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Abstract

The optimal trajectory with respect to some metric for
a system with a discrete set of controls may require very
many switches between controls, or even infinitely many,
a phenomenon called chattering; this can be problematic
for existing motion planning algorithms that plan using a
finite set of motion primitives. One remedy is to add some
penalty for switching between controls. This paper explores
the implications of this switching cost for optimal trajecto-
ries, using kinematic rigid bodies in the plane (which have
been studied extensively in the cost-free-switch model) as
an example system. Blatt’s Indifference Principle (BIP) is
used to derive necessary conditions on optimal trajectories;
Lipschitzian optimization techniques together with an A*
search yield an algorithm for finding trajectories that can

arbitrarily approximate the optimal trajectories.

1. Introduction

Consider the following problem. A mover would like to
move a heavy park bench (modeled as a line segment) from
one location and orientation to another, as efficiently as pos-
sible. Since the bench is heavy and there is only one mover,
the bench can only be moved by lifting one end and rotating
the bench around the end that is still on the ground, with

rotational velocity of +1. We wish to find a sequence of
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(a) Costly-switch model with switch cost 1

(b) Chattering

Fig. 1. Trajectories for a bench starting at (-4, 0, 0). When the
switch cost is one, the optimal trajectory takes 5 actions, shown on
the top. However, if there is no switch cost, by increasing number
of actions, it is always possible to create a faster trajectory, shown
on the bottom.

durations and directions of rotations that bring the bench to
the final configuration, while minimizing the total time of
the trajectory (computed as the sum of the absolute values
of the angles rotated through). This problem is very related
to the Reeds-Shepp problem of finding the shortest path for
a steered car ([25]), but with only four discrete controls.
For some configurations (moving the bench in a straight
line), there exists no optimal trajectory with a finite number
of actions: for any trajectory with finitely many switches,
there is a faster trajectory with more switches, a phenomenon
called chattering, see Figure 1. When chattering occurs, the
bench mover is required to run back and forth between ends
of the bench infinitely many times, rotating the bench by an

infinitely small angle, see Figure 1.
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The chattering phenomenon is a fundamental problem in
robot motion planning. Sussmann showed that an extension
of the well-known Dubins car ([12]) to include bounds on
angular acceleration leads to chattering ([30]). Desaulniers
showed that chattering may occur if there are obstacles in
the environment, even for Reeds-Shepp car that are well-
behaved without obstacles ([11]).

One might argue that a motion planner does not need to find
an optimal trajectory, and that it suffices to find a trajectory
that is “good enough”. This is perhaps true, but systems that
chatter also tend to expose weaknesses in the model that may
not have been immediately apparent. A trajectory with very
many turns is in fact quite bad for the bench mover, even if
it is “short" in configuration space.

Choosing a set of primitive controls is a required first
step for many general-purpose approaches to non-holonomic
motion planning, including, for example, RRT-type motion
planners ([15]). A natural, although certainly imperfect,
approach to avoiding a very large number of discontinuous
switches between discrete controls is to charge a fixed cost
for switches; this approach has been used in practice at least
as far back as ([4, 29]). This fixed cost both avoids chatter-
ing, and penalizes otherwise un-modeled costs (such as the
cost of wearing out a switching mechanism, or the time cost
of running between ends in the bench mover’s problem).

However, the implications of switching costs for optimal
trajectories have perhaps not been thoroughly explored. In
this paper, we limit the choice of controls to certain motion
primitives. With this set of primitives, we associate with each
pair of switch of controls a predetermined fixed cost. This
predetermined cost may be suggested naturally by the design
of the robot (for example, time cost of running between ends
of a bench), or may be selected more arbitrarily to indicate
a user preference for trajectories with fewer switches.

In order to make the consideration of switching costs
more concrete, this paper focuses on time-optimal trajec-
tories of kinematic rigid bodies in the plane. Rigid bodies
are building blocks for many models of robotic locomo-
tion or manipulation systems, and the time-optimal trajec-
tories for the case when switching costs are zero are already
well-understood [13].

A trajectory is defined by an initial configuration, and a
sequence of motion primitives, each executed for some par-

ticular duration. We can view the optimal control problem as

having two parts: selecting a sequence of primitives (the dis-
crete structure of the trajectory), and choosing each duration
(from a continuous interval).

For the problem of finding time-optimal trajectories of
the cost-free-switch model studied in [13], Pontryagin’s
Maximum Principle (PMP, [24]) was shown to give strong
necessary conditions on both the discrete structure and con-
tinuous durations of optimal trajectories. A related principle,
Blatt’s Indifference Principle (BIP), demonstrates existence
of optimal trajectories for the costly-switch model, and also
gives necessary conditions. However, the necessary condi-
tions derived using Blatt’s Indifference Principle are weaker
than those given by Pontryagin’s Maximum Principle, and
although they tell us much about the continuous dura-
tions along trajectories, they do not constrain the discrete
structures as strongly.

After deriving certain necessary conditions using BIP, we
then work through an example of applying these neces-
sary conditions directly to analyze time-optimal trajectories
for the relatively simple bench-mover’s problem described
above. However, due to the lack of constraints on trajectory
structures, it appears very difficult to find similarly strong
analytical results for more complicated systems, including
other kinematic planar rigid bodies.

To attack the problem of finding optimal trajectories for
kinematic planar rigid bodies with a specified set of primi-
tives, we use BIP to classify trajectories into several types,
which will be described later. For all but one of these classes,
durations can be computed exactly, and we use an A* to
search over trajectory structures. For the last remaining class,
we show that Lipschitzian optimization techniques can be
used to find good numerical approximations for the dura-
tions, while applying a different A* search over trajectory
structures.

Although we believe that this work represents an interest-
ing new exploration the connection between motion plan-
ning and optimal control, we admit that the algorithmic
techniques presented in this paper suffer from some limi-
tations. Many of these limitations do suggest rich problems
for future study.

The focus on kinematic planar rigid-bodies with a time
metric is limiting. Extending work on cost-free-switch mod-
els beyond simple systems or simple metrics using PMP

has proved challenging, because the optimal trajectories for



more complex systems may not be easy to describe ana-
lytically. However, choosing discrete (perhaps piecewise-
constant) controls with a cost of switching ensures that
optimal trajectories are describable by recognizable func-
tions, and we believe the current techniques (particularly
including application of Karush-Kuhn-Tucker conditions,
which do not require integration of an adjoint vector) could
be extended to more interesting systems.

Similarly, the current paper does not consider obstacles —
but we do not believe this is a fundamental limitation. [13]
has shown that optimal trajectories certainly exist for strictly
positive switching costs even in the presence of obstacles
(this not necessarily true for the cost-free-switch model),
and although BIP has not been extended to allow for state
constraints, we believe that it could be.

Perhaps the main limitation of the algorithms in this paper
is computational cost. Due to the relative weakness of BIP
w.r.t. PMP, the number of sequences of primitives gener-
ated in the algorithm may be exponential in the number of
primitives, while they are only polynomial for the cost-free-
switch model. Furthermore, the number of of sequences of
primitives generated in the algorithm will increase when
the cost of switch decreases. Hence, finding approximate
optimal trajectories with many primitives is computationally
infeasible by this method and we only use simple systems
to demonstrate our technique in this paper. We believe that
good heuristics for the A* search over discrete trajectory

structures may ameliorate this issue.

1.1. Model and Notation

We use ¢ to denote a configuration of the system and use u
to denote a control in the control space U, which contains
finite number of primitives.

At a configuration ¢, if we apply a control u, the instan-
taneous configuration space velocity can be expressed as
a function f, such that ¢ = f(q,u). A trajectory can be
represented as a pair of sequences (u,t) with the initial
configuration g5, where u € U™ is a sequence of controls
and t € RY is a sequence of durations. When the initial
configuration is clear from the text, we use (u, t) to denote
a trajectory.

We model the cost of control switches as a function C' :

U x U — R4 that depends on the control applied before

and the control applied after. Furthermore, we assume that
for any three controls u,, up, and u., the cost of switching
satisfies the triangle inequality, C(ugq, up) + C(up, +ue) >
C(uq, u.), to ensure that switching from u,, to u,. directly is
always faster than switching to u, through other intermediate
controls. The cost of a trajectory is the summation of all
durations and all switch costs of a trajectory.

Problem statement: given a start configuration ¢, a final
configuration ¢y, a finite control set U, and a cost function
C, find a trajectory (u,t) with minimum cost, connecting

Qs 10 gy.

1.2. Related Work

For some models of mobile robots in the plane, optimal
trajectories can be found analytically, including Dubins
car([12, 10] and Reeds-Shepp car([25, 31, 28]). We and
many other researchers have tried to generalize techniques,
typically based on Pontryagin’s Maximum Principle ([24]),
aiming to gain a greater understanding of optimal motion for
mobile robots, including differential-drive ([26, 8, 7, 3, 27]),
omni-directional vehicle ([2, 33]),and others([9, 1]). How-
ever, we are aware of little work in the robotics community
providing strong results on optimal trajectories with a cost
of switches; a notable exception is work by Stewart using a
dynamic-programming approach to find optimal trajectories
with a costly-switch model([29]).

The problem of costly switches has been studied in the
optimal control community with results dating back as far as
the 1970s. One of the most powerful tools for solving optimal
control problems, Pontryagin’s Maximum Principle (PMP),
does not appear to be the right tool to characterize optimal
trajectories in the costly-switch model due to the disconti-
nuity with respect to time in the control and cost functions
([24]). In [6], Blatt proposed a model in which the control
set contains certain primitives (a discrete set of actions), and
there is some fixed cost associated with switching between
controls. Blatt characterized a set of necessary conditions for
optimal trajectories under this model; these necessary condi-
tions are known as Blatt’s Indifference Principle (BIP). Blatt
showed that optimal trajectories always exist and the num-
ber of actions must be finite. Blatt’s necessary conditions are

similar to, but weaker than, those provided by PMP; using
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BIP to solve an optimal control problem is more challeng-
ing than using PMP in the cost-free-switch model. In Blatt’s
model, the control set is a discrete set, but other models have
been proposed ([21, 14, 20]).

Although the costly-switch model was proposed in the
’70s, no algorithms for finding optimal trajectories in costly-
switch model were proposed until the *90s ([32, 29]); several
algorithms have been developed recently ([17, 34]). These
recent approaches are based on approximating the control
function as a piecewise-constant functions, and applying
global optimization techniques to find optimal solutions.
These algorithms converge to optimal solutions as the num-
ber of iterations approaches infinity, but cannot guarantee
a bound of error within finite time. In this paper, we pro-
vide a stronger result for a particular system; the algorithm
presented in this paper guarantees a bound of error within
finite time, for the restricted problem of finding optimal
trajectories of rigid bodies in the plane.

2. Mathematical Background

In this section, we review two mathematical tools for optimal
control and non-linear programming: Blatt’s Indifference
Principle ([6]) and Karuhn-Kush-Tucker conditions.

For the rigid-body system studied in this paper, the Indif-
ference Principle is sufficient. However, it is interesting that
once a particular sequence of discrete, constant controls
have been selected for a trajectory, the problem of select-
ing durations for each control is simply a finite constrained
non-linear optimization problem for which KKT may be
applied. Although we have used both approaches to derive
similar results, the KKT approach is simpler in that it does
not require the analytical integration of an adjoint vector —

it is for this reason that we present both approaches.

2.1. Blatt’s Indifference Principle

For the costly-switch model, BIP provides a set of necessary
conditions for optimal trajectories for any finite dimension
configuration space with finite control set ([6]). The configu-
ration and control over time of an optimal trajectory (u*, t*)
from a configuration ¢, can be represented as two functions
q*(t) and u*(t), where ¢*(t) and u*(¢) are the configuration
of the robot and the control at time ¢ respectively. BIP states
that:

1 There exists a continuous adjoint function A(t), which is
non-trivial.
2The adjoint function satisfies

% _ 8%H(A(t),q*(lt),u*(t))

where H is the Hamiltonian, which is the product of the
velocity in the world frame and the adjoint function.
3 At the time £ of switching control u to v/, the Hamiltonian

is indifferent to both u and v’:
HA(®),q"(8),u) = HA®), ¢*(),uw), (1)

and the Hamiltonian function is a positive constant along

the trajectory.

For the cost-free-switch model, PMP also provides a set
of necessary conditions on optimal trajectories, which has
the same first two conditions, and different third condi-
tion: the control u*(¢) maximizes the Hamiltonian along

the trajectory.

2.2. Karush-Kuhn-Tucker Conditions

Karush-Kuhn-Tucker Conditions provides a set of neces-
sary conditions for optimal solutions ([5]) of constrained
non-linear optimization problems. Consider a non-linear

optimization problem as follows

minimize f(x)

subjectto ¢(z) =0
0

re€R™ withf:R" >R, q: R" - R™,
and g : R™ — RP differentiable.

The Karush-Kuhn-Tucker conditions are: If Z is a local
minimum and satisfies LICQ, then there exists A € R™ and
1 € RP, such that

IVf(&)+A-Vq() +p- V()

2u > 0.

3u-g(z) =0.

In order for these conditions to hold, certain constraint

0.

qualification conditions must be satisfied; since the pri-
mary focus of this paper is on BIP, we omit discussion

of constraint qualification.
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We also can derive the same result by applying KKT con-
ditions (assuming constraint qualification holds), by fixing
the sequence of controls in a trajectory, and showing that
because the sequence is arbitrary, the result holds across
all trajectory structures. The variables k., k,, and kg are
Lagrange multipliers from the KKT conditions; in Blatt’s
indifference principle, they arise as constants of integration.

(b) Costly-switch model with A trajectory (u,t) is called extremal if there exist four

(a) Cost-free-switch model.  switch cost 1.

Fig. 2. Trajectories for an omni-directional vehicle starting at (-3,
-1, ). For the cost-free-switch model, the optimal trajectory takes
5 actions. For the costly-switch model, the (approximately) optimal
trajectory takes 3 actions. Thick lines are control lines.

3. Necessary Conditions for Optimal Trajecto-
ries

In this section, we will derive necessary conditions for
optimal trajectories for rigid bodies in the plane in the
costly-switch model. Based on these necessary conditions,
we classify optimal trajectories into several classes and we
also show that in order to find optimal trajectories, it suf-
fices to find optimal trajectories in some trajectories classes.
Since we focus on planar rigid-body robot, the configura-
tion space is SE(2) and we use u = (vg,vy,w) € R3
to denote a control: x and y velocities in a frame attached
to the body (robot frame), and angular velocity. Let U be
the control space containing a finite number of primitives:
constant-control actions. For example, one action might be
(vz, vy, w) = (1,0,0), corresponding to driving in a straight
line.

Due to the similarity between BIP and PMP, several results
in [13] in the cost-free-switch model can be extended to the

costly-switch model by similar mechanisms.

Theorem 1. For any rigid body in the plane in the costly-
switch model, any optimal trajectory (u*, t*) with n actions
satisfies the following property: there exist four constants
H > 0, kg, ky, and kg, such that for any control u}, 1 <
i < n, with the instantaneous velocity (vy,vy,w) in the
world frame when u; is applied at a configuration (x,y,0),

we have

constants H > 0, k,, ky, and kg, such that Equation 2 is
satisfied.

Equation 2 is virtually identical to the necessary condi-
tion derived using PMP for the cost-free-switch problem,
except that there is no requirement that controls maximize
the Hamiltonian H. Instead, the Hamiltonian needs only be
constant throughout the trajectory. Because of this similar-
ity, a similar geometric structure to that which arises for the
cost-free model exists. If k2 4 k2 = 1, then the expression
kyy — kyx + kg in Equation 2 can be interpreted as com-
puting the distance of a point x, y from some line described
by constants k;, k,, and kg. We therefore call such a trajec-
tory a control line trajectory. An extremal trajectory with
k2 + kg = 0 is called a whirl trajectory because the angular

velocity of body is constant and non-zero over the trajectory.

3.1. Control Line Trajectories

There is a nice geometric interpretation for Theorem 1 when
2 2 _
ki +k, =

[13]. For a control line trajectory (u,t), we define its cor-

1, related to the control line interpretation in

responding control line, represented as (kg ky, ko) as a line
in the plane with heading (k, k,) and distance k¢ from the
origin. Now, consider Equation 2. The term kv, + kyv,
becomes the translational velocity along the vector (ky, k)
and the term k,y — kyx + kg becomes the signed distance
from the reference point of the robot to the control line. By
Corollary 1 in [13], when a rotation is applied, the signed
distance from the rotation center to the control line is always
H /w. Similarly, when a translation is applied, the dot prod-
uct between (k,, k,) and (v, v,/) must be the Hamiltonian
value H. See Figure 2 for an (approximately) optimal tra-
jectory for an omni-directional vehicle with control lines in

the cost-free-switch model and in the costly-switch model.

kyvp+kyvy+w(key—k, x+ko) = H, where k2 + k; € {0, 1} When the switch cost is introduced, optimal trajectories tend

@)

to use fewer number of switches.
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Fig. 3. Illustration of proof of theorem 2: a trajectory containing
three actions of translations, va, vy, and v.. The sign of v,y and
Vpy are the same.

Necessary conditions for control line trajectories. We can
prove a further necessary condition for a control line

trajectory to be optimal.

Theorem 2. For any rigid body in the plane in the costly-
switch model, any optimal control line trajectory has either
zero translation actions, one translation action, or two non-

parallel translation actions.

Proof. Let ¢ = (u,t) be a control line trajectory. Suppose
that g is optimal but has two parallel translation actions.
Let v, and vy be the velocity vectors in the world frame of
two non-parallel translation actions of g. We can remove the
action of vy, from g and increase the duration of v, to t, + .
The resulting trajectory still reaches the goal but has one
fewer control and hence has smaller cost. This contradicts
the optimality of g.

Suppose that g is optimal but has more than two non-
parallel translation actions Let v,, vy, and v, be the velocity
vectors in the world frame of three translation actions of g.
By Equation 2, we know that the projection of v,, vy, and
v, onto the control line must be the Hamiltonian value H.
Letvg,, vs,, and v, be the projection of v, vy, and v, onto
the norm of the control line. By the Pigeonhole Principle,
we know that at least two of Vay, > Vb, » and Ve, have the same
sign.

Without loss of generality, assume that v,, and vy, have
the same sign; let their durations be ¢, and t; respectively.
See Figure 3. If v,, = wp,, then the velocity vectors v,
and vy, are identical. This contradicts the assumption that v,
and vy, are non-parallel. If v, # vp, » then without loss of
generality, we assume |v,, | > [vp, |.

Since the projections of v, and v, onto the control line
are the same, we can remove the actions of v from g and
tblvby‘. Let u be the

"anl

increase the duration of v, to t, +
control corresponding to the translation vector v,. Let Up

and u, be the control before and after u in the trajectory.

tb\vby|
[Vay | - tb -
‘Y

C(up,u) — C(u, uq) + C(up, uy), which is strictly larger

The new trajectory will decrease cost by

than zero. Hence, the resulting trajectory has smaller cost but
still reaches the goal. This also contradicts the optimality of
g. O

Singular, TGT, and regular trajectories. [13] classified con-
trol line trajectories into four classes: singular, TGT, generic,
and regular.

A control line trajectory is called singular if there exists
a non-zero measure interval along the trajectory that mul-
tiple controls have the same Hamiltonian value within the
interval.

As an extension of a result in [13], any singular trajectory
in the costly-switch model contains exactly one translation
with velocity vector parallel to the control line, or contains
exactly one switch from one translation to another transla-
tion. Hence, by Equation 2, the Hamiltonian value is either
equal to the velocity of the only translation, or can be com-
puted from the pair of consecutive translations. Since the
control set U is a given finite set, the set of all possible
Hamiltonian values for singular trajectories is finite.

A control line trajectory is called generic if the trajectory
is not singular. For generic trajectories, switching between
two translations can not occur, since switching between two
translations only happens for singular trajectories. A generic
trajectory is further called TGT if both the first control and
the last control are translations, and regular otherwise. For
a TGT trajectory, when the initial configuration and goal
configuration are given, we can obtain the Hamiltonian value

analytically, using methods from [13].

3.2. Whirl Trajectories

For whirl trajectories, Equation 2 only implies that all angu-
lar velocities are equal. We also can extend the result in [13]
to the costly-switch model.

First we show that in order to compute an optimal whirl
trajectory, it suffices to consider a smaller subclass, called
two-stage whirl trajectories:

1. Move the last rotation center to the correct position in the
goal configuration using the minimum cost.

2. Rotate around the last rotation center until the goal
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Fig. 4. Illustration of proof of Theorem 5. The thick line is the
control direction where all rotations except the last one are on this
line.

configuration is achieved.

Theorem 3. For any rigid body in the plane in the costly-
switch model, among all whirl trajectories, there exists one

two-stage trajectory with the minimum cost.

Proof. Let T and T5 be the durations corresponding to the
first and the second stage respectively. Let T’y be the dura-
tion of an optimal trajectory. Since T’ is the duration of an
optimal trajectory, Ty < Ty + T5. Moreover, since an opti-
mal trajectory needs to place the last rotation center in the
correct position, T’y > T. Since T3 is strictly less than 27,
we have T’y <17 +T5 < Ty + 2. For any two admissible
whirl trajectories, the difference of total durations must be a
multiple of 27. Therefore, T’y must equal 17 + T5. O

Furthermore, we extend the result in [13] to the costly-

switch model.

Theorem 4. Any two-stage trajectory must satisfy the fol-
lowing property: there exist three constants H, > 0, k,,
and kg, such that for any control u; with the instantaneous
velocity (vg, vy, w) in the world frame when u;,1 < i < n,

is applied at configuration (x,y,0), we have

kavg + kgvy = H,,, where k‘i + k‘% =1 3)

Control direction interpretation for two-stage trajectories.
For a two-stage trajectory, we define its control direction as a
line heading (%, k) through the rotation center of the first
control. By Equation 3, all rotation centers except the last one
should have the same signed distance to this line. Since the
first rotation is on the control direction, all rotation centers
except the last one are parallel to the control direction.
Here is an extension of result [13] in the cost-free-switch

model.

Theorem 5. For the costly switch model, consider a two-
stage trajectory (W, t) with us = U1, ..., Up—1 = U, Up =
uy. Let c,, ¢y, and c,, be the rotation centers of u1, Up—1,
and u,, respectively. Let ds s be the distance between cs and
cy. Let di¢ be the distance between the rotation centers of
uy, and wy in the robot frame. Let l; be the distance between
the rotation centers of w; and u; 1 in the robot frame. Let

dsi, = Z,:»:lz l;. We have
dsi € [|dsy — digl, dsp + diy]- )

Proof. By the geometric interpretation of Theorem 4, since
all rotation centers from u; to u,,—1 are on the same line, we
know that dy, d ¢, and dsj form a triangle. See Figure 4.
Moreover, any sequence of controls u that all controls have
the same angular velocity and satisfy Equation 4 can form a

two-stage trajectory. O

3.3. Taxonomy of Optimal Trajectories

We summarize the taxonomy of optimal trajectories as
Figure 5.

Since the Hamiltonian values for whirl, TGT, and singular
trajectories can be determined, the problems of finding opti-
mal trajectories in these three classes is equivalent to finding
an optimal sequence of controls, a discrete search problem.
For these three classes, we have designed three different A*
search algorithms to find candidate optimal trajectories by
searching over discrete trajectory structures.

The problem of finding optimal regular trajectories has
two ingredients: one is finding the Hamiltonian value H,
which is a continuous variable, and another one is finding

the sequence of controls, chosen from a finite set.

4. The Bench Mover’s Problem

In this section, as a working example, we demonstrate how
to use necessary conditions of optimal trajectories to solve

the simple bench mover’s problem exactly.

4.1. Model and Trajectory Types

Consider a park bench with length 2. Let g, be the initial
configuration and (0, 0, 0) be the goal configuration. Figure
6 gives an example with initial configuration (—3, —3, 7 /4).

Let the reference point be the center of the bench, (0, 0) in the
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(Extremal trajectories]

(Whirl trajectories) (Control line trajectories]

Other whirl (Two stage trajectories] (Singular trajectories](Generic trajectories] Other control line trajectories

Regular trajectories [TGT trajectories]

Fig. 5. Taxonomy of optimal trajectories. Each node corresponds to a type of optimal trajectories; each leaf node without border is not
necessary for optimality. All leaf nodes with single border can be solved exactly. For the leaf node with double border, regular trajectories,

we provide a search algorithm that can find a trajectory arbitrarily close to optimal trajectories.

1
goal configuration

0
-1 initial configuration
-2

left

-3
E— =3 =2 =) 0

Fig. 6. Optimal trajectory for initial configuration (—3, —3, 7/4)
with switching cost 1, where arrow represents the orientation of
the bench. Thick line denotes the control line for this trajectory.

robot frame. There are two rotation centers: the left rotation
center, (0, 1) in the robot frame, and the right rotation center,
(0, —1) in the robot frame.

Let L be the set of controls containing I = (1,0, 1) and
I~ = (—1,0, —1) corresponding the left rotation center. Let
R be the set of controls containing r* = (—1,0,1) and
r~ = (1,0, —1) corresponding to the right rotation center.
The control set U = L U R. For two controls u,u’ € U, the
cost of switching from u to v’ is a constant c.

since we can determine optimal durations for a control
sequence with length smaller than three easily, we focus
below on the case where the length of the control sequence

is at least three.

There are three broad types of trajectories:

1. Whirl: trajectories for which &, = k, = 0. All controls
in the trajectory must have the same angular velocity.

2. Alternating sign: the control sequence contains controls
alternating between [ and 7~ or alternating between [~ and
rt.

3. Mixed: the control sequence contains controls alternating
between L and R but not strictly alternating signs.

Our basic approach, given an initial configuration, is to
compute an optimal trajectory of each of the three types,
and then to compare to find the minimum. The following
sections will demonstrate how to find an optimal trajectory
for each type. For computing optimal trajectories of types
2 and 3, an upper bound on the number of control actions
in the trajectory is required; this bound may be found by

considering the cost of the optimal whirl.

4.2. Whirl Trajectories

For whirl trajectories, all rotation centers except possibly the
last one are on the same line; see Figure 7. This section will
show how this fact can be used to identify the minimum-cost
whirl.

When the first control and the last control are fixed, the dis-
tance between their rotation centers is determined. Since the
length of the bench is two and controls alternate between
L and R, for any two consecutive controls, the distance
between their rotation centers is two. Thus, in order to reach
the goal, there is only one choice of the length of the con-
trol sequence, see Figure 8. Hence, a whirl trajectory can be
described by its first and last control. Since there are only

four choices for the first control and each has two choices
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Fig. 7. Whirl trajectory with initial configuration (—0.5, 0, 7/2).
All rotation centers except the last one are on the same line. This is
the optimal trajectory for this initial configuration with switching
cost 1.

for the last control, we can enumerate all possible pairs of
first and last controls for whirl trajectories, see Figure 8.

Fix the first control u; and the last control w,,, with rota-
tion centers r; and r,, respectively. Since the last control is
fixed, the second to the last control u,,_; is also fixed and
its rotation center r,,_1 should be on a circle C,, centered at
r,, with radius 2.

Since rotation centers 7;, 1 < ¢ < n, are on the same
line, the distance L from 7y to r,,_; is determined in the
following way. Let D be the distance between the first and
the last rotation centers. If u1 = u,, (u; # up_1), then L
is multiple of four plus 2. Otherwise, L is multiple of four.
Since the diameter of C'is four and the difference between
any choices is multiple of four, L = 4[(D —4)/4] 4+ 2 when
Uy = Uy, L = 4[(D — 2)/4] otherwise.

After we determine L, we can find a circle C; centered at
r1 with radius L. The circle C intersects with C,, at most
two points and these points are possible locations of 7,1 .
When the location of 7,_; is fixed, the durations for all

controls can be determined easily.

Fig. 8. When the first control and the last control are fixed, the
rotation centers r1 and r,, are fixed as well. The distance between
r1 and r,, is D. Since all rotation centers except for the last one
is on the same line and distance between two consecutive rotation
centers is two, the distance between r; and r,,—1, L, is a multiple
of two. Since the distance between r,_1 and 7, is two, there is
only one choice of L and two symmetric choices of locations of

Tn—1

4.3. Alternating Sign Trajectories

Since all angular velocities have the same absolute value, all
rotation centers must have equal distance to the control line;
see Figure 6. An alternating sign trajectory can be described
by its first control and the length of the sequence. There
are four choices of first control u; in U, and the parity of
n determines whether u,, is the same as u; or not. We will
now show how to determine possible Hamiltonian values H,

control lines, and durations based on u; and u,,.

Determining the Hamiltonian value H. Letr; and r,, be the
first rotation center and the last rotation center, separated
by distance D. If n is odd, D = (2n — 2)@ and
H=,/1- ﬁ. In this case, when D? > 4(n — 1)2,
the control line exists and we can obtain a positive value of
H < 1.Whenniseven,let X be (2n—4)y/1 — H2, D? will
be X2+ /1 — H2 +4. Consequently, D? = 4n(n—2)(1—
H?*)+4and H = (/1 — %. In this case, when D > 4
and D? < 4n(n—2)+4 we can obtain a non-negative value
of Hamiltonian values H < 1.

Determining control lines. After we determine the Hamil-
tonian value H, we determine the control line, which is
represented by a tuple (k,, ky, k) as follows. Since k2 +
k2 = 1, we can use (cos ¢, sin ) to represent (k,, k). For
one Hamiltonian value, H, there are two possible control
lines. We determine (¢, kg) in a similar way as in [13].

/

! _ / _ —
Letrj = T1,U1,, T, = T1,U1,,Th, = TngUn,s and



10

Journal name ()

/ — — ! / — !
Tn, = Tn,Un,-Letdy =7 —r, anddy =71 —r

/
My *

Let (o, 8) be (atan(dz, dy),w/2) if the first control and

the last control have the same angular velocity; otherwise

(atan(d,,d,,), acos(\/d,%w)), where d!, = 1/, + d,/2
and dy = 7}, + dy/2. Then, ¢ = —a & 3 and kg =

H+7r!

B ’
ny SIDQ—T, COS

Yy

Uny,
Determining durations. For a given control line L =
(kz, ky, ko) with a Hamiltonian value H, we can determine
the durations as follows. For a given initial configuration
qo with reference point at p, we can determine the angle «
between the vector p — 1 and L. Then, we determine the
location of 75 for us as follows. By Theorem 1, all rotation
centers have the same distance H to L. For two consecutive
rotation centers, their distance must be 2, the length of the
bench. Hence, the angle 3 between the vector ro — 1 and L
can only have two possible values: asin(H ) and 7 —asin(H)
if ug, > 0, otherwise 7 + asin(H) and 27 — asin(H ). For
a fixed 3, we can determine ¢.

For us, since we switch to uy at angle 5 with respect to
L and u3 = uy, we also can switch to ug immediately with
ta = 0. Since this null control will be examined by another
control sequence, we ignore this choice. Consequently, we
have only one choice of t5. Similarly, all controls wus to w,, 1
have the same duration. This duration will be either 2acos H
(if 8 € [w/2,m/2]) or 21 — 2acosH (otherwise). The dura-
tion t,, can be determined based on ¢; to t,,_1 based on the

constraint of reaching the goal configuration.

4.4. Mixed Trajectories

Consider a mixed trajectory that contains two consecutive
controls, u and u’, with the same angular velocity. By The-
orem 1, these two controls’ rotation centers, » and r/, have
equal distance to the control line, L, and are on the same
side of the control line. Hence, the line through 7 and 7’ is
parallel to L; see Figure 9. Consequently, if there are three
consecutive controls with the same angular velocity, then the
duration of the second one must be 7.

For a mixed trajectory, subsequences of controls with the
same angular velocity may appear anywhere in the control
sequence. However, it is always possible to rearrange the
controls in the control sequence without changing the cost,

such that the prefix of the control sequence has controls

3
2
1
[0) —
—1 \
-4 -3 -2 -1 0 1
Fig. 9. Mixed trajectory with initial configuration

(—2.8,3.05,7/4). First two controls have the same angular
velocity and hence they are collinear and parallel to the control
line. This is the optimal trajectory for this initial configuration
with switching cost 1.

with the same angular velocity and the suffix has controls
with alternating angular velocity. Hence, we only consider
control sequences that can be decomposed into two parts in
this way.

Let n be the length of the control sequence, n,, < n be
the number of controls with the same sign, and m be n —
n.. Let D be the distance between the first rotation center
and the last rotation center. When m is even, H satisfies
|ID — 2(ny — 1)] = 2myV/1—H2 or D + 2(n, — 1) =
2m+/1 — H?. Hence, H = \/1— (D=2 =1))* 0 f5 —

4m?2

\/ 1-— W. We can obtain at most two possible
positive H < 1 values.

When m is odd, H satisfies D?/4 = (m? —1)(1— H?) +
2m(n, — 1)V1 — H2 4+ n2 — 2n,, +2or D?/4 = (m? —
D1 — H?) — 2m(ny, — V1 — H2 + 12 — 2n, + 2.
Hence, 1 — H? = | =ty —dac V;f_‘l“ﬂ, wherea = m2 —1,b =
2m(n,, — 1), and ¢ = n% — 2n,, + 2. We can obtain at most
two possible positive Hamiltonian values H < 1 values.

After we obtain Hamiltonian values H, we can compute
the control line and durations by the method mentioned in

the previous section.
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Algorithm
CostlySwitchOptimalMotionPlanner ()
C + feasible trajectories found by any planner.
B <« upper bound of number switches.

// Find best two-stage
trajectories, see Section 6
foreach 3-tuple of controls (us, ug, uys) with the

same angular velocity. do
C = CU best two-stage trajectory (u, t) with
UL = Us, Up—1 = Uk, Up = Uf.
end
// Find best TGT trajectories,
Section 8
foreach 2-tuple of translation controls (us,uy) do
C = CU best TGT trajectory (u, t) with u; = u,
and u,, = uy.
end
// Find best singular trajectories,
see Section 9
foreach 2-tuple of controls (us, uy) do
foreach singular value H do
C = CU best singular trajectory (u, t) with
U1 = Us, Up = uy and Hamiltonian value H.
end
end
// Find best regular trajectories,
see Section 10
foreach 2-tuple of controls (us, uy) do
foreach interval I of Hamiltonian values not

including singular values do
C' = CU approximately best regular trajectory
(u,t) with u; = u, and u,, = uy in the
interval I.
end
end
return the optimal trajectory in C
Algorithm 1: Outline of the algorithm

see

5. Outline of an Algorithm for Finding Optimal
Trajectories for Rigid-Body System in the
Plane

In the previous section, we showed how to find optimal tra-
jectories for a specific system, the bench mover’s problem,
exactly. However, for more complex systems, deriving an
analytical result is challenging, since we not only need to
determine the optimal Hamiltonian value but also the opti-
mal control sequence. In this section, we design an algorithm
to find (approximately) optimal trajectories for all rigid-body
systems.

First, we want to find an upper bound of number of

switches for optimal trajectories. The upper bound limits

the length of control sequence that the algorithm needs to
enumerate. We use the general planner described in [13]
to obtain a feasible trajectory from g, to gy with cost M.
Then, we can get an upper bound of number switches as
B = [M/¢min |, Where ¢pip is the minimum switch cost.

By the taxonomy of optimal trajectories, we know that
it is sufficient to find best two-stage, TGT, singular, and
regular trajectories. For each of these four classes, we design
algorithms separately in Section 6 to Section 10.

Since two-stage trajectories are whirl trajectories and all
other three classes are control line trajectories, we explain
how to find best two-stage trajectories first in Section 6.
Then, we introduce several properties for control line trajec-
tories in Appendix A. Finally, we show how to find best TGT
trajectories in Section 8, singular trajectories in Section 9,
and regular trajectories in Section 10.

The idea of finding best trajectories within each class
is quite similar: decompose the problem into several sub-
problems by enumerating the first control, the last control,
and possibly the second to the last control (for two-stage
trajectories only). For two-stage, TGT, and singular trajec-
tories, the sub-problems are discrete optimization problems
so that we use an A* search algorithm to find best trajectories
exactly. For regular trajectories, the sub-problem is a mixed
non-linear optimization problem; we combine Lipschitzian
optimization techniques with an A* search algorithm over
discrete trajectory structures to determine approximately
best trajectories. We give the outline of the algorithm in
Algorithm 1.

6. Finding Best Two-stage Whirl Trajectories

Recall that a two-stage trajectory is a trajectory such that all
controls have the same angular velocity and all rotation cen-
ters except the last one are on the same line. Our approach
is to enumerate all 3-tuple of controls (us, ux, uy) with the
same angular velocity. Foreach (us, uy, uy) € U3, we deter-
mine a best two-stage trajectory (u, t), subject to u; = us,
Up—1 = Uk, and u,, = uy. Then, we pick the best trajec-
tory among all best two-stage trajectories with respect to all
3-tuples of controls.

Fix a 3-tuple of controls (us, uy, us) with the same angu-
lar velocities. Let U’ be the reduced control set that all

controls in U’ have the same angular velocity as u,. We
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want to find a best two-stage trajectory (u,t), subject to
Us = ULy ooy Up—1 = Uk, Up, = Uy and u; € U’ for all 4.
Our method is to incrementally build sequences of con-
trols that could possibly satisfy Equation 4 by using A*
search. Each state is a sequence of controls g = (u; =
Us, .-, Up—1 = U, Up, = Uy ), Where all controls have the
uy), the

duration of each control u;, 1 < i < h — 1 is fully deter-

same angular velocity. For a state ¢ = (uq,...,

mined, since all rotation centers except the last one are on
the same line. Hence, we use the summation of the switching
costs and the durations for each control u;, 1 <7 < h—1as
path cost. The neighbors of a state g = (uq, . .., uy) are the
states ¢’ = (u1 = us, . -
where u’ € U’.

/
<5 Up—1, U, Up = Uk, Uh+1 = Uf),

A state ¢ =

(w1, .

reaches the goal, we can solve for the duration of u; and

(u1,...,up) reaches the goal if

., Up, Uk, us) satisfies Equation 4. When a state

up, exactly with at most two solutions.

In order to speed up the A* search, we need an admissible
heuristic. Let d, s be the distance between the rotation center
of ugatgsanduy atgy. Forastate g = (uq,...,up),letly =
Z?;f D(u;,u;t1), where D(u, u') is the distance between
the rotation centers of w and « in the robot frame. That is,
l4 is the possible value of dy, for the state in Equation 4. In
order to satisfy Equation 4, we know that I, must be at least
|dsf — D(ur,uys)|. Hence, we use |dsy — D(ug,ur)| —Ig

as an admissible heuristic.

7. Properties of Control Line Trajectories

In this section, we briefly describe several properties of con-
trol line trajectories; additional details are in Appendix A
and B.

Recall that a control line trajectory is an extremal trajec-
tory with constants H, k., k,, and kg such that k7 + k2 = 1.
When the initial configuration g, the first control wug, the
final configuration gy, the last control u ¢, and the Hamilto-
nian value H are given, the control line can be constructed

explicitly:

Theorem 6. For a given initial configuration q, given goal
configuration qy, first control u,, and the last control uy,
we can determine an interval of Hamiltonian values I =
(0, Hy,), such that there exists mappings, L1 (H ) and Lo(H),

from Hamiltonian values in I to control lines.

A singular interval is an interval of time within which at
every time more than one control gives the same value for
the Hamiltonian. Except within singular intervals, knowing
the configuration of the rigid body, the location of the control
line, and the current and next controls, essentially tells when

the next switch will be:

Theorem 7. Given a control line L and a non-singular
interval, the duration of applying a control u from a config-
uration q until switching to another control u' has at most
two possibilities such that the resulting motion can be a
subtrajectory of a control line trajectory corresponding to
the control line L. Moreover, these two possibilities can be

determined analytically.

Singular trajectories can only occur at particular critical
values of the Hamiltonian. Except at these critical values,
knowing the Hamiltonian value H and three consecutive
controls is sufficient to compute the duration of the middle
control. The following theorem will be proved in Appendix
B:

Theorem 8. Let u, v/, and v’ be three consecutive controls
in a control line trajectory. Given k,, k,, and a non-critical
Hamiltonian value H, the duration of v’ has at most two
possibilities and can be determined analytically without

knowing the configuration.

Finally, for a given sequence of controls and a control line
L, there is a way to determine the duration of each control
when we are given the initial configuration ¢, and the final

configuration ¢y:

Theorem 9. Let u € U™ be a sequence of controls. Let
b € {1,2}"1 be a sequence of selector. For a given con-
trol line L with a non-critical Hamiltonian value H, initial
configuration q, and final configuration qy, the duration of

each control is fully determined by u and b.

By Theorem 6, the control line can be parametrized by
the Hamiltonian value H. Suppose that the mapping from
the Hamiltonian values to control lines is fixed. Given a
sequence of control u and selectors, since the duration is
fully determined by the control line L, the durations can
also be parametrized by the Hamiltonian value H.

In order to find best trajectories corresponding to a control
line L of known location, with given initial and final config-

urations of the rigid body, it suffices to search over only a
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finite set of trajectories. Since for a control line L, the num-
ber of corresponding trajectories is finite, if there is only a
finite number of control lines as well, then we can possi-
bly find best trajectories exactly by enumerating all possible
control lines and corresponding trajectories. As it turns out,
the number of control lines for TGT and singular trajecto-
ries are finite and we also can enumerate them. Hence, for
TGT and singular trajectories, we can find best trajectories
exactly. However, for regular trajectories, we do not have
a method to reduce the number of control lines to a finite
set and that’s why we only find approximately best regular

trajectories.

8. Finding Best TGT Trajectories

Remember that a TGT trajectory is a control line trajectory
for which both the first control and the last control are non-
parallel translations. Our approach is to enumerate all pairs
of controls (us, us) € U?, where both u, and u are transla-
tions. For each (us, uy), we determine a best TGT trajectory
(u, t), subject to u; = us, and w,, = uy. Finally, we pick
the best TGT trajectory among all best TGT trajectories with
respect to all pairs of controls.

Fix a pair of translation controls (u,, us). Since the initial
configuration ¢, and the final configuration g are given, we
can compute the velocity vectors v, and vy for applying u,
at ¢; and uy at gy respectively. Then, we substitute v and
vy in Equation 2 and we get a system of linear equations.
Since we know k2 + k. = 1 and H > 0, we can solve k,,
ky, and the Hamiltonian value H exactly.

Our method is to incrementally build sequences of con-
trols that could possibly satisfy Equation 2 by using A*
search. Each state is sequences of controls and durations
g = (u,t), where |u| = |t| = h, u1 = u,, and u, = uy.
Each state also satisfies that each ¢;, 1 < 7 < h is com-
puted according to Theorem 7, but ¢; and ¢, are undefined.
We use the summation of the switch costs and the dura-
tions ¢;, 1 < 7 < h as path cost. The neighbors of a state
g = (u,t) are all states ¢’ = ((uq, ..
ug), (t1, ..
puted according to Theorem 8.

/
<y UR—1, U, Up+1 =

cth—1,t', the1), where v’ € U and t’ is com-

We can test whether a state ¢ = (u, t) reaches the goal as
follows: For a state g, since for all ¢;, 1 < i < h are deter-

mined, the displacement, (0;,d,,0s) in the configuration

space of the sub-trajectory uo, ..., up—1 can be computed.
If g5,0 + 0o # qy,6, then since us and u ¢ are translations, g
cannot reach the goal. Otherwise, since we know the velocity
vs and vy at the initial configuration and the final configu-
ration respectively, we solve the following system of linear

equations to get durations ¢t; = ts and t), = ty for u, and

Uf.

qs,x + @s,mts + 5x + Uf,:ctf =dqfx (5)
s,y + Vs,yls + 0y +0pyty = dpy (6)

In order to speed up A* search, we need to design an
admissible heuristic. A state ¢ = (u,t) can reach the goal
if, and only if, the change of orientation, dg, equals g7 0 —qs 6.
Hence, we can use the difference between |g¢,9 — ¢s,6 — 09|

as an admissible heuristic.

9. Finding Best Singular Trajectories

Remember that a control line trajectory is called singular
if there exists a non-zero measure interval along the tra-
jectory that multiple controls have the same Hamiltonian
value within this interval. Furthermore, the number of sin-
gular Hamiltonian value is a finite set when U is given. Our
approach is to enumerate all pairs of controls (us, us) € U?
and singular Hamiltonian value H, where one of uy and u s
is a rotation. For each (us, uy) and H, we determine a best
singular trajectory (u,t), subject to u1 = us, u, = uy and
Hamiltonian value is H. Finally, we pick the best singular
trajectory among all best singular trajectories with respect
to all pairs of controls and singular Hamiltonian values.

Fix a pair of controls (us, %) and a singular Hamiltonian
value H, where one of u, and uy is a rotation. Based on u,
uy, and H, we can construct two control lines according to
Theorem 6. Fix a control line L, Our method is to incremen-
tally build sequences of controls that could possibly satisfy
Equation 2 by using bidirectional A* search.

There are two different states, S and F', denoting the state
grow from ¢, and ¢r(in reverse) respectively. Each state is
sequences of controls and durations g = (u, t), where |u| =
[t| = h.Ifg € S, then u; = ug andeach t;, 1 < i < his
computed according to Theorem 7 assuming the trajectory
startsat g;. If g € F', thenuy, = uy andeacht;, 1 <i < his
computed according to Theorem 7 assuming the trajectory is

built from g, backwards. In this way, each state has exactly
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one undefined duration and we use the summation of the
switch cost and the defined durations as path cost.

The neighbors of a state ¢ = (u,t) € S are all states
g = ((u1,...,up,u’), (t1,...,tn, 1), wherew' € U andty,
is computed according to Theorem 7. We define the neighbor
of a state g € F' symmetrically.

For a pair of states g = (u,t) € Sand ¢’ = (u/,t') € F,
where |u| = h and |u'| = //, if both uy, and u) are trans-
lations, then we can combine the two states to construct a
feasible singular trajectory by solving a system of linear
equations similar to Equations 5 and 6. In order to speed up
the search by using bi-directional A*, we design a heuristic
as follows. For a state g = (u, t) € .S, let ¢, be the configu-
ration that start from g5 and apply all u; with duration ¢; in
order for all 1 < ¢ < h. The distance between ¢, and gy is
the lower bound of the length of the trajectory from the state
to the goal. Hence, we use the Euclidean distance between
gg and ¢y divide by the maximum velocity as an admissible

heuristic. For a state g € F', we design a similar heuristic.

10. Finding Best Regular Trajectories

Remember that a regular trajectory is a generic trajectory
either starting or ending with a rotation. Our approach is to
enumerate all pairs of controls (us,us) € U?, where one u,
of uy is arotation. Unlike TGT and singular trajectories, the
number of potential control lines for regular trajectories is
uncountably infinite. Hence, we use Lipschitzian optimiza-
tion techniques to determine the best Hamiltonian value and
its corresponding control line.

However, even when we fix a pair of controls (us, u f),
the trajectories may behave differently with respect to the
Hamiltonian value H. For some Hamiltonian values H, con-
trol w can switch to another control «’, but the switch cannot
happen for some other Hamiltonian values H'. Therefore,
for each (us, us), we partition the Hamiltonian values into
several disjoint open intervals so that within each interval
the change of trajectories with respect to the Hamiltonian
value is Lipschitz continuous.

For each interval I, we use Lipschtzian optimization tech-
niques to determine an best regular trajectory (u, t), subject
to u; = us, U, = uy, and the Hamiltonian value H € I.
During this step, we need a method to determine a regu-

lar trajectory corresponding to a fixed control line L that

approximately minimizes error and time. Similar to the idea
we used for finding best TGT and singular trajectories, we
use A* search to find a regular trajectory that approximately
minimizes error and time. Finally, we pick the best regular
trajectory among all best regular trajectories with respect
to all pairs of controls and all interval of the Hamiltonian
values.

In the following sections, we will explain how to parti-
tion the Hamiltonian values, reduce the problem to a Lip-
schtzian optimization problem, and determine best regular

trajectories corresponding to a fixed control line.

10.1. Partition the Hamiltonian Values

Fix a pair of controls (us,uy), where one of us and uy is
a rotation. We show how to partition the Hamiltonian val-
ues into several disjoint open intervals so that within each
interval I, if u, ', and u'’ are three consecutive controls in a
control line trajectory for a Hamiltonian value H € I,thenu,
v, and v’ will also be well-defined for another Hamiltonian
value H' € I.

According to Theorem 6, we have two continuous func-
tions mapping from the Hamiltonian value to a control line.
Consider one fixed mapping L(H) of these two mappings.
According to Theorem 8, for any three controls u, u’, and
u/, if these three controls are consecutive in a regular tra-
jectory, then the duration of u’ can be determined by the
Hamiltonian value H. Based on the calculation, we can fig-
ure out the range of the Hamiltonian values that the duration
of v’ is well defined and must be an interval. That is, for
each triple e = (u,u’,u”) € U3, we can determine the
range of the Hamiltonian values I, that the duration of u’ is
well-defined.

We collect the intervals I, for all triple e = (u,u’,u”) €
U3 that the duration of v’ is well-defined for all Hamilto-
nian values in /.. Let S be the set of numbers containing
all endpoints for all intervals I.. . The set S partitions the
domain of L(H), determined by the parametrization and the
control set, into several disjoint open intervals. We have the

following theorem.

Theorem 10. There exists a finite set of critical values of
‘R that partition the Hamiltonian values into a finite set of
open intervals, such that for each interval I, if u, v/, and u"

are three consecutive controls in a control line trajectory for
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a Hamiltonian value H € I, then u, v, and v" will also be

well defined for another Hamiltonian value H' € I.

10.2. Reduction to a Lipschitzian Optimization
Problem

Fix a pair of controls (us,us), an interval of Hamiltonian
values I constructed in Theorem 10, and a mapping L(H)
from the Hamiltonian values to control lines, we pose a
Lipschitzian optimization problem to solve for the Hamil-
tonian value H with time and position error at most ¢, for
any desired € > 0. Here, we briefly introduce Lipschitzian
optimization.

The goal of global optimization is to find optimal solu-
tions of constrained optimization problem even for non-
linear, non-continuous problems. A function f : R — R
is called Lipschitz continuous if there exists a constant
L > 0, such that for all pairs x,y in the domain we have
|f(z) — f(y)| < L|z — y|, where L is called the Lipschitz
constant. Given a Lipschitz continuous function f(z), the
problem of finding the global minimum min,, f(z) is called
a Lipschitzian optimization problem. For Lipschitzian opti-
mization problems, there exist efficient algorithms to find
globally (approximately) optimal solutions with arbitrarily
small error in finite time([22]).

One efficient algorithm for solving Lipschitzian optimiza-
tion problem is Piyavskii’s algorithm([23]). The idea of
Piyavskii’s algorithm is to iteratively subdivide a domain
I into several intervals. For each interval, Piyavskii’s algo-
rithm determines the lower bound of the objective function
based on Lipschitz constant, and decides whether to further
subdivide this interval or disregard this interval based on
the lower bound information. For any error bound ¢ > 0,
Piyavskii’s algorithm is guaranteed to find a solution with
additive an error at most e within a finite number of iterations.

The Lipschitizian optimization for finding best regular

trajectories is formulated as follows:

min ¢(L, u,t)
d(L,u,t) =0
L=L(H)forsome H € I, @)
and (u, t) is a regular trajectory. )

The function cis the cost function that we want to minimize,
which is the cost of the trajectory (u, t). The function d is
the constraint that we want to satisfy, which should be the
minimum distance from the trajectory (u, t) to the goal. We
let ¢(L(H),u,t) = d(L(H),u,t) = oo if the trajectory
(u, t) does not correspond to the control line L(H).

In order to apply Lipschitzian optimization techniques, we
need to show that functions ¢ and d are Lipschitz continu-
ous with respect to the change of the Hamiltonian value H.
That is, we want to show that when the Hamiltonian val-
ues changes, the resulting distance and cost functions are
Lipschitz continuous with respect to the Hamiltonian val-
ues. This differs from TGT and singular trajectories that we
ignore all trajectories not reaching the goal exactly. We will

prove the following theorem in Appendix B.

Theorem 11. Let I = (a,b) be an open interval of the par-
tition of the Hamiltonian values. Let u be a fixed sequence
of n controls. Let t;(H) be the duration for the w; and d;(H )
be the length of projection of the sub-trajectory correspond-
ing to u; onto the control line. For any § > 0, both functions
t;(H) and d;(H) are Lipschitz continuous with respect to
the Hamiltonian values H € (a,b — ) forall 1 <i <n.

Moreover, we need a method to find best regular trajectory
corresponding to a control line L that approximately min-
imizes error and time, which will be explained in the next

section.

10.3. Finding Optimal Trajectories for a Fixed
Control Line L

Fix a pair of controls (us,us) and a control line L, we use
A* search to find an best regular trajectory corresponding
to the control line L approximately minimizing error. If it is
possible to reach the goal with error at most ¢, the result will
be a regular trajectory approximately reaching the goal with
approximately minimum cost. If it is impossible to reach the
goal with error at most €, the result will be a regular trajectory
approximately minimizing the distance to the goal.

Our method is to incrementally build sequences of controls
and durations that could possibly satisfy Equation 2 by using
A* search. Each state is a sequence of controls, together with
durations g = (u, t), where |u| = |t| = h and u; = u, and

up, = uy. Bach state also satisfies that each ¢;, 1 <7 < his
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computed according to Theorem 8 with an additional con-
straint that ¢; is capped by M, the cost of a feasible trajectory.
The neighbors of a state ¢ = (u,t) are all states ¢ =
(w1, ooy up—1, v uppr = uy), (t1,..
where v/ € U and t’ is computed according to Theorem
8.

We use the summation of the switch cost and the duration

. ath—la t/a th—‘rl)’

ti, 1 <4 < has path cost. Note that we did not use ¢}, as part
of the path cost; since the duration of u;, = u; depends on
up—1, it may be possible the sum of the durations of a state
g is larger than the sum of the durations of g’s neighbor.

For a state ¢ = (u, t), we define the distance as follows:
Let g4 be the final configuration of applying controls u with
durations t. If uy is a translation, the distance from the state
g to the goal is the distance between ¢4 and gy. If uy is a
rotation, then let 7y be the rotation center of applying u at
gy and r, be the rotation center of applying uy at g4. The
distance from the state g to the goal is the distance between
ryand rg.

When the distance from the state g to the goal is zero,
then the state g is at the goal. The distance divided by the
maximum velocity can therefore also serve as an admissible
heuristic for A* search.

There is one difficulty here: for a state ¢ = (u,t), the
switch from up_1 to up may be impossible due to the con-
straint on the Hamiltonian values. In this case, we just pick
the largest index ¢ such that u; can switch to u;41 and let g4
be the configuration at which wu; switches to ;1. Then, use
the Euclidean distance between g, to gy as the distance from
the state g to the goal. In this case, we only use the distance
to guide the search but will not use the trajectory in state g

as a result, since the trajectory is infeasible.

11. Implemetation

We implemented the algorithm described in C++. Our testing
environment is a desktop system with an Intel Xeon W3550
3.07 GHz CPU.

For the costly-switch model, we used three test cases. First,
we used the bench mover’s problem proposed in [18] as
one test case. We compared our program’s result with the
results of the analytical solver. Except for some cases in

which the Hamiltonian value is close to the upper bound

u

ui | /

Start Goal

Fig. 10. An approximately optimal trajectory derived using the
described approximation algorithm for a refrigerator robot starting
at (-2, 0, 0), with unit cost for switching between any pair of con-
trols. The green line is the control line, and the u; labels show the
sequence of rotation centers.

(for which numerical instability becomes a problem), the
results coincide with the results from the exact solver.

We used the refrigerator-mover’s problem as the second
test case. The refrigerator-mover’s problem is an extension
of bench mover’s problem, inspired by a problem from [19]:
a mover wants to move a refrigerator from one location
and orientation to another. The refrigerator is too heavy to
move by lifting or pushing, but it can be lifted onto any of
the four legs at the corners of the square base and rotated.
One approximately optimal trajectory is shown in Figure 10.
Third, we used omni-directional vehicle as a test case; one
approximately optimal trajectory is show in Figure 2b.

The solver described can also be used as a general-purpose
solver for time-optimal trajectories of rigid bodies in the
plane in the special cost-free-switch case. In this case, we
additionally constrain the structure of the trajectories using
the maximization condition of PMP, and apply the Lipschitz
optimizer to find best trajectories for each possible structure.
We applied this approach to the problem of finding optimal
trajectories for the omnidirectional robot described in [33],
and found that the approach was only about one order of
magnitude slower (on the order of 0.03 seconds per config-
uration) than the special-purpose analytical solver derived
in [33]. One approximately optimal trajectory is show in

Figure 2a.
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12. Conclusion and Future Work

By adding a cost for switching between controls, we ensure
existence of solutions for optimal control problems, and
evade the problem of chattering. By applying Blatt’s Indif-
ference Principle and Lipschitzian optimization approach,
we can find approximately optimal trajectories, and the error
can be forced to be arbitrarily small.

The implemented approach does have some limitations,
and these limitations do suggest rich problems for future
study. One of the limitations is that when applying Lips-
chitzian optimization techniques, the algorithm reduces the
search domain by a user controlled parameter in order to
make the optimization problem behave smoothly. Although
the controlled parameter can set to any arbitrarily small
number, this algorithm may not find optimal trajectories
for some scenarios if the controlled parameter is not small
enough. We believe this that issue can be resolved by refor-
mulating the Lipschitzian optimization problem with other
parametrization.

Moreover, the potential number of optimal trajectory
structures can be very very large in the costly-switch model.
For the costly-switch model, an algorithm might potentially
need to explore a number of structures that is exponential in
the number of controls in order to find solutions. For exam-
ple, in order to find approximately optimal trajectories for
omni-directional vehicle, whose control set contains four-
teen controls, it takes about an hour to find an high-precision
approximately optimal trajectory for an initial configura-
tion and goal configuration. We believe that better Lipschitz
constants, use of the derivative of the objective function
together with more sophisticated approaches to Lipschitzian
optimization([16]), and a more directed A* search could
dramatically reduce these costs.

Finally, in this paper, we assume that there are no obstacles.
For the cost-free-switch model, Pontryagin’s Maximum
Principle can be extended to systems with state constraints.
However, to the best of our knowledge, extending Blatt’s
Indifference Principle to systems with state constraints is
still an unsolved task. Extending Blatt’s Indifference Prin-
ciple to systems with state constraints (or making use of
the KKT approach) will be an interesting future direction of

research.

References

Pankaj K. Agarwal, Therese Biedl, Sylvain Lazard, Steve Robbins,
Subhash Suri, and Sue Whitesides. Curvature-constrained short-
est paths in a convex polygon. SIAM Journal on Computing,
31(6):1814-1851, June 2002.

Devin J. Balkcom, Paritosh A. Kavathekar, and Matthew T. Mason.
Time-optimal trajectories for an omni-directional vehicle. Inter-
national Journal of Robotics Research, 25(10):985-999, 10
2006.

Devin J. Balkcom and Matthew T. Mason. Time optimal trajectories
for bounded velocity differential drive vehicles. International
Journal of Robotics Research, 21(3):199-218, 3 2002.

Jérime Barraquand and Jean-Claude Latombe. Robot motion
planning: a distributed representation approach. International
Journal of Robotics Research, 10(6):628-649, Dec 1991.

Mokhtar S. Bazaraa, Hanif D. Sherali, and C. M. Shetty. Nonlinear
Programming: Theory and Algorithms. Wiley-Interscience, 3rd
edition, 5 2006.

John M. Blatt. Optimal control with a cost of switching control.
Journal of the Australian Mathematical Society, 19:316-332, 6
1976.

H. R. Chitsaz. Geodesic problems for mobile robots. PhD thesis,
University of Illinois at Urbana-Champaign, 2008.

Hamid Reza Chitsaz, Steven M. LaValle, Devin J. Balkcom,
and Matthew T. Mason. Minimum wheel-rotation paths for

differential-drive mobile robots. International Journal of
Robotics Research, 28(1):66—-80, 2009.

M. Chyba and T. Haberkorn. Autonomous underwater vehicles:
Singular extremals and chattering. In F. Ceragioli, A. Dontchev,
H. Furuta, K. Marti, and L. Pandolfi, editors, Systems, Control,
Modeling and Optimization, volume 202 of IFIP International
Federation for Information Processing, pages 103—113. Springer
US, 2006.

E.J. Cockayne and G. W. C. Hall. Plane motion of a particle subject
to curvature constraints. SIAM Journal on Control, 13(1):197-
220, 1975.

Guy Desaulniers. On shortest paths for a car-like robot maneuvering
around obstacles. Robotics and Autonomous Systems, 17(3):139
— 148, 1996.

L. E. Dubins. On curves of minimal length with a constraint on
average curvature, and with prescribed initial and terminal posi-
tions and tangents. American Journal of Mathematics, 79(3):pp.

497-516, 1957.



18

Journal name ()

Andrei Furtuna. Minimum Time Kinematic Trajectories for Self-
Propelled Rigid Bodies in the Unobstructed Plane. PhD thesis,
Dartmouth College, June 2011.

K. Kibalczyc and S. Walczak. Necessary optimality conditions for
a problem with costs of rapid variation of control. Journal of the
Australian Mathematical Society, 26:45-55, 7 1984.

Steven M. Lavalle. Rapidly-exploring random trees: A new tool for
path planning. Technical report, Computer Science Department,
Towa State University, October 1998.

Daniela Lera and Yaroslav D. Sergeyev. Acceleration of univariate
global optimization algorithms working with lipschitz functions
and lipschitz first derivatives. SIAM Journal on Optimization,
23(1):508-529, 2013.

Ryan Loxton, Qun Lin, and Kok Lay Teo. Minimizing control
variation in nonlinear optimal control. Automatica, 49(9):2652
— 2664, September 2013.

Yu-Han Lyu, Andrei Furtuna, Weifu Wang, and Devin Balkcom.
The bench mover’s problem: minimum-time trajectories, with
cost for switching between controls. In IEEE International
Conference on Robotics and Automation, 2014.

Matthew T. Mason. Mechanics of Robotic Manipulation. MIT
Press, Cambridge, MA, USA, 2001.

Joanna Matula. On an extremum problem. Journal of the Australian
Mathematical Society, 28:376-392, 1 1987.

E. S. Noussair. On the existence of piecewise continuous optimal
controls. Journal of the Australian Mathematical Society,20:31—
37,6 1977.

Janos D. Pintér. Global Optimization in Action: Continuous and
Lipschitz Optimization: Algorithms, Implementations and Appli-
cations (Nonconvex Optimization and Its Applications. Springer,
2nd edition, 12 2010.

S. A. Piyavskii. An algorithm for finding the absolute minimum of a
function. USSR Computational Mathematics and Mathematical
Physics, 12:13-24, 1967.

L. S. Pontryagin, V. G. Boltyanskii, R. V. Gamkrelidze, and E. F.
Mishchenko. Mathematical Theory of Optimal Processes. John
Wiley & Sons Inc, 1 1962.

J. A. Reeds and L. A. Shepp. Optimal paths for a car that goes
both forwards and backwards. Pacific Journal of Mathematics,
145(2):367-393, 1990.

David B. Reister and Francois G. Pin. Time-optimal trajectories
for mobile robots with two independently driven wheels. Inter-
national Journal of Robotics Research, 13(1):38-54, February
1994.

Marc Renaud and Jean-Yves Fourquet. Minimum time motion of a
mobile robot with two independent, acceleration-driven wheels.
In IEEE International Conference on Robotics and Automation,
volume 3, pages 2608-2613 vol.3, Apr 1997.

P. Soueres and J.-D. Boissonnat. Optimal trajectories for nonholo-
nomic mobile robots. In J.-P. Laumond, editor, Robot Motion
Planning and Control, pages 93—170. Springer, 1998.

David E. Stewart. A numerical algorithm for optimal control
problems with switching costs.
Mathematical Society, 34:212-228, 10 1992.

Journal of the Australian

Héctor J. Sussmann. The markov-dubins problem with angular
acceleration control. In 1997 IEEE Conference on Decision and
Control, San Diego, CA, USA, December 10-12 1997, volume 3,
pages 2639-2643 vol.3, 12 1997.

Héctor J. Sussmann and Guoqing Tang. Shortest paths for the
Reeds-Shepp car: A worked out example of the use of geomet-
ric techniques in nonlinear optimal control. Technical report,
Department of Mathematics, Rutgers University, 1991.

K.L. Teo and L.S. Jennings. Optimal control with a cost on chang-
ing control. Journal of Optimization Theory and Applications,
68(2):335-357, February 1991.

Weifu Wang and Devin J. Balkcom. Analytical time-optimal tra-
jectories for an omni-directional vehicle. In IEEE International
Conference on Robotics and Automation, pages 4519-4524, May
2012.

Changjun Yu, Kok Lay Teo, and Teng Tiow Tay. Optimal con-
trol with a cost of changing control. In Australian Control

Conference, pages 20-25, Nov 2013.



19

Appendix

Note to reviewers: We have included this appendix to simplify the review process, but because the appendix is quite
long and detailed, we intend for the final version of the paper to submit a technical report to the arXiv, and reference that

report in the journal paper.

A. Properties of Control Line Trajectories

In this section, we show several properties of control line trajectories. Remember that a trajectory (u, t) is called extremal,
if there exist four constants H > 0, k, ky, and kg, such that Equation 2 is satisfied. When the initial configuration ¢, the
first control u, the final configuration ¢y, the last control u ¢, and the Hamiltonian value H are given, the control line can
be constructed explicitly. Furthermore, when a control line L is fixed, we can show that the trajectory along the control line

has only finite number of possibilities.

A.l. Notation

For a given configuration ¢ = (z, y, #), there is a corresponding transformation matrix representation:

cosf) —sinf =z
T(q) = |sinf cosf gy
0 0 1

For a given configuration ¢, if we apply a control (v, vy, w), we define the homogeneous representation of the rotation
center of u at g is T'(q)u.
For a given control line L = (ky, ky, ko), there is a corresponding transformation matrix 77, that transform a configuration

in the world frame to the control line frame:

ke ky, 0
Tr = |k, ko ke
0 0 1

For a configuration ¢ in the world frame, we use ¢ = T, q to denote its representation in the control line frame whenever
the control line L is clear from the text.

A nice property of the control line frame is that, for a given control line L, a given configuration ¢ in the world frame,
and a control u, we can compute the corresponding Hamiltonian value of applying u at ¢ along the control line L as
H = (T T(q)u)” - (0,1,0). Note that we will show how to construct the control line for a given Hamiltonian value in the
next section. The Hamiltonian value of applying v at ¢ along the control line L may be different from the Hamiltonian value
used to construct the control line. If so, this shows that applying u at ¢ will not satisfy necessary conditions for optimal
trajectories.

In order to determine the duration of applying a control u before switch to another control u/, it is convenient to

! W), we define the switch point from u to u’ be

define switch point. For two controls u = (v, vy,w) and v’ = (v}, vy,

pu,u') = (vy — vy, v — vz, 0" —w).

A.2. Parametrization of the Control Lines

In this section, we show that when the initial configuration g, the first control u, the final configuration gy, the last control

u s, where one of u, and uy is a rotation, we can construct at most two mappings from the Hamiltonian values to control
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Fig. 11. Tllustration of proof of Theorem 6 in the case that g # 0. The rotation centers at g and ¢ are denoted by R and R respectively.
The construction of the control line is only based on algebra. The geometrical meaning is that the control line will pass through a point
C = (a’,b") and for any rotation with angular velocity w, the distance from the rotation center to the control line is H /w.

lines: L1 (H) and Lo(H). When both u, and uy are translations, the control line trajectories are TGT trajectories. Since

we treat TGT trajectories separately, we do not deal with TGT trajectories in this section.

Theorem 6. For a given initial configuration q,, given goal configuration qy, first control us, and the last control uy, we
can determine an interval of Hamiltonian values I = (0, H,,), such that there exists mappings, L1(H) and Lo(H), from

Hamiltonian values in I to control lines.

Proof. Since k2 + kz = 1, we can represent the control line as (k, ky, ko) = (cos ¢, sin g, kg). Let Ry = (as, b, gs) be the
homogeneous representation of the rotation center of u, at gs. Let Ry = (ay, by, g5) be the homogeneous representation

of the rotation center of uy at gy. Leta = a; — ay, b = b, — by, and g = g, — gy. By Equation 2, we have:

—kyas + kybs + kogs = H )
—kyay + koby + kogy = H (10)
—kya+ kgb+ kog =0 (11)

There are two cases: Us, 7# Uf,, and U o, = Upy,.
The case of us ., # uys., (9 # 0). By Equation 11, we have kg = (kya — k;b)/g. By substitute back in Equation 10, we
have
—kyay + kgbs + (kya — kgb)gs/g = H (12)
Combing with Equation 9, we have,
—ky(ay — (agy)/g) + ku(by — (bgs)/9) = H (13)
By setting ' = ay — (agy)/g and b’ = by — (bgy)/g, we express Equation 13 differently as follows.
—a'sinp + bV cosp=H (14)

The geometrical meaning is that the control line will pass through a point C' = (a’,b’) and for any rotation with angular
velocity w, the distance from the rotation center to the control line is H/w.

Letr? = a/? + 0%, a = atan(a’,b’). We have @’ = rsin « and b’ = 7 cos . By trigonometric identities, we have

rcos(p+a)=H
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Since cos(¢ + o) = H/r, sin(p + o) = £4/1 — H2/r2 = £+/72 — H?/r.
VH +adVr?2— H?

k. = cosp = cos(p + a — a) = cos(¢ + a) cos(a) + sin(p + a) sina =

k, =sinp =sin(p + a — a) = sin(y + ) cos(a) — cos(p + ) sinaw =

_ H+agky —bsk,  ak, — bk,
9 g

ko

Thus, we have two control lines:

VH+ad'vr2—H2 YV/r2—H?2—-dH ak, — bk,

Li(H) = ( 2 ) 2 ; ) and
VH —d'vr?2—H? —bvr?2—-H?—-dH ak, — bk,
L2(H) :( r2 ’ 72 ’ g )

The case of us ., = uf (g =0). Letr =a? 4+ b?, a = atan(a,b). We have
reos(p+a)=0
Since cos(¢ + o) = 0, then sin(p + o) = £1.
ky = cosp = cos(p + a — a) = cos(p + a) cos(a) + sin(p + a) sina = +a/r

ky, =sinp = sin(p + a — a) = sin(e + a) cos(a) — cos(¢ + a) sin o = +b/r
. H+ a,fky - bf/ﬂz
gf

kg
Thus, we have two control lines

H k, —brk H ky, — bk
s =bike ) and 1(H) = (-afr, b, TR =ik
f f

Li(H) = (a/r,b/r,

).

For a given control set, there exists an upper bound H,, of the Hamiltonian values that will correspond to non-trivial

control line trajectories. Thus, we limit the range of Ly (H) and Lo(H) to be smaller than H,,. O

The parametrization we present here has different form from [13], which is based on trigonometric functions. Our
parametrization is easier to analyze, but Furtuna’s parametrization is more numerically stable, and hence we use Furtuna’s

parametrization in the implementation.

A.3. Durations of Control

In this section, we show that given a control line L, a configuration ¢, and two different controls « and v/, the duration of

applying u at a configuration g until switching to control u’ can have at most two possibilities.

Theorem 7. Given a control line L and a non-singular interval, the duration of applying a control u from a configuration q
until switching to another control u' has at most two possibilities such that the resulting motion can be a subtrajectory of a

control line trajectory corresponding to the control line L. Moreover, these two possibilities can be determined analytically.
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Proof. Suppose that a control line trajectory applies u at ¢” = T q and then switches to control u/ at a configuration ¢ in
the control line frame. By BIP, at the moment of switching control at configuration ¢, the Hamiltonian values for « and
u/ must be the same. Based on the analysis in [13], this implies (7'(¢X)p(u,u’))T - [0,1,0] = 0. That is, when we attach
p(u,u’) to the robot, p(u, u’) will lie on the control line when the robot is at ¢~ Hence, we can solve for ¢~ as follows:
Let p' = T, T(q)p(u,u') = (2, yp, w,) be the switching point in the control line frame when the robot is at ¢ in the
world frame. Let r* = T;,T(q)u = (x,,y,,w) be the homogeneous representation of the rotation center of u at ¢* in the
control line frame. If u is a translation and w,, # 0, then the duration ¢t = y, /.. If u is a rotation, then ¢ must satisfy

by sin(wt) + by cos(wt) + b3 =0
where

by = zp — wpa, /W
b2 = yp — Wpyr/w

by = wpyr/w

The solution of Equation A.3 is

wt = atan(by & \/b? + b3 — b2, by — b3) + 27n,Vn € Z

Since we are only interested in the solution with ¢ > 0 and |wt| < 2, there are at most two solutions. i

A.4. Durations for a Sequence of Controls

By the method described above, for a sequence of controls u, |u| = n, we can determine all possible durations t, each ¢,
1 < i < n, has at most two solutions, but the duration of the last control is still undetermined. When we are given the last
configuration ¢y, we can determine the duration of the last control as follows: If uy is a rotation, we apply uy until the
configuration has the same orientation as qy. If u is a translation, then we consider the control u,,_1. There are only two
possible configuration of switch from u,,_1 to u s, such that applying u y will reach ¢, and each configuration has different
durations for u . Thus, there are two possible durations of u; and we can choose the one which is closer to gy.

Consequently, given a control line L and a sequence of control u, [u| = n, there are at most 2"~ ! possible durations

t so that the trajectory (u,t) corresponds to the control line L. Furthermore, if we fix the way to determine the duration
according to selectors by,...,b,—1, b; € {1,2} so that the duration ¢; is the b;-th solution, then the duration is fully

determined by the control line L. Thus, we have the following theorem.

Theorem 9. Let u € U™ be a sequence of controls. Let b € {1,2}"~! be a sequence of selectors. For a given control
line L with a non-critical Hamiltonian value H, initial configuration q,, and final configuration qy, the duration of each

control is fully determined by u and b.

A.5. Finiteness of Trajectories Corresponding to a Control Line L

Since we have an upper bound for B for any optimal trajectories, we can limit ourselves to at most |U|? possible control
sequences for optimal trajectories. When a control line L and a fixed control sequence u are given, since the duration for

each control can be determined with at most two possibilities, there are at most 22 possible corresponding durations for



23

this control sequence with respect to the control line L. Thus, we can limit ourselves to these at most (2|U|)? possible

trajectories corresponding to the control line L.

B. Lipschitz Continuity

Fix a pair of controls (us,uy), an interval of Hamiltonian values I constructed in Theorem 10, and a mapping L(H)
from the Hamiltonian values to control lines, we show that the distance function computed in Section 10.3 is Lipschitz
continuous with respect to the change of the Hamiltonian value H.

First consider the cost function ¢, which is the summation of the switch cost and the time cost of the trajectory. Consider a
fixed sequence of controls u and we analyze the dependency of its duration t on the Hamiltonian value. By Theorem 9, when
we fix a sequence of controls and selectors, the duration is fully determined by L(H ). Since Lipschitz continuity is closed
under the minimum operation, it suffices to prove that for any sequence of controls u and selectors, the cost is Lipschitz
continuous with respect to the change of the Hamiltonian value 7 € I. Since the sequence is unchanged, the switch cost
stays the same for any Hamiltonian value H € I. Thus, it suffices to prove that for any sequence of controls u and selectors,
the durations t is Lipschitz continuous with respect to the change of the Hamiltonian value H € I. Similarly, we prove
that for any sequence of controls u and selectors, the distance from the trajectory to the goal is Lipschitz continuous with
respect to the change of the Hamiltonian value H € I.

In order to simplify the analysis, in the remaining part of this section, we consider fixed selectors so that t is a function
of the Hamiltonian value H directly without ambiguity.

B.1. Lipschitz Continuity of d(L(H),u,t) and ¢(L(H), u,t)

Let (u,s), |u| = n be a regular trajectory corresponding to the control line L(H). We first consider the cost function
¢(L(H),u,t), which depends on the durations of each control and switch cost. Since the sequence is unchanged, the
switch cost will not change and hence we focus on durations. Let ¢;( H ) be the duration for the i-th control u; with respect
to H. Since ¢(L(H), u, t) is the summation of all ¢, it suffices to prove that each ¢;(H) is Lipschitz continuous.

Second, we consider the distance function d(L(H ), u, t). For control u; and its corresponding sub-trajectory, we use
d; to denote the length of the sub-trajectory projection onto the control line. The distance function d(L(H ), u,t) can be
rewritten as |qSL$ + > di— qf’ |- It suffices to show that each d;(H) and the mapping T7, is Lipschitz continuous.

Durations t;(H) and projections d;(H), 1 < i < n are easier to analyze, since they depend on H directly. However,
durations ¢, (H) and t,,(H) depend on H, initial configuration ¢, and final configuration q]% in the control line frame,
which depends on H. Hence, t;(H) and t,,(H) depend on H not only directly but also indirectly through ¢~ and q]%.
Similarly, dy (H) and d,,(H) also depend on H directly and indirectly. The analysis of t1 (H ), t,,(H ), d1(H), and d,,(H)
should be separated from the analysis of ¢;(H ) and d;(H ), 1 < i < n. Thus, we analyze t;(H) and d;(H), 1 < < n first
and then show the mapping 77, is Lipschitz continuous. Finally, we give the analysis of ¢, (H), t,,(H), d1(H), and d,, (H).

B.2. Analysis of t;(H) and d;(H), 1 <i <mn

Theorem 12. Let I = (a,b) be an open interval of the partition of the Hamiltonian values. Let u be a fixed sequence of
n controls. Let t;(H ) be the duration for the u; and d;(H) be the length of projection of the sub-trajectory corresponding
to u; onto the control line. For any 6 > 0, both functions t;(H) and d;(H) are Lipschitz continuous with respect to the
Hamiltonian values H € (a,b — ¢) forall 1 < i < n.

Proof. The duration ¢;(H ) and length d; (H) are fully determined by w; 1, u;, u;11, and H. Let g~ be the configuration in
the control line frame at which the trajectory switches control from ;1 to u;. Let qiLJrl be the configuration in the control

line frame at which the trajectory switches control from u; to u;4 ;. Here, we use a result from [13] that there exists a point
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Fig. 12. Illustration of proof of Theorem 11 in the case that w; is a translation. Initially, the switch point is located at S*. A control line
trajectory must apply u; until the switch point collides with the control line at S

pi = p(u;—1,u;) rigidly attached to the robot, such that p; will lie on the control line when the robot is at qiL. Similarly,
when the robot is at qZ-L+1 and switches from wu; to u;4 1, there exists a point p;+1 = p(u;, u;4+1) attached to the robot such
that p;41 is on the control line.

We introduce some notation for the remainder of the proof. Let Z- = (ZL 0) be the location of p; attached to the robot
at g}, which is on the control line. Let S* = (S, S}) be the location of p; 1 attached to the robot at ¢. Let S = (SE0)
be the location of p;; attached to the robot at qiLH. By considering the position of S¥ we can determine the ¢;(H) and
d;(H).

Depending on whether u; is a translation or not, there are two cases:

The case in which u; is a translation. Let v; be the velocity of u;. By Theorem 1, the magnitude of the projection of the
velocity onto the control line is H. Consequently, the magnitude of velocity in the y-coordinate in the control line frame
is ”5 = \/W . The duration of ¢; can be computed as SyL / vyL. Consequently, the length of the projection of the
trajectory onto the control line, d;(H ), can be computed as ¢; H. Hence, it suffices to prove ¢; is Lipschitz continuous.

The control u;_1 must be a rotation, since if u;_1 is a translation, then u; and w;_; have the same Hamiltonian value
along the sub-trajectory corresponding to u; and the trajectory is a singular trajectory. Let RY = (RL, Rﬁ ) be the location
of the rotation center of control u;_1. Let [gz be the distance between S” and Z¥. Let [z be the distance between R”
and Z”. Let 6 be the angle rotating from vector Z-S* to vector ZR¥ counterclockwise. Since the the mutual distance
among S, RY and Z! is independent from H, [z and @ are independent from H.

Let 0, be the angle between segment S LGL and the control line; the value of 01 is acos(H /v;). Furthermore, [13] shows
that the line Z“R” is perpendicular to the line S* SL. By geometric reasoning, SyL can be computed as lgz cos(f —
acos(H/v;)) = (lsz/vi)(H cos § + /v? — H? sin ). Remember all the durations is capped by M, the cost of a feasible
trajectory. Hence, we have

SL s, H cosf
t;(H) = min(M, %+ = sinf + —— ).
() = min(0M, 2 = = )
Since the second term is monotonically increasing in H, there exists a threshold -y that for all H > ~, t; = M. Thus,
within the interval [y, b), t;(H) is a constant. Hence, we only focus on the part (a,~y) that the minimum is taken from the
second term.

A differentiable function is Lipschitz continuous if this function has a bounded first derivative.

oty(H) [ wvilszcosf
OH (UZZ _H2)1.5
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L 2

Fig. 13. Illustration of proof of Theorem 11 in the case that u; is a rotation, w;—1 > w;, and w;+1 > w;. Initially, the switch point is
located at S*. A control line trajectory must apply w;, a rotation around R” counterclockwisely, until the switch point collides with the
control line at ST

Since d; = t; H, we have

od;(H) :H5t¢ Gt = <(U¢l52€089 )+lsz (Sin9+ H cos @ )
v

oH OH 02— H2)L5 [o? — H?

For all H € (a,v) and H < v;, the derivatives of ¢;(H) and d;(H) are bounded.

The case in which u; is a rotation. Let R = (RL, R; ) be the location of the rotation center of control u; and let
RJL_ = (RL,0) be the projection of RZ on the control line. We want to compute the angle, (g, between the control
line to the vector RELSL, and the angle @1, between the control line to the vector RLS”L; these angles are measured in
counterclockwise direction. The duration ¢;(H ) can be computed as (¢1 — ¢g)/w;, Where the subtraction wrapping around
27 and the result has the same sign as w;. Let 7 be the distance between the reference point of the robot and R” when
robot is at ¢*. The projection of the trajectory on the control line, d;(H ), can be computed as (cos 1 — cos ). Thus, it
suffices to show that (g and ¢4 are Lipschitz continuous with respect to H.

Let [z be the distance between R” and Z* and let [z be the distance between R” and S”. Let  be the angle rotating
from vector R”Z” to R*S™ counterclockwise. Note that 6, [r, and [ rg are independent from H.

Let 67 be the angle between the segment RXZL and RLRY, which equals acos(H/(lgzw;)). Let 02 be the
angle between the segment RYST and RFRY, which equals acos(H/(Igsw;)). Let w;_; and w;y; be the angu-

lar velocity of w;_; and wu;y; respectively. Based on #; and 63, we can compute ¢y and ¢; as follows:

©o ®1
wi >0 zZk < RE 37/2 — 61+ 6 SL > RL 37/2 + 0y
wi >0 Zk > RE 37/2+ 601+ 0 Sk < RE 37/2 — 0y
wi <0 ZEk > RE /2 —61+6 Sk < RE /2 + 02
w; <0 Zk < RE /24601 +6 SE > R )2 — 6
Thus, we have
Opo(H Op1(H .
’ 9080[({ )‘ < ((ZRZ%_)2 . Hz)fo.s and ‘ @5}1 )‘ < ((lewi)z _H2)7O.a'
Consequently,
oti(H)| _ ((lnzwi)* — H*)™%* + ((Ipswi)? — H?) ™%
oOH - |wi\ '
od;(H) < r | sin 6| + cos 01
o0H lRZ|wz" (lRZwi)2 — H?2
H cos 0,

(ZRSwi)Q — ]:I2

)

r .
+ ——— | |sinfs] +
lRs|wil
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By the construction of the partition of the Hamiltonian values, b < |lgrzw;| and b < |l gsw;| so that the switch of controls
is feasible. For any § > 0, when H € (a,b — ¢), H is smaller than |lpzw;| and |l gsw;|, and the derivatives of ¢;(H ) and
d;(H) are bounded. O

During the analysis, we also fully analyze the duration for three consecutive controls u, u/, and u” in a control line

trajectory with respect to a given H value.

Theorem 8. Let u, u', and u" be three consecutive controls in a control line trajectory. Given k, ky, and a non-critical
Hamiltonian value H, the duration of u' has at most two possibilities and can be determined analytically without knowing

the configuration.

Before we analyze d1, t1, d,,, and t,,, since they depend on the mapping T7,(q) = q*, they indirectly depend on k., k,,

and ky. Hence, we show the analysis of k,, k,, kg first and then analyze q" before we analyze dy, t1, d,, and t,,.

B.3. Analysis of k, k,, kg, and atan(k,, k,)

Since the mapping 77, depends on &, k, and kg, we analyze the dependency of k., k,, and kg on the Hamiltonian value

H. Furthermore, we also analyze atan(ky, k), since we will need it in the following sections.

Theorem 13. For a mapping L(H) = (ky(H), ky(H), ko(H)) from the Hamiltonian values to control lines with a domain
(0, Hy). The mapping L(H) and atan(k,(H), k,(H)) are Lipschitz continuous with respect to the Hamiltonian values in
(0, H, — 6) forany § > 0.

. H+agk,—bsk,
Proof. Since ko(H) = %, we have

Ok, (H Ok
kg (H) _ 1+ ay %47 — b 20

OH g5

By using the notation in Section A.2, there are two cases.

Dby (H) _ Oy (H) _

OH OH

The case of us ., = uy,, (9 = 0) Inthis case, k; and &k, will not change with respect to H. Hence,

Oatan(ky,ks) _ Ok _
Qatan(hy,bs) a(H ) —0and 751(1,}1) =1/g5.

The case of Us ., 7# Usw (9 7 0)

ok, (H) _ W1+ | 7|
O0H — 72

Oky(H) < la’| + |\/Tb2_LHz|
OH — r2
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key (H
datan(k, (H), k,(H)) 1 Op)
oH 1+ k2/k2 OH
kg (H Ok, (H)
_ 2 31(1 Ly — ks oH
_Ok(H), Ok, (H)
T T oH v T om
_bl+\/r(127—%blv7"2—H2—a/H WH +a/\iZ— 02— + 5
- r2 r2 o 72 72
1 ( aH bVH
= (0 + 2 WP H2—dH) — (VH +d' 1?2 — H?)(—d + ——er )
A\ e Wy e
SR PV N ay e RNy S _aRH? +aVH— _VHE +ad?rP—H?—dVH
o e Wy e
1 ”2 2 (alz + bIZ)HQ
= 2 (@ vy - T
o ((a N
1 H?
= S (@? + V(2 — H? - )
r re—H
_ r?—2H?
TV
1
< -
=V

For any 0 > 0, since » > H,,, when H € (0, H, — 0), we have H < r. Thus, for any 6 > 0, k,(H), ky(H), k¢(H), and
atan(ky(H), k(H)) are Lipschitz continuous with respect to the Hamiltonian value H € (0, H,, — ¢). O

B.4. Analysis of ¢*

For different Hamiltonian values, the mapping from g, and ¢ to the control line frame may be different. However, we can

show that qy, is Lipschitz continuous with respect to the Hamiltonian value H.

Theorem 14. For amapping L(H) = (ky(H), ky(H), ko(H)) from the Hamiltonian values to control lines with a domain
(0, H,,). The control line transformation T, (q) is Lipschitz continuous with respect to the Hamiltonian values in (0, H,, — §)
forany 6 > 0.

Proof. For a configuration ¢ = (x,y,cosf,sinf) and a control line parametrized by H, (k,(H),ky(H), ke(H)), the
mapping from ¢ to the control line frame is

—ky(H)z + ko (H)y + ko
ky(H) cos — k,(H)sin6
ke (H)sin€ + k,(H) cos 6

qr(H) =

Hence,
Ok (H) . n akgl({H)il/

Dqu(H) B 781951({H)x+ c’)kgl({H)y+ akgl({H)
OH Okz(H) (g0 %gil(fl) sin @

5’81({ ) Oky(H)
ko (H) . by
S sin 0 + =5

cos
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S
q
------------- S"(H)
____________ — > L(H)
SL.(.I-_[./) ..... > L(H/)

Fig. 14. Illustration of proof of Theorem 15 in the case that u; is a translation. The reference point of the robot is at ¢ and the switch
point is at p in the world frame. When the Hamiltonian value H changes, the control line changes from L(H) to L(H"). Hence, the
endpoint of the translation changes from S* (H) to S (H') accordingly.

For any 6 > 0, since k,(H), k,(H), and ko(H) are Lipschitz continuous with respect to the Hamiltonian value H €
(0, H,, — 6), ¢" is Lipschitz continuous with respect to the Hamiltonian value H € (0, H,, — &) as well. i

B.5. Analysis of dy, t4, d,,, and t,,

In this section, we show that d, t1, d,,, and ¢,, is Lipschitz continuous with respect to the change of the Hamiltonian value
H.

Theorem 15. Let I = (a,b) be an open interval of the partition of the Hamiltonian values. Let u be a fixed sequence of n
controls. Let t;(H) be the duration for the w; and d;(H) be the length of projection of the sub-trajectory corresponding to

u; onto the control line. For any § > 0, dy, t1, dy,, and t,, are Lipschitz continuous with respect to the Hamiltonian values
H e (a,b—9).

Proof. Let (0, H,,) be the domain of the mapping L(H) = (k,(H), k,(H), kg(H)). For any § > 0, since b < H,, kg, ky,
kg, atan(ky, k), and q" are Lipschitz continuous with respect to the Hamiltonian values in (a, b — §) by Theorems 13 and
14

Since the cases for ¢; and ¢,, are symmetric, we only analyze ¢; and similarly we only analyze d;. Let the initial
configuration be ¢ = (z,y, cos#,sind) in the world frame. Fix a pair of controls (u,u’). Let t(H) be the duration of
applying u until switching to «’. Let ¢*(H) be the configuration of the robot when the control switch from u to . Let
d(H) = ¢& — qL be the projection of the motion on to the control line. There are two cases depending on whether u is a

translation or a rotation.

The case in which v is a translation. Let S = (py, p,) be the switch point of between w and v’ in the world frame. Let
v = (v, vy, 0) be the velocity in the world frame.
The representation of S in the control line frame S is

SL(H):< ke (H)py + ky(H)py )
—ky(H)ps + ko (H)py + ko(H)

We have
8SyL(H) B _8ky(H) Ok, (H) Oko(H)
oH  oH 7 Tom T aH

The velocity vy, in the control line frame is

ky ky O] | cosf® sinf x| |v, k(cos Qug + sin vy ) + ky(— sin fv, + cos Hvy)
vI(H) = —ky ky 0| |—sin® cos® y| |v,| = |—ky(cosbv, + sinbuv,) + ks (— sin v, + cos Ov,)
0 0 1 0 0 1 0 0
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Fig. 15. Illustration of proof of Theorem 15 in the case that u; is a rotation. The reference point of the robot is at ¢ and the switch point
is at p in the world frame. When the Hamiltonian value H changes, the control line changes from L(H) to L(H'). Hence, the endpoint
of the rotation changes from p(H) to p(H') accordingly.

Let v’ = (v, v)) = (cos vy + sin vy, — sin v, + cos Ov, ). We have

) Yy
Ovlk(H)  0Oky(H) , 0ky(H) , vy Oky(H) ,  0Ok.(H) ,
o~ om =t Tom W ™y T am T om W

The time is
*ky(H)px + kx(H)py + kO(H)

t(H) = Sk /ol =
(H) Sy vy —ky(H)(cos Ov, + sin Ovy) + ky(H)(— sin fv, + cos Ovy)

Since ¢5(H) = qL(H) + vEt(H), d(H) = ¢~ (H) + vEt(H) — ¢2 (H) = vEt(H). Consequently,

Od(H)  Ovk(H)
OH —  0OH

Ot(H)

HH) + ok ()2

For any 6§ > 0, since vyL and SyL are Lipschitz continuous with respect to the Hamiltonian values in (a,b — §), d(H) and

t(H) are Lipschitz continuous with respect to the Hamiltonian values in (a,b — 0) as well.

The case in which w is a rotation. Let S = (ps, p,) be the switch point of between u and v’ in the world frame. Let R be
the rotation center of u in the world frame. Let r be the radius of rotation. Let d),. be the distance between p and c. Let ¢
be the angle between the vector from c to p and the vector from c to ¢. Note that S, R, r, d,, g, and ¢ are independent
from the change of the Hamiltonian value.

Let S (H) be the position of the switch point when the robot is at ¢~ (H), where SZ (H) should be on the control line.
Let o( H) be the angle between the vector from R to S (H) and the control line.

\Jwid2, — H?
sina = il ,cos Q= ipi
wdpc dec
The time t(H) = (¢(H) — a(H))/w. Thus,
Ot(H) Oatan(ky, k;)(H) 1 Oatan(ky, k;)(H) |w|dpe
< + = +
|8H|_< T R 727 e ) EL il U7 R ey KA

By the construction of the partition of Hamiltonian values, b < wd,,. so that the switch of controls is feasible. For any § > 0,
when H € (a,b—¢), H is smaller than wd,,.. Since atan(k,, k;) is Lipschitz continuous with respect to the Hamiltonian

values in (a, b — 0), d(H) is Lipschitz continuous with respect to the Hamiltonian values in (a, b — ) as well.
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Remember that d(H) = gL — GL. We analyze g~ first.

— RE =rcos(p +a)

= r(cos ¢ cos a — sin @ sin a)

\Jw2dZ, — H?
4+ —sinp

wdpe wdpe

= w; (cospy/w?d2. — H? —sinpH)
pc

=7 |cosp

Thus,

3() 8RL()

. H
(Isin @[ + [ cos | =)

‘ |w|dpc (dec)2 — H2

| < |+

Hence,

( )

. H
T (sing| + [ cos |

Ny ——
|w |d w2d?. — H?

For any § > 0, since ¢ (H) and RZ(H) are Lipschitz continuous with respect to the Hamiltonian values in (a,b — §),

d(H) is Lipschitz continuous with respect to the Hamiltonian values in (a, b — §) as well. O

By Theorem 12 and 15, we have the following theorem.

Theorem 11. Let I = (a,b) be an open interval of the partition of the Hamiltonian values. Let u be a fixed sequence of
n controls. Let t;(H) be the duration for the u; and d;(H ) be the length of projection of the sub-trajectory corresponding
to w; onto the control line. For any 6 > 0, both functions t;(H) and d;(H) are Lipschitz continuous with respect to the
Hamiltonian values H € (a,b — ¢) forall 1 < i < n.



