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Abstract

This project report presents methods for determining maneuverability constraints for

robotic systems. These maneuverability constraints are limits on the acceleration and velocity

of the system specified in a global coordinate frame (e.g., a Cartesian reference frame where

trajectory planning is typically done) based on torque/force and operating limits in a different

reference frame (e.g., the manipulator joint angles where the system dynamics are more easily

specified). We approach this problem of determining maneuverability constraints from an

optimization perspective. The formulation as a mathematical program results in a generalized

semi-infinite programming problem. An algorithm to solve the generalized semi-infinite

programming problem is presented for the case when the objective function is a function of a

single scalar variable. This algorithm is subsequently applied to two robotic manipulator

applications. These examples illustrate the use of the maneuverability results for design and

control of robotic systems.
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Chapter 1

Introduction

1.1. Problem Description and Related Work

This project report is concerned with the derivation and implementation of techniques

to determine appropriate maneuverability constraints for robotic systems. Maneuverability

constraints are limits on system velocity and acceleration in a global coordinate frame (e.g., 

Cartesian reference frame) based on system dynamics and control limits that are specified in

a different coordinate system (e.g., the joint angles of a robotic manipulator). The need for

these bounds arises in robotic and autonomous vehicle applications for design (based on

performance criteria requiring a specified amount of acceleration capability) and for

computation of optimal trajectories and controls in a cluttered workspace (where complex

system dynamics and constraints preclude real-time trajectory calculation). To make this

problem tractable, a supervisory control approach is taken. Supervisory control is a

hierarchical feedback control structure using high-level sensory information and control

strategies. The sensor data and control objectives are then transformed into reference

signals for the low-level servo-controlled torque/force inputs to the dynamic system.

Typically, a supervisory control approach requires the calculation of a collision-free

path amongst many obstacles in the workspace, preceding the computation of a dynamic

trajectory that follows the path and accounts for the dynamic constraints on the system [1,2].

To perform these trajectory calculations, path-planning [3, 4] and feedback [5, 6, 7] methods

have been proposed. Both types of techniques require limits on system velocity and



acceleration in ti~e global frame. We c~ll these limits the maneuverability constraints. In I.hJs

project report, we introduce an approach for relating tile constraints in the generalized frame

to maneuverability constraints appropriate for computing dynamic trajectories in the global

frame. The objective is to determine operating regions (position and velocity bounds) and

corresponding acceleration limits in the global space so that dynamic trajectories whicN

satisfy these maneuverability constraints are guaranteed to be feasible.

In this project we have focused on the specification of the acceleration constraints.

Since the set of feasible accelerations is state dependent, it is necessary to compute a set

which is feasible over an entire range of states. We term this problem of approximating the

set of feasible accelerations as the maneuverability problem. We show that the

maneuverability problem is a subclass of a new form of mathematical programs, which we

refer to as generalized semi-infinite programs.

This approach to the maneuverability problem is applied to two robotic manipulators. In

these examples the maneuverability constraint set is approximated by a spherical set

centered at the origin of the acceleration space, This set is completely specified by its radius.

The radius is referred to as the acceleration radius in the context of the manipulator

applications. This maneuverability measure is a useful means of quantifying the acceleration

capability of a robot, and thus the maneuverability constraints have implications for design.

Other measures have been proposed and utilized for the design of manipulators [8, 9, 10] and

for the local restriction of accelerations in path-planning schemes [4]. The acceleration

radius concept can be applied for these purposes, as well as for its intended use in specifying

global acceleration bounds for supervisory control.

With this background, we proceed to detail the contents of the project report in the

following section,
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1.2. Overview of the Report

The project report is organized into five chapters, including this introductory chapter.

The body of the work begins in Cl~apter 2, where in Section 2.1 the supervisory control

approach is described more completely. A supervisory control problem for a Lagrangian

dynamic system is presented in Section 2.2, and the concepts are illustrated for a simple

cylindrical robot. Notation is introduced for the positions, velocities, and accelerations in

both the global and generalized coordinate frames, and the mappings between these

coordinate frames are defined.

Section 2.3 indicates the complexity involved in mapping the system dynamics and

control constraints in the generalized frame into corresponding limits on velocities and

accelerations in the global frame. Two important issues arise. First, enlarging the

generalized operating space reduces the size of the feasible maneuverability constraint set.

Secondly, since the mapping between the spaces is state dependent and nonlinear, it is

extremely difficult to express the resulting maneuverability set analytically. We introduce an

approximation to the maneuverability set which can be specified analytically. Although the

approximation reduces the available control capability, this shortcoming is offset by the ease

of representation for design and control. In our examples, a hypersphere is used as an

approximation to the feasible set.

We formulate the problem of approximating the maneuverability constraint set as an

optimization problem in Section 2.4. The original derivation of the maneuverability problem

and an equivalent statement are included. We identify the approximation problem as a

subclass of a new form of semi-infinite mathematical programs (SIPs) that we term

generalized semi-infinite programs (GSIPs).

Chapter 3 begins with a survey of the semi-infinite programming literature. Borwein

[11] has identified three methods of analysis and solution of SIPs: direct reduction, abstract
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formulations, and non-smooth af~alysis. Each of these viewpoints has analytical and

algorithmic implications, and we review these theoretical results and numerical methods as a

precursor to studying the GSIP. In Section 3.2. using the non-smooth approach, the GSIP is

cast in the form of a standard nonlinear programming problem.

Several algorithms for solving nonlinear programs were instrumental in generating a

routine to solve the generalized semi-infinite programming problem. In particular, the cutting

plane methods of Kelly [12] and the supporting hyperplane algorithm proposed by Veinott

[13] were used in this project. These techniques, as well as the secant method of root solving

[14], are reviewed in Section 3.3 prior to the introduction of the GSIP solution algorithm.

To gain insight into the properties of the GSIP, an algorithm for its solution is presented

in Section 3.4. The routine is essentially a scalar version of the supporting hyperplane

method and is well.suited to solving the maneuverability problem. Other types of GSIPs

require the extension of the proposed algorithm to multiple dimensions. We comment on the

problems of computational complexity and numerical instability that may be encountered

when the algorithm is extended beyond the scalar case.

Having introduced the theoretical and numerical framework for the maneuverability

problem, we apply the aforementioned methods to two robotic systems in Chapter 4. The first

is a two-degree-of-freedom articulated arm. The latter is the three DOF (degree of freedom)

positioning system of a commercial PUMA robot. For each application several test cases and

a sensitivity analysis are presented. These test cases illustrate the effects of kinematic

singularities as well as the tradeoffs between permissible accelerations and the size of the

specified operating region. The examples also illustrate extreme cases wherein the set of

feasible accelerations in the global frame may be either a null set or a nonempty set removed

from the origin of the acceleration space. The former case indicates that no accelerations are

feasible over the entire range of operating states. The second condition implies that there are

directions in which the system cannot be accelerated with the available controls.
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Other indicies which have been proposed as measures of acceleration capability ate

outlined in Section 4.4. The manipulability measures of Yoshikawa [8, 9] are compared to the

present work. Design implications include determining "best" postures or configurations of

manipulators for performing a particular task and specifying a workspace to maintain a fixed

amount of maneuverability. The computation of local acceleration bounds for a

predetermined path, based on the work of Shin and Kim [15], is discussed and related to the

semi-infinite programming approach of this report.

We conclude the project report by emphasizing the implications of the results of this

project and the applicability of the proposed methods to problems of design and control of

robotic manipulators. Future work includes state-space partitioning for multiple operating

regions, autonomous vehicle applications, and the development of more sophisticated semi-

infinite programming methods. The theory of generalized semi-infinite programs may also

prove to be an important area for future research.
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Chapter 2

Supervisory Control
and Maneuverability Constraints

2.1. Introduction

In robotic manipulator and autonomous vehicle applications, supervisory controls are

command signals computed to drive the system around obstacles in the workspace to a

specified target location [1,2, 16]. Supervisory controls are typically computed in the global

coordinate frame, whereas the system dynamics and control limits are most easily specified in

a robot coordinate frame. For example, the trajectory of a manipulator end effector is often

given in Cartesian coordinates while joint angles are often selected as robot coordinates, with

forces corresponding directly to the torque inputs from the joint actuators. Mappings

between these coordinate frames provide the means for determining velocity and acceleration

constraints in the global coordinate frame which adequately represent the actual state and

control constraints. In the sequel, these constraints in the global frame are referred to as

maneuverability constraints to distinguish these limits on the system position, velocity and

acceleration in global coordinates from the state and control constraints in robot coordinates.

Complex system dynamics and constraints preclude real-time computation of optimal

trajectories and controls in most robotic applications. Many robots are controlled entirely on

the basis of the arm kinematics in an attempt to reduce the computational load. To

incorporate the system dynamics, a common approach to supervisory control is to first

compute a collision-free path between the obstacles and then compute a dynamic trajectory



8

following the desired path, taking into account tile dynamic constraints on lhe system

[1,2, 16, 17]. In the context of manipulator control, methods have been proposed for

computing time-optimal dynamic trajectories along specified paths [3, 4, 18], and an objective

of current research is to incorporate dynamic optimization into path planning algorithms

[19, 20]. These computations provide open.loop reference traject(~ries. This path-planning

approach to supervisory control is appropriate when a model of the entire workspace is

available and extensive off-line computations can be performed before implementing the

control.

As an alternative to the path-planning approach, several feedback algorithms have

been proposed for guiding a dynamic system along a collision-free path based on real-time

sensory information [5, 6, 7, 21, 22]. In these feedback schemes a desired acceleration for

the system is computed at each control instant in operational space [7]; that is, in the global

coordinates of the workspace. These supervisory controls are computed to be pointwise

optimal using dynamic models in the global coordinate frame where the target, obstacles, and

control objectives are most easily represented. The desired acceleration is then transformed

into reference signals for the servo-controlled torque/force inputs. We note that although

supervisory controls are intended to provide real-time response to sensory feedback in

uncertain environments, the speed with which dynamic trajectories can be computed in these

feedback schemes may also make them attractive for off-line computation of sub-optimal

supervisory controls in some applications.

Both the path-planning and feedback approaches to supervisory control require limits

on the system velocity and acceleration in the global frame so that the desired trajectory

remains feasible. The objective of this project is to introduce and illustrate a general

approach for deriving these maneuverability constraints. The problem of de.termining

appropriate maneuverability constraints has been noted in the literature, but few papers have

reported results in this area [23]. For the purpose of manipulator design various measures of
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dynamic manipzll~bility have been propo.~;ect for evaluating capacity to accelerate the end-

effector at any given point in the workspace [9, 10, 24]. This project report deals with a similar

concept. However, we wish to compute an acceleration constraint set which is feasible over

an entire set of operating states.

In the following section the supervisory control problem is formulated in terms of the

dynamic model in robot coordinates, and avoidance and target regions in global coordinates.

Section 2.3 describes the proposed method for deriving the maneuverability cons{raints. The

concluding section identifies a new class of semi-infinite mathematical programs related

directly to the computation of a suitable approximation to the maneuverability constraint set.

2.2. The Supervisory Control Pro.blem

The dynamics of a mechanical system with n degrees of freedom and force/torque

control inputs are characterized bY coupled second-order differential equations [25],

gi(q,~,~,K) =0, ~r. i=1 ..... n (2.1)

where

qt=[q~ ..... qn] : n coordinates

~t=[~ ..... c~.] : n velocities

~z=[~ ..... ~]: n accelerations

Kz=[E~ ..... K~:n forces/torques.

To illustrate the concepts of the supervisory control problem, we consider the dynamics

in the horizontal plane of the manipulator arm in Figure 2-1. The coordinates for this

cylindrical robot are qz=d, the radial extension of the arm, and q~=O, the angle in the

horizontal plane; with control inputs K1, the radial force, and K2, the torque at the pivot joint.

Assuming friction is negligible, with the arm mass modeled as point masses at each end, the

dynamic equations for the manipulator arm in Figure 2-1 are








































































































































































































