Friction

Friction is a microscopic phenomenon that eludes first—principles understanding [38]. Phe-
nomenological models of friction are macroscopic approximations; one popular model®® po-
sists a transition from sticking to sliding when the ratio of normal to tangential force drops
below a parameterized threshold. The system’s flow is discontinuous at this threshold, as
some trajectories slide away from their stuck neighbors. Even if such transitions are avoided,
the introduction of simple friction models into mechanical systems subject to unilateral
constraints is known to produce pathologies including nonexistence and nonuniqueness of

trajectories [101].

4.6.7 Non-Fuclidean configuration spaces

We restricted the configuration space to @ = R? starting in section 4.4.2 to simplify the
exposition and lessen the notational overhead. Nevertheless, the preceding results apply to

configuration spaces that are complete Riemannian manifolds.3°

38Usually attributed to Coulomb, but also due to Antomons [38].

39Gince the preceding results are not stated in coordinate-invariant terms, they are formally applicable
only after passing to coordinates.
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4.6.8 Contact-dependent effort

The dynamics in eq. (4.6) vary with the contact mode J C {1,...,n} due to intermittent
activation of unilateral constraints a;(q) > 0, but the (so—called [10]) effort map f was
not allowed to vary with the contact mode. Contact—dependent effort can easily introduce
nonexistence or nonuniqueness. Indeed, consider a planar system with ¢ € R? undergoing
plastic impact with the constraint surface specified by a(q) = ¢; subject to contact—dependent
effort that satisfies fy(q) = (—1,+1) if ¢¢ > 0 and fiy(q) = (+1,-1) if ¢ = 0. Every
trajectory eventually activates the constraint. Once the constraint is active, the trajectory

becomes ill-defined.

4.6.9 Massless limbs

To accommodate massless limbs, one must specify their unconstrained dynamics. If the un-
constrained dynamics differ from the constrained dynamics, then in effect one has introduced
contact—dependent effort, whence we refer to the preceding section. If the unconstrained dy-
namics do not differ from the constrained dynamics, then in effect one has introduced bilateral
constraints the massless limbs must satisfy, whence we refer to the subsequent section. The

constrained dynamics of massless limbs are derived in [21].

4.6.10 Bilateral constraints

The preceding results hold in the presence of bilateral (i.e. equality) constraints so long as
they do not couple limbs. Formally, if the bilateral constraints b(q) = 0 are specified by
a differentiable function b : @ — R™, there must exist an assignment 5 : {1,...,m} —
{1,...,n} such that for all bilateral constraints k& € {1,...,m}, unilateral constraints i,j €

{1,...,n}, i # j, and configurations ¢ € b=1(0) Na;*(0) N aj_l(O):
<Da’z(q>7 Da‘](Q>>M_1 = 07
(Dbs(a), Dai(q)) - =0, (4.61)

(Dbsy(q), Daj(q)) - = 0.
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4.6.11  Non-autonomous dynamics

One may wish to allow the continuous and/or discrete dynamics in eq. (4.6) to vary with
time or an external input. Some common cases can easily be handled. If the dynamics
are time—varying, but time could be incorporated as a state variable so that the preceding

assumptions hold for the augmented system determined by ¢ = (¢,¢) € @ =R xQ,

M (§) = diag (1. M(q))., f(7.) = (0. f(t,q.4). (4.62)

then the preceding results apply directly to the augmented system; a similar observation
holds when the value of an external input is determined by time and state in such a way
that the closed—loop system (possibly augmented as above to remove the time dependence)

satisfied the preceding assumptions.



87

TAQ) Q\S

=

[N

P I N W W N NN )

b T =Ap(p)p =P

Seocoocoocooocooone

77
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¢(t, (p,p))

\\0 ¢(t7 (’Ub, Ub))
TA{1,2} 2 TA{Q}

(vp, 0p)

TApy

Figure 4.4: [Illustration of trajectory undergoing simultaneous constraint activation and
deactivation: the trajectory initialized at (p,p) € TApy C TQ flows via (4.6a) to a
point (p,p~) € TApy where both the constraint force A\; and constraint function a, are
zero, instantaneously resets velocity via (4.6b) to p* = Aysy(p)p~, then flows via (4.6a) to
é(t, (p,p)) € TAgpy C TQ. Nearby trajectories undergo activation and deactivation at dis-
tinct times: trajectories initialized in the red region, e.g. (v, ¥,), deactivate constraint 1 and
flow through contact mode T'Ay before activating constraint 2—their contact mode sequence
is ({1}, 0,{2})—while trajectories initialized in the blue region, e.g. (v,, ), activate 2 and
flow through T'Ay; 2y before deactivating 1—their contact mode sequence is ({1}, {1, 2}, {2}).
Here, the constraint activation triggered a plastic impact wherein eq. (4.6b) resets the ve-
locity normal to the activated constraint to zero; if the activation had instead been elastic,
then the final contact mode would have been T'Ay. Note that constraint activations gener-
ally reset the system state to the interior of a contact mode, whereas deactivations reset the

system state to the boundary of a contact mode. Piecewise—differentiability of the trajectory

outcome is illustrated by the fact that red outcomes lie along a different subspace than blue.
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Figure 4.5: Trajectory outcomes in mechanical systems subject to unilateral con-
straints.®(top) In general, trajectory outcomes depend discontinuously on initial conditions.
In the pictured model for rigid-leg trotting (adapted from [87]), discontinuities arise when
two legs touch down: if the legs impact simultaneously (corresponding to rotation 6(0) = 0),
then the post—impact rotational velocity is zero; if the left leg impacts before the right leg
(A(0) > 0, blue) or vice-versa (6(0) < 0, red), then the post-impact rotational velocities
are bounded away from zero. (middle) In the pictured model for soft-leg trotting (adapted
from [26] with the addition of a nonlinear damper coupling the body and limbs), trajectory
outcomes (solid lines) are continuous and piecewise—differentiable at (0) = 0 (dashed lines).
(bottom) When the system meets Assumption 5 (commuting saltation matrices), trajectory
outcomes depend continuously and classically differentiably on initial conditions. In the pic-
tured model for soft-leg trotting (adapted from [26]), trajectory outcomes (solid lines) are
continuous and differentiable.

In each of the three cases, the entire biped is rotated by the initial body angle about the
center of the body (z, 2,)(t = 0) = (0, 1).
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(a) Underactuated double pendulum with (b) Piecewise dependence on initial condition.
two stops. When the initial 6;(t = 0) < 6, the unilat-
eral constraint a; undergoes impact before a;.

Vice versa when 0y (t = 0) > ;.

Figure 4.6: An example system a with configuration dependent mass matrix generating PC"

flow b.33
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Chapter 5

DISCUSSION

The goal of my dissertation is to argue legged robots are inherently a different type
of dynamical system from classical mechanical systems and provide initial steps towards
developing rigorous control techniques for them. Considering legged robots as a type of
rigid mechanical system undergoing impacts, trajectories will experience a rapid change in
velocity around every impact. These trajectories, while continuous, are very nonlinear around
points of impact. We used hybrid dynamics to model the system instead, as hybrid dynamics
captures the salient feature, periods of continuous motion punctuated by instantaneous jumps

in velocity.

In Chapter 2, we showed for a system as simple as the billiard, there does not exist a
compatible distance function for an extended, i.e. continuous, trajectory whenever the im-
pact is not perfectly elastic. Importantly, this means the notion of distance between two
points along a trajectory undergoing impact is distinct from the distance along continuous
trajectories. Hence, new control techniques are needed for systems undergoing impact. We
developed two such tools for state estimation, in Chapter 3, and control input generation,
in Chapter 4. Future work in both cases is still needed, an online method for state esti-
mation and a continuous feedback control input to handle disturbances. It remains to be
seen how precise the change in discrete state needs to be determined based on a given con-
troller. We suspect, at least for legged robots, it will greatly depend on the continuous mode
dynamics (and hence on how the physical robot is designed). Another avenue for further
research is better characterization of continuous extensions of trajectories undergoing im-
pact considering what are the trade offs between requiring exact projection to the original

trajectory, continuous trajectories, or compatible distance functions. Perhaps relaxing the
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requirement of compatible distance functions around points of impacts will allow the use

control methodologies similar to those used for continuous systems.
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Appendix A
APPENDICES FOR CHAPTER 3

A.1 Switched and hybrid dynamical systems

A hybrid dynamical system is a tuple H = (D, F, G, R) [25,39] where
D=][D;, F:D—-TD, GCD, R:G— D.
jeJ
With ¢ : [0,00) X D — D the flow of H, then a discrete-time switched nonlinear system is

obtained by sampling H with timestep A > 0:
T = ¢(A, ).

This equation may not immediately appear to be “switched”, but the function ¢ is only
piecewise-continuous; the switching structure can be exposed with reference to the flows
¢; : [0,00) x D; — D; and time-to-guard 7; : D; — [0,00), T : D; — [0,00) functions

associated with each discrete state j € J and pair of discrete states (j, k) € J x J:

9i (A, z), 7i(1) > A
vh =9 0k (A = m(2), Ry (6(my0(2), 2))),
Ti(2) = Tik(r) <A
This piecewise-defined equation, equivalent to (but much more explicit than) x+ = ¢(A, z),
is a discrete-time switched nonlinear system (in particular, each function in the piecewise
definition is continuously differentiable) with model set indexed by M = J U (J x J) and

switching rule determined as a function of z:

m(x) =
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A.2 Linear Spring Double Mass Hopper

For more on the theory of modeling systems as mechanical systems subject to unilateral
constraints, see [66]. To explicitly formulate the hybrid dynamical system given in Sec. 3.7.1,

we use the hybrid dynamical system definition found in [50, §3.1].
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J ={Al,G|,G1 A1}
I'=K,4

A completely connected graph with 4 vertices

={(g,9)

={(¢,9)

={(¢,4)

={(¢, )

={(g,9)

Granen = {(a:9)lg

Gia,ay = {(g,9)[g[A}] = 0 and Fay(q,¢)[G{] > 0}

Granay = {(¢: )| Fe (e, 9)[GI] = 0}

Granery = {(g, 94

Gapay = {(¢:¢)|a[Al] > 0 and Fg(q,¢)[G] = 0}
(4,9)
(4,9)
(4, 4)
(4,9)
(4,9)

)

[A]] >0}
A
Gianan = (g, 9)Ig[A
[A

4]
1] <0 and Fer(q,9)[G Y] > 0}
Granay = (g, 9)1d[A L] > 0}

Giarary = {(¢, D) Far(q, )[G L] = 0}

Giaray = {(q, @)|g[A)] < 0}

Gianay = {(g,9)|g[A)] <0 and ¢[G{] = 0 and ¢[G|] < 0}

_ (¢,4[1],0) for i € {A}, A1} and j € {G|,G1}
Riijy(q,4) =

(¢, 1], 4[2] otherwise

The vector fields are defined in (?7).



A.3 Nonlinear double mass hopper hybrid system description

J ={A,G}
=K,
A completely connected graph with 2 vertices

={(¢.9) € R'|gc > 0 and g5 < 0}
={(¢,4) € R¥|gc = 0 and ¢4 < 0}

Giacy =1{(¢,9)|q[2] = 0 and ¢[2] < 0}
= {(¢; DIFale, P2] = 0}

R{A,G}(q, q) = (q.dlal, 0)

R{G,A} (qa Q) = <Q7 Q>

The vector fields include a nonlinear of the spring force.
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A.4 With measurement model H,cative, the linear one foot robot described

in 3.7.2 is unobservable.

PROPOSITION 1. Given the discrete mode sequence, the switched linear system given by the

dynamics © = A;x and y = Cx is continuous state unobservable, with A; the forward Fuler’s

1 0 -1

approzimation of (?7) with At = .01 and i € {1,2,3,4} and C =
01 0O



107

Proof: For the system described in Sec. 3.7.1 and given more explicitly in App. A.2 the

reset map is either 7, the identity matrix, or R = diag(1,1,1,0). Let

To =

Ty =

T —

= 0 L o0
V2 1 V2 1 (A1)
0% 0 %
-1 0 L 9
V2 1 V2 1 (A.2)
v R
T,
TO (A.3)
N

T is an observable decomposition, with T being the unobservable transformation for all four

discrete state. As such, for any discrete mode sequence, the unobservable subspace remains

constant. As the nullspace of the reset map is not the unobservable subspace nor do either

reset map R or I permute the statespace, the switched linear system defined by the above

dynamics is unobservable. A more concise viewpoint is for any finite n, (RTLTxN)" # 0,

e for any finite n, (THRTN)" # 0

hence the system is continuous state unobservable. [
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