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Abstract

This paper reports a novel result: with proper robot models based on geometric mechanics, one can formulate the ki-
nodynamic motion planning problems for rigid body systems as exact polynomial optimization problems. Due to the
nonlinear rigid body dynamics, the motion planning problem for rigid body systems is nonconvex. Existing global
optimization-based methods do not parameterize 3D rigid body motion efficiently; thus, they do not scale well to long-
horizon planning problems. We use Lie groups as the configuration space and apply the variational integrator to formulate
the forced rigid body dynamics as quadratic polynomials. Then, we leverage Lasserre s hierarchy of moment relaxation to
obtain the globally optimal solution via semidefinite programming. By leveraging the sparsity of the motion planning
problem, the proposed algorithm has linear complexity with respect to the planning horizon. This paper demonstrates that
the proposed method can provide globally optimal solutions or certificates of infeasibility at the second-order relaxation for
3D drone landing using full dynamics and inverse kinematics for serial manipulators. Moreover, we extend the algorithms
to multi-body systems via the constrained variational integrators. The testing cases on cart-pole and drone with cable-
suspended load suggest that the proposed algorithms can provide rank-one optimal solutions or nontrivial initial guesses.
Finally, we propose strategies to speed up the computation, including an alternative formulation using quaternion, which
provides empirically tight relaxations for the drone landing problem at the first-order relaxation.

Keywords
Motion planning, geometric mechanics, rigid body dynamics, moment relaxation, polynomial optimization, matrix lie
groups, trajectory optimization, semidefinite programming, inverse kinematics

1. Introduction Richards and How, 2002; Schouwenaars et al., 2001) and
polynomial optimization (Amice et al., 2023; El Khadir
et al., 2021; Trutman et al., 2022), have been applied to
obtain or approximate the globally optimal solutions. How-
ever, these methods do not consider full robot dynamics or
apply approximations that sacrifice the modeling fidelity.
Thus, the natural question is how can we obtain the
globally optimal solution of motion planning problem using
exact robot dynamics? The main challenges are the scal-
ability of the global optimization algorithm and the absence
of proper robot formulations. For the former problem, recent

The kinodynamic motion planning (Donald et al., 1993), or
trajectory optimization (Betts, 1998), which aims to syn-
thesize robot motions subject to kinematics, dynamics, and
input constraints, is fundamental in robotics research. A
typical formulation of kinodynamic motion planning is a
constrained optimization problem, usually nonconvex due to
the nonlinear dynamics and obstacle configurations. Despite
the nonconvexity of these problems, the optimization
methods that exploit the local gradient information have been
successfully applied to find local optimal solutions. Unless
problem-specific convexification is accessible (Behcet et al.,
2013), there is generally no guarantee of global optimality. ;Robotics Departm'ent, U'niversit}'/ 'of Michigan, Ann Arbor, MI, USA
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Figure 1. We convert the nonconvex motion planning problem of rigid body systems to convex optimization by formulating the
dynamics constraints with the variational integrator on the matrix Lie group. We show that Lasserre’s hierarchy of moment relaxation at
the second order is capable of providing tight relaxations for our testing cases. A fundamental question and future direction is to explore
when the SDP and POP are equivalent, which is critical to solving the motion planning problem of rigid body systems via convex

optimization.

progress in the Polynomial Optimization Problem (POP),
that is, Lasserre’s hierarchy of moment relaxation (Lasserre,
2001, 2015), enables one to compute globally optimal
solutions of POPs via a sequence of Semidefinite Pro-
gramming (SDP). For the latter problem, we apply the
variational integrator on Lie groups to formulate rigid body
dynamics as quadratic polynomials.

In this paper, we show that bridging the geometric ro-
botics formulation and Lasserre’s hierarchy leads to certi-
fiably optimal solutions for motion planning problems using
the full dynamics model. We exploit the property of the
configuration space of rigid body dynamics and apply
variational integrator (Marsden and West, 2001) on Lie
groups to generate an exact polynomial dynamics model.
Then, we formulate the kinodynamic motion planning
problem as a sparse POP with only quadratic polynomials.
We further leverage Lasserre’s hierarchy to approximate the
globally optimal solutions. The proposed geometric motion
planning framework on Lie groups is illustrated in Figure 1.

An early version of this work by the current authors was
presented as a conference paper (Teng et al., 2023). The
major contributions compared to the conference version are:

1. Extension of the proposed algorithm to the multi-body
systems via constrained variational integrators.

2. An alternative formulation of the proposed algorithm
on quaternion and SO(3) x R* group to speed up the
computation.

3. More insightful discussion about the complexity and
convergence of the proposed algorithm.

4. More comparative study with existing algorithms.

5. Closed-loop simulation to verify the dynamic feasibility
of the planned trajectory.

6. Open-source implementation of the proposed algorithms
to ensure reproducibility of the presented results and
enable future studies https:/github.com/SangliTeng/
LieGroupSDP.git.

The main contributions of this paper are summarized as
follows:

1. Derivation of discrete multi-body robotics dynamics
model on SE(3) groups as quadratic polynomials using
the Lie group variational integrator.

2. Formulation of kinodynamic motion planning problem
of rigid body system as a sparse quadratic polynomial
optimization. The induced optimization can be solved
by Lasserre’s hierarchy of moment relaxation at the
second order with linear complexity with respect to the
planning horizon.

3. Alternative derivation of the proposed algorithm using
quaternion to speed up the computation. The first-order
relaxation is found empirically tight in the case study.

2. Background and related work

In this section, we review the motion planning algorithms
using sampling methods, gradient-based local optimization,
and global optimization.

2.1. Sampling-based motion planning

The sampling-based motion planning algorithm has gained
success in recent decades (Agha-Mohammadi et al., 2014;
Ghaffari Jadidi et al., 2019; Hollinger and Sukhatme, 2014;
Horsch et al., 1994; Kavraki et al., 1996; LaValle and
Kuffner Jr, 2001; Sertac and Emilio, 2011; Teng et al.,
2021). These sampling-based methods are complete (or,
resp. optimal), in the sense that the probability of finding the
solution (or, resp. finding the optimal solution) converges to
one when the sampling is sufficient (LaValle, 2006; Sertac
and Emilio, 2011). However, as the completeness of these
methods is only in the sense of probability, there is no
guarantee of the runtime, and the algorithm may run forever
if the solution does not exist. Due to the sampling nature of
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these algorithms, the solutions are chattering and need
refining by local solvers.

2.2. Gradient-based local search

The gradient-based local optimization has been applied to
obtain the optimal trajectory given the system models and
control objectives. These methods try to reach the first-order
optimality condition to minimize the control objectives. The
indirect method first derives the first-order optimality
condition in continuous time and then enforces it in discrete
time to obtain the optimal trajectory (Kierzenka and
Shampine, 2001). On the other hand, the direct method
derives the dynamics in discrete time first and then conducts
optimizations (Dong et al., 2023; Hereid and Ames, 2017;
Li et al., 2023; Manchester et al., 2019; Posa et al., 2014;
Schulman et al., 2014; Zucker et al., 2013). The Differential
Dynamic Programming iteratively updates the trajectory via
simulating the system and then optimizing around the
nominal trajectory to decrease the cost function (Jacobson
and Mayne, 1970; Saccon et al., 2013; Tassa et al., 2014).
Due to the nonlinear nature of the robot dynamics, these
optimization problems are nonconvex, and it is hard to
justify whether the locally optimal solutions are also
globally optimal. Additionally, the quality of the optimized
trajectories is also sensitive to poor initialization.

To mitigate the nonconvexity, the convex feasible
set algorithm (Liu et al., 2018; Liu and Tomizuka, 2017)
iteratively approximates the free regions in the state space
by convex sets and conducts local convex optimization.
Under the assumption that the dynamics are fully actuated
(Liu and Tomizuka, 2017) or linear (Liu et al., 2018), the
algorithm is guaranteed to converge to the local optimal
solutions. A lossless convexification approach is proposed
to slack the nonconvex thrust constraints for rocket landing
problems Behcet et al. (2013). The slacked problem is
proved to satisfy the same first-order optimality condition as
the original problem. However, these convexification
methods are problem-specific and are not general to other
robot dynamics. Thus, the key to convexifying a wide range
of motion planning problems is to find a universal repre-
sentation of robot dynamics and a systematic way to solve it
via convex optimization.

2.3. Global optimization-based motion planning

The mixed-integer programming has been applied to the
collision avoidance or path planning problem for aerial
robots (Richards and How, 2002), ground vehicles (Deits
and Tedrake, 2015; Schouwenaars et al., 2001), and legged
robot (Deits and Tedrake, 2014; Ding et al., 2018, 2020).
Richards and How (2002); Schouwenaars et al. (2001);
Deits and Tedrake (2015) aim at path planning that omits the
dynamics of the robots. Ding et al. (2020, 2018); Deits and
Tedrake (2014) applied simplified dynamics models for
legged robot foot placement planning. These methods are
based on simplified models, specifically for legged robots,

and do not consider the 3D kinematics or dynamics con-
straints. Dai et al. (2019) represents the SO(3) surface by the
convex hull in partitioned intervals, thus making the Inverse
Kinematics (IK) problem a mixed-integer convex optimi-
zation. Then, the branch-and-bound process (Lawler and
Wood, 1966) is applied to solve the mixed-integer convex
optimization. High accuracy approximation of the SO(3)
would require more intervals that dramatically increase the
runtime. These combinatorial methods are complete and
capable of obtaining the globally optimal solutions
(LaValle, 2006), while the cost is the exponential time
complexity and omission of the geometry of the configu-
ration space. Thus, these combinatorial methods cannot
scale well for long-horizon planning and complex rigid
body configurations.

The piece-wise linear kinematics model and Lasserre’s
hierarchy are applied by El Khadir et al. (2021) to plan paths
with collisions defined by time-varying polynomial in-
equalities. With the increase of moment relaxation order, the
work of El Khadir et al. (2021) could asymptotically find the
collision-free path when a moving obstacle is presented.
Jasour et al. (2021a) extends such Lasserre’s hierarchy-
based method to develop risk-bounded trajectory planners
in the presence of uncertain time-varying obstacles using the
notion of risk contours (Jasour and Williams, 2019). Mo-
ment relaxation methods have been applied to optimal
control of hybrid systems (Zhao et al., 2019) in continuous
time. Via a sequence of SDPs, the control input and state
monotonically converge to the global optimum. Sum-of-
squares programming has been applied by Tedrake et al.
(2010) to verify the region of attraction for the feedback
controller. The work of Zhao et al. (2019) and Tedrake et al.
(2010) consider Taylor expansions to approximate the
nonlinear robot dynamics. As the Taylor expansion is an
infinite series, finite order approximation cannot be exact,
and higher order approximation inevitably increases the size
of the moment matrix.

Trigonometric functions have been represented as rational
functions by Amice et al. (2023); Trutman et al. (2022) to
formulate the kinematic constraints in the IK problem. Using
this parameterization, Trutman et al. (2022) apply the Las-
serre’s hierarchy to compute globally optimal solutions of IK
and Amice et al. (2023) apply the sum-of-squares
(Blekherman et al., 2012; Parrilo, 2003) to certify the
collision-free regions. However, both Amice et al. (2023) and
Trutman et al. (2022) only consider the rotation about a single
axis and need to represent the joint SE(3) pose by a chain of
trigonometric polynomials. The drawback is that when the
kinematic chain increases, the degree of the polynomial
representing the pose also increases. Additionally, Amice
et al. (2023); Trutman et al. (2022) propose dense formu-
lations as each equality constraint involves all joint angles.
The work of Maric et al. (2020) casts the IK as a problem of
finding the nearest point of an algebraic variety and proves all
non-singular poses can be tightly solved by sparse-SDP re-
laxation (Cifuentes et al., 2020). However, this formulation
relies on distance geometry that only applies to kinematic
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problems. The works of Wang et al. (2020); Jasour et al.
(2021b) describe the exact uncertainty propagation of sys-
tems parameterized by trigonometric polynomials using the
notion of trigonometric moments. Though dynamics models
are considered in both cases, the constraints between the
Euler angles and their trigonometric functions are not linear.
Such constraints make it hard to lift the dynamics constraints
to the moment space. To solve the above issues, we propose a
sparse geometric-based formulation that only involves qua-
dratic polynomials, which is suitable for long-horizon
applications.

2.4. Lasserres hierarchy and certifiable
optimality

Lasserre’s hierarchy converts the POP to infinite-
dimensional linear programming in the measure space
and approximates the globally optimal solution via
truncated moment sequences in finite dimension
(Lasserre, 2001, 2015). By increasing the order of the
moment matrix, one can monotonically approximate the
globally optimal solution of POP by solving a sequence
of SDPs. When the cost function and constraints satisfy
certain technical conditions (Nie, 2014), Lasserre’s
hierarchy can converge exactly to the global optimum in
finite relaxation order. For large-scale problems, the
sparsity pattern in POP has been used to reduce the size
of the SDP by breaking the dense moment matrix into
smaller ones (Lasserre, 2006; Waki et al., 2006; Wang
et al., 2021b). For control problems that satisfy Markov
assumption, the sparsity pattern (Lasserre, 2006; Wang
et al., 2022) makes the computation time linear in the
problem horizon (Waki et al., 2006).

Lasserre’s hierarchy has been applied to perception
problems (Yang and Carlone, 2022) as the certifiable al-
gorithm (Bandeira, 2016). The certifiable algorithm
(Bandeira, 2016; Yang and Carlone, 2022) requires that (i)
the algorithm runs in polynomial time, (ii) returns a globally
optimal solution with a certificate of the optimality, (iii) or
fails to do so but provides a bound on the objective value.
When the relaxation order of Lasserre’s hierarchy is de-
termined, the SDP can be solved in polynomial time. The
optimum of SDP can also be certified as the globally optimal
solution via rank conditions of the moment matrix or serve
as a lower bound estimation for the problem (Lasserre,
2015). Such properties are rarely seen in the existing motion
planning algorithms based on sampling, combinatorial
methods, or nonlinear local solvers.

Continuous time control problems of polynomial sys-
tems have been lifted to space of measure to obtain optimal
feedback (Henrion et al., 2008; Kamoutsi et al., 2017; Yang
etal., 2023; Zhao et al., 2019), region of attraction (Henrion
and Korda, 2013) or backward reachable set (Majumdar
et al., 2014). Though asymptotically convergent approxi-
mation by Lasserre’s hierarchy is guaranteed, finite con-
vergence is not observed in these cases. In this work, we
leverage Lasserre’s hierarchy by converting the discrete-time

motion planning problem to exact POP for a single trajectory.
We find that our algorithms can provide certified rank-one
globally optimal solutions or sufficiently good initialization at
the second-order relaxation.

3. Theoretical background and preliminaries

3.1. Polynomial optimization and Lasserre’s
hierarchy

Let R[x] be the ring of polynomial with real coefficients
and x:=(xy, x», ..., X,,). Given an integer r, we define the
set NI:={a € N"|> ,a;<r}. The monomial with degree
up to 7 can be defined as x*:=x{'x3?...x%",a € NI, and we

have the canonical basis v,(x) for polynomial degree up to r:
ve(x)=(1,x, ...,xn,xf,xlxz, ...,xﬁ,x{, aux). (D

Let s(r):==(n + r)!/n!r! be the dimension of v,(x). Then
any r-degree polynomial p(x) : R” — R could be expressed
as

pl) = pax = {p.v,(x)), @

o

where p = {p,} denotes the coefficients corresponding to the
basis defined in (1). We define the POP as follows:

Problem 1. (Polynomial Optimization Problem).

p* =infp(x)

st gi(x)>0, (POP)

Vie{l,...,m}.
where p, g; are polynomials. We denote the feasible set
K:={x|g;(x)=0,j = 1,2,...,m}.

We denote the degree, that is, the highest order of
monomial, of polynomial g as deg g. Then we have the
degree integers as d;:= [deg(g;)/2] and dy = max {1, d;, ...,
d,,}, where [a] denotes the smallest integer greater than or
equal to a.

Given a probability distribution x(x) in R" and a € N7,
then the moment of y(x) at order a is defined as

Ya =V =B = [ulin @)
We construct the (truncated) moment matrix
M, (y) e RE0) yia a s(2r)-sequence y = (y,), with rows
and columns labeled the same as in (1). For example,
moment matrix M,(y), with n =2, r =2, is

Yoo Yio Yoi Y20 Vigi Yoo
Yio Y20 Yia Vo V21 V12
Yoi Yig Yoz Y21 Viz o3
My(y) = , 224
20}) Vo V3o Y21 Yao Vi1 V22 @)
Yig Y2u1 YViz YVii V2 Vi3
Yo2 Yiz Yoz Y22 Vi3 Yoa

Suppose y = (y,) C R be a sequence indexed by a € N,
and let the £, : R[x] — R be the linear functional:
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The functional (5) can be interpreted as substituting the
monomials x* in f{x) by corresponding y, to obtain the
numerical value. Then M,(y) can be constructed by

M”(,y)(aﬂﬂ) = ‘C}’(xa‘xﬂ) :y(l+/f7 aaﬁeN:7 (6)
or equivalently, by manipulating the entire v, (x)v,(x)T:

M,(y) = L, (x)v(x)")- (™)

Finally, we also have the localizing matrix for g; as

Mr*di (gly) = 'Cy (gllvl’*di (x)vl'*di (x)T) . (8)

One equivalent formulation of (POP) is the infinite-
dimensional linear programming over the space of proba-
bility with support on the feasible set K (Lasserre, 2001,
2015), where the objective function is a linear combination
of the entries of the moment matrix. The detailed formu-
lation of the infinite-dimensional linear programming for-
mulation is presented in Appendix A.

As searching over an infinitely large moment matrix is
impossible, we approximate the solution by sequences y,
with finite order |a| = 2x. Thus, we have the relaxed SDP in
the space of moment matrix M,(y) as follows.

Problem 2. (Semidefinite relaxation of POP).
p¥ = inf L,(p)

yeRSC)

st. M.(y)>0,
M._4(gy)=0,Yje{l,...,m}.

(SDP)

where p and g; are polynomials.

As (SDP) gets more constrained as x increases, we could
gradually approximate the globally optimal solution of
(POP). This observation leads to the theory of Lasserre’s
hierarchy as follows:

Theorem 1. (Lasserre’s Hierarchy (Lasserre, 2001,
2015)). Let p* be the optimum of (POP) and the p’* (resp.
V¥) be the optimum (resp. optimizer) of (SDP), then:

1. (Monotone lower bound) p* is monotonically increasing
and p*1p* as k — oo.
2. (Rank condition) If the moment matrix satisfies:

rank (M, (y*)) = rank(M,_4,(v*)),

then p* = p*. In this case, y* is a moment sequence that
admits a representing measure on K.

3. (Number of optimizers) If 2) is satisfied, then the number
of optimizers equals to rank (M, (y¥)).

4. (Finite convergence) If (POP) satisfy some suitable
technical condition, under the assumption that Archi-
medeanness condition' holds for K, then pk =p*
happens at some finite order k* < oo (Nie, 2014). We note
that the actual order k* is unknown in advance.
Lasserre’s hierarchy indicates that one can increase x
from the lowest relaxation order until the rank condition is
satisfied. For a wide range of applications that only have a
unique optimal solution (Teng et al., 2024; Yang and
Carlone, 2020, 2022), the following rank-one optimality
condition can be expected.

Remark 1. (rank-one optimality condition). If

rank(M,(y*)) =1, then rank(M, 4,(v*)) =1 as

Mi—4,(y¥) is a non-zero principle submatrix of M, (y*).

We can further justify whether the unique globally op-
timal solution is obtained by checking the rank of the so-
lution to (SDP).

Remark 2. (Certificate of optimality). The unique global

optimal solution to (POP) can be verified if

rank (M, (y*)) = 1. In the case that rank (M, (y*)) # 1, p*

can still serve as a lower bound of the optimal cost p*.

Then, we can extract or approximate the solution of
(POP) by matrix decomposition.

Remark 3. (Extract solutions). The solution to (POP)
can be extracted by matrix decomposition M, (y*) =
V(@) (x*¥)T,  given that Rank(M,(y*)) = 1. 1If
Rank(M,(y*)) # 1, the Singular Value Decomposition of
M,(y*) provides an approximated v,(x*) with the
components corresponding to the largest singular value.

3.2. Rigid body dynamics

We now introduce the Lie group-based rigid body dy-
namics. We consider special Euclidean group SE (3) as the
configuration space of rigid body motion:

X = [R p} €SE(3), )

0 1

where p € R¥! is the position, and R is the rotation defined
on the special orthogonal group

SO(3):={RecR** | R"R = I, det(R) = 1}.

On SE (3), the twist is defined as the concatenation of
angular velocity w and linear velocity v in the body frame,
that is,

o[t eme [ e o

where ()" satisfies a“b = a x b, a, b € R*. Note that 3¢ (3) is
the tangent space at the identity X = I, and X¢&" € TxSE (3).
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The reconstruction equation gives the Equation of Motion
(EOM) in continuous time:

X =x¢&n (11)
We have the inertia matrix J;, and the kinetic energy:
| 0 1.
Jb'_ |:0 m13:|9 T(f) _26 Jbi: (12)

where I, € R**? is the moment of inertia in the body frame
and m is the body mass. We arrive at the Euler-Poincaré
equation (Bloch, 2003; Marsden and Ratiu, 1998) if we take
the variation in T,SE (3):

X X

0 v
0 o

Jpé + { ]be: 0. (13)

3.3. Variational integrator

Consider a mechanical system with the configuration space
0. We denote the configuration state as ¢ € O and the
generalized velocity as g € 7,0. Then we have the La-
grangian given the kinetic and potential energy 7(g), V' (q):

L(q,9)=T(q) = V(q)- (14)

The key idea of a variational integrator is to discretize the
Lagrangian (14) to obtain the discrete-time EOM (Marsden
and West, 2001). The discretization scheme ensures that the
Lagrangian is conserved in discrete time, thus having su-
perior energy conservation properties over a long duration.

We define the time step Az € R and the time sequence
{tx =kAt | k=0,..,N} CR. Thus, the discrete La-
grangian L;: 0 xQ—R could be considered as the ap-
proximation of the action integral via:

/8]

La(qrs qir1) = L(g,q)dt. (15)

3

In this work, we consider the midpoint approximation
(Marsden and West, 2001):

qr+1 — Gk qr+1 + qk
Culgain) = (B %) p (B H ),
d(qk qk+1) At B

(16)

Then, the discrete variant of the action integration
becomes:

N-1

Sq = Z ﬁd(qka Qk+1)-

k=0

(17)

Finally, we take the discrete version of integration by
parts (Marsden and West, 2001) to obtain the dynamics. The

first step is to take variation in 7Q, and then we group the
term corresponding to dg; € T,,0:

N-1

0S4 =">  DiLa(qkGi1) " 0qk + DoLa(qis qrs1) 0qicn

=
= D1 L4(90,91)"0q0 + DaLa(qn-1,qn) Iqn

N—-1

+ Z (D2La(qi1,9x) + D1 La(qrs qrsn)) 0qs,

k=1

(18)

where D; denotes the derivative with respect to the i-th
argument. By the least action principle, the EOM can be
characterized by the stationary point:

D Ly(qi, qir1) + D2Ly(qu-r,qx) = 0. (19)

To incorporate the external force f€T70, we can
compute the action integral again using the midpoint ap-
proximation as

L At T At T
f(t) 5q dl‘:»?f([k) 5% +7f(tk+1) (qu+1. (20)

/3

Thus, the integration over [#, #y] can be approximated by
the following summation:

N NZ1o pten
/ f(0)'oqde="" / 1(2) g dt
o k=0 7k

N
At At
=Y jf(fk)T&Ik + 5t R
k=0
At

A At
= 2f(f0)T5‘I0 + 7f(fN)T5fIN

(2]

N-1

+ 3 (1) dqit

k=1

We then have the forced EOM after incorporating it into
(19):

D\ Ly(qi, Grs1) + Do La(qur, qr) = frlAt. (22)

4. Problem formulation

We consider the robot motion planning problem as the
following constrained optimization:

Problem 3. (Discrete Kinodynamic Motion Planning).
Consider the robot configuration state Y, and control
input U,” at time step k. Given the terminal cost ¥(-) and
running cost L(-, -), our goal is to plan a trajectory
(Y} o, {Ui},, subject to the initial condition Y, =
Yinir via the following optimization:
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=

-1
min L(Yi, Uir)
{Tehlo (U 0

st. D(Yii1, Ye, Urir) = 0,

Y(Yy) +

=~
I

Ve, 23)
H (Y1) 20,

Unin < Uy < Uy

Yo = Yinits

k=0, .N—1.

where D(, -, -) is the equality constraints induced from robot
dynamics, U, and Uy, are the minimal and maximal
control input, and H(-) specifies the inequality constraints,
such as collision avoidance. ) specifies the set of states Y,
such as the matrix Lie group or quaternion.

For a wide range of robotics systems composed of rigid
bodies, the equality D(-, -, -) is nonlinear, thus resulting in
nonconvex constraints. The nonconvexity of these equality
constraints makes the global optimal solutions to Problem 3 hard
to access or certify. In this work, we aim to develop a systematic
way to convexify the rigid body dynamics to access the global
optimal solution to Problem 3. Specifically, we consider the Y} as
the configuration state of rigid bodies and formulate the Problem
3 as a (POP). A flow chart of the proposed algorithm is presented
in Figure 1, which has illustrated the procedure to convert the
nonconvex motion planning problem to a convex optimization.

5. Discrete motion of single rigid body
This section introduces our method to formulate Problem 3
as exact POP on matrix Lie groups.

5.1. Polynomial kinematics constraints

We consider the Euler integration on SE (3) as our discrete-
time EOM for the kinematic part:
th

Rivi prevr | _ | Re pr || Fe
0 1 0 1 0 1
where F), € SO(3) denotes pose change in discrete time. As

R € SO(3) contains nine entries while dim SO(3) = 3, we
need additional constraints. Consider the column space:

} ., (24)

— 3x3 3x1
R'_[rlsr29r3]€R 5 r19r2sr3€R 5

R € SOQ3) is equivalent to the following 15 quadratic
equality constraints:

P =1 = [l = 1 = |l = 1 =0,

T, T, _ T _
1y =ty =113 =0,

(25)

Vi Xry—r=rnXr3—r =rmxn —7'2:03><1.

The first six equations ensure that 7; are orthonormal to each
other, and the last nine equations ensure 7; follows the right-hand
rule, which is equivalent to the determinant constraints but is
quadratic. Due to these quadratic constraints, applying the ex-
plicit Euler integration on the vectorized system (11) does not
guarantee that the trajectory evolves on the SO(3) manifold.

To indicate rotation about a single axis or planar dy-
namics on SE (2), we model sine and cosine as two separate
variables as ¢ = sin(f) and s = cos(6) and we have:

1 0 0 c 0 s
R, =10 ¢ -5

0 s ¢ —s 0 ¢
- I (26)
c —s 0
R.=|s ¢ 0],witheé®> +5*=1.

0 0 1)

We use the notation R,(0) to denote the rotation of 9 angle
about axis i € {x, y, z}.

5.2. Polynomial dynamics constraints

We now derive the dynamics model on SE (3) via LGVI (Lee
etal., 2005, 2007; Marsden et al., 1999; Nordkvist and Sanyal,
2010). The derivation for SO(3) has been well-established in
(Lee et al., 2005, 2007; Marsden et al., 1999). However, a
formulation on SE (3) suitable for POP implementation is
absent. We apply the midpoint approximation (16) to represent
the twist &, using the configuration state:
Fr—1
At

Fk :=R;1Rk+1 =1+ Atw;, C()Z = (27)

] — R! -
PkZRkaszl Pk, Ve~ k(Pk+1 Pk)'

At At

We refer to (Lee et al., 2005) for the expression of the

kinetic energy of rotation. Then by (16), the discrete kinetic
and potential energy takes the form:

(28)

T, = t((F — DI (Fe — 1))

2At
1 2
+Em”pk+l =il 29
T
Vd :=m<pk+12+pk> gAf, (30)

Where g € R is the gravity and / the nonstandard mo-
ment of inertia (Marsden et al., 1999) that relate the standard
moment of inertia /, by I, = tr(I®)l; — I”. The detailed
derivation and the explanation of the I” are well presented in
(Lee et al., 2005; Marsden et al., 1999). Then we define the
variation 0X € TxSE (3) as

5X = Xon" € TySE(3),

o ¢ 31
ont = [ “ p] €3e(3). Gl
0 0

Here, we only derive the position part that is not pre-
sented in the existing literature. Consider V; and

1 2
Td,p(pk,pk+1) = Em”pkﬂ —pkH >



The International Journal of Robotics Research 0(0)

then we have the variation of position in the world frame as
op = Rdp. Using (19), we have

DiT,, :m(Pk A1t9k+1> Redp,
:m(Rpk Pk+1) i
(32)
DiTy, :m(p" Af k- 1) Rdp,
Pk — Pi—1\"
= m(REEEPEL)
m( kA Pk

Similarly, we have the variation for the potential energy as

mg' At mgAt
Ridp, = (RZ g >6pk (33)

DV:DVf
1Vd 2Va > 5

We wrap up (32) and (33) to obtain
Pi-1

Pik+1 — Pk Pk —
mRZ +At = mRZ As + RngAt (34)
Then, by substituting (27) and (28) into (34), we get
My = mF{v + mR;_ gAt. (35)

Finally, we present the LGVI for the unconstrained rigid
body:

Ryt = RiF, prsr = pre + RiviAt,
Fenl” —I'F,, = I"F, — F}I", (36)

mvg = mF v, + mRngAt.

We note that the constraints in (36) are exact quadratic
polynomials, which enable us to formulate Problem 3 as
(POP). To verify the correctness of the derived integrator,
we plot the kinetic energy and twist for the system without
gravity in Figure 2. We can see that the kinetic energy is
conserved for a long time, while the explicit Euler method
with dynamics (13) diverges fast. We also compare different
choices of At in Figure 3 to study its influence on the ac-
curacy of the integrator. We find that smaller Az enables the
trajectory to converge to the continuous time trajectory.
Though it is expected that the discretized trajectories with
larger At deviate from the continuous time one, the inte-
grator still remains stable and conserves the momentum and
energy.

6. Extension to multi-body systems

This section introduces the constrained variational inte-
grator and applies it to multi-rigid body systems. We further
extract the sparsity patterns and analyze the complexity of
the moment relaxation w.r.t the planning horizon and de-
grees of freedom (DOF) of the rigid body systems.

6.1. Constrained variational integrator

The generalized or minimal coordinates with dimen-
sions equal to the DOF have been widely applied to

model the multi-rigid body systems. Though the di-
mension of the state space model is minimized, the
dynamical system is generally evolving on the Riemannian
manifold that is highly nonlinear (Bullo and Murray, 1999),
which makes it challenging for optimization-based motion

planning.
In this work, instead of minimal coordinates, we con-
sider the maximal coordinates’ (Briidigam and

Manchester, 2021b; Leyendecker et al., 2008) that en-
able the dynamics constraints to remain quadratic. We
consider the m-dimensional holonomic constraints as the
smooth manifold:

g(g) =0,g:0—R"

By D’Alembert’s principle, the work by the constrained force
A€R™ is zero; thus, we have the augmented Lagrangian:

L(q.q)=L(q.q) — 1" g(q).

37

(38)

The augmented action integration can be obtained via:

Energy conservation (h = 0.05s)
T T T T T T
s ok LGVI
Explicit Euler

Ey—E; )

1 I 1 I 1 I 1
(9 05 1 15 2 25 3 35 4 45 5
Angular velocity in body frame (LGVI)

logyo (|

rad/s

Llnedr velo( ity in b()dy fmm(-‘ (LCVI

(] 45 5
Tm)e (s)

m/s
°

Figure 2. Comparison of the proposed LGVI with explicit Euler
integrator for the rigid body system. The presented twists are
computed by LGVI. Considering the energy at time step &, the
normalized energy loss |E; — Eol/Ey is negligible for LGVI while
the explicit Euler integrator soon diverges.

LGVI At = 0.001
— — =LGVI At = 0.01
LGVI At = 0.1

-+ LGVI At = 0.2

— — —Euler At =0.01

UJy -5 5

Wy

Figure 3. Comparison of the LGVI with different time steps
in the phase space. For small time step A¢, the trajectory
converges to the continuous time solution. With large At, the
LGVI still conserves the energy while the explicit Euler
method diverges fast.
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(39

N— let1
Sa= Z <Ld > Q1) — / fg(‘])df)

3

For the latter term about the integration of constrained
force, the discrete-time approximation can be derived fol-
lowing (Leyendecker et al., 2008):

L At At
A g(‘l)dfzjflkg(%) +7/1k+1g(qk+1)~ (40)

3

By taking the variation of dg, we have

g1
o [ Mslaya

3

At At
=S h08(qe) + S 108 (i) @1

At 0g(qx) At
R TR R

02(qi+1)
0q 41

Oqi+1

Thus, we have the constrained dynamics in the discrete-
time by integrating (41) into (18):

D Ly(q, Gis1) + D2 La(qi-1, q) = G (qi)u,

42
g(‘]k+1) =0, @

where G, :=0g/0qAt is the Jacobians of the constraint
manifold in discrete time. The manifold constraints at time
step k + 1 are enforced to ensure the discrete state does not
leave the constraint manifold g(g) = 0 at the sampled time.

6.2. Main algorithm

We summarize the main procedure of the proposed method
in Algorithm 1. We consider a system with N,, rigid bodies,
N, holonomic constraints, N, state inequality constraints,
and m inputs. The state constraints ¥ € ) are polynomial
equality constraints with order deg ). We first leverage the
constrained variational integrator to construct the dynamics
constraints D (-, -, -) of the multi-rigid body system. Then we
formulate Problem 3 as (POP) and relax it as (SDP) at
relaxation order x. Note that the highest order of the mo-
nomials constructed by v, (x)v,(x)" is 2«. To contain all the
monomials involved in the (POP), it is necessary that the
relaxation order satisfies x > x,.;,, With

1
Komin 7= [ max{deg L, deg ¥, deg D, deg H, deg y}-‘

We increase x from x,;, until we obtain a rank-one
optimal solution or x reaches the maximal relaxation order
Kmax, Which is possibly chosen based on the computational
limit. Finally, the solution obtained by (SDP) is rounded by
LocalSearch () using any local gradient-based method
given the solution of (SDP) y as the initial guess. The
LocalSearch () can be any Nonlinear Programming

(NLP) solver. The objectives of the (SDP) and NLP are also
returned to compute the certificate of optimality.

Algorithm 1 Moment relaxation to Problem 3

Require: Configuration state of N rigid bodies,

Y = {Y(j)};y:bl, feasible set of configuration state ),

holonomic constraints {gj(-)}j:"’l, inequality constraints

{h;(- )}J 1> running cost L(-, -), terminal cost ¥(-), input f,
input influence map {B((;)}~i.7\7:l’1 for each rigid body, planning
horizon N and maximal relaxation order Kmax.

1: // Initialize the set of dynamics constraints D and inequality
constraints .

2: D+ O, H+ O

3: // Obtain the constrained dynamics for each rigid body.

4: for i € {1,2,--- Ny} do

% D DUDLY, V) + DaLa(V, V) =
B fupr + 500 GUPTAD) 3, with G4 = 24 A,

6: endfor

7: forj € {1,2,--- , Ny} do

8: D+ DU{g;(-) =0}

9: end for

10: for j € {1,2,--- , N} do

11: H <« HU{h;(-) > 0}

12: end for

13: // Formulate Problem 3 as (POP).

14: (POP) <+ {D,H,Y, L, ¥, Unin, Umax, N }.

15: // Initialize the relaxation order «.

16: £ < [+ max{deg L,deg ¥, deg D,deg H,deg V}|
17: while true do

18: (s, pr.) < Solve (SDP) with relaxation order .
19: if Rank(M. (yy)) = 1 or K = Kmax then

20: break

21: end if

22: K+ Kk+1

23: end while

24: {Y™",u", \*, pnrp} < LocalSearch(yy)

25: return {Y*v U*a /\*7 me p*NLP}

6.3. Complexity analysis

By the LGVI, we can now formulate Problem 3 as (POP)
that can be relaxed as (SDP). However, the dimension of the
moment matrix grows dramatically as the number of var-
iables and relaxation order increases. Here, we provide an
analysis of the complexity of the algorithm, considering the
size of the moment matrix.

Considering a N, rigid body system with the dimension
of the configuration space of a single rigid body as n.
Suppose the dimension of U is m. For Problem 3 with
planning horizon N and the dense moment relaxation (SDP)
with order x, the dense moment matrix is

MK c Rd(an,m,N,x)Xd(nNh,m,N,K)’ (43)
with the width
((nNp +m)N +x)!
((nN, + m)N)!k!
1 K

=— [1(nNy + m)N + k.
K.l‘7

d(nNy,m,N, k) =
(44)
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It is straightforward to see that the size of the moment
matrix grows polynomially fast w.r.t N, and N when « is
fixed:

O(((nNy +m)N)"). (45)

Despite that the moment relaxation can provide
globally optimal solutions to Problem 3, it is still in-
tractable to implement the dense formulation. However,
as Problem 3 satisfies the Markov assumption, the
Correlative Sparsity (CS) can be applied to greatly
reduce the computational burden (Lasserre, 2006). The
detail of CS is presented in Appendix B and we here
provide the results.

Consider Problem 3, we partition the state into N sets
y L) =AY, Yioy, Upli € Iy} indexed by [, = {k, k+ 1}, k=1,
2,...,N. Then we can verify the running intersection property
(Lasserre, 2006):

Vk=1,...q—1,3s<k, L N (U L)<,

by selecting s = k, that is, Ik+lﬂ(Uf-‘:11j) = {k+1,
k+230(UL L) = {k+ 1} €. We can see that the cost
and dynamic constraints can also be partitioned into such
indexed sets as D(Y+1, Yy, Upr1) =0, H(Yr1)=0and L (¥,
U,) only involves variable y (/). As shown in Figure 4, CS
enables us to optimize the (SDP) with smaller moment
matrices instead of a large dense matrix.

By exploiting CS, we have transformed the com-
putational burden of the relaxation (SDP) of Problem 3
to

O(N (nN, + m)"), (46)

which is linear w.r.t the planning horizon N. Similar results
in control problems have also been reported by Lasserre
(2006, 2015).

Though CS breaks the dense matrix M,(y) to N smaller
ones that only involve variables in y (), the sparse

(3/{)7 Uit s U?:l' Tty Uj\"'a K\)

M(y)

M(yv Ik:)

(U

Figure 4. Comparison of dense moment matrix and sparse
moment matrix exploiting the correlative sparsity in the
temporal structure.

moment relaxation has the same convergence result as the
dense version (Lasserre, 2006). The sparsity pattern other
than the temporal structure will also be explored for the
actual implementation to reduce the computational burden
further. Other than CS, Term Sparsity (TS) has also been
exploited to reduce the computational burden by elimi-
nating more variables in the moment matrix (Wang et al.,
2021b; Yang and Carlone, 2022). Relaxation with TS is
looser than only with CS; however, the computation time is
greatly reduced and sometimes does not sacrifice the
tightness.

7. Inverse Kinematics

In this section, we discuss the simulation setup and the
application of the proposed algorithm on IK problems.
We also compare the complexity of the proposed al-
gorithm with the existing IK methods based on global
optimization.

7.1. Simulation setup

7.1.1. Relaxation order. For our problem with quadratic
constraints and quadratic cost function, x = 1 is sufficient to

ensure v, (x)v(x)" contains all the monomial involved in
Problem 3. For the relaxation with each x, we check the rank
condition in Theorem 1 to justify the global optimality.
Specifically, we are interested in the rank-one optimality
condition in Remark 1 and Remark 2.

In the studying cases using matrix Lie group formu-
lation, we first try x = 1 to implement the moment re-
laxation, while only a trivial lower bound is accessible.
Then, we increase the relaxation order to x = 2 and find it
provides empirically tight results in the following studying
cases.

7.1.2. Sparsity pattern. We use the recent state-of-the-art
tool CS-TSSOS (Magron and Wang, 2021; Wang et al.,
2021a, 2021b, 2022) to explore the CS and TS pattern.
Chordal extension (Wang et al., 2021a) is applied to boost
both CS and TS by either extending matrix size (for CS) or
reducing more terms (for TS). Due to the Markovian as-
sumption of the control problems, we always exploit the CS
pattern. The CS-TSSOS supports the maximal or approx-
imately smallest chordal extension, denoted as MD and
block, respectively, referring to the programming APIL
Assume that the global optimum of (POP) is p* and the
optimum of the (SDP), or local NLP solver is p(-), then we
have the following inequalities:

P1s+mD =P15+block =P s =Pcsmp

47
Spdense Sp* SpNLP’ ( )

where the subscripts denote different sparsity patterns at the
same order x. As the NLP solver is based on local gradient
information, only the local optimum is guaranteed.
Therefore, pyzp serves as an upper bound of p*.
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7.1.3. Evaluation metric. As the optimal value of (POP)
cannot be greater than py; p, the objective is upper and lower
bounded by the SDP and NLP results. Thus, we can use the
relative suboptimality as an index of the suboptimality or
relaxation gap:

._ |pNLP - pSDP|

" paip| + 1€ (suboptimality)
NLP

where a small number is considered in the denominator to
avoid pyzp= 0. As the rank condition is subject to numerical
error, we instead check the eigenvalues of each sub-moment
matrix as is shown in Remark 4 in Appendix B. We check if
each moment matrix is rank-one, assuming the unique
minimizer. Assume the eigenvalues of k-th moment matrix
Ar;i are ranked by their |4, in descending order. Then we
compute the ratio between the first and the second one to
represent the rank condition:

2.2
= —-<1,0 = max J;.
2k ko

Ok (rank condition)

As the numerical accuracy is still the bottleneck of the
current SDP solvers,  may not be close to 0 even if the
relaxation gap € is small.

7.1.4. Software and hardware setup. The CS-TSSOS is
implemented in Julia’s open-source package (Wang
et al., 2021b, 2022). As MOSEK is based on the
primal-dual interior point method, it can generate a
certificate for infeasibility (Andersen and Andersen,
2000). We use the certificate returned by MOSEK to
indicate the feasibility of the SDP. If (SDP) is infeasible,
then its dual will be unbounded (ApS, 2022; Blekherman
et al., 2012). Thus, MOSEK will return large dual objective
values even if it fails to generate the infeasibility cer-
tificate. MOSEK also returns SLOW_PROGRESS flag if
the problem does not converge successfully, possibly
around a minimum. To note that for the problems ad-
mitting rank-one solutions, the primal solutions to (SDP)
is usually degenerate (Alizadeh et al., 1997; Yang et al.,
2022), which may result in slow convergence around the
minimum.

As the SDP relaxation of POP does not ensure feasibility
or local optimality if the SDP is not tight (Lasserre, 2015),
we use the general purpose NLP solver IPOPT (Wéchter
and Biegler, 2006) to refine the initial guesses provided by
the SDPs. All experiments are launched on a desktop
equipped with Intel i9-11900 KF CPU, 128 GB memory,
and 2 TB harddisk. For the multi-body cases, the virtual
memory is configured to consider the increased memory
usage.

7.2. Numerical examples on serial manipulator

We consider the IK problem for N DOF serial manipulator
with revolute joints. We use X;, € SE(3) to represent the pose
of k-th joint. Each joint is modeled as rotating about the

local z-axis, that is, R. described in (26) with the angle
denoted by ¢, and s;. Note that one can also use DH pa-
rameters with similar results. Thus, we have the kinematics
chain:

Xy = Xedji Ty, Xo =1, (48)
with
R 0 R Rp
Ti=|" | 4= " M. 49
e R e I PR

In this formulation, p{ is the constant vector defining the
arm, and A, is the action that describes the rotation of the
arm about the z-axis of joint X;. T} is a constant that re-
orientates the pose for joint X;.. For joint angle constraints
Omin < 0 < Oax, We have the following inequality that is
linear w.r.t the cos (6) and sin (6):

Qmax emin
cos (9 — +>

2
emax emin . . 0 max emin
= cos(#)cos <—2’_> — sin(#)sin <;)

> cos gmax - emin
= 72 .

We here formulate an IK problem for an N DOF serial
manipulator to reach the target pose 7, € SE (3) in the form
of Problem 3 as:

(50)

Problem 4. (IK for N-DOF serial manipulator).

N
. . .
min e — &Vt (s — s
{ck, sk X } ;( k k) ( k k)
st Xen = Xedi 1 Tk
X, € SE(3),
Zk (2 ) (51
Cip1 TS = 1

Ck+1Ck11 + Sk+15k+1 = Clim,
k=01, ..N—1.
Xo =1, Xy = X,.

The ¢, 5 and ¢y, correspond to terms in the expansion of
(50), and the cost function is parameterized by a reference
joint angle ¢; = 1 and s}, = 0 in our case to ensure unique
solutions.

We tested the proposed algorithm on the 6-DOF ma-
nipulator PUMA 560 that has analytical IK solutions
(Merat, 1987). As is shown in Figure 5, we uniformly
sample 14553 positions in the workspace with random
rotations. We validate the algorithm based on the quality of
infeasibility detection, and all the seven joint poses X
(including the base joint) recovered from SDP without
refinement. We consider the pose as infeasible if MOSEK
returns an infeasibility certificate or unreasonably large
objective value. We set the threshold of the dual solution to
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Samples in task space

w 0.5
0
0 ;
0.5 ) 0.5
T Y

Feasible pose

Infeasible pose

Figure 5. Samples in the workspace for 6-DOF PUMA 560 manipulator. We sampled 21 x 21 x 33 = 14553 points with 5 c¢m intervals in
the workspace of size 1m x 1m x 1.6 m. The 4712 feasible poses are denoted as red, while the 9841 infeasible poses are denoted as blue.

Table 1. The Average Performance of SDP Relaxation on PUMA 560 Manipulator. We Launch all the Tests From a Looser Relaxation
Scheme and Move to a Tighter Scheme for Failed Cases. The Runtime is Based on Each Individual Relaxation Scheme, While the Other
Indices are Accumulated From the Lowest Scheme. The Pose Error is Based on Cases Successfully Solved by MOSEK.

Relaxation order (k) 2 2 3
Sparsity pattern CS CS + MD CS
Average solution time (s) 7.8 918.7 804.8
Maximum solution time (s) 18.5 2117.9 1886.5
Average joint orientation error (deg) 6.93¢ 6.93¢° 6.93¢7°
Maximal joint orientation error (deg) 0.0231 0.0231 0.0231
Average joint position error (cm) 1.45¢7° 1.45¢7° 1.45¢°
Maximal joint position error (cm) 0.0191 0.0191 0.0191
Percentage of infeasibility detection 97.57% 100.0% 100.0%
Percentage of convergent SDP (feasible poses) 81.35% 98.58% 98.60%
Overall successful rate (all poses) 92.32% 99.54% 99.55%

Figure 6. 1K solution for 6-DOF PUMA 560 manipulator. (a)
Applied the CS at « = 2, the green dots denote the infeasible pose
that the solver does not generate an infeasibility certificate, and the
objective value is smaller than the threshold. The black dots denote
the feasible poses that the solver does not converge and
terminates as SLOW_PROGRESS. (b) Applied CS + MD at k =2
with chordal extension. All the green dots in (a) can be certified as
infeasible using this relaxation scheme via the certificate or
unreasonably large dual problem values. The yellow dots denote
the feasible poses with convergent SDP solution. The blue dots
denote the case that is still not convergent at this relaxation
scheme. When moving to x = 3, only one of the cases converges.

1000, which is sufficiently larger than the maximal possible
objective of Problem 4.

The main results are summarized in Table 1 and illustrated in
Figure 6. We first apply CS at x =2. As shown in Figure 6(a), we
can see that 239 poses are infeasible but detected as feasible. We

also have 879 feasible poses that the solver fails to converge and
terminates as SLOW PROGRESS. Then, we apply a slightly
tighter relaxation, that is, CS + MD at x = 2, to improve the
result. As is in Figure 6(b), all the infeasible points can be
certified, and 812 out of the 879 feasible cases converge. For the
other 67 cases, we move to x = 3 with CS, but only 1 of them
converges. Tighter relaxation, such as CS + MD at x = 3, will
use up the memory.

For the cases successfully solved by MOSEK, the average
rotation and position errors are negligible. For the failed cases
that terminated as SLOW_PROGRESS, some cases have errors
at a comparable level while some have position errors that can
reach 1 m. Compared to the mix-integer programming-based
method (Dai et al., 2019), the proposed algorithm has highly
accurate solutions when the SDP converges to the optimum, as
the kinematic model we use is exact. As (Dai et al., 2019)
cannot avoid the inaccuracy due to the piece-wise approxi-
mation of SO(3) manifold, the position error can be centi-
meters. Both our method and (Trutman et al., 2022) are based
on moment relaxation and suffer from similar numerical issues
when solving the SDP, while the overall success rates are at the
same level.

7.3. Comparison with existing IK methods

Now, we compare the complexity of the proposed methods
with other global optimization-based IK algorithms.
Problem 4 has the same structure and sparsity pattern as
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Problem 3. Thus, we further tested the runtime for Problem
4 with DOF ranging from 6 to 40 with 50 randomly gen-
erated parameters R and p§ with CS at x = 2 to evaluate the
complexity of the algorithm. As is shown in Figure 7, the
runtime grows linearly w.r.t the DOF, which is consistent
with the complexity analysis presented in (Lasserre, 2006).
In comparison, (Dai et al., 2019) has exponential compu-
tation time w.r.t the planning horizon due to the combi-
natorial formulation. As (Trutman et al., 2022) is a dense
formulation, the number of variables and degrees grows
simultaneously, which results in moment matrices with
computationally intractable size for long-horizon tasks. We
summarized these global optimization-based IK algorithms
in Table 2 to compare their formulation and complexity.
Here, we take the dense formulation (Amice et al., 2023)
in the last column as the example. Consider the number of
variables to represent each DOF as n and the DOF as N. By the

200

@ 150

me
\\
\
-
\\
.

= 100 1
| B
sl - T -
=

L L I
67 10 15 20 25 30 40

DOF of Manipulator

Figure 7. The runtime for the IK problem with DOF ranging from
6 to 40 tested on 50 randomly generated manipulators. We find
that the time complexity is linear w.r.t the DOF if CS is applied.
The median value is denoted as connected by the black line.

rational function formulation, the order of each pose change .X;
is 2. Thus, x > [N/2] is required to contain all the monomials
involved in the kinematic chain. As both the number of
variables and relaxation order x are functions of DOF, we note
that the width of the moment matrix can be bounded by

(N"+ PEVD' _ Nnt1 Nat2 Mot [%]
(Nn)![%v]! ! 2 g]

(52)

where N is the smallest even number that N >N. We can
see that this formulation grows faster than the exponential
function w.r.t the DOF N. We note that though (Maric¢
etal., 2020) has linear complexity, its tightness relies on a
randomly generated reference point to guarantee the
optimal solution lies in the tightness region (Cifuentes
et al., 2020).

8. Motion planning of rigid body systems

In this section, we apply the proposed algorithms to the
motion planning problem of rigid body systems. Then, we
verify the dynamic feasibility of the planned motion via
physics-based simulation in the Appendix C.

Table 2. Comparison of Global Optimization-Based IK Algorithm. The Complexity is w.r.t the Number of Joints of the Serial
Manipulator. Consider the Number of Variables Needed for Each Joint as #» and the Number of Joints as N. For the SDP-Based Method,
We Evaluate the Space Complexity. For the Mixed-Integer Programming, We Consider the Worst-Case Time Complexity, Which is

Exponential w.r.t the Number of Binary Variables.

Method Parameterization of kinematic chain Complexity
Proposed Sparse kinematic chain (48) O(Nn*)
Mixed-Integer Programming (Dai et al., 2019) SO(3) as piece-wise linear function O(c")
Sum-of-Squares (Mari¢ et al., 2020) Sparse kinematic chain, distance geometry O(Nn)

Given key points on the joints x;

Relies on sampled references

Position constraints:

2
gi(x) = —xia||* = £ =0

Angle constraints:

hi(y) = 1/P|lx; — xi1|* <2(1 — cosa)

Moment Relaxation (Trutman et al., 2022)

cos(;) = ¢,

Dense kinematic chain, X;(6;) € SE(3)

sin(6;) = s;

TTE7x(0) - XTI X 0) = 0

i=

Sum-of-Squares (Amice et al., 2023)

Rational function:

cos(0;) =1 —s*/1+ 2,

Dense kinematic chain, X;(6;) € SE(3)

sin(6;) = 25,/1 + 57

N/2 —[1 _
17X 60) — XIS X 6) =0
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Table 3. Drone Landing Parameters.

Simulation constants Values Control parameters Values
Mass - m 0.5 (kg) P [100, 10, 100, 100]
Inertial - 7, diag (0.3, 0.2, 0.3) (kg/mz) 0 [0.1, 10, 0.1, 1]
Gravity - g (0,0, —9.81]" (m/s?) U [0.1, 0.1]
Time step - At 0.1667s / 0.125s [Tmin> Tmax] [-5, 5]
Planning horizon - N 30/ 40 [z, min> J=, max] [—o0, 0]
Obstacle 1 ¥+ @ —057>025 Po» Vo, Fo 1,1,3]%, 050, 15
Obstacle 2 (x — 0.6)* + (y — 0.5 > 0.25 Ry = R(0) 6 =0°, 60°, 90°, 120°, 180°
Height constraints z>0

3 k 3 c 3 o 3 s 3 cx
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Figure 8. 3D drone landing task in free space. The drone starts at an initial position x =1, y = 1, z = 3 with zero twists and different initial
pitch angles. The robot is guided to land at the origin. The blue, red, and green axes indicate the z, x, and y axes in the body frame. For a
large initial pitch angle, the drone adjusts the orientation in the first few steps and then moves to the origin. Only part of the waypoints in
the tail of trajectories are presented to avoid overlap. The statistics of these cases are presented in Table 4.

8.1. 3D drone landing

In this task, we consider landing a drone while avoiding
obstacles from different initial poses. We assume that the
drone is controlled by torque 7 € R and total thrust force
f- € R along the z-axis, both in the body frame. Thus, we
have the kinematics model (24) and the forced, rigid body

dynamics:
Fenl” —I'F} | =I"F, — F{I" + APT] |,

(53)
My = mF] v + At(efo pin + mR,ng),

with e. = [0,0, 1]". We then define the quadratic cost:
O(Yy) = Pil|Ry — Iz, + PallFy =117,

(54)
+Ps|Ipw | + Pallvw|l,

L (Yioug1) = Oi|Re = Il , + Oal|Fi — 1|7,

+0s|Ipil* + Qullvill® + Unllzaa |” + Uallfoieit 1%,
(55)

where || X p = \/tr(XTPX),P>0, is the weighted Fro-
benius norm. To show the capabilities of the proposed al-
gorithm in handling obstacle avoidance constraints, we
consider one quadratic constraint in each case:

(x_xc)z + (y_yC)2>l.

2 2 -
re I"y

(56)

The system parameters, cost functions, and obstacle
configurations are shown in Table 3.

We set the drone at an initial position with different
pitch angles. We launch the trajectory optimization with
one of the obstacles or in free space. Obstacle 2 blocks
more waypoints of the trajectory planning in the free space
than obstacle 1, which is more challenging. The whole
planning horizon is 5 s with 40 steps. For the CS cases
without TS, the SDP has too many variables that used up
the memory, so we reduced the step number to 30. We start
with TS + MD and continue to TS + block or CS if € is
large for a former relaxation scheme. Empirically, we find
that € < le™> results in tight moment relaxation that also
guarantees the feasibility of the solution. Thus, we set € <
le™ as a threshold to decide whether to continue to a
tighter relaxation scheme.

The planned trajectories of all cases after refinement by
IPOPT are illustrated in Figures 8—10. The statistics of the
planned trajectories are presented in Tables 4—6. For all
tests, TS + MD does not provide an optimality gap smaller
than 0.01. For simple cases in free space or with obstacle 1,
TS + block can solve all the cases with § <90°. For 8= 120°,
moving to CS also generates certifiable optimality values.
While for 6 = 180°, the CS does not provide certifiable
optimal values. For hard cases with obstacle 2, more nu-
merical issues are presented. Even the CS sparsity pattern
does not provide certifiable solutions for 8 = 60° and 6 =
180°.
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Figure 9. 3D drone landing task with obstacle 1. Obstacle 1 blocks some of the waypoints computed from the free space task. All these
plots converge to a locally feasible path after refinement by IPOPT, and the first 4 cases are certified as globally optimal solutions by

metric €. The statistics of these cases are presented in Table 5.
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Figure 10. 3D drone landing task with obstacle 2. Obstacle 2 blocks more waypoints in the free space task than obstacle 1, which makes
the SDP harder to converge. All these cases converge to locally feasible solutions after refinement by IPOPT, and the first 4 cases have
very small optimality gaps. The statistics of these cases are presented in Table 6.

Table 4. Statistics of Drone Landing in Free Space. TS + block Can Solve all Cases With Pitch Angles Smaller Than 120°. For the Harder
Cases, CS is Needed to Induce Tighter Relaxation. These Cases are Illustrated in Figure 8.

R, 0° 60° 90° 120° 180°

TS+ TS+ TS+ TS+ TS + TS + TS+ TS+ TS+ TS+
Sparsity MD block CS MD block CS MD block CS MD  block CS MD  block CS
Suboptimality ~ 0.0101 <le=* N/A 0.0235 <le* N/A 0.0589 <le¢™* N/A 03767 0.0046 <le™* 0.4102 0.2054 0.0136
Raflk condition 0.0968 <le=* N/A 0.1702 <le=* N/A 0.4918 6.302¢ % N/A 0.8301 0.5824 <le=* 0.9049 0.9653 0.6504
Ruitime (s) 397.1 2299.6 N/A 4314 21859 N/A 381.3 22985 N/A 373.6 28683 6662.0 346.7 3646.5 6820.4

Table 5. Statistics of Drone Landing With Obstacle 1. All Cases Can Be Tightly Solved Except the Last One. These Cases are Illustrated

in Figure 9.
R0 0° 60° 90° 120° 180°

TS+ TS+ TS+ TS+ TS + TS + TS+ TS+ TS+ TS+
Sparsity MD block CS MD block CS MD block CS MD block CS MD block CS
Suboptimality  0.0130 <le™* N/A 0.0252 <le* N/A 0.0608 <le™* N/A 03772 0.0070 <le~* 0.3810 0.2083  0.0205
Raflk condition 0.0965 <le=* N/A 0.1696 <le* N/A 04805 4.63le* N/A 0.8240 0.5687 <le* 09194 09661 0.7051
Ruitime () 424.0 25985 N/A 361.6 25499 N/A 4267 3246.1 N/A 4335 2863.2 7039.4 409.2 38345 8641.7
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Table 6. Statistics of Drone Landing With Obstacle 2. Due to the configurations of the Obstacle, This Task is More Challenging, but the
Overall Optimality Gap Using CS is Small Except for the 180° Case. These Cases are Illustrated in Figure 10.

Ry 0° 60° 90° 120° 180°
TS+ TS+ TS+ TS+ TS+ TS+ TS+ TS+ TS+ TS+
Sparsity MD  block CS MD  block CS MD  block CS MD  block CS MD  block CS
Suboptimality ~ 0.0499 0.0275 7.731e* 0.0580 0.0307 0.0035 0.0802 0.0473 <le™* 0.3846 0.0154 <le~* 0.4231 02127 0.0167
Raflk condition 0.1013 0.0738 0.0369  0.1776 0.0661 0.1207 0.5019 0.1849 0.0016 0.8348 0.6049 <le—* 0.9088 0.9632 0.6712
Ruitime (s) 391.1 32954 83143  360.5 3111.7 9310.6 4242 3471.0 7241.5 4162 3350.2 7700.8 429.1 3686.7 8180.6
og T og L
[ﬁ 11)] € SE(3) %:R (pr —p), il (58)

Figure 11. The drone with cable-suspended load. The
configuration space of the drone is SE (3), and the load is
p* €R3. The cable length is /, and the constrained force is /.

As the solver returned SLOW PROGRESS for these
failed cases, we do not know if the SDP relaxation itself is
tight at this order for these initial conditions. However, the
solution 1is still a good initial guess for local search by
IPOPT. We can also find that the magnitude of € and ¢ are
closely correlated. When € < le™*, the rank-one condition
will likely satisfy as J is also small.

8.2. 3D drone landing with
cable-suspended load

Now, we extend the algorithms to multi-body dynamical
systems. We leverage the constrained LGVI to formulate
the dynamics of the drone with a cable-suspended load.
The configuration space of the drone is chosen as SE (3),
and the load position is described by p* € R?. Thus, we can
choose the configuration space as Q = SE(3) xR*. The
constrained force 41 €R is also considered to enforce the
cable length /= 0.5 m. The drone-load system is illustrated
in Figure 11.

To avoid the hybrid dynamics of the cable being taut or
not, we enforce the norm constraints and that the multiplier

is larger than a small positive number e:

(P~ plP) =0,
2
>

0.

g( 57)

q):
Aze
Consider the variation of p on SE (3) as dp:= Rdp defined

in (28), the gradient of g w.r.t the position of the drone and
load can be derived as

With e, denoting the direction of the z-axis in the body
frame, we have the constrained dynamics for the position of
the drone and the load:

mve =mF ] vi + (efs k1 + R, ;mg)At

R (P oy — Pt AL, (59)
mL"iH = mL"i + m"gAt + (pii _piﬂ)AkHAf’
as well as the quadratic cable length constraint:
2
ks — pearll” = P = 0,441 2e>0. (60)

We consider the tasks to avoid obstacle 2 for both the
load and the drone with 40 steps and a time interval of
0.125 s. The drone is initialized with an identity orientation
and zero twists at the same initial position, with the load
beneath the drone. We assume that m = m" for our case. We
modify the cost function to enable the drone to dock at z =
0.5 m over the origin while the load is supposed to land at
the origin. We set the initial velocity of the load to
vf = —1,0,2 m/s. The planned trajectories are presented in
Figures 12—14. Due to the numerical inaccuracy, the rank-
one conditions are not satisfied, while the optimality gaps
are 0.2562, 0.1590, and 0.1548, respectively. The compu-
tational time using CS only and the computational time are
10540s, 8397.3s, and 9327.6s for the three cases.

8.3. Under-actuated cart-pole

We now launch trajectory optimization for the under-
actuated cart-pole to test the algorithms on full rigid
body dynamics. The cart-pole system is illustrated in
Figure 15. As the planar dynamics, we reduce the DOF of
the 3D rigid body via restricting the pose R, and change F),
to the SO(2) subgroup:

c —s¢ O Cvk —Svk 0
Ri=|sc o 0|, Fi= s, o< O (61)
0 0 1 0 0 1

Thus for the rigid body on SE(2), we have the kinematic
EOM as



Teng et al. 17

35 1.6
s
pt - Refined
1.4 - Refined
3 —— iL - SDP
/1 i
————p-SDP
25 I T o 12
' LR
Iy oS 1
R0
2 i 2,
ISy 3 a0y 0.8
15 =
2 2 0.6
1 ! 2>
235858
BLSISIRLIIS> 1
SSISIEISISIE> 0.4
SIS X
RSISRIEIIRRS
194%0%6%6%6 %6 %%
0.5 SRS
SR S IEIIRIRITIIIIRS 0
CICICIRIKILICICICICICICIC IS S>>
S ISR, 0.2
SIS IIEORICIRIRITIESTIIICIRIRIS
0 RS eI 2
CLCLIIICICICICICICICTICICICICICICIC ST
0‘0‘Q.0'0'0.0"'0’0’0’0’0‘0’0’0’0’0‘0
e RIS ]
SIS SSTITITIRITITITST ST
SR SIS 2
05 RIS
0 SRR 15 0 02 04 06 08 1
SIS 1
LR IRIL RIS €T
05 RSSIIEIIRRES
. 35
1 S5 0.5
15 0 y 05 08
x 2 05 y

Figure 12. Drone with cable-suspended load. The initial velocity of the load is —1m - s~ in y direction. The relative suboptimality is € =
0.2562. Due to the suboptimality and the numerical issues, the SDP solution does not guarantee the trajectory is collision-free.
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Figure 13. Drone with cable-suspended load. The load has zero velocity at # = 0. The relative suboptimality is € = 0.1590.
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Cr+1 = CrCy ke — SkSv,k
Sk+1 = SkCuk T CiSv i
Xpy1 = X + At(ckvx,k - Skvy,k)
Vir1 = Vi + At(spvy i + vy ).

(62)

Thus for the rigid body on SE(2), we have the dynamics
EOM:

IbSv,k+1 = Ibsv,k + ‘L'kAZZ

MYy 1 = M(CeVe i + Sk Vy i) + Sk 1mgAt + 1y At

Mvy, i1 = M(=SgVek + CiVy k) + Crp1mg AL+ fy, (At

(63)

For the cylindrical joint, we have linear constraints to
ensure the two rigid bodies are connected at one point:

5]l

where [, and /,, are two vectors attached to the body frame of
the link. Thus, we can derive the Jacobian by considering
the variation on Lie group. For one link, we have

(R, p.][dw, p, [l
o Il
(R, p.)|[dw;l,+ dp,
~lo 1“ 0 ]

_ [Radw)l, + Raépu]

(64)

(65)

L 0
[—R,[ 0w, + R,Ip, }
0

lu C; —8; Iy
— S G Y
yL 0 0 1
_______ A
fa

Figure 15. Illustration of the cart-pole systems. The pose of each
cart-pole is represented by SE (2). The actuation force is linear at
the base link. The multiplier 4 is modeled in the world frame to
enforce the kinematic constraints. The base link is represented by
its x position only as the DOF of y position, and the rotation is
subject to the holonomic constraints.

Thus, we have the Jacobians:

Gy = [~Ruly, Ry Ryly, —RyAt. (66)

Finally, we present the swing-up trajectory of the under-
actuated cart-pole. We optimize an 80-step trajectory with a
time interval of 0.125s for different initial conditions. We
only consider the force f, along the x axis of the base link as
the input. To further reduce the computational burden, we
only represent the cart as a single mass due to the holonomic
of rotation and y position on the cart. The planned trajec-
tories refined by IPOPT are presented in Figure 16. We
tested the initial pole angle being 0.25z, 0.5z, 0.75z, and
0.957 with cart location at x = 0. The relaxation gaps for the
four cases are 0.0001, 0.054, 0.189, and 0.303, respectively.
In all the cases, the sparsity patterns need to be CS + MD at
= 2 for a reasonable solution. The computational time is
4378.9, 3223.3s, 2765.2s, and 2779.8s, respectively.

We further tested the algorithms for cart-pole with two
arms. Unfortunately, it takes more than 15 h to obtain a
trajectory with 20 steps, which is not sufficiently accurate to
serve as a good initial guess. The case with the initial angle
being 45° is presented in Figure 17. We can find that the
solution returned by SDP provides a swing-up trajectory
that looks reasonable, while the IPOPT fails to provide a
refined solution that achieves similar performance. The
reason for the long computational time can be explained by
the size of the moment matrix shown in (46). For this 2D
planning problem, every single rigid body requires 8 var-
iables, that is, {c, s, x, y, ¢,, 5\, V¢, vy}, to represent each DOF
and 2 variables, that is, {4, 4,}, to represent the constrained
forces. Considering the cart with 2 DOF, the total number of
variables of the two-arm cart-pole is n, =2 + 8 + 8and n; =2
+ 8 for a one-arm cart-pole. For the number of inputs and
constrained forces, we have my=1+2andmy=1+2 + 2.
Given x = 2, we have an approximation of the ratio of the
size of the two moment matrices by (44), given x = 2:

Nd(l’lz,n’lz, 1,2)
Nd(nl,ml, 1,2)

_ H/zc:1(”2 +my + k)
leczl(nl +my +k)
L (84540
I, (1043 +k)
~2.86

(67)

Considering the number of entries of the entire moment
matrix, the memory required for a two-arm cart-pole is
roughly 8 times more than the one-arm case.

Figure 16. The refined trajectories of the cart-poles with different initial angles: 0.25z, 0.5xz, 0.757z, and 0.95zx.
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8.4. Comparison with local search methods { ~ N (03, A’I;) is white Gaussian noise. We perform
element-wise random perturbation for other vector vari-

ables, such as vy = v + {. Then, we assign different A to
represent the quality of the initial guess. We mainly evaluate
the refined solutions by IPOPT via the suboptimality
compared with the best-refined solutions (SDP) and the
convergent status of [IPOPT. For each A, we sample 10 times
for all the 5 initial conditions and tasks. The result is
presented in Table 7. We can see that the local solvers highly
rely on the initial guesses, and the random perturbed so-
lutions are no better than the certified solutions. With in-
creasing noise, the solutions by IPOPT become suboptimal
or even infeasible.
SDP solution IPOPT refned solution A similar comparative study is also conducted on cart-
pole swing-up cases with different noise levels. We use the
perturbed refined solution as our initial guesses and com-
pute the relaxation gap €. As € for the study cases can be
larger than 0.3, we further compare the initial guesses by
(SDP) with other heuristic-based initializations. We con-
sider the straight line in the joint space to generate the initial
v - trajectory (Schulman et al., 2014). We then perturb the
' ' trajectory with the same Gaussian noise and then compare
Figure 17. The trajectory of the cart-pole with two arms. The the relaxation gaps. The statistics of relaxation gaps are
refined trajectory deviates a lot from the SDP solutions as its summarized in Figure 18. We find that the case with initial
quality is not sufficient to serve as a good initial guess. pole angle 6, = 0.257, 0.5z, and 0.757, the (SDP)-based

We further compare the quality of solutions by (SDP) with
local gradient-based solvers in the drone landing and cart-
pole swing-up problem. We apply IPOPT directly to (POP)
using initial guesses with different qualities. As the relaxation
gaps of most cases in the drone landing problem studied in
Section 8.1 are small as shown from Table 4 to Table 6, we
randomly perturb the best-refined solution as initial guesses
and compare the quality of the perturbed solutions.

For the orientation R, and pose change F}, we perturb it
by rotating with a random angle as R, = Ry exp({), where

0.5

-0.5

Table 7. Statistics of drone landing task solved by IPOPT. We perturb the best optimality guaranteed SDP solution with noise of different
levels as the initial guess. The average suboptimality is evaluated on each task with 5 initial pitch angles. For each test case, we sample the
initial conditions 10 times. Thus, the average suboptimality is evaluated by finding feasible solutions among the 50 random samples. We
show that with a small noise level, the IPOPT converges to the best-refined solutions. However, as the noise level increases, the optimality
gap grows significantly, and even local feasibility is not guaranteed. We set the computational budget as 1e4 iterations.

Initialization noise A 0.001 0.01 0.1 0.5 1

Task Free Obs-1 Obs-2 Free Obs-1 Obs-2 Free Obs-1 Obs-2 Free Obs-1 Obs-2 Free Obs-1 Obs-2

Average suboptimality € <le™* <le™* <le™* <le™* <le™* <le™* 0.0115 0.0134 <le™* 0.3644 0.4757 0.2406 0.7727 0.7543 0.5652

Timeout (out of 50) 0 0 0 0 0 0 0 0 0 12 8 2 25 15 6
Infeasibility (out of 50) 0 0 0 0 0 0 0 0 0 13 11 13 16 23 13
0y = 0.257 (SDP) 0y = 0.57 (SDP) 6, = 0.757 (SDP) 0y = 0.957 (SDP)

0 10 20 3 4 50 60 70 8 9 10 O 10 2 3 40 5 6 70 8 % 10 O 10 20 3 4 50 60 70 8 9 10 O 10 2 30 40 5 6 70 8 90 100
Percentage % Percentage % Percentage % Percentage %

6 = 0.257 (Heuristic) 60 = 0.57 (Heuristic) 6 = 0.757 (Heuristic) 60 = 0.957 (Heuristic)

—— A =0.001
—— A =001 08

A=01 |3
—A=05 06
——A=1

A R N A R R R S N R R A R RN WA A
Figure 18. The suboptimality of solutions by IPOPT with perturbed initializations in different qualities. We plot the percentage of the
cases with the suboptimality smaller than €. For (SDP), the € are statistically smaller than heuristic-based initializations when 6, =
0.257, 0.57 and 0.757, for all the corresponding level of noise perturbations. As the relaxation gap is large when 6y = 0.957, the heuristic-
based solution statistically outperforms the (SDP). However, the suboptimality metric € is only accessible when solving (SDP).
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initial guesses statistically provide better solutions.
Though for 6y = 0.95z, the perturbed straight-line
initialization performs statistically better, we note
that the evaluation metric €is only accessible by solving
(SDP). For the case with tight relaxation, the (SDP)
based initializations are guaranteed to provide a good
warm start to the solver and nontrivial lower bounds.

9. Alternative formulations

In this section, we extend the proposed method to alter-
native variational integrators on SO(3) x R® and quater-
nion to speed up the computation. We compare the
integrators by the tightness of the relaxation and the
computation time in the drone landing problems in Section
8.1 and Section 8.2.

9.1. LGVI on SO(3) x R?

The proposed algorithm has been applied to LGVIon SE(3),
where the linear velocity is derived in the body frame and
thus coupled with the rotational motion. Here, we derive the
alternative LGVI on SO(3) x R? to decouple the linear and
rotational motion.

Consider the configuration state of a single rigid body as
the orientation R € SO(3) and position p € R*. The twists
are the angular velocity ™ € $0(3) and the velocity in the
world frame u € R*. Thus, the unforced EOM of the single
rigid body is

R=Rw",p=u,
Ibd) = 760X[ha),1;l =0.

(68)

Then we follow the procedure in Section 3.3 to derive the
LGVI on SO(3) xR3. As the rotational motion is identical
to the SE(3) case, we only derive the linear part here.
Consider the kinetic energy of the linear motion:

1
T,(u) = EmuTu, (69)
and the potential energy:
V(p) = mpg. (70)

Given the midpoint approximation of the linear velocity
as
Pr+1 — Pk
Uy =———, 71
=B G
we can approximate the discrete kinetic and potential energy
as

1 2 Pt + e\
T = gagmlpecs = pell Vo = m(PEEEY) g

(72)

The variation on p, for example, dp, is taken in Euclidean
space, which is not coupled with the rotational motion.
Thus, we have the derivative of the kinetic energy:

T
DT, =m (Pk A[;kﬂ) i,
o 5 (73)
DT, = ka[;kil@%
and the potential energy as
mgT At
D\Vy=DyVy =" " 0p. (74)

Finally, we have the linear motion using SO(3) x R? as

Pir1 = Dr + ugAt,

muy, .y = muy + mgAt. (75)

We notice that the linear velocity u in the world frame is
no longer coupled with the pose change F.

For the drone system, the rotational dynamics are
identical to the SE(3) case, while the translational dynamics
become

Mgy = mug + mgAt + Ripief. x1AL. (76)

For the case with cable-suspended load, the dynamics
considering the constrained force becomes

muyy = muy + mgAt + Ry ef. 1At

)
+(Prr1 — p1€+1 VA1 At

9.2. Quaternion-based variational integrator

The quaternion-based variational integrator has been
proposed by Manchester and Peck (2016) and applied to
the simulation of multi-rigid body systems (Briidigam
and Manchester, 2021b). Compared with the rotational
matrix, the quaternion has fewer variables and thus can
potentially lower the computational burden.

We briefly review the integrator by Manchester and
Peck (2016) and convert it to the polynomial con-
straints. Consider the quaternion as a stack of the
variables:

qs

an | _. {qs }
qVZ qV ’

9

(78)

where ¢, € R is the scalar and ¢, € R? is the vector part. The
rotational motion can be obtained via the matrix-vector
product:

91 -q> = L(q1)q2, (79
with
T
qds —-q
L(g) = Y (80)
lqv 4553 +q,

Thus, the pose change can be parameterized by
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W = [‘”] = L(q) i1, (81)

Wy k
where w, is the discrete quaternion angular velocity. We
have the rotational motion as follows:

Grr1 = L{qy) ooy,
Ly, ;10 51 + w:’k+1]hwv,k+l =

(82)

X
Lyw, ks + @, Ly, k.

To have unit quaternion, we also enforce the norm
constraints that

lgll; — 1 = [l — 1 =0. (83)

As the double cover property of quaternion results in non-
unique representations of the same rotation, we consider en-
forcing the scalar part to be non-negative to ensure the
uniqueness:

0,>0,¢,>0. (84)

To rotate a vector in the world frame, we have the ro-
tation matrix:

(85)
with
qs - q-:

R(q) = \
qv g3 —q,

JV =105a La]l.  (86)

By (21), the forced rotational motion of the done can be
derived as

Table 8. Comparison of Lie Integrators.

X
Ihwv,k+1ws,k+1 + qujﬁqlhwv,kﬁ»l =

. AP
[bCl)quC()S’]( + cov,klba)v,k + TTk+1 .

87

The unforced linear motion is identical to the SO(3) x R?
case, which is not coupled with the rotation. Considering the
quaternion rotation, we have the linear motion for the drone
as follows:

Mgy = muyg + mgAt + O(qii )f- k18, (88)
and for the drone with cable-suspended load as
muy.1 = muy, + mgAt + k1A
ket r +mg O(qr1 ) kit —

+(Prs1 —Pfﬂ)/lkﬂAf

To regularize the orientation and angular velocity to the
desired value g and @, we consider the quadratic costs:

(90)

2 — 2
lax = illg,> llox =@l

where O, and Q,, are the weighting matrices.

9.3. Comparison of integrators

We now compare different integrators for rigid body sys-
tems and list the candidate Lie integrators in Table 8. For the
explicit Euler and Runge-Kutta method, the exponential
map is required to integrate the continuous motion to dis-
crete time, which does not have an exact polynomial so-
lution in finite degree (Iserles et al., 2000). For variational
integrators, derivation on SE(3) has been studied by

Method Equations

Explicit Euler (Celledoni et al., 2014) y€ G,y = yf (), yks+1 = v exp(f (vk)At)

Runge-Kutta (Celledoni et al., 2014)

y Eg:)} :yf(y)’ﬁi,l :f(yn)At’fnl :f(exp(%fn,l) 'yn)Ats

s =S (@0l = g o) 3n)A s = (e 053) 3,

1
Yn+1 = exp(g

Gh + Y2 + 23 + ot = 3 Vs fua)

LGVI (Nordkvist and Sanyal, 2010) (I, ) At = Fl® — I°FF,

Ri1 = Ry Fy,

Di+1 = Rpvi At + py.,

T T
mviy = Fymvp +mRi 1 gAL oy, 1 = Filpo, k.

LGVI (Lee et al., 2007)
DPrs2 — 2pki1 + i = Afmg.

Ry = RiFy, Fpol® —I°FL = I"F — F I,

Variational integrator, quaternion
(Manchester and Peck, 2016)

G = L(g)os,

Dier1 = P T i,
x x
Ibw\f,k+1ws,k+1 + wv’k-p][bw\},k‘#l = [bwv,kws,k + wvvklbwv,k, Wy, >0.

My = muy + mgAt

Proposed, SE(3) Ry = RiFy,

Fed? —IPF | = I°F, — FLI°,

D1 = RviAt + py
Mmvgy) = mFka + mRZHgAt.

Proposed, SO(3) x R? Ryt = RiF,

Fel” —I°F} | = I"Fy — F} 1",

Di+1 = ugAt + py,
Mmuyy) = muy + mgAt.
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Figure 19. Comparison of integrators on (a) drone landing problem and (b) with cable-suspended load. Within the computational budget,
the formulation on SO(3) x R? provides better initial guesses than SE(3). The relaxation gap by quaternion-based formulation is also
much smaller than that of the other methods. The matrix Lie group version considers the TS + block as the sparsity pattern at x =2. When
x = 1, both quaternion and matrix Lie group versions consider CS + MD.

Nordkvist and Sanyal (2010); Lee et al. (2007). However,
the presented derivation directly applies variations on
TSE(Q3) in discrete time and does not rely on the angular
velocity in continuous time as done by Nordkvist and
Sanyal (2010). The elimination of the angular velocity in
continuous time is more suitable for controller design as it
is redundant as its discrete variant F), is presented. The
method by Lee et al. (2007) does not consider the linear
velocity defined in the tangent space, which makes the
states at three consecutive time steps appear in the same
moment matrix. This formulation is denser and thus can
dramatically increase the computational burden for mo-
ment relaxation.

We then conduct numerical simulations to compare the
quaternion-based integrator (Briidigam and Manchester,
2021b) and the derived LGVI on SE(3) and SO(3) x R in
the drone landing problem in Section 8.1. We uniformly
sample 200 initial orientations and fix the other initial
parameters to compare the relaxation gaps. As the rotation
matrix J(q) involves quadratic polynomial of ¢, the input
force VR(q)"L(q)V"e.f. contains third-order monomials.
Thus, x = 2 is required to implement the moment relax-
ation. However, we find that relaxation with x = 2 does not
provide a sufficiently good initial guess for local solvers.

To fix this problem, we reparameterize the input to lower
the relaxation order. We consider the force in the world
frame f,, € R? as the decision variables and then enforce it to
align with the z axis of the body frame via an additional
scalar variable s:

Mgy = muy + mgAt + £, k1At

91
O(Gr+1)e: — fukr18k41 = 0. O

We note that s always exists as long as the total thrust
force f. # 0. We did not meet this singularity, while a re-
formulation without singularity is proffered in the future.

Via this reformulation, we now have transformed the
third-order dynamics quadratic. We find that the reformu-
lated dynamics have tight relaxation with x = 1, which
greatly reduces the computational burden. The relaxation
gap in the logarithmic scale is illustrated in Figure 19. It is
interesting to observe that the quaternion-based version

provides relaxation gaps that are dramatically smaller than
the version with the rotational matrix.

We further compare the variational integrators on the
drone landing problem with cable-suspended load in Sec-
tion 8.2. For the quaternion-based integrator, the modified
linear motion of the drone is the following quadratic
polynomial:

Mgy = muy + mgAt + f k1At
+(Prs —Pi+1)/1k+1Af,
O(Gis1)e: — frkr15k41 = 0.

92)

For the SE(3) case, the dynamics (59) involves third-
order monomials in RT(p” — p)J, which requires x > 2 for
moment relaxation. Again, we sample 200 initial orien-
tations and load velocities to compare different formula-
tions. The relaxation gap of this case is presented in
Figure 19. Within the computational budget of local
solvers, the optimization gaps by the quaternion-based
formulation are all smaller than 0.01, while the relaxa-
tion gap by the matrix Lie group formulation is dramat-
ically larger.

In both cases, the SO(3) xR* formulation provides
tighter relaxation compared to the SE(3) formulation. The
alternative quaternion-based formulation also exhibits great
advantages in computational time. For the case without
load, the mean and maximal time consumed by (SDP) is
0.84s and 2.07s. For the case with load, the computational
time is 1.37s and 2.42s, respectively. For the relaxation with
rotational matrix at the second order that provides relatively
tight results, the time consumed is larger than 1000s.

9.4. Collision avoidance in
cluttered environments

As the quaternion-based formulation can efficiently provide
tight relaxation at x = 1 for the drone landing problem, we
extend this algorithm to plan dynamically feasible trajec-
tories with nontrivial obstacle configurations. We consider a
world with nonconvex obstacles (Tedrake, 2023), where the
collision-free space is decomposed to a union of convex
polytopes.
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Figure 20. Trajectory optimization of drone with cable-suspended load in a cluttered environment using quaternion-based model. We
assign each collocation point to a safe corridor in the form of convex polytopes. The relaxation gap is less than 0.001, and the time used
by the SDP solver is 5.35 s. The blue points indicate the drone position, while the orange points denote the load position. The obstacles
are depicted in red. The traversed obstacle-free regions are in green, while the collision-free regions not traversed are in gray.

We allocate each collocation point to the prespecified
segments and then conduct the trajectory optimization. For
each collocation point, we consider the following linear
constraints to ensure the load and drone position are within
the collision-free polytopes:

»Azpkfbi,AiP/ffbi,k €1, (93)

where Z; is the index set that specifies the polytope con-
straints defined by A; and b;.

The planned trajectory and obstacle configurations are
presented in Figure 20. We can see that the load and drone
successfully avoids the obstacle. The total number of col-
location points of the trajectory is 80, while the time
consumed by the MOSEK is 5.35 s. The relaxation gap € =
0.00042, which is sufficient to justify that the refined tra-
jectory is optimal up to the allocation of the convex
collision-free polytopes.

We note that the optimal allocation of the polytope can be
solved by mixed-integer programming, which is outside of
the scope of this work. Some candidate frameworks, such as
the Graph of Convex Sets (GCS) (Marcucci et al., 2024),
can provide convex relaxation to this problem, which,
however, is not a (POP). Combining the GCS algorithm
with the proposed methods could be an interesting future
direction.

10. Discussions and future work

In this work, we show that bridging the geometric me-
chanics and polynomial optimization enables globally op-
timal motion planning using full rigid body dynamics. We
show that the LGVI can formulate the rigid body dynamics
as exact quadratic polynomials, which is not possible using
conventional integrators. The resulting formulation enables
us to obtain certified globally optimal solutions to motion
planning problems, such as IK and drone landing problems.
The proposed method is also extended to multi-body sys-
tems considering the constrained variational integrators. By

the polynomial formulation, Lasserre’s hierarchy at the
second order can provide rank-one globally optimal solu-
tions or certificate of infeasibility.

Though rank-one optimal solutions are available for
study cases with easier initial conditions, the solutions are
not tight for challenging cases, such as drone landing and
cart-pole swing-up with large initial angles. For these cases
without an exact rank-one solution, increasing the relaxa-
tion order can better approximate the solution, owing to the
asymptotic convergence of Lasserre’s hierarchy. Despite the
absence of rank-one solutions, the rounded solution can also
serve as a nontrivial initial guess for local search. We also
note that the rank-one solution of the moment relaxation is
usually degenerate, which results in slow convergence
around the optimum (Alizadeh et al., 1997; Yang et al.,
2022). The slow convergence caused by degeneracy can be
one reason that the solution is not exactly rank-one but still
serves as a good approximation.

Due to the limit of the memory, a tighter relaxation
scheme is not implementable for these suboptimal cases.
Therefore, it is unclear if such gaps are caused by the
numerical inaccuracy of the SDP solver or if the relaxation
order is not sufficient. Thus, a more intriguing future di-
rection is to find conditions when the geometric mechanics-
based motion planning problems can be tightly solved via
Lasserre’s hierarchy despite the numerical challenges. A
matrix completion problem has been tightly solved by the
second-order Lasserre’s hierarchy (Cosse and Demanet,
2021), which analytically constructs the dual polynomial
certificate. Though such construction techniques are hard to
generalize to the complicated dynamics constraints, they
inspire future research in this direction. As the sparsity
pattern is the key to the implementation of the proposed
method, a more fundamental question is how to determine
the most efficient sparsity pattern while guaranteeing
tightness.

With the alternative quaternion-based formulations, the
first-order relaxation can provide tight relaxation for the
drone landing cases, which is more efficient than the matrix
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Lie group version. The reformulation of the input is key to
obtaining tight relaxation at the first-order relaxation.
However, the presented reformulation introduces one sin-
gular point when the total thrust force becomes zero.
Though, in our case, the solution does not reach the singular
state, a systematic way of input formulation that guarantees
tightness should be derived in the future.

Though the LGVI can model arbitrary multi-body
dynamics, the computational cost for two full rigid bod-
ies is still too high. Thus, we are only able to limit the
numerical studies to the presented cases. Future work can
be extended to more complicated systems using the
quaternion-based formulation. Likewise, reformulating the
constrained force, as in the drone landing case, needs extra
attention to ensure the dynamics remain quadratic. From
the point of view of global optimization, the complexity of
the presented algorithm is linear w.r.t the planning horizon
and polynomial order w.r.t the system dimension (consider
the size of the moment matrix) when the relaxation order is
determined. Such property is an improvement compared to
other methods, such as combinatorial optimization with
exponential complexity in the worst case. To improve the
scalability for real-time deployment, combining the global
convergence property of SDP (Kang et al., 2024; Yang
et al., 2022) and fast local search on Lie groups (Brockett,
1991; Bloch et al., 1992; Clark et al., 2021; Teng et al.,
2022b, 2022a; Ghaffari et al., 2022; Jang et al., 2023),
should be considered in the future. The proposed method
can also be extended to nonholonomic systems using
LGVI, while the discretization of nonholonomic con-
straints needs more attention (Fernandez et al., 2012;
Kobilarov et al., 2010).

11. Conclusions

In this paper, we present the novel result: by leveraging
geometric mechanics-based robot dynamics, one can for-
mulate the motion planning problem as polynomial opti-
mization problems that can be solved via Lasserre’s
hierarchy. We show that the proposed formulation converts
rigid body dynamics as exact quadratic polynomials. We
further formulate the motion planning problem as a sparse
moment relaxation problem. Attributed to the low-order and
sparse formulation, the resulting SDP has linear complexity
with respect to the planning horizon and is computationally
tractable for the current solvers. The case study on the
inverse kinematics for serial manipulators and 3D drone
landing problems suggests that the proposed formulation
can successfully provide certified globally optimal solutions
or certificates of infeasibility for most cases. The proposed
method is also extended to multi-body dynamical systems
using constrained Lie group variational integrators. The
numerical study on drones with cable-suspended load and
cart-pole systems suggests that the proposed method can
provide tight solutions or nontrivial initial guesses. Finally,
an alternative quaternion-based formulation is presented to
greatly speed up the computation.
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Notes

1. The Archimedeanness condition is satisfied if a two-norm ball
can be constructed by the constraints {g;}, thatis, 3 {o;} a set of
sum-of-squares polynomials, such that M — ||x||3 = oo (x)+
>,05(x)gi(x), with M > 0.

2. For constrained multi-rigid body dynamics, the Uy also contains
the constrained force determined by the external control input.

3. The maximal coordinates formulation explicitly models the full
6 DOF of each rigid body and adds constrained forces.
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A. POP as infinite-dimensional _ . .

i . If (POP) satisfies the assumptions, the following
inear programming

(POP) can be converted to the following infinite-
dimensional linear programming problem over the space
of measure (Lasserre, 2001, 2015):

Problem 5. (Infinite dimension linear programming).

pri= (LP)

inf / p(x)du,
HeM*(K)Jg

with K the feasible set defined in (POP), M(K) the set
of vector space of finite signed Borel measure and
M™(K) the convex cone of non-negative finite Borel
measure on K.

Then, the optimization problem (POP) is equivalent to
finding the Dirac measure 6 x that is associated with the
minimizer x* of (POP). Recall that the Dirac measure has
the property [, p(x)dds = p(X), which enables one to select
the value of p(x) at a given point X.

B. Sparse moment relaxation of POP

Though Lasserre’s Hierarchy enables one to approximate
(POP) by (SDP), the size of (SDP) increases dramatically as
x and n increase. Thus, it is critical to explore the structure of
the problem fully to reduce the computational burden. For
many applications in control and planning satisfying the
Markov assumption, only states at consecutive time steps
appear in the system dynamics. The cost function is usually
the sum of stage costs that only contain states within one
step. Motivated by this observation, we introduce the
correlative sparsity.

We define the index set Iy = {1, ..., n} = UJ_ I, as the
union of g subsets I, C I, that partition the variable x. For
arbitrary I, S Iy, let Rix(J;)] denote the ring of polyno-
mials in the variable x(/) € {x;|i € I;}. We also define the
index setJ = {1, ..., m} that is partitioned in to ¢ different
disjoint sets J;, k=1, ..., g to group the constraints g;, /= 1,
wey M.

Assumption 2. (Sparse structure of (POP), (Lasserre,
2006)).

1. For feasible set K, there is a large number M, such that
|Ix[|oo < M for Vx e K.

2. Foreveryj € Ji, gj € R[x(Zk)], such that each constraint
g/(x) >0 only involves variables in the set x (I;) = {xi €
[k}.

3. The objective function p(x) € R[x] can be written as
p(x) =>"1_, fi with fr e RIx(I)], k =1, ..., 4.

4. The index set [, satisfy the running intersection

property:

sparse moment relaxations can dramatically reduce the
problem size and have the same convergence property as
the dense moment relaxation:

Problem 6. (Sparse moment relaxation (Lasserre, 2006,
2015)).

p¥ = inf L,(p)

yeRS )
sit. M.y, 1;)>0,
M, a(gy, k) =0,
jedi,k=1,...,q.

(sparse-SDP)

Where M,(y, I;) denotes the moment matrix formed by the
variables that appear in the set /. We also have a slightly
different rank condition and the special rank-one case for the
sparse moment relaxation.

Theorem 3. (Rank condition for (sparse-SDP) (Lasserre,
20006, 2015)). (sparse-SDP) is tight, if:

~

Assumption 2 is satisfied for (POP), and,

2. rank(M,(y*,It)) = rank(M,—q,(v*, It)), k = 1, ..., q,
and,

3. rank(M,(v¥, lx)) = 1 for all pairs (i, k) with L= 1; 0 I

# 0.

Remark 4. (Rank-one optimality condition for

(sparse-SDP)). For the special case of rank-one

condition, we will only need to check the first two

conditions in Theorem 3 as any M,(y, I;;) can become

a principle submatrix of the M,(y, I;) or M,(y, 1)) after

proper invertible row and column permutations.

Thus, M,(y, I;;) is rank-one if M,(y, I;) or M,(y, 1)) are

rank-one matrix.

C. Closed-loop simulation

In this appendix, we apply tracking controllers to
track the planned trajectories to demonstrate they are
dynamically feasible. We consider a customized simu-
lator using the variation-based dynamics in maximal
coordinates (Briidigam and Manchester, 2021b; Howell
et al., 2022).

C.1. Drone landing. We develop the following non-
linear tracking controller to track the desired trajectory
planned by the proposed method. We apply the controller in
a receding horizon manner to minimize the quadratic cost
w.r.t the reference trajectory:

Problem 7. (Nonlinear tracking controller). Consider the
configuration state Yy, input Uy, and dynamics D(, -, ~2Vas
in Problem 3. We track the desired trajectory {Y;},_,

— N . .
and {Uy },_, via minimizing the quadratic tracking cost:



Teng et al.

29

N—1
Jmin 1Y = Tellg + | Uier — T Iz
{Yeti—o- {Uk iy =0
Yy = Tull
st. D(Yes1, Y, Uiny) = 0,

Yee),

Unin U < Upax,

Yo = Yinit,

k=0,...,.N —1.

Tracking Cost

0 0.5 1 1.5 2 25 3 3.5 4 45
time(s)

Figure 21. Tracking cost along the planned path of the drone landing
problem. The tracking cost converges exponentially fast after the
transient state at the first 1.5 s. The tracking cost can be considered a
Lyapunov function for the closed-loop system to certify stability.
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Figure 22. Tracking cost along the planned path of the drone
landing problem with cable-suspended load. The tracking cost
converges with some oscillation due to the motion of the load. The
controller successfully stabilizes the system after a perturbation
was acted on the load at £ = 2s.

where the P, O, and R are the cost matrices w.r.t. the ter-
minal state, running state, and control input. The desired

state {7}, and control input {TU}_, are interpolated at
the planned trajectory given the sampling time of the
tracking controller.

As the tracking controller considers the nonlinear
dynamics, the nonconvexity still makes the computation
challenging. To solve the problem, we initialize the
optimization using the nominal control input and state
obtained by the trajectory optimization {7;(}2/:0 and
{Uk}ﬁcvzl. In our simulation, the tracking horizon is set to
N =20 with the sample time Az=0.01s. The tracking cost
for cases in Figure 10 are shown in Figure 21, where we
can see that the tracking cost decays exponentially fast
after the transient state at the first few seconds. The
actual control input and the references are illustrated in
Figure 23.

C.2. Drone landing with cable-suspended load. We
apply the same tracking controller to the case with cable-
suspended loads. The cost function incorporates addi-
tional terms to regularize the tracking error of the load
position and velocity. We note that the cable dynamics
are hybrid by the complementarity condition (Posa et al.,
2014):

2
||p1€+1 _Pk+1|| — 1220, Ar120,

95)
2
(12 - ||Pi+1 — Dis1 || s = 0.

As (95) is challenging for optimization, we introduce the
slack variable 0 in the optimization to eliminate the
infeasibility:

2 1
P—|pt, —pel’ +60, =0,

(96)
2
(P = IpEsy = et )i + 62, = 0.

Then, we penalize ¢ in the cost function with large
weights. The tracking cost and control inputs are pre-
sented in Figures 22 and 24, respectively. We can see
that in case v = —1m/s?, though the cable tension 1
becomes 0 for some time, the controller can still stabilize
the system.
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Figure 23. Control input along the planned trajectory of the drone landing problems. The initial pitch angles from top to bottom are 0°,

30°, 90°, 120°, and 180°.
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Figure 24. Control input along the planned trajectory. The initial velocity v)f of each case from top to bottom are —1 m/s*, 0 m/s* and 2 m/s.
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Figure 25. Trajectory of the cart-pole state in minimal coordinates. The states corresponding to the cases with initial cart angle are 6, =
0.257, 0.5z, 0.757, and 0.95z. The pole angles are wrapped to ensure the terminal states are around @ = 0. Note that the actual
controllers are designed in the maximal coordinates and, thus, do not have the rounding issue of joint angles in minimal coordinates. The
controller successfully stabilizes the system after a perturbation on the cat at # = 0.5s.

C.3. Cart-pole swing-up. We implement the linear
quadratic regulator (Briidigam and Manchester, 2021a) to
track the trajectory in the maximal coordinates.

Consider the dynamics (62), (63), and the holonomic
constraints (64). We define the residual state w.r.t the
nominal trajectory as y:=Y — Y, u:=f; — f, and ;=1 — A.
We can then derive the linearized dynamics around the
reference trajectory as

Firr = A + Biie + Ciy. 97)

where 4, B, and C; are the Jacobians obtained by dif-
ferentiating the dynamics D (-, -, -) using implicit function
theorem. The linearized holonomic constraints can simi-
larly obtained by differentiating the holonomic constraints
by

GisDes1 = Gesr (A + Bitix + Cid) =0, (98)

with G:=0g(Y})/0Y;. Finally, we have the linear quadratic
regulator in the maximal coordinates as

. L R
omin o P+ 5 ) (i O+ B Ri)
{“k’ik}kzl 5{y}k:0 k=0

s.t. Vi = Ay + Biiyg + Ciss

Gert (A5 + Bedls + Cia ) = 0,

f;c, min Sfx,k + Ek Sf;c, max»
70 +% = Yim‘t,
k=01,..,N—1.
99)

We apply the batch optimization in a receding horizon
manner to track the desired trajectory obtained from the
global optimization. The tracking performance of the cart
position, the pole angle, and the control input are illustrated
in Figure 25. The controller can stabilize the trajectories
after a disturbance is acted on the cart at 1 = 1.25s.
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