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Abstract

PYROBOCOP is a Python-based package for control, optimization and estimation of robotic
systems described by nonlinear Differential Algebraic Equations. In particular, the package
can handle systems with contacts that are described by complementarity constraints and
provides a general framework for specifying obstacle avoidance constraints. PYROBOCOP
provides automatic reformulation of the complementarity constraints to perform optimization
of robotic systems. The package is interfaced with ADOL-C [1] for automatic differentiation
with sparse derivatives and IPOPT [5] as solver.
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Abstract—PYROBOCOP is a Python-based package for con-
trol, optimization and estimation of robotic systems described
by nonlinear Differential Algebraic Equations. In particular, the
package can handle systems with contacts that are described by
complementarity constraints and provides a general framework
for specifying obstacle avoidance constraints. PYROBOCOP pro-
vides automatic reformulation of the complementarity constraints
to perform optimization of robotic systems. The package is
interfaced with ADOL-C [1]] for automatic differentiation with
sparse derivatives and IPOPT [3] as solver.

I. INTRODUCTION

We present a python-based robotic control and optimization

package (called PYROBOCOP) that allows solution to a large
class of mathematical programs with nonlinear and comple-
mentarity constraints. Contact-rich robotic manipulation tasks
could be modeled as complementarity systems. Obtaining a
feasible, let alone an optimal trajectory, can be challenging
for such systems. To the best of our knowledge, none of
the existing python-based open-source optimization packages
can provide support for trajectory optimization with support
for complementarity constraints that arise from contact-rich
manipulation and simple specification of obstacle avoidance
constraints. However, this is highly desirable to optimize a
large-class of contact-rich robotic systems.
We present PYROBOCOP, a lightweight but powerful Python-
based package for control and optimization of robotic systems.
PYROBOCOP handles contact and collision avoidance in an
unified manner and uses ADOL-C [I] and IPOPT [3] at
its backend for automatic differentiation and optimization,
respectively. The main features of PYROBOCOP are:

« Contact and obstacle avoidance modeling by complemen-

tarity constraints

¢ Support for minimum time problems

o Support for optimization over fixed mode sequence prob-

lems with unknown sequence time horizons

o Parameter estimation in linear complementarity systems.
Codes and instructions for installing and using PYROBOCOP
could be found in [4]] under a research only license.

II. PROBLEM DESCRIPTION
PYROBOCOP solves the dynamic optimization problem
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Fig. 1: Workflow in PYROBOCOP. The dynamics provided
by the user create a MPCC which is optimized using IPOPT:
The gradients are evaluated using automatic differentiation.

where z(t) € R™, y(t) € R™, u(t) € R™, i(t) € R",
p € R™» are the differential, algebraic, control, time derivative
of differential variables and time-invariant parameters respec-
tively. Each | € L defines a pair of indices oy1,072 €
{1,...,n,} that specifies the complementarity constraint be-
tween the algebraic variables [y(t)],, , and [y(t)]s, .. In (Ic)
V1,2 correspond to either the lower or upper bounds
on the corresponding algebraic variables. For example, if
they are set respectively to the lower and upper bounds of
corresponding algebraic variables then in combination
with the bounds (Id) model the complementarity constraint

0<[y(®) —ylo,, L [F— 9o, >0.

The dynamic optimization problem in (I) is transcripted to
a NonLinear Program (NLP) using the Implicit Euler time-
stepping scheme. If complementarity constraints are present
then it is an instance of a Mathematical Program with
Complementarity Constraints. PYROBOCOP implements two
possible relaxation schemes for complementarity constraints

a(Wiloy, —vi,1)(Wiloy, —112) SOVIEL
> a(Wilony — i) ([Wilor, —112) <6

el

(2a)
(2b)

where «; = 1 if the involved bounds (1,1, 1 2) are either both
lower or both upper bounds. More details could be found in
the extended version of the paper in [3].

III. SOFTWARE DESCRIPTION

Figure [T] provides a high-level summary of the control flow
in PYROBOCOP. Detailed descriptions on the software API
and classes are available in the Software Description in [4].
A user provided class specifies the dynamic optimization
problem (I). This is also briefly described in Figure [I] The
user needs to provide the equality constraints for the dynamical
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Fig. 2: Examples of contact-rich and parameter estimation problems solved with PYROBOCOP .

system. These constraints could include the dynamics informa-
tion for the system, the bounds on the system state and inputs,
and information about complementarity constraints, if any.
Furthermore, a user needs to provide the objective function.
PYROBOCOP is interfaced with ADOL-C [1] to compute
derivatives (see the Backend block in Figure [I). Note that the
ADOL-C can also provide the sparsity pattern of the constraint
Jacobian and Hessian of the Lagrangian.

IV. NUMERICAL RESULTS

PYROBOCOP is validated in several robotic simulations
and real world experiments. To foster reproducibility, the
source code of the following examples is available in [4] and
more details about the experiments are available in [3]].

Benchmark systems. First, PYROBOCOP was tested in
many of the standard control benchmarks with and without
contact interactions e.g., the inverted pendulum, the acrobat
system and the cart pole with softwalls.

Top-table manipulation. A second class of problems that
was solved with PYROBOCOP is the pushing objects in
a plane class. Consider a pusher-slider system, the pusher
interacts with the slider by exerting forces in the normal and
tangential direction as well as a torque about the center of the
mass of the object. The applied wrench causes the object to
move in a perpendicular direction to the limit surface. More-
over, consider the case when the pusher has to avoid obstacles
in order to push the slider in a determined goal position as
shown in Fig.2(a). PYROBOCOP can handle complementarity
and obstacle avoidance constraints simultaneously.

Experiments on physical devices. Third, PYROBOCOP
solved the trajectory optimization problem of a Belt Drive Unit
as described in our previous paper [2l]. The goal was to wrap
with a robotic manipulator a flexible belt around two pulleys,
see Fig. [2b). This is a complex manipulation problem that
involves contact, flexible objects and collision avoidance.

Optimization with Mode Enumeration. Fourth, we show
our optimization approach over fixed mode sequences using
the pusher-slider system. When considering sticking contact
at the 4 faces of the slider, the modes appear based on which
face the pusher contacts the slider. The optimization process
ensures continuity of dynamics and selection of final time
for each mode in a trajectory. For this example, we use two
modes, pushing from the left face followed by pushing from
the top face of the slider and the goal is to bring the slider to

its original position rotate of 180°. The optimal trajectory is
shown in Fig. 2]c).

System Identification for Complementarity Systems.
Fifth, the problem of parameter estimation for systems with
complementarity constraints is a particular case of the NLP
transcription of the optimization problem (I)). The objective
is to identify the physical parameters of a system given a set
of collected data. As a case of study, we consider the cart-
pole with softwalls and the cost function is the normalized
Root Mean Square Error between the observed trajectory
and the trajectory obtained from the estimation procedure.
We validated the method with a Monte Carlo simulation on
different cartpole systems with increasing levels of additive
independent Gaussian noise. The results are shown in Fig-
ure 2{d) with noise standard deviation for each experiment of
[0.0001,0.001,0.01,0.05].

V. CONCLUDING REMARKS

This paper presented PYROBOCOP, a Python-based opti-
mization package for model-based control of robotic systems.
We showed that PYROBOCOP can be used to solve trajectory
optimization problems of a number of dynamical systems in
presence of contact and collision avoidance constraints. More
details are available in the software package [4].
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