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Summary. We report in this paper a relatively simple means of generating closed-form
approximants to the return map associated with a family of nonintegrable Hamiltonian
systems. These systems arise in consideration of legged locomotion by animals and
robots. The approximations proceed through the iterated application of the mean value
theorem for integral operators applied to a nonintegrable perturbation of the system of
interest. Both the accuracy of these approximants and their algebraic intractability grow
in a relatively controlled manner.
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1. Introduction

Natural locomotion systems rely on legs to gain tremendous advantage, relative to any
present-day engineered vehicle, in traversing general terrain. The advantages of legs
over wheels or treads are intuitively clear, but the field of robotics has been slow to

develop synthetic systems that begin to approach the dexterity of even the humblest
insect species. Legged robotic systems (excepting some very few pioneers to be dis-
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Fig. 1. (a) Left: The physical template: spring-loaded inverted pendulum (SLIP) monoped with
point massin, at hip and massless leg consisting of a spring with poteldtigl). By convention,
bothg, andby are defined to be negative to the left of vertical and positive to the right. (b) Middle:
lllustration of the template’s correspondence to Raibert’s hopper. (c) Right: Illustration of the
template’s correspondence to a human runner.

cussed below [25], [32]) have been designed to operate in static [26] or quasi-static [30]
stability. In contrast, animals seem to operate in the dynamical regime for all but the
slowest of walks [10], [12]. In this paper, motivated by certain questions common to
both robotics and biomechanics, we develop what may arguably be construed as the
simplest possible “plant modél'for general dynamical locomotion behavior in both
robots and animals.

1.1. Motivation: A Descriptively Complex, but Analytically Tractable Model

That such a model would even exist may seem dubious. After all, legged animals present
an incredible diversity of shape, size, and morphology. In spite of these obvious and
important differences, biomechanists studying runf[ag [4], [8], [10] have identified

a striking underlying uniformity in the center of mass (COM) behavior of the majority

of creatures studied. This seeming unity of strategy finds its archetyp&mplate,

in the spring-loaded inverted pendulum (SLIP) depicted in Figure 1(a). The view of

1 From the perspective of systems engineering, a particular physical phenomenon may be represented by either
an input/output map or a full state internal model—the latter by linear or nonlinear dynamics; and these, in turn,
may be cast in continuous or discrete time; and so on. In the end, the “correct” mathematical representation is
dictated by the problem of concern and the available analysis and design tools. We will honor traditional usage
by calling this representation the “plant model.” The reader should beware that the term “plant” is accorded
multiple meanings in the systems literature. It sometimes denotes the actual physical system, sometimes an
idealized physical abstraction, and sometimes an appropriate mathematical representation. In this paper, we
use the term “plant model” strictly in the latter sense.

2 Running is not best defined by the presence or absence of a flight phase, as is commonly thought, but rather
by the phase difference between a body’s gravitational potential and forward kinetic energy during stance [2],
[29]. For example, Full demonstrates that a cockroach, while never having a flight phase, almost always uses
arunning gait [11].
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animal dexterity as arising from the orbits of strategically tuned spring-loaded actuators
dates back to Bernstein [3], and contemporary biomechanists have posited the SLIP as
a specific template for fast legged locomotion behavior [4], [5], [10], [28]. Specifically,
Full has presented strong evidence suggesting that animals, whether using two, four, six,
eight or more legs, arrange their nerves and muscles in a manner that persuades their
COM itis riding on such a pogo stick [10]. This notion of a “virtual SLIP” is suggested

in Figure 1(c).

The utility of dynamical legged locomotion was introduced to robotics by Raibert
[32]. His machines were designed to be explicitly SLIP-like, incorporating a physically
identifiable spring connecting the toe to the body. The SLIP mechanics afforded simple
yet ground-breaking strategies that relied on the shaping of total energy and reverse time
symmetries for control. These strategies yielded stunning results for the planar monoped
depicted in Figure 1(b), and were extended with equal success to an entire family of
one-, two-, and four-legged machines running in three-dimensional space, again using
intuitive notions of a “virtual SLIP” as suggested in Figure 1(c).

1.2. Application: Control and Identification Schemes for Legged Locomotion

Even subsequent to Raibert’s pioneering designs, standard approaches to the control of
legged locomotion have continued to employ feedback controllers to track joint space
reference trajectories [23], [42], [45], [46]. A fundamental question arises regarding
the origin of these reference signals. Since translation of desired body motions into
joint space trajectories that achieve them represents a central unknown, a variety of
different approaches have been proposed. In character animation, for example, these
signals are often generated via playback of motion capture recordings from animals
[13] or from interpolation of tediously assigned key frames [9]. In robotics, reference
trajectories are often derived by minimization of an energy or torque cost function [6],
[34]. Each of these previous techniques requires storage of a library of reference motions
which must be derived off-line. Obviously such libraries will not be complete, and
motions not represented must be interpolated from the others. Other approaches avoid
this problem by implicitly encoding the desired motion either in terms of constraint
equations [20], [21], [17], [16] or in terms of simpler dynamical systems [7], [30],
[32], [36]. In any case, from our perspective, it seems that for control of the body
using the legs, one should seek analytically tractable principles that can be asserted in
terms of high-level control commands (or gait parameters) such as “run this fast” or
“jump this high” and which can be easily extended to runners with varying morphology
[36].

In the case of animals, one wishes to test from motion capture data how closely the
COM trajectory matches SLIP orbits [37], characterize the potential law of the effective
virtual spring [37], trace back the contribution of the physical joint torques toward this
overall target, and begin to hypothesize about the muscle recruitment strategies that might
achieve it. This is a problem (at least in the beginning stages) of statistical parameter
estimation. ldentification, however, demands not merely a conveniently parametrized
family of appropriate potential functions but a view of how any specific instance manifests
itself in the resulting orbits.
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Fig. 2. Bottom to apex map (left) and apex return map (right).

For both control and estimation, the established techniques of systems engineering
presume a parsimoniously parametrized plant model. This forces the sharply revised
question of whether such a complex physical model as the SLIP can be used to generate
a plant model suitable for legged locomotion? Addressing that question constitutes the
central burden of our paper.

1.3. Scope: The Parametrized Return Map as Plant Model

For the stated purposes of control and estimation, the continuous time COM trajectories
of the SLIP leg do not represent an effective plant model. To begin with, this is a
hybrid dynamical problem. There are really two vector fields at play, since many runners
alternate between stance and flight modes. Moreover, as we have argued above, the task
of locomotion, while built on the orbits of the underlying Hamiltonian vector field, is
more naturally encoded in the abstract terms of heights and speeds and duty factors.
Finally, from the perspective of control authority, synthetic actuators do not possess
sufficient power density and natural proprioception likely does not provide sufficient
bandwidth to afford the traditional control theorist’s reliance on feedforward/feedback
techniques of trajectory tracking in the physical application settings of interest. It makes
much more sense to think in terms of the discrete time maps depicted in Figure 2 that
relate the runner’s states at bottom and apex of a trajectory. In this formulation, the
plant model arises as a “controlled return map” whose states represent the elements of a
Poincag section transverse to the periodic orbits of running and whose inputs represent
the integrated effect of certain parameter settings—the ones representing all actuator
activity that transpires over a given cycle.

This approach introduces an obvious new difficulty. The Hamiltonian vector field
that generates the SLIP COM trajectories takes the general form of the restricted three-
body problem whose nonintegrability was established a century ago by Roji®dr”

In other words, our presumed plant model cannot even be written down. However, in
our experience, for purposes of systems engineering (i.e., both from the controls and
the identification points of view), plant models need to be written down in some con-
veniently parametrized closed form. Numerical simulation can be used to gain human
insight into the salient features of the physical setting. But designing realtime feed-
back control laws—at least any sort whose effects are to be predictably reliable—
involves devising policies that are functionally related to the plant model. Further-
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more, implementing such policies involves the use of computational data structures
whose entries are functionally related to calibrated instances of the plant model param-
eters. Similarly, parameter identification—at least any sort that can entail empirically

refutable hypotheses—involves fitting parsimonious functional representations to lim-

ited observed behavior with the object of making automated predictions about the future
behavior.

In short, some representation of the plant must be available in closed form. But
for the phenomena of interest, the plant model amounts to the return map of a non-
integrable dynamical system and, hence, seems to defy the possibility of representa-
tion.

1.4. Contribution: Approximations through Iterated Application of the Mean Value
Theorem for Integrals

This impasse motivates the central problem addressed in this paper. We seek a close
approximation to the stance map of the SLIP leg that can be written as a closed-form
function of its Hamiltonian vector field. How close is close? Our somewhat pragmatic
attitude is that this depends upon the application. For purposes of control, particularly
when relatively high authority feedback is possible, plant models that capture more
than ninety percent of the systematic variation in a physical process may suffice. In
contrast, for purposes of estimation, when each step—the sensor noise floor, uncontrolled
sources of process variation, and so on—contributes to the residual error, one seeks
absolutely the most accurate possible useful representation of the systematic variations
that preserves the key physical properties. Finally, our interest in pursuing the SLIP as
a template for higher degree of freedom systems [36] argues for as great an accuracy
as possible. We report in this paper a relatively simple means of generating closed-
form approximants whose accuracy and algebraic intractability both grow in a relatively
controlled manner through the iterated application of the mean value theorem for integral
operators.

It is natural to inquire how well any method of approximation handles qualitative
changes in the object being approximated. Unfortunately, the formal view of “qualita-
tive difference” in the setting of dynamical systems has an asymptotic character (e.g.,
has the topology of some limit set changed?) while we are only concerned with the
short-term behavior of the underlying continuous time dynamics. For example, because
our approximants assume a Hamiltonian system and because no Hamiltonian system
is structurally stable, there is no reason to expect that our approach will yield useful
asymptotic results when friction is present. To the contrary, however, in one degree of
freedom settings (where everything is integrable, so approximation is not at issue), apex
return maps of the sort depicted in Figure 2 derived from Hamiltonian models have
been used to stand in for the behavior of lossy hopping [22] and juggling [33] with very
favorable physical outcomes—arguably because the short-term behaviors of the “quali-
tatively different” systems are quite similar. Abandoning formal notions of “qualitative
difference,” we take the more utilitarian approach of presenting statistical summaries
of numerical comparisons between simulated orbits (the presumed “truth”) and various
parametrically different models.
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A feeling for the nature of these results is provided by a glance at the function
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which we obtain by applying our approximation technique to the Hamiltonian vector
field,

] 0
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arising from the SLIP of Figure 1(a) forced by a spring with the potential energy function
U(qg). Here

Hoert(Cr » G Po) = [Zm[(U () — U () + Mg(ry COS(6h) — G COSGy))]

1
TAYE
T\ 2 = )
Iy 07
andé, = (1/4) g, +(3/4) rp. Additionally, the numerical subscript identifies the particular
iterate—bothjy, and fiy are defined in (2). Other notations are defined in Table 1.
Although Xy,.; is nonintegrable and the spring potentidl, is not prescribed at
all, h}; closely approximates the results of numerically integrating trajectoridsiof;
from stance bottom states (where the leg spring is maximally compressed) to flight apex
states (where the body’s vertical height is greatest) for all instances we have examined

whenU is a convex function (i.e., the spring resists compression with a nonnegative
stiffness). For example, when we take the potential function of (47),

Kk 2_|2_)2 2 _12_2 2
Urhk () = > <arccos[qr2|711|22} — arccos[q”z#zb ,

resulting from a torsional Hooke's law spring at the “knee” of the slightly more zoomor-
phic leg (see Appendix B) of Figure 8, we produce with (1) and (2) a map that takes the
cubic cell of bottom states shown in Figure 7(a) into a twisted volume of apex states sim-
ilar to that of Figure 7(b). The bottom state cube of Figure 7(a) contains leg lengths in the
range, € [0.75, 0.975]m, angular momentumin the rangg, € [1.5, 6.5] kgm?rad/s,

and spring potential energy in the rarldéry,) € [2.5, 7.5] kg m?/s?, and we shall use it
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throughout the paper as a means of comparing approximants, since it results in a typical
range of human gaits: hopping heights in the rapge [0.77, 1.74] m, forward veloc-

ities in the rangex, € [1.56, 9.26] m/s, and duty factors in the range e [0.01, 0.41],

where we assume a leg length ofrilat liftoff and a mass of 1 kg.

To characterize the quality of an approximant, suchiaswe compare its image to
the result of numerically integrating,., over this entire cube. We report the average
and maximum percent errors and the standard deviations for a number of relevant state
variables, as shown in Figure 6. We will find it convenient to report all such numerical
comparisons in a similar format throughout the paper. For instance, computing the leg
angle at liftoff, g, usinghy, incurs a mean error of.35%, with standard deviation of
1.46% and maximum error of 18%.

According to the reasoning above, we may, depending upon the application, prefer
instead oh, a less accurate approximant with a simpler closed-form representation or a
more accurate approximant involving correspondingly more complicated terms. Trading
off accuracy for functional simplicity is achieved in our approximation technique by the
iteration number of the functional composition procedure detailed in Section 4. For
example, the zeroth iterate of this procedure is given by

B m(Gr —r'b) . T
[psb(,%—g%)ﬂmw <rb>—U<ér>>] ’
A b T
ts () -
hO (q)z qeo(qr) _ pob(qr b) % (2)
U Do, (Or ) é?[pg,,(%—é)wmw(rb)—wém]
Pro () Pob 1
5 (3 - )+ oo v ]
Psp 2T +2m(U (rp) @)

and results in an approximation accuracy yielding mean errorldf%8 with standard
deviation of 374% and maximum error of 38% for gy . The approximant previously
examined,htlj, results from one application of the iterative procedure. In contrast, the
second iterate, which takes the same form as (1) except with the subscript 1 replaced
with the subscript 2 and the subscript 0 replaced with the subscript 1, results in an
approximation accuracy yielding mean error d811% with standard deviation 0f04%

and maximum error of. 01%.

1.5. Organization of the Paper

The SLIP monoped operates in two distinct dynamical phases, depending on whether it
is on the ground or in the air. Section 2 introduces the Hamiltonian dynamics of both
phases.

The first question addressed is the importance of the spring law. While virtually all
successful running robots to date have adopted the revolute-prismatic kinematics of the
SLIP monoped, biomechanists have heretofore adopted this model [5] only in analogy
to the more biologically valid revolute-revolute kinematics, the toe and knee depicted
in Figure 8. Thus, while it is straightforward to express a given spring law in one or
another set of coordinates, it is equally clear that simple expressions in one set will yield
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very complex expressions in the other, and vice versa. More fundamentally, actuation
technology in robotics is incredibly diverse, and the form and function of animal muscles
is similarly varied. We seek a mode of analysis that does not commit to any specific spring
form. Any physically interesting SLIP spring potential law must be repulsive in nature.
Thatis, its force mustincrease with increased leg compression. While a multitude of such
springs could be proposed, certain special cases yield solvable elliptic integrals in the
completely integrable setting when there is no gravity during stance (a case we referto as
the unperturbed SLIP). Might such an exemplar do a “good enough” job of capturing the
behavior of other springs? Simulation evidence presented in Section 3 demonstrates that
the particular functional form of the spring law is important, especially for predicting
guantities such as stance time and duty factor.

Motivated by this observation, we introduce a means of generating closed-form ap-
proximants for the unperturbed stance dynamicsafbitrary spring laws. This result
relies on a novel application of the Mean Value Theorem for Integrals. Simulation data
is presented for the adequacy of this approach in the unperturbed setting.

After removing the restriction on the functional form of the spring, it remains to
address the absence of gravity during stance. In most previous robotics research, gravity
has been ignored during stance, with the presumption that the spring contributes the
dominant radial force and that the angular momentum about the toe is almost constant
[22], [27], [39], [43]. Simulation results presented in Section 4 demonstrate that gravity
cannot be ignored in stance if a wide range of orbits is desired. We thus introduce
an iteration procedure, combining Picard style iterates with the Mean Value Theorem
for Integrals result of Section 3, to construct approximate solutions to the perturbed
dynamics whose accuracy and complexity grow in a controlled manner as exemplified
in equations (1) and (2). Again, simulation data is compared to establish the efficacy of
this approach.

2. The SLIP Template

2.1. Notation and Terminology

The SLIP template, depicted in Figure 1(a), is defined according to the following as-
sumptions. The leg is assumed to be a massless spring, with potentidi(Gay that
connects the toe to a point mass, at the hip. It is assumed that there are no losses
during stance or flight and that the only force acting during flight is gravity. Furthermore,

it is assumed that once on the ground the toe does not slip, effectively acting as a hinge
about which the leg is free to rotate in the sagittal plane.

The hopping cycle consists of two primary phases: the stance phase, when the foot
is on the ground, and the flight phase, when the leg is airborne. The stance phase can
be further decomposed into two subphases: compression and decompteBsion.
important events must occur during one hopping cycle: Touchdown, the moment the foot
makes contact with the ground; Bottom, the moment during stance when the robot reaches

3 A third subphase is often introduced—the thrust phase [22], [32], [43]. For purposes of this paper, it suffices
to assume that any thrust occurs instantaneously.
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Table 1. Notation used throughout the paper.

Leg Coordinates

o Leg Length
U Leg Angle from Vertical
P Radial Momentum
Po Angular Momentum
by Horizontal Position of Body
by Vertical Position of Body
Px Horizontal Momentum
py Vertical Momentum
b Cartesian Position Coordinateby[b,]"
b Cartesian Velocity Coordinatesy,, b,]
Pb Cartesian Momentum Coordinatepy[ py]”
Th [b, b]T
T*b | [b,pp]"
q Polar Position Coordinatesy[, o] "
q Polar Velocity Coordinatesy[, ¢,]"
Pq Polar Momentum Coordinatesp[, ps]"
Tq | [a.4"
T*q | [9.pg"

Bottom Parameters
Iy Leg Length at Bottom
O Leg Angle at Bottom
Pob Angular Momentum at Bottom
k Spring Constant

Liftoff Parameters
(o' Leg Length at Liftoff
(o Leg Angle at Liftoff
Pr Radial Momentum at Liftoff
Pal Angular Momentum at Liftoff
by, Forward Velocity at Liftoff
by Vertical Velocity at Liftoff
ts Stance Time

Apex Parameters
Va Apex Hopping Height

Xa Apex Forward Velocity

ts Flight Time

B Duty Factor :ﬁ
Dynamical Parameters

m Body Mass

g Acceleration due to Gravity

maximal compression and the radial momentum changes from inward to outward; Liftoff,
the moment the foot loses contact with the ground; and Apex, the moment in the flight
phase where the robot has maximum amplitude and vertical motion changes from upward
to downward.

Some further notational conventions are presented in Table 1.
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2.2. The SLIP Dynamics

The Hamiltonian vector fields for both stance and flight phases take the following form.

Stance Dynamics.Using the notation of Table 1, we can write the Hamiltonian (total
energy) in the following convenient form,

Hpert = Hunpert+ ngav’ (3)
where
1 2 P
Hunpert= % Pr + @ +U (Qr) and ngav = mMgQq COSQy.
Ir

Note thatHunpert is the sum of the kinetic and spring potential energies, wHigy is
simply the gravitational potential energy.
The vector field,)(Hunpert arising from the Hamiltoniart,npert is given by

b

Qr Bg
Go md?
=X ,p) = 2 . 4
Pr Hunpert(q p) n:)_gs _ DU(qr) ( )
Pe 0

Notice that these are the dynamics of a classic central force problem. There are two
integral invariants, and the system is completely integrable [14], [39], [44].
The vector field arising frontgay is given by

Gr 0

G | _ X

Y= XHgrav(D: P) —mgcosgp) |’ ®
A mgq sin(gg)

and when added to that of (4) destroys thesymmetry, resulting in a nonintegrable
problem.

Although (4) will be referred to as the unperturbed dynamics and (4) with the addition
of (5) as the perturbed dynamics, in contrast to traditional perturbation methods, we do
not impose the restriction that the perturbation is “sufficiently” small.

Flight Dynamics. As the leg decompresses during the stance phase, it reaches a point
where the rising hip pulls the leg off the ground and the flight phase begins. At this point
itis convenient to change from polar (stanges [q;, 9s]", Pq = [pr, ps]™) to cartesian
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(flight, b = [by, by]", pp = [px. Py]") coordinates using the following relationships:

0r Singy
b= = 6
s[(s)] |:Qr Cosqe} (6)
and®
Pp = MsDgMg' pg. )
where

_[m 0O _|m 0 __|singg 0 cosgy
MB—|: ] MQ—|:0 qu] and Dg= [cosqg —q,sinqg] (8

The monoped flies through the air as a two degree-of-freedom point mass subject to
gravity, until the leg touches down again. We assume that the leg angle at touchdown
can be freely selected in flight. For such a model, the Hamiltonian can be written as

1 2 2
He = 5 (Pi+ Py + mal. ©)
Then the vector fieldXy,, arising from the Hamiltoniartig, is given by
b x
O Xy bp=| ™ (10
px HF ] 0 .
Py —mg

3. Integrating the Unperturbed Stance Dynamics

3.1. Integration by Quadratures

Newtonian free flight dynamics (10) are readily integrable, so the only point of inquiry
concerns the stance dynamics. As mentioned above, the vectoXfigld.,, (4) cor-
responding to the unperturbed system is completely integrable—having two constants
of motion: the total energyEo = Hunpers @and the angular momenturhg. Integrating

by quadrature8,we use constarit, to give p, and this, in addition to constaiiy, to

glve pr ]

Lo

Po (Or)

LZE
pr (Gr) Pma—uwn—ﬁ}. (11)

r

4 Here, bothg, andb, are defined to be negative to the left of vertical and positive to the right, as defined in
Figure 1(a).

5 We denote the jacobian gfand all other functions by the symbbig.

6 Choosingy; as the dependent variable conforms to tradition [14, §3-5] [24, §1.3c] [44, §48], suits well the
need to leave unspecified the spring la\ig, ), and easily allows the convention of characterizing the transition
from stance to flight by the achievement of a particular leg lergths gy [22], [27], [32], [39], [43].
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With no loss of generality, we focus attention on the decompression ppase() in
this work and, therefore, select the positive square root solutiop, faNith the results
of (11), the remaining (elliptic) integrals are given by

Or O L
W () = 9b+f 259( )dp=9b+/ 0 —dp,
r, P-Pr(po I 2 [Zm(Eo _U(p) — %]2
O m O m
ts(qr) = tsb+/ P ( )dp:tsb+/ ) ldp, (12)
v " [amEo-uen - 3]

where the initial condition (the bottom state, since we are focusing on decompression) is
[rb, 6, O, peu] ". Substituting the angular momentum and the energy at bottgrs, pp
2

andEg = £ % + U(rp), we find

2m r2
Po(dr) = Pob,
, (1 1 :

Pr(Or) = | Pop r_2 - @ +2mU(rp) —U (@) |

b r

& Pob
Q(Qr)=9+/ ]_dpv
' T PRy = 2+ 2mU ) — U]
ts(Qr) = (13)

O m q
t5b+/ T Up.
o [Pfo( — 8) +2m(U (ro) — U ()]

3.2. Exact Solution for an Air Spring

While the equations of motion for the unperturbed system are integrable in the formal
mathematical sense (13), the resulting elliptic integrals are almost as opaque to the kind
of parametric insight desired in our applications as Runge-Kutta simulations would be.
Indeed, for a general spring potential, the integrals given in (13) cannot be written in
terms of elementary functions.

Whittaker [44, 8§48] exhibits a small class of spring laws for which the central force
problem can be integrated in terms of elementary functions. One in particular,

k/1 1 k
Ua(ar) > <Qr2 @ ) and  DUa(qr) el (14
offers the virtue of a “simple” closed-form solution while also providing a simplistic,
but not unreasonable, model of the compressed air spring that Raibert used in many of
his robots [22], [32], [39]. For this reason, throughout the remainder of the paper we will
refer to this spring as the Air Spring.

For this choice, the integrals of (13) can be written in terms of elementary functions as

Po(Qr) = Pob,

1
(P2, + mKI(Q2 —r2)7?
o?rg ’

Pr (ar)
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2
B (@) = Op+ Larccot[ Zrb - }
\/ Pl + mk 4 =T

2ri
tsp+ Mry, | ————. 15
sb b pgb + mk (15)

ts(ar)

In the introduction we briefly discussed the importance of the spring law. It is natural
to ask at this point whether such concern is justified. In other words, could we use the
closed-form Air Spring solution given in (15) as an approximant to the solution of the
integrated stance dynamics (13) for other spring laws?

This question is more than academic, since other spring laws appear prominently in
the running literature. For example, the familiar Hooke’s law spring is used extensively
by the biomechanists in their running studies [4], [5], [8], and it also accurately models
the springs used in Buehler's running machines [15], [31].

In an attempt to address this question, we introduce two different spring models, a
SLIP Hooke’s Law Spring,

k
UH<qr)=§<n—qr>2 and DUy (q) = —K(r — qr), (16)

and a “Torsional Hooke’s Law” pulled back from the “knee” of the revolute-revolute leg
shown in Figure 8. The potential and force law for this spring, which are derived more
thoroughly in Appendix B, are given by

k o — 1212 o —12-127\
— | arccog ————+—=| —arcco§ —————= and
2( 5[ 2415 2415
it itz
k(arccos 0 ] — arccos il D
Jamz -z 12122

To compare the Air Spring solution to those of the other springs, we numerically
integrate the unperturbed stance dynamics from botifmma=(0) to liftoff (g = qy ) for
a large number of initial (bottom) conditions for both of these Hooke’s law springs. Each
of the simulated results is compared to the solutions given by (15) for the same initial
conditions. For all the simulations shown in this paper we assumgthatl andm = 1
and select the angle at bottom to be zé&p= 0. The initial conditions are varied by
changing the leg length, angular momentum, and spring potential energy at bottom. The
data reported in Figure 3 arises from 1000 initial conditioselected from an equally

Uthk ()

17)

DUthk(Or) = —20

7 All simulations are run from the same set of initial conditions. We take as the initial conditjea®, prp = 0
(ensuring a symmetric stance) and 1000 different valugs opgp, U (rp)) selected from an equally spaced grid

of the parameter cubm, € [0.75,0.975]m, pgp € [1.5, 6.5] kg m? rad/s, andU (rp) € [0.25, 6.25] kgm?/s?.

This set of initial conditions results in a variety of gaits characterized by Wfgr but similarly for Uy
andUtHk) Ya € [0.76,1.63] m, X3 € [1.57,9.20] m/s, andB € [0.02, 0.45]. For Figures 3 and 4, which
represent the unperturbed setting, only 982 of the 1000 initial conditions are summarized in this plot. Any
initial conditions with low spring potential, large leg compression, and high angular velocity at bottom are
ignored (simultaneouslY (rp) < % kg m?/s?, rp, < 0.80m, and pyp > 2—69 kg m? rad/s) because they
correspond to gaits which are “unrealistic” due to their simultaneously high velocities and high duty factors.
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Fig. 3. Errors in liftoff and apex parameters arising from
using the closed-form solution to the unperturbed stance dy-
namics for the Air Spring (15) as a functional approximant to
the unperturbed dynamics (13) for the Air Spring, the Hooke’s
law spring, and a torsional Hooke’s law spring at the knee of
a revolute-revolute leg.

spaced grid within the cube formedkye [0.75, 0.975]m, psp, € [1.5, 6.5]kgm?rad/s,
andU (rp) € [0.25, 6.25] kg m?/s? with 6, = 0 rad. To make the comparisons as fair as
possible, the spring constant for each respective Hooke’s law spring is chosen to ensure
that the spring potential energies at bottom are eduialr) = Un (rp) = Utk (rp))-
As expected, there are no errorgin and pg, since we are considering the unperturbed
case where both energy and angular momentum are constant. However, even so, the
integrals foits andg, have maximum errofdetween 28% and 257% and mean errors
between 2% and 114%. Additionally, the apex variablegs, andx, have maximum
errors between.83% and 622% and mean errors betwee8D% and 260%, while the
duty factor shows maximum errors between728 and 25%% and mean errors between
10.1% and 141%.

Whether the errofsreported in Figure 3 are acceptable or not may depend on
the application of interest. For control applications, such as those discussed in Sec-

8 We report errors in terms of percent errors (PE), wheie = 100%. See Appendix E for

details.

9 These results are for the unperturbed dynamics. The perturbed dynamics remain nonintegrable even for the
Air Spring. Even so, simulation evidence suggests that using the “exact” solution for the Air Spring (obtained
by numerical integration) as an approximant to that of the other springs in the perturbed case yields slightly
worse results than those of Figure 3.
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tion 1.2, the addition of feedback correction may make the plant errors indicated in
Figure 3 acceptable. However, for purposes of spring law identification, these errors
may not be acceptable. Notice that in this case the errosg iand X, are reason-

ably small, but the duty factor has the highest mean errors. Since the comparison
between the springs assumes a fixed leg length, angular momentum, and spring po-
tential, these results suggest, loosely speaking, that the spring potential at bottom is a
primary factor in determining hopping height, the angular momentum at bottom is a
primary factor in determining forward speed, and the functional form of the spring is
instrumental in determining duty factor. Therefore to more accurately identify spring
laws in animal running, one would hope to have a better approximant for the duty
factor.

3.3. Approximate Solution for General Spring Law

In the introduction we have tried to motivate the utility of physically parametrized
closed-form approximations to the elliptic integrals (13), which arise from integrating
the unperturbed SLIP dynamics with a general springlagg, ). For example, in control
applications [32], the spring potential itself acts as a control input, and therefore it is
important, if possible, to maintain the explicit appearance of the spring potential in the
solutions.

The mean value theorem (MVT) for integrals states that under reasonable assumptions
on f(x) there exists a mean valug,, such that

/x fOdt= fE)x —a). (19

In this manner, we can formally write down a closed-form integral solution for the
unperturbed SLIP dynamics in which the spring law appears explicitly. Of course, the
MVT only guarantees the existence of the mean vafyelt provides no means for
computing it, and, in general, no exact method will be available. However, the strategy
is attractive and we focus our attention on the utility of a linear approximation to the
mean value functiorgy.

Specifically, in [38] we have shown

Theorem 1. Suppose f is continuous aa@, b] and g is integrable ona, b) with
g(t) > Oforallt € (a,b). Let xe (a, b]. If both

fi) —K lim —9©
t>a (t—a) t—a (t — a)s

exist and are nonzero for some constant K, some nonzero r, and soeme % with
r +s> —1, then

1. there exists &y € (a, X] such that

/ f(Hgbdt = f (&) / gbdt: (19
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2. for any such choice df,

1
_ 1 \r
lim & a:( St ) . (20)
x—a X —a r+s+1

A practical observation [38] follows immediately from this theorem.

Observation 1. If, motivated by (20), we approximagg by

1
~ s+1 r
& =a+ <m> (Xx—a) for x near a (21
and replaces, by &, in (19), we obtain an approximation scheme to the integral
X X
/ f(t)gt)dt ~ f(éx)f gtydt  for x near a (22)
a a
For the case at hand, applying Theorem 1 and Observation 1, we find
Po (k) = Pob.
, (1 1 :
@) = |Pp|3—=)+2mUr -U@))| ,
re O
. Pob (0 — I'b)
Q@) = 3 < ,
" BARRGE - B+ 2mU ) - UGN
R m(g —r
ts(qr) = (Qr o) (23)

[Pfo(E — &) +2mU () — UG )7

where under very reasonable assumptions on the spring potential (see Appendix A) we
have

A 1
Sr =TIp+ Z(qr —Ip). (24)

Beyond yielding a good approximation whenis close tary,, these approximations
are quite effective over a reasonably large portion of the parameter space. Figure 4 sum-
marizes simulation dafdor theU, Uy, andUt 1k springs. In each case the maximum
percent error is less than 12% and the mean percent error is less TRanCbmparing
with Figure 3, one sees that this Mean Value approach results in better approximants to
the Hooke’s Law case$)y, Ut 4k ) than using the Air Spring solutions (15). In partic-
ular, the maximum errors ity andqg drop from more than 23% to less thary3%,
while the mean errors drop from more thaB8% to less than.Z2%. Also the maximum
errors in duty factorg, drop from more than 23% to less than 12% and the mean errors
from more than 10% to less than 2%.

4. “Integration” of the Perturbed Stance Dynamics

Inthe previous section, we “turned off” gravity during stance, introduced a good approx-
imation method for the elliptic integrals, and exhibited a closed-form bottom-to-apex
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Fig. 4. Errors in liftoff and apex parameters arising from
using mean-value inspired approximations of (23) as a func-
tional approximant to the unperturbed dynamics (13) for the
Air Spring, the Hooke’s Law Spring, and a Torsional Hooke’s
Law Spring at the knee of a revolute-revolute leg.

map. Our choice to ignore gravity during stance is hot uncommon in the robotics lit-
erature [22], [27], [40], [43]. In these papers, this choice is made primarily to simplify
the analysis and relies upon the assumptions that the spring force dominates the grav-
itational force and that the angular momentum is nearly constant during stance. Under
such assumptions the unperturbed mapping derived in the last section should work well.

In order to test how well, we repeat the simulations of Figure 4, except in this case
we compare the results of the unperturbed MVT approximants (23) and (24) to the
simulation results of the perturbed system. The data, reported in Figure 5, arises from
1000 initial condition& selected from an equally spaced grid within the cube formed by
I € [0.75,0.975] m, pgp € [1.5, 6.5] kg n? rad/s, andU (rp) € [2.5, 7.25] kg n?/s?
with 6, = 0 rad.

In this case the maximum errors are as high as 60% and the mean errors are as high
as 20%. These are considerably worse than the results shown in Figure 4, demonstrating
that the effects of gravity cannot be ignored in general locomotion. In other words, the
general assumptions made to justify ignoring gravity in stance are not valid over a large
range of running gaits.

10 All simulations are run from the same set of initial conditions. We take as the initial conditjoasO0,
prb = O (ensuring a symmetric stance), and 1000 different valueGyofpgp, U (rp)) selected from an
equally spaced grid of the parameter cuhg,e [0.75, 0.975], psp € [1.5,6.5], andU (rp) € [2.5,7.5].
These initial conditions produce a variety of gaits characterized byJfeibut similarly forUy andUt k)
Ya € [0.76, 1.73]m, X, € [1.58, 9.34]m/s, andB € [0.02, 0.46].
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Fig. 5. Errors in liftoff and apex parameters in the approx-
imate mappings of the unperturbed system (23) when com-
pared to the “true” simulated values of the perturbed sys-
tem. Errors are computed for three springs introduced in Sec-
tion 3.2, i.e. the compressed air sprit (g ), the Hooke’s
Law Spring,Uy (¢ ), and the effective spring arising from a
Torsional Hooke’s Law Spring at the kneéy « (q).

This motivates the need for a reasoned approach to modify the unperturbed mapping
to account for the presence of gravity.

4.1. “Exact” Gravity Correction

The presence of the gravitational perturbation preserves total energy as a constant of
motion, but not angular momentum. Therefore the perturbed dynamics can be rewritten
as the following set of three coupled nonlinear differential equations,

dts m

dg &%) =

doy Po

GG pe) = 25
dg ® %P = o g (29)
dpy _ m?gq sin(g)

dg & %P = o p

with the additional constraintimposed by constant enepggolves the implicit function
H(ar, s, Pr, Ps) = Ho that we denote by

Pr (Gr, Go» Po, Ho) = HH(ar, Qo po» Ho). (26)
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For ease of exposition, introduce the following notatign= [ts, g, ps]" andz =
H~%(q, y). Notice that the explicit dependence f* on Hg has been dropped for
simplicity. Now, we can express the system of (25) and (26) as

/

y = fp(Qra yv Z)v (27)
z=H"@,y. (28)

4.2. Integration of the Perturbed System Using Unperturbed Solutions

As observed earlier, this system cannot be solved in general. However, we do have a
solution to the unperturbed system given in (13). Let these solutions be denotgd by
andzo(gy) = H™1(a, Yo).

Since these unperturbed solutions are functions solejy, ofir strategy is to substitute
these approximations into the right-hand side of (27)yf@ndz. The result is a set of
separable differential equations which can easily be written as integrals in teans of
This observation motivates the following iteration proceddrahere the unperturbed
solution is used to generate iterates that converge to the solution of the perturbed system,

Or
Youn (@) = Yo + / £2(0+ Yn(0), H™L(0. Ya(0)))dp. (29)

)

Znen (@) = H7HOr, Yo (@))- (30)

4.3. Approximate Integration of the Perturbed System: An Iterative Approach

As in the unperturbed case, we can approximate the integrals of interest using Theorem 1
and Observation 1, obtaining(q,) andZ(g,) = H (g, Yo) as shown in (23).

Using these solutions and again applying the MVT result of Section 3.3, we can write
the iteration as

Yot (@) = Yo+ fplr, 9nE), H2E, 9n (D)) (@ — b), (31)
2y () = H_l(qrvy(n+1)(Qr))~ (32)

Expressed in all its detail, the procedure appears as

~ m

f () = tsp+ — (O — '),
ST T LG Qon ), PonE))
cAl(’(n+1)(qr) = 0+ Pon(sr) (O —Ib),

érZHF;e:Ir-t(ér! q@n(ér)v ﬁ@n(é:r))
mgé; sin(Gon (&)
Hoer(Er , Gon(Er), Pon(ér))

|59(n+1)(qr) = Pob + (qr —I'p),

11 Note that the previous iterate is used to constyyety), but the current iterate is used to constrygt ).
This choice is made because it preserves constant energy for all iterates. See Appendix D for the details.
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Prnp (@) = [Zm [(U(rp) —U(ar)) + mg(ry coSbh) — G COGp ns1) ()]

2 2
+ (pLgb _ pG(n+1)(Qr)):| ’ (33)

2 2
rb qr

where in each case we figd = ry, + %(Qr —Ip) (see Appendix A).

This iteration method for generating the perturbed solution is strongly reminiscent of
Picard iterations, which are used to prove the existence and unigueness of solutions of
differential equations. This relation to Picard iterates suggests that the iteration procedure
of (31) and (32) would converge to the correct solution if the exact mean value were
known. Recall that the mean value approximations introduced in Section 3.3 are “exact”
asq, approaches,. It can be shown (see Appendix C) that under appropriate assumptions
the combination of the iteration steps and MVT approximations converges to the solution
of the perturbed dynamics fof close tory,.

There remains one difficulty. The result presented in Appendix C assumes the vec-
tor field is continuous and Lipschitz. While the original Hamiltonian system meets
all required continuity and Lipschitz conditions, the “quadrature” system, (25) and
(26), set up to integrate this Hamiltonian system does ngtis in the denominator
of equations (25) and, by definitiom, = O at the bottom point (the selected ini-
tial condition). Therefore, these equations are neither continuous nor Lipschitz on a
closed region containing the initial conditions of interest. Howevey, Hhlows up”
in a particularly nice manner ag goes torp, that is, in an integrable fashion (as
/(g — rb)%). In fact, it is exactly this property that allows the application of Theo-
rem 1 to this problem. This suggests that a similar proof may exist for the existence
and uniqueness properties of this system. We are currently pursuing such an argu-
ment.

4.4, Rate of Convergence Studies

From the perspective of engineering applications, we are concerned with finding a “good”
approximate plant model. In other words, we would like to know how many iterations

it takes to get “close enough” to the actual solution over a sufficiently large region of
interest'? In traditional Picard iterations, it is possible to place a bound on the error
between the solution and a particular iterate. However, in our case, because of the errors
introduced by violating the, close tor, assumption, we resort to simulation evidence

as in Figure 6. In these simulations, the zeroth approximant is given by the approxi-
mate solutions to the unperturbed system (23), while first and second approximants are
generated using the iteration procedure of (33). In both cases the mean value is given
by (24). These results are compared to simulation results of the perturbed system for
the same set of initial conditioHsconsidered in Figure 5. Notice that the plots show a
progression where both the maximum and mean errors are reduced for each increasing

12 |t the iteration scheme presented in (31) and (32) does not perform sufficiently for a particular application,
two alternative approximate solutions for the perturbed SLIP are presented in Appendix F.
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Fig. 6. Errors in liftoff and apex parameters in the approximate iterates of (33) when compared
to the “true” simulated values of the perturbed system: (left) zeroth iterate (unperturbed solution);
(middle) first iterate; (right) second iterate. Errors are computed for three springs introduced in
Section 3.2, i.e. the compressed air spriog(q, ), the Hooke’s Law SpringJy (q), and the
effective spring arising from a Torsional Hooke’s Law Spring at the kbeg ().

iterate. The largest maximum errors proceed from 60% for the zeroth iterate to 25% for
the first iterate to 10% for the second iterate. Similarly the largest mean errors decrease
from 20% to 7% to % as the iterates increase.

The goal of this research is to develop plant models valid over a large range of
running and hopping gaits. For this reason, it is important to test the approximation
for a sufficiently large set of bottom initial conditions. Of course, what constitutes
such a set is somewhat difficult to determine, since the meaning of the bottom coor-
dinates is not easily interpreted in our experience. The apex coordinate system, which
is specified in terms of height, velocity, and duty factor, is a much more natural set
of coordinates for interpreting gaits. Figure 7(a) is a scatter plot of the 1000 initial
bottom conditions used to generate the data of Figure 6. The resulting set of apex co-
ordinates generated from this set of bottom initial coordinates is shown in the scat-
ter plot of Figure 7(b). It is seen that the initial bottom conditions provide a rich
set of apex gaits which, when interpreted in terms of a human’s ability, include hop-
ping heights which range from barely getting off the grotirtd Michael Jordan—like
jumping, v, € [0.77, 1.74]m; forward velocities which include the the slowest run-
ner as well as those with near world-class spegds [1.56, 9.26]m/s; and duty fac-
tors which range from almost never on the ground to almost always on the ground,
B €[0.01, 0.41].

5. Conclusion

Motivated by the need for a “plant model” for robot and animal running, we propose a

relatively simple means of approximating the integral maps of a class of nonintegrable
Hamiltonian systems. By appeal to an appropriate generalization of the mean value
theorem [38], the approximants involve closed-form expressions read directly from the

13 Apex heights less than the nominal leg length ih these simulations, would require the leg to be retracted
in order to swing into position for the next touchdown.
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Fig. 7. (a) Top: Scatter Plot of the set of bottom initial conditions used to calculate the errors of the
approximation procedures presented in this section. Shown are 1000 different initial conditions
(rp, Peb, U (rp)) selected from an equally spaced grid of the parameter cpilee]0.75, 0.975]m,

Psb € [1.5, 6.5] kg n? rad/s, andU (rp) € [2.5, 7.5]kg n?/s?. (b) Bottom: Scatter Plot of the set

of apex final conditions arising from integrating the set of bottom initial conditions through the
SLIP dynamics with a Hooke’s law spring. The results are gaits which include hopping heights
in the rangey, € [0.77, 1.74]m, forward velocities in the range, € [1.56, 9.26]m/s, and duty
factors in the rang@ < [0.01, 0.41]. Simulations were run assuming a leg length of dnd a

mass of 1kg.

Hamiltonian vector field. By casting the method as an iterative procedure, we gain
reasonable control over the inevitable tradeoff between accuracy and simplicity.
Although inspired by our specific interest in the stance map arising from a simple
model of legged locomotion, the procedure can be applied to any Hamiltonian system
expressed as a sum of an integrable along with a (not necessarily small) perturbation
term. Thus we have some reason to hope that the method reported here may generalize
to a larger class of problems. Because the approximants involve exact linearization of
the mean value function at one end point of the integral, their accuracy falls off as the
desired interval of integration increases. However, we have found them quite useful in
this running work because human-sized bipeds have a single-leg stance phase which is
quite short. Conceivably, in applications where longer intervals of integration are critical,
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generalizations of this idea involving either higher order estimates of the mean value
function or subdivisions of the integration range into shorter constituent intervals may
work effectively.

Appendix A. Derivation of the Mean Value Function Approximant, &,

Begin by considering th(q; ) integral for the perturbed case. In (19) choose

gts(qr) =1

and
m

fts(qr) = 1-
[(Z = Z) + 2m( r) - U (@) + m(rs coséh) — ¢ cos@)))]

In this cases, = 0. ChooseK = 0. Then by Theorem 1 we seek such that the
following limit exists and is nonzero:

. f . m(g, — rp) s 2)
lim @) _ lim @ — o) —. (39
a—ro (G —rp)s  G—Tp 2. 02 1
[(%f >+2m((U<rb) U (ar))+mg(rp cos6h) —0 coaqe)»]
b r
(@ —rb)
Selectry, = —%. The numerator of (34) simplifies to, and the question reduces to

whether the following limit exists and is honzero,

[(% — Z) + 2m(U 1) — U (@) + ma(rs coséb) — & cos@)))]
G —Tp (@ — o) .

Straightforward evaluation of this limit giv# Applying L'Hospital’s rule and sub-
stituting the results of equation (25), we find

(35

[(% = ) +2m(Ury) = U (@) + mgry cosith) — o cosa)))]

lim
=T @ —rp)
o [2p2 2
= qIlmrb —pf -k p9 —2mDU(q) + 2m?g(g d) Sin(gy) — coiq@))]
F— r r
- [2pF 2psmPgsin(gp) ) ( P )}
= lim | —+ - ————> —2mDU + 2m ——sin — CO
am, | r3 4D (o) g 3D Qo) )
= qIimr p9 —2mDU(q) — 2m gcos(qg):| (36)
r—Ib L I‘

This limit exists and is nonzero under very reasonable assumptiobga@n, namely
that DU (rp) exists and

DU () # 5 p“’ — mgcosh. @37
b
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In this case, substitutings ands, into (21) yields (24). The result is shown similarly
for gy (gr) and ps (o).
Note from (4) and (5) that the excepti@J (rp) = p"b —mgcosty, impliesp; (rp) =

0. Recall also that, is defined such that, (r,) = 0. For the unperturbed casg £ 0)
in which angular momentum is constant, it can be shown that this condition implies
dr (g-) = 0. In other words, for the unperturbed case, the physical interpretation of this
exception is that the SLIP is acting as a stiff pendulum. That is, the leg is spinning about
the “toe” at a constant angular velocity with no change in leg length.

The physical interpretation is not so clear in the perturbed case. However, one can
easily see that the set of bottom conditions for which (37) is violated will be a “thin” set
and therefore unlikely to occur.

Appendix B. SLSK Leg

While bearing strong resemblance to the physical construction of many running robots
[32], [15], the SLIP leg bears little resemblance to animal legs, since they generally have
revolute, not prismatic, joints.

To begin to make the connection to more biologically plausible models, we introduce
the simplest physical correlate, the revolute-revolute leg with a spring at the knee, shown
in Figure 8. This leg will be referred to as the SLSK (Spring-Loaded Small Knee) leg.
In the case of negligible leg (knee) mass, there is a change of coordinates—an isometry,
in fact—between the SLIP and SLSK leg motidfis.

As Figure 8 suggests, for any SLSK spring, there is awell-defined SLIP spring and vice
versa (the two are related, of course, through the transposed jacobian of the isometry),
such that SLSK motion from any initial condition can be read off the motion of the
SLIP mapped back through the isometry (assuming appropriately chosen SLIP initial
conditions). Since all properties of interest are invariant under change of coordinates,
and since the isometry can be written in closed form, it follows that we can derive the
same insights from either leg model.

B.1. SLSK/SLIP Isometry

Because each of the coordinate systems (SLSK, SLIP) may be useful, we introduce the
following maps between therb,= g(q) = g(q), where

G- sings
_ 38
9@ [qr Cosqe} 38
and
- I, cosqy, + |2 cos@y, + Ty,)
_ 05, TOWMe T Me) | 39
g( ) |:|]_S|nq01 + |ZSIn(q01 + QGZ) ( )

14 To be exact, the isometry breaks at the critical points (straight leg and doubled over leg), reflecting the fact
that the torus is a double cover of the punctured disk—see Appendix B.1 for details. It should be intuitively
clear, however, that monoped legs will not operate anywhere near these critical points.
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Fig. 8. The spring-loaded
inverted pendulum (SLIP)
monoped is dynamically
equivalent to the SLSK mono-
ped when there is no mass as
the knee iy = 0).

Let the pair(X, My) represent the spack endowed with the metridvy, which
defines a norm (the kinetic energy) on the tangent space at each PpaintWe will
representMy as a matrix, but it should be understood thatXgre X, the metric is
applied to the tangent vector, € T A}, in the following mannen'(g M Xp/2.

In this work, we will find it advantageous to consider the metric spad@sivig),
(Q, Mg), and(Q, Mg), where

1 0
My = m[o 1], (40)
Mg = mDqg' Dqg
_ m[l 02} (41)
0 o
and
B 12412 + 2l4l,cos0y, 12+ 14, cosq),
- 12 + 111, cos, 12 :

By construction the magg (Q, M) — (B, M) andg: (Q, ME) — (B, Mp) are
isometries. Therefore the mapl o g: (Q, Mg) = (Q, Mo),

12+ 13 + 2111, cost,,
I sinﬁ(,2 i| > (43)

124124241, cosqy,

h:= gil og=
—Q,, + arcco

557



558 W. J. Schwind and D. E. Koditschek

is an isometry.

Inthe case that all the mass is concentrated at therhjp=( 0), the metrics introduced
above are exactly the kinetic energy. In this case, the Lagrangian vector field correspond-
ing to the SLSK dynamicd, g, can then be given in terms of the Lagrangian vector field
corresponding to the SLIP dynamids,, and the change of coordinatés as

Lg=D(Th™YoLqoTh, (44)

whereT h denotes the tangent map lof

B.2. Torsional Spring at the Knee of SLSK Leg

Consider a Torsional Hooke’s Law Spring in the knee of the SLSK model given by
Utk (@, = &(@,, — Ty,)% Consequently,

DUTH(@,) = k@, — Ty,1). (45

where
2 _ |2 _ |2
T, = arcco il Sl ) )
2415

The equivalent SLIP spring law is given by

DUrhk = [1,0]Dgh™*T[0, DUt oh 7

gk (arccos[ qg;j;l;] - afCCOS[ qﬁ;j; |§]) (46)
r \/4|§l§—(qr2—'f—'§)2 |

The spring potential in this case is given by

Urhk = Urpoh™t
k 97 —1f 13 gi — 1115 ’
= - X 1 2 o1 2 47
2<arccos[ 0, arcco 20, 47)

Appendix C. Picard Iterations

C.1. Existence and Uniqueness Theorems

For studying the existence and uniqueness of differential equations, one of the simplest
resultsis the Picard-Lindef Theorem [18], [41] shown below. There are, of course, other
theorems that can be used, but Picard-Lintle#s the additional advantage of providing

in its proof a method for constructing a solution to the equations—the successive Picard
iterations.

Theorem 2. Letf(x,y) be continuous and Lipschitzon® < X < Xp+a, [y—Yo| < b.
There exists a number i 0 with the property that the initial value problem

y="1xy  yx)=Yo (48)
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has one and only one solution,zy y(x), on the intervalx — xo| < h.
This theorem is proved by showing that the sequence of functias), defined by

Yo(X) = Yo,
Yo(¥) = Yo+ / F(t, yoa (D), (49)

converges to a functiog(x), which is a continuous solution of (48) and furthermore,
the only continuous solution.

Note 1. The proof will also go through for any initial iteratg,(x), which is continuous
on R. In our applications, we use the solution to the unperturbed system as the initial
iterate.

C.2. Existence and Uniqueness of Mean Value Approximant for Perturbed System

In this section, we demonstrate that the approximate Picard iterations (where each Picard
iterate is evaluated using the mean value approximations of Section 3.3) converge to a
solutiony which is the unique continuous solution to (50) in the limitxaapproaches

Xo. In our applications, the approximant to the mean value will be the same for each
iterate. We will demonstrate the result in this case.

Theorem 3. Let fy(x,y) and f,(X,y) be continuous on Rxg < X < Xp + &,
ly — Yol < b, and furthermore let f(x, y) be Lipschitz on R. There exists a number
h > 0 with the property that the initial value problem

y =Xy  y)=Yo (50)

has one and only one solution,=y y(x), on the intervalx — Xo| < h. Moreover, the
sequence of functions

Jo(X) = Yo+ fulx, Yo)(X — Xo),
9n(X) = Yo+ fp(éx’ )A/nfl(éx))(x — Xo), (51)

converges to §x) as x approachesgx

Proof. Since bothf, and f, are continuous oR, a closed and bounded set, there exists
an M such that both

Iful<M and [fp] <M. (52
Furthermore, sincé, is Lipschitz onR, there exists & such that
[ fp(X, y1) = fp(X, y2)| < K(ly1 = yal) (53

for all (x, y1) and(x, y») in R.
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Now, selecth such that both
Kh<1 (54
and
R cR where R ={(X,y)|[X—X|=<h,|y—yol < Mhj. (55

To prove this theorem, it is necessary to show (i) the solution to (50) exists and is
unique, (ii) the sequence of functiofigconverges uniformly to a functiofy, and (iii) ¥
converges ty(x) for x close toxg.

In this case, (i) follows from traditional Picard-Lindéliesults [18], [41]. Now we
turn our attention to (ii).

Claim 1. Each iteratg), liesinR'.

By definition (xo, Yo) C R'. Afjditionally, if (X, Yo) C R, then(éx, Vo) C R.
As defined Yo (X) = Yo + fu(éx, Yo)(X — Xo). It follows that

1900¢) — Yol = | fulEx» Yo) (X — Xo)|
|fu(€x»y0)||X_XO|
< Mh. (56)

So,%(x) C R.
Now assuméi,_1(x) C R'. A A
Then, sincef(X) = Yo + fp(éx, Jn-1(6x)) (X — Xo), we have

190 (X) — Yol = | fp(Exs $n-1)(X — X0)|
| fo(Ex, Jn_1)11X — Xol
< Mh. (57)

It follows that ¥, (x) € R'. Therefore, by induction Claim 1 is true.
Showing that the sequengg(x) converges is identical to showing the convergence
of the sum

By = F00X) + Y _[$n00 = Jn_1(X)], (58)
n=1

since by definition the'" partial sum is equal t§; ().

Since f, and f,, are both continuous oR, it follows that §(x) andy1(x) are both
continuous orR, and consequently th&t (x) — Yo(X) is continuous orR'. SinceR' is
a closed and bounded set, there exista anch that

a = max|y1(x) — Jo(x)!. (59

Claim 2. Forx € R, |¥h11(X) — ¥a(X)| < a(Kh)".
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Clearly by definition ofa, this is true fom = 0.
Assume thaty,(x) — Jn_1(x)| < a(Kh)™=D and considef¥n1(X) — Jn(X)],

19010 — a1 = 1(Fp(Ex, n(E)) — FplEx, Tn-1(Ex))) (X — Xo)
| fo(Ex, In(Ex)) — TplExs In-1(ENII(X — X0)

< K9n(E) — Jn-1E)(X — Xo)|
< K@Kh"Hh
< a(Kh". (60)

Thus, Claim 2 is shown by induction.
Each term in the seriexsy is less than or equal to each corresponding term in the
series

4 - n—1
| maxo(x)| + ) a(Kh)™, (6)

n=1

which converges by assumption (54). ConsequeBtjyconverges uniformly to a func-
tion y(x) [35]. It follows by definition of Xy that the sequence of functiong(x)
converges uniformly tg(x), proving (ii).

It remains to show (iii). We will demonstrate this by showing thét) is the unique
continuous solution to (50) asapproachegg. Equivalently, this can be stated as

tim (500 =30 [ tact. 5nat) =0 62

By definition

In(X) — Yo — Fp(Ex, Yn-1(Ex))(X — Xo) = 0. (63)
Therefore,

00 — yo — / fo(t, YAt = J(X) = Jn (0 + fp(Exs Ya-1(E) (X — X0)
— /X: fo(t, y(t))dt. (64)
Letting the mean value of, be given byé,, we have
500 0= [ 1ot 90t = 900 = o)

+ (fplExs In-1(Ex)) — Tp(Ex, 9(E))) (X—X0).  (65)

Taking the absolute value on each side and using the triangle inequality, we find

'wx) o [ttt 9<t>>dt\

<1900 = $n O] + | foExs In1(E0)) — FplExs TEDIIX — Xol
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< 1900 = $n ()] + | FpEx, In-1(6)) — Fplx, FEIIX — Xol
+ oy, 9E0) — FplExs 9(EIIX — Xol
< 1900 = (0] + K9n-1E) — JEIIX — ol
+ | foléx, 9E0) — Tp(Ex, JEDIIX — Xol. (66)

By uniform convergence, the first two terms can be chosen arbitrarily small by simply
selectingn large enough. The last term represents the error between the exact integral
and its mean value approximant. By Theorem 1 it can also be made arbitrarily small by
letting X approachxy. Therefore, the right-hand side and, consequently, the left-hand
side go to zero as grows large anc becomes sufficiently close t, implying that
y(X) is the solution to (50) in the limit. O

Appendix D. Iteration Order—Does It Matter?

Since thisiteration procedure is being used to “solve” a Hamiltonian system, itis desirable
for each iteration step to preserve the constant of motibes; 0.
Consider the general Hamiltonian systdfty, z), wherey andz represent a partic-
ular partition of the state. Sindd is constant, assumé (y, z) = Eq. Letz = H™1(y)
be defined such that (y, H1(y)) = Eo. Then cIearIyd%w =0.
Consider the iterative approach,

t
Yin+1) YO+/ f (Yn, Zo)d7,

to
Znin = H Vs (67)
In this case the energy of thia + 1)!" iterate is given by

Hinty = HYn+1), Zntr)
= H(Yon1, H ' Vi)
= Eo. (68)
Hence the iteration scheme given in (67), in which the new iteratg f@formed using
the old iterates foy andz and the new iterate faris formed using the new iterate gf

is conservative.
However, the following iteration scheme,

t
Yin+y = YO+/ f (Yn, zo)d7,

to
Znsy = H ™M), (69)

in which each iterate is defined using only the previous iterate, is not conservative; that
is, each iterate does not maintain the Hamiltonian propétty- 0. In particular, the
energy of then + 1)!" iterate is given by

Hinty = HY0+1), Znt)
= H(n+n, H ), (70)
which in general will not be equal tBy.
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The above derivation suggests that the key determinant of the conservative nature of
the iteration procedure is whether any old iterates are used in the construczigm pf
If so, the iteration scheme is not conservative.

The “accelerated” iteration scheme (74) treats each iteration in a sequential manner
and uses the most recent approximant in each successive step of the current iterate. By
assigningp;,(ar) = Hp—e}t(qr, Gon—1)(ar ), Pon(ar)), it violates the principle discussed
above, implying thaH = 0. Nevertheless, this accelerated approach may prove useful
because it was found to produce better mean errors after one iteration than the other
approaches presented in Appendix F.

Appendix E. Approximation Error Data Collection Process

This appendix details the simulation procedure used to obtain the data presented in
Figures 6 and 9. All simulations are run in Mathematica and are done for the same set
of initial conditions.

For these figures, initial conditions are taken in bottom coordinates and are selected
to guarantee a symmetric stanég= 0, prp, = 0. It should be noted that the restriction
to a symmetric stance is for convenience and is not required for the approximation
strategy presented in Section 4. In this work, initial conditions are selected from a
cube of the fornr, € [0.75,0.975] m, pgp, € [1.5,6.5] kg n? rad/s, andU (rp) €
[2.5, 7.5] kg n?/s? for the perturbed casé.To explore this cube, ten equally spaced
points in each interval are selected, yielding the 1000 point grid of initial conditions
shown in Figure 7(a).

The SLIP stance dynamics are numerically integrated using Mathematica’s NDSolve
routine condition. In each case, the liftoff condition is chosegas- 1m, and the time
at which this occurs is obtained numerically using the Mathematica’s FindRoot routine.
Various liftoff (time, angle, radial and angular momentum) and apex (hopping height,
velocity, and duty factor) parameters are read off from these numerical solutions and
compared to their appropriate counterpart generated using the approximation method of
Section 4. The comparison is undertaken in terms of the percent error (PE), shown here
for the case of the apex hopping height,

PE = 100/ Y2~ Yalz. (71)
I Yall2

After computing these errors for each initial condition, the mean and maximum

percent errors are calculated as shown below and reported in the figures.

1 N
MeanP E= Z PE (72
i=1
and
MaxPE = mh;c\xPEi. (73

15 For the unperturbed case, the cube of initial conditions is selected as [0.75,0.975] m, ppp €
[1.5, 6.5] kg n? rad/s, andU (rp) € [0.25, 6.25] kg nmP/s?.
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Appendix F. Alternate “Simple” Solutions

For applications it will be desirable to generate sufficiently good approximants in a min-
imum number of steps, since each increasing iterate increases in functional complexity.
A larger number of iterates may be acceptable for spring identification because it pri-
marily involves evaluation of the functions and their derivatives. Since the iterates are
constructed by a number of function compositions, both the iterates and the derivatives
will have a reasonable amount of structure and will be “easy” to evaluate numerically.

For purposes of control, where parametric insight is necessary to achieve the de-
sired control objectives, more than one iterate may not be feasible. In addition to being
tractable analytically, it is also required that the iterate give “sufficiently” small errors.
In this light, it may prove useful, for applications purposes, to generate a first iterate
which is “better” than (33). We propose two alternative solutions. One is “better” in
that is generates smaller mean errors, and the other is better in that it is analytically
simpler.

The first approach is an “accelerated” iteration method. It is motivated by a consid-
eration of the effects of reintroducing gravity during stance. There are two major effects
of the gravitational perturbation during stance. The first is that angular momentum is no
longer constant. The second is that while total energy is still constant, its functional form
changes fronHynpert to Hpert.

“Accelerated” lterate. The idea in the accelerated iteration is to first account for the
presence of gravity by modifying, andp; and then use these solutions to genegyatend

ts. This strategy is shown in (74). We begin by correctpgThat is, we first generate the
iterate iy, using the unperturbed solutiodlyo(q;) and pro(0r) = Hlﬁ,en(qr, Poo(ar)).
Then this updated approximar,, along with the old approximant fdy, o(q ) is used

to adjust the total energy b ,(q;) = H,;e}t(qr, Goo(dr) Pe1(ar)). Having adjustedy,

and py to account for gravity, we use these solutions to generati tte ) andds,(q;)
iterates, resulting in

m2gé sin(Gso(&))
H&%ert(ér» p@o(gr))
Pri() = Hoen(@r. Goo(ah). Por(ah))

Pob + @ —Tp),

Po1(0r)

[Zm [(U(rb) — U (ar)) + mg(rp cos(p) — G cosGoo(th)))]

(PR Pei(@) :
r2 9?7 ’

~ m
ts1(Qr) = tsp+ — (O —'p),

A

ri r

po1(Er)
O+ ————=— (O —Tp). (74)
T E2paG) °

We call this approach “accelerated” because the most recent updafies ford p; ;

Go1(ar)
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are used inthe generation of the other iterates. This has the disadvantage of not preserving
energy, since the updaf®, (g, ) is constructed usin@,, andqy, (see Appendix D).

Linearized Perturbation. The second approach is not an iteration scheme, but rather
the solution to a problem somewhere between the perturbed and unperturbed solution.
In this solution we linearize the gravitational perturbation abut= 0. Then the
Hamiltonian becomes

Hmod = Hunpert+ Hiin, (79
where
1 2 P
Hunpert: % pr + ? + U(Qr) and Hiin = magq.
r

Then the vector fieIdmeod, arising from the Hamiltoniartimog, is given by

Or [
Uo m?
Tl =X P = 2 76
PI’ Hmod(q p) n:)_gf _puU (qr) _ mg ( )
Pe 0

Notice that these also are the dynamics of a central force problem, albeit slightly
different from those in (4). As such, we can write down the integrals and apply the MVT
as before. The results are

Po(Qr) = Pob,

1

1 1 2
Pr(@) = [pgb (r_2 - @> + 2m((U (rp) — U (ar)) — mg(ar — rb)):| ,

b r

Qo Q) = Pob (G — ')
2P — &)+ 2m(U () — U G) — mg(é —ru)]?
) = G o) 7)

[PF( — ) +2m((U ) — U ) — ma(r — )]

This approximate solution is the simplest—it is not even an iterate, but rather the
solution to a modified central force problem. However, this solution is possible only
because of constant angular momentum in the central force problem. Hence is it farther
from the physical reality of the perturbed problem than the iterations of (33) and (74)
which account for changes in angular momentum.

Figure 9 shows the errors arising from these three different “simple” solutfons.
The data in this figure reveals no clear cut winner—there seems to be a tradeoff in
performance between certain parameters. For example, both the accelerated and the
linearized perturbation do better than the unaccelerated iterate dgr y,, andg while
doing worse forp,, ps, andX,. Even so, the accelerated iterate appears to do better on
average. That is, while some of the maximum errors may be higher, the mean errors are
roughly the same or better than the other two. However this comes at the cost of a slight
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Fig. 9. Errors in liftoff and apex parameters in the approximate iterates when compared to the
“true” simulated values of the perturbed system: (left) first iterate (unaccelerated, conservative)
(33); (middle) first iterate (accelerated, not conservative) (74); (right) Modified central force solu-
tion (linearized perturbation) (77). Errors are computed for three springs introduced in Section 3.2,
i.e. the compressed air sprirflda (g ), the Hooke’s Law SprindJ (o ), and the effective spring
arising from a Torsional Hooke'’s Law Spring at the knde k (o).

increase in functional complexity. On the other hand, while the linearized perturbation
approach has some of the worst maximum ertbitsoffers the simplest functional form.
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