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Abstract

A great challenge for robotic systems is their ability to carry on complex manipulation and
locomotion tasks while responding to the changing environment. To allow robots to oper-
ate in human environments there is a strong need to develop new control architectures that
can provide advanced task capabilities and interactive skills. These architectures must be
effective in coordinating whole-body behaviors for various control objectives while comply-
ing with balance stability, contact stance, and other dynamic constraints. In addition, to
facilitate the integration of robots in human environments, it is desirable for their motions
and task behaviors to be compatible with those of humans. In this thesis, we present a con-
trol methodology for the synthesis of realtime whole-body control behaviors in humanoid
systems. The work is presented in three parts.

First, we establish mathematical foundations that characterize the kinematic and dy-
namic behaviors of task and postural criteria under balance and contact stability constraints.
We identify the dynamic behavior of postural tasks operating in the null space of operational
tasks and we develop task-oriented controllers in postural space. These controllers are used
to accomplish secondary goals or to optimize postural criteria without affecting priority
tasks. Based on task and posture control decompositions we define recursive structures
with multiple priority levels. These structures allow us to create controllers for all aspects
of motion while ensuring that critical tasks are accomplished first. Exploiting prioritization,
we address the control of dynamic constraints as priority tasks and we project operational
tasks and postural criteria in the null space of all acting constraints. This strategy prevents
lower priority tasks from violating the acting constraints.

Second, we develop a variety of controllers to address the different aspects of the robot’s
motion. We propose position and force controllers to control the various task effectors
of the robot. We use potential fields to handle reactively dynamic constraints such as
balance stability, joint limits, obstacle avoidance, and self collisions. We develop posture

controllers to enhance overall performance in terms of available workspace, resemblance to

v



human poses, and optimization of actuation effort. Third, we tackle the synthesis of com-
plex whole-body behaviors. To facilitate the creation of behaviors we develop control and
behavioral abstractions that encapsulate behavior representation and action mechanisms.
These abstractions are designed to be instantiated and coordinated by high level decision
and perceptual processes.

The methods proposed throughout this dissertation provide numerous control tools and
behavioral abstractions that will allow robots to deal effectively with the complexity and

dynamism of human environments.
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Chapter 1

Introduction

A humanoid is a multipurpose robot designed to perform human-like manipulation and
locomotion tasks aiming to assist the human. Let us control it! The goal of this dissertation

is to develop a methodology for the control of humanoid robots in dynamic environment.

1.1 Motivation and Background

Humanoids could one day become our personal helpers extending human capabilities in a
variety of fields. Anthropomorphism allows humanoids to share our same environments and
maybe soon do similar chores than we do. However, high mechanical complexity as well
as limitations on control and perceptual capabilities prevents their further application into
our environments.

In a near future, humanoids should be able to perform human-level tasks in dynamic
environments. They should be able to manipulate objects, move around, and respond to
the environment in similar ways than humans do or even better. Through cooperation, they
should be able to perform sophisticated tasks such as building large structures or operating
complex machinery.

The characterization and control of humanoid systems has an impact beyond robotics. It
can provide the support to understand biological functions of the human body (biomechan-
ics), tools to design machines and spaces where humans operate (ergonomics), simulation
environments to study the effects of musculoskeletal alterations (surgical simulation) and
to design and study rehabilitation systems, and support to synthesize realistic computer
animations.

This dissertation will explore control issues in humanoid systems and methods for the re-

altime synthesis of whole-body behaviors, aiming to extend the frontiers of robotics research
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and related fields.

1.1.1 Control of Humanoid Systems

Techniques for the control of humanoid systems derive from methods originally developed
for industrial manipulators, mostly based on inverse kinematic techniques. However, inverse
kinematic techniques pose important limitations because they require the generation of joint
trajectories hindering contact interactions and complicating balance control among some
problems. In response to these limitations, we will develop here a whole-body control
framework implementing torque control strategies for advanced contact and non-contact
interactions.

We will also address the development of control strategies to respond to the changing
environment. Currently, this is an open research area where little progress has been done
when addressing humanoid systems. One of the reasons is because responding quickly to
dynamic events while maintaining balance and contact stability needs to be addressed in
the force domain instead of relying on trajectory generation. Realtime response to dynamic
constraints will occupy one chapter of this dissertation. In the 1980s dynamic control
strategies for the control of robotic manipulators were first developed (Khatib 1980; Khatib
1987). The control framework that we will develop throughout this dissertation will be
largely based on these techniques.

Handling physical constraints during movement execution has received much attention
over the past years, with most of the work focused on collision free movement for manip-
ulator control and mobile navigation. Although we will discuss in detail novel collision
avoidance techniques for humanoid systems we will also focus on new techniques to respond
in realtime to a variety of internal and external constraints.

Collision free movement has been addressed both in the context of reactive control
and in the context of motion planning (Pieper 1968; Nilsson 1969; Udupa 1977; Khatib
and Maitre 1978). In (Khatib 1986), a potential field approach was proposed. Potential
field techniques will be extensively used and extended throughout this dissertation to handle
motion constraints in humanoid systems. A short list of relevant work on reactive techniques
include (Liegois 1977; Maciejewski and Klein 1985; Khatib 1986; Brooks 1986; Siciliano and
Slotine 1991; Kwon et al. 1991; Espiau et al. 1992; Marchand and Hager 1998; Sentis and
Khatib 2006). Work on relaxation of precomputed paths, one of the possible applications
of reactive control, can be found in (Krogh 1984; Buckley 1986; Quinlan 1994; Brock et al.
2002). Motion planning for robot navigation, manipulation, and more recently whole-body

control has received much attention with some of the most important work found in (Nilsson
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1969; Udupa 1977; Moravec 1980; Chatila 1981; Latombe 1991; Laumond and Jacobs 1994;
Lozano-Perez 1981; Kuffner et al. 2003; Minguez and Montano 2004; Hauser et al. 2006).

Humanoid systems differ from fixed-base or mobile manipulators in that they are sup-
ported by the ground and need to maintain balance stability. To characterize contact con-
straints we represent humanoids as free floating systems with six passive DOFs attached
to their base. The action of the gravity causes reaction forces to appear on the robot’s
feet or on the supporting structures. Once in contact, the robot’s motion is similar to that
of parallel structures (Stewart 1965) and multigrasp systems (Kerr and Roth 1986; Cole,
Hauser, and Sastry 1989). We will use some of the concepts developed for parallel systems
to control humanoids in contact with the ground. To study the response of humanoids
under supporting contacts we will characterize contact dynamics and establish dynamic
constraints at contact points. Much work has been focused on the control of underactu-
ated systems especially in the context of space robotics. Some of this work can be found in
(Arai and Tachi 1991; Umetami and Yoshida 1989; Dubowsky and Papadopoulos 1993; Jain
and Rodriguez 1993). We will combine concepts from contact dynamics and underactuated
systems to develop operational space control strategies for humanoids under contact and
balance constraints. Complementary control structures for movements in mid air will also
be developed.

Although balance control has been extensively studied in multilegged systems (Raibert
1986; Hirai et al. 1998; Harada et al. 2004), we will propose here controllers that provide
direct manipulation of COG accelerations, providing a flexible framework to implement
static and dynamic balancing strategies.

To create complex behaviors, humanoids need to simultaneously accomplish multiple
control objectives. For instance, locomotion, manipulation, balance, and posture stance,
will need to be simultaneously controlled. We will dedicate one chapter to the development
of a multi-task control framework. To decouple the control of high priority tasks from
the control of lower priority tasks and to avoid conflicts between tasks or with the acting
constraints we will develop a prioritized control approach that will ensure that high priority
tasks are first accomplished and will provide the support to measure task feasibility at
runtime. Prioritization was first proposed by (Hanafusa, Yoshikawa, and Nakamura 1981)
in the context of inverse kinematics control. In this dissertation we will extend prioritization
to operational space control. We will also characterize task feasibility under prioritized
control. Previous work on multi-task control include (Nakamura et al. 1987; Siciliano and
Slotine 1991). More recently, in (Baerlocher and Boulic 1998) a multitask control approach

was developed for inverse kinematic control of computer generated characters.
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1.1.2 Synthesis of Whole-Body Behaviors

It is our objective to provide control methods and supporting entities for the synthesis of
autonomous behaviors in human environments. In this context, we have designed behavioral
entities that could serve as the main units of action connecting to high level controllers.
These entities encapsulate task decomposition and movement sequencing, abstracting the
desired actions. For instance, we have designed behavioral abstractions that can be used to
implement goal-oriented walking, manipulation, or jumping behaviors. Instead of relying on
preprogrammed motions, our behavioral entities are designed to execute goals at runtime
issued by perception systems (e.g. Petrovskaya, Park, and Khatib 2007) or teleoperation
devices (e.g. Conti and Khatib 2005). Moreover, our entities are designed to monitor and
respond to dynamic events such as contact interactions or moving obstacles.

Synthesizing whole-body behaviors in humanoid systems requires the coordination of
multiple low-level tasks. To support the instantiation and coordination of tasks our behav-
ioral abstractions encapsulate desired action mechanisms. These abstractions are designed
to connect with high level controllers and decision systems that feed task goals and trigger
the sequencing between movement states.

Related work on behavior synthesis include behavior-based control systems (Brooks
1986) and learning and imitation using movement primitives by (Arbib 1981; Billard 2000;
Mataric 2002; Schaal et al. 2003).

1.2 Objectives and Approach

The objective of this dissertation is to develop control and behavioral methods that will
serve as a platform to synthesize autonomous behaviors on humanoid systems for operations
in human environments.

To synthesize complex behaviors in dynamic environments, our approach will consist on
implementing multiple controllers to deal simultaneously with manipulation, locomotion,
postural, and constraint handling tasks. Our controllers will implement operational space
control strategies (Khatib 1987) unifying the control of motion and forces while accounting
for the physical dynamics of the robotic system.

To characterize the overall mobility of humanoids in space we will represent them as
branching structures with respect to a free floating base. The equations of motion of the
overall system will be expressed in terms of these representations allowing controllers to
coordinate whole-body motions to accomplish the desired task goals. Whole-body repre-

sentations and control of branching mechanisms were previously discussed in (Russakov
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et al. 1995). We will develop similar representations for our robotic systems that will allow
controllers to simultaneous accomplish multiple task goals while characterizing the residual
movement redundancy.

To avoid the computation of trajectories, our methods will rely on the implementation
of potential fields. Potential fields can be mapped into control forces and subsequently into
control torques, which can be directly sent to the actuators. Throughout this dissertation
we will develop potential field techniques to control manipulation, locomotion, balance, and
postural behaviors.

To provide the support for operations in dynamic environments we will develop con-
trol strategies to handle internal and external constraints in realtime. Contact constraints
will be directly integrated within kinematic and dynamic representations, allowing all mo-
tions to be automatically compliant with supporting contacts. Balance, obstacle avoidance,
self-collision avoidance, and joint limits will be handled reactively using potential fields.
Reactive handling of constraints will allow humanoids to accomplish tasks in dynamically
changing environments. Although we will focus on reactive techniques, our methods could
be extended to path modification such as in elastic strips (Brock and Khatib 2002). To
deal with dynamic constraints such as contacts, joint limits, and moving obstacles, we will
develop prioritized control strategies (Nakamura, Hanafusa, and Yoshikawa 1987) that will
prevent operational tasks from violating the acting constraints. Our control framework will
be design to respond to dynamic constraints without interrupting the global task. How-
ever, when constraints become too severe, manipulation and locomotion tasks may not be
feasible. To deal with these situations we will design methods to measure task feasibility at
runtime and modified the robot’s behavior accordingly.

To control balance stability we will develop operational space methods to control COG
accelerations providing the support to implement static or dynamic balance strategies
(Vukobratovic and Borovac 2004; Harada et al. 2004).

Besides controlling operational tasks under contact and balance constraints, we will
develop control methods for the control of postural behavior. Postural behavior is especially
important in humanoids because they are highly mobile systems. We will characterize
postural motion by identifying the motion manifold that is compliant with operational
tasks and the acting constraints and we will use postures to optimize desired criteria or to
track whole-body poses. In particular, we will describe control methods for pose imitation

and effort minimization.
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To support the creation of autonomous behaviors in complex environments we will de-
velop behavioral abstractions that will encapsulate task decomposition and movement se-
quencing. These entities will be designed to implement complex movements with a minimal
set of external parameters. In the future, these abstractions will be used in combination
with perception and decision processes. We will develop task primitives that will describe
task representations and control policies. Behavioral primitives will be created through the
aggregation and coordination of sets of tasks. Instead of relying on trajectory generation,
task primitives will be designed to accomplish arbitrary goals at runtime describing the
motion or contact forces of the different parts of the robot’s body.

The control framework we will describe throughout this dissertation is meant to control
real humanoid robots. Although, we have used simulated humanoid models to validate our
methods we are currently implementing our results into a real humanoid robot. We expect

to show results soon.

1.3 Chapter Summary

This dissertation is organized as follows. In Chapter 2 we will present fundamental concepts
for whole-body control of humanoid robots. We will first introduce a representation of
multilegged robots as free floating branching systems and will characterize the effect of
contact constraints. We will study the equations of motion of constrained systems and use
them to develop operational space control strategies (Khatib 1987) to control arbitrary task
objectives under supporting constraints.

In Chapter 3 we will develop control methods to simultaneous control multiple task
points under balance and support constraints using operational space control strategies. To
deal with conflicting scenarios between tasks, we will develop prioritized control techniques
where lower priority tasks will operate in the residual redundancy of higher priority tasks.
Task prioritization will prevent coupling of lower priority tasks into higher priority tasks
and will provide support to determine task feasibility under the acting constraints.

In Chapter 4 we will characterize postural behavior under multi-task control. The resid-
ual space of motion will be used to enhance overall performance and to imitate captured
human poses. Using postures we will be able to accomplish desired postural goals or opti-
mize desired criteria without interrupting the global task.

In Chapter 5 we will present reactive methods to handle internal and external con-
straints. We will first develop novel control structures where operational and postural tasks

will operate in the null space of all acting constraints. We will also develop constraint
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handling tasks based on potential fields that will allow humanoids to respond in realtime
to dynamic constraints.

In Chapter 6 we will extend whole-body control for behaviors in free space. We will
characterize the equations of motion of free space focusing on the conservation of momenta.
Using these representations we will develop multi-task controllers similar to the controllers
develop from ground based behaviors. We will also analyze the feasibility of operational
tasks and the control of postural tasks during movements in free space.

In Chapter 7 we will develop abstractions to support the synthesis of whole-body be-
haviors. We will first develop control abstractions for the instantiation and aggregation of
operational tasks. Using these abstractions, we will develop behavioral entities that will
encapsulate task decomposition and movement sequencing. These abstractions will be de-
signed to connect to perception and decision processes with the aim to support the creation

of emergent behaviors.



Chapter 2

Basic Representations for
Whole-Body Control

In view of the structural differences between humanoid systems and fixed manipulators, the
goal of this chapter is to develop kinematic, dynamic, and control representations that will
serve as the basic elements for the development of a whole-body control framework. This
components will be presented as an extension of the operational space control formulation
(Khatib 1987) for humanoid systems. Operational space control will allow us to implement
a variety of control strategies for effective interactions with the physical environment and
for advanced control of balance stability.

One of the fundamental differences between humanoids and robotic manipulators is
their detachment from the ground. Gravity forces push the humanoid’s body against the
ground, providing a supporting platform to move in all directions. The robot’s movement
is therefore not only determined by joint positions but also by the position and orientation
of its body with respect to an inertial frame of reference. At the same time, reaction forces
created between contact points and the ground are used for balance and locomotion. One
of the goals of this chapter will be to characterize the mobility of humanoids in free space
and the impact of supporting contacts at all levels.

A unique characteristic of humanoids is their high mobility. Humanoids are equipped
with thirty or more moving joints allowing them to simultaneously coordinate manipula-
tion, locomotion, and postural tasks while responding to the changing environments. This
high mobility means that the mechanism is redundant with respect to operational tasks,
or equivalently that operational tasks can be accomplished with different postural arrange-

ments. To characterize the task’s redundancy we will identify here the residual space of
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motion (i.e. the posture space) that simultaneously complies with the desired tasks and the
supporting contacts. In Chapter 4 we will use this characterization to enhance movement
performance in posture space while executing complex tasks.

To control humanoid systems we need to simultaneously coordinate multiple operational
tasks. There is a vast amount of work addressing the control of manipulation tasks on
industrial manipulators. To control the robot’s end effector, inverse kinematic solutions
have been extensively used (Pieper 1968; Roth, Rastegar, and Sheinmann 1973). However,
to engage in effective contact interactions dynamic control strategies were developed in the
early 80s. Dynamic control was first proposed by (Khatib 1980) and subsequently extended
into the operational space formulation (Khatib 1987). The main goal of this chapter will
be to extend the operational space formulation to control operational tasks in humanoid
systems.

An integral task during manipulation and locomotion behaviors is to maintain balance
stability. The framework we will develop in this chapter will ensure that stable balance is
being maintained and that internal forces between limbs in contact are properly controlled.
We will study the kinematics and dynamics of the robot under contact constraints and pro-
pose operational space controllers to control balance as well as arbitrary task points. We
will also discuss analogies between multi-legged systems, parallel systems, and underactu-
ated systems. As a result, we will develop constraint-consistent mappings that will be used
to project task space forces into actuator torques while complying with all acting contact
constraints. Related work on constraint kinematics and dynamics can be found in (Fichter
and McDowell 1980; Merlet 1996).

Task redundancy has been addressed since the early 1980s in the context of robotic
manipulators under inverse kinematic control (Hanafusa, Yoshikawa, and Nakamura 1981;
Nakamura, Hanafusa, and Yoshikawa 1987). For instance, a 7 DOF manipulator will be
redundant with respect to a 5-dimensional task (e.g. controlling the end-effector’s position
and two orientation coordinates). In the previous example the manipulator would have
2 DOFs of redundancy. In the case of a humanoid the redundant space is an order of
magnitude larger! A humanoid with 30 DOFs would have 25 DOF's of redundancy for the
previous task. One of our goals in this chapter will be to characterize the redundant space
with respect to operational tasks. This redundancy will be later exploited to simultaneously
control manipulation, locomotion, balance, and postural tasks.

This chapter is organized as follows. In Section 2.1 we will discuss the representation of
multi-legged robots at the kinematic and dynamic levels. In Section 2.2 we will develop an

operational space controller and characterize the residual task redundancy.
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2.1 Representation of Multi-Legged Robots

A fundamental characteristic of humanoid robots is their freedom to move anywhere in space
under the supporting ground. Legged locomotion (see Figure 2.1) allows robots to virtually
reach any place that humans can reach. In this section we will study the kinematics and

dynamics of multi-legged robots under ground supports.

Figure 2.1: Multi-legged robots: The humanoid robots on the left side are Asimo and
P3 by Honda Co. The robot on the right side is Titan IV developed by the Tokyo Institute
of Technology (Hirose’s lab).

2.1.1 Kinematic and Dynamic Models

To create kinematic and dynamic representations under supporting constraints we will rep-
resent here multi-legged robots as free floating systems in contact with the ground and

analyze the impact of the associated constraints and the resulting reaction forces.

Non-Fixed Branching Kinematic Model

To describe the movement of the robot in space we designate one of its body structures
as the root base which can be arbitrarily displaced with respect to an inertial frame of
reference. We describe the movement of the base according to its position and orientation in
cartesian space. The root base is used to describe robot kinematic and dynamic quantities
by exploiting the overall branching structure. In Figure 2.2 we show a depiction of a
kinematic representation of a humanoid. R represents an inertial frame or reference (the

global frame), and R, represents the frame or reference at the root base, in our case the hip
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structure. The position and orientation of the robot in space is measured as the relative

position and orientation of the root base with respect to the inertial frame, i.e.

Lb,p

T (2.1)

Ty, r

Here xy,, and xy, represent respectively the position and orientation of the base with respect
to global coordinates. The position is normally represented in Cartesian coordinates, i.e.
Tpp = (m,y, z) T, while the orientation is normally represented using Euler quaternion
parameters, i.e. zp, = ()\1,)\2,)\3,)\4) T, or Euler angles, ie. mzp, = (1/1,9,(15) T The
main advantage of using Euler parameter representations is that they do not suffer from
representation singularities. For a discussion on coordinate representations see (Khatib
2004). The spatial velocity of the base can be expressed in terms of linear and angular

velocities, i.e.
9, = [”b] e RS, (2.2)

where vy and wy correspond to linear and angular velocities respectively.

In (Chang and Khatib 2000) a representation of ground-fixed branching mechanisms
(i.e. robots with multiple limbs) and a collection of efficient algorithms for the computation
of kinematic and dynamic quantities were presented. As mentioned above, in humanoids
we need to use a non-fixed branching representation. However, the same fast algorithms
developed by Chang can be applied to non-fixed systems by creating branching represen-
tations that include additional passive spherical and linear DOFs attached to the robot’s
base representing the 6 DOFs of free motion in space (see Figure 2.3).

The humanoid system is therefore treated as a holonomic system with n actuated joints

and 6 passive DOFs describing the position and orientation of its base.

Definition 2.1.1 (Robot generalized coordinates ). The robot position and orientation

in space and the position of its joints can be fully described by the set

{I’b, Q} = {wb,pa Thry 41y 425 -+, QH}a (23)

where the vector xy, represents the coordinates of the base link and the nx 1 vector q represents

actuated joint positions.
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Passive joints (virtual)

(

1S

Rotational DOFs < |
<
~
Linear DOFs 4
/ ﬁ Z
7.

Inertia Frame RO Yy
€T

‘R, Base Frame

Reaction Forces

Figure 2.2: Kinematic representation of a legged robot: The free moving base is
represented as a virtual spherical joint in series with three prismatic virtual joints. Reaction
forces appear at the contact points due to gravity forces pushing the body against the
ground.

Dynamic Model

Reaction forces appear on the supporting surfaces due to gravity forces and center of gravity
(COG) accelerations. These reaction forces or contact constraints provide the means for
stability, locomotion, and postural stance.

Using Lagrangian formalism and expressing the system’s kinetic energy in terms of the
individual link kinetic and potential energies we can derive the following equation of motion

describing robot dynamics under supporting contacts

A
q

9
b] +b+g+JIF = [1(2] : (2.4)



CHAPTER 2. BASIC REPRESENTATIONS FOR WHOLE-BODY CONTROL 13

UPPER ARM L UPPER ARM R

LOWER ARM L LOWER ARM R

HAND R

Ro

Figure 2.3: Non-fixed branching representation: The white and red nodes represent
actuated links. The base node is unactuated with 6 passive DOFs describing its position
and orientation with respect to the inertial frame of reference.

where A is the (6 + n) x (6 + n) inertia matrix, b and g are (6 + n) x 1 vectors of Corio-
lis/centrifugal and gravity forces respectively, and T" is the n x 1 vector of actuation torques.
Notice that the actuation vector in the right hand side (RHS) of the previous equation has
six zeros corresponding to the six passive DOFs associated with the robot’s unactuated
base. Moreover, the term JSTFT, corresponds to the projection of reaction forces acting on
the feet into forces acting in the passive and actuated DOFs and J; corresponds to the

Jacobian associated with all supporting links. The joint coordinate vector of all supporting

z, 2 [xs“f)] C T 2 [“] , (2.5)

Ls(if) Ls(i),r

links is

where the subscripts r f and [ f stand for right and left foot respectively, z(;) is the position
and orientation vector of the center at mass of the i-th supporting link, and x4, and
T4(j),r are position and orientation representations of the i-th supporting link respectively.

The spatial velocity (Featherstone 1987) at the support points can therefore be expressed
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as
9,2 [“sw] = J, [“f’] Ly 2 [”S“) ] ¢ RY, (26)
Dsquy) q Ws(i)
where ;) corresponds to the spatial velocity of the i-th supporting link, vy;) and w
are linear and angular velocities of the i-th supporting link respectively, and J; is the basic
Jacobian (Khatib 2004) associated with all supporting links.
F. corresponds to the sum of reaction forces and moments projected into link center of
masses (see Figure 2.4), i.e.
Frry)

e R (2.7)
Ery)

F, £

We can further express the above reaction forces in terms of linear forces and moments as

Fr(l) = [ fT’(l))] € RG’ (2'8)

My (4

where f,(;) is the vector of linear forces and m,(i) is the vector of moments of the i-th

supporting link. Each of these components can be further expressed as

cog

Ls(ir)
D)

Figure 2.4: Reaction forces on the feet: Linear reaction forces have components due
to the action of the gravity field G and due to vertical COG accelerations, and tangential
components due to horizontal COG accelerations. These forces create reaction moments as
well between the gravity centers on the feet and the center of pressure points.
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fr(z) - ffriction(i) + fgravity(i)7 (29)
My = fr(y X (xs(i) - xcop(i))- (2.10)

Here the vector of linear forces has been obtained by adding frictional and gravity terms
and the vector of moments has been obtained by calculating the cross product between
linear forces projected in the link’s COM and the distance between the link’s COM and its
center of pressure (COP).

Reaction forces on the feet translate into forces acting on the robot’s passive and actu-

ated DOF's and can be expressed according to the principle of virtual work as
r,2JTE eRO), (2.11)

where I'y is the vector of forces acting on both passive and actuated DOFs.

The following expression reveals the contribution from the passive chain (the virtual
joints describing the movement of the base) and the actuated joints on the legs (see Fig-
ure 2.6),

J. = [V;),s(rf) Js(rl) 0 O(upper)] €R12><(6+n), (2‘12)
Vz),s(lf) 0 Js(ll) O(uppcr)
where
I Py
Vis(i) = ’ 2.13
b,s(i) [0 T (2.13)

is a transformation matrix which maps angular movement of the base to linear velocities
at the i-th support point (see discussion on macro/mini structures in Khatib 2004), Pb,s(3)
corresponds to the distance vector between the i-th support link and the robot’s base, pys(;)
is the cross product operator associated with the position vector, Jy;) and Jy(;) are block
matrices corresponding to displacements of joints on the right and left legs respectively

with respect to the robot’s base (see Figure 2.6), and the term 0 represents the

upper)
null contribution of upper body motions to movement on supporting points. Therefore,
the above support Jacobian can be decomposed into passive and actuated components

corresponding to base and robot DOFs, i.e.

Jo= (o o) (2.14)

The generalized inertia matrix shown in (2.4) can also be expressed in terms of passive
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and actuated components as follows

Ay Ay

A=
AL A

] € R(6+TL)><(6+TL)7 (215)

where Ay, corresponds to the inertia felt at the base, A, corresponds to the joint space
inertia of the robot, and Ay, corresponds to the inertial weight between accelerations of the
base and the resulting torques on the actuated joints. Notice that Ay, is independent on
the position and orientation of the robot in space, as there is no physical linkage connecting
the robot’s base to the inertial frame of reference. In fact, the entire inertia matrix A is

independent of the global position and orientation of the robot in space.

2.1.2 Impact of Supporting Contacts

Supporting contacts at the feet, and in general in any other place in the robot’s body provide
the support to realize advanced behaviors. Therefore, they affect the robot’s motion at the
kinematic, dynamic, and control levels. Supporting contacts should be distinguished from
manipulation interactions because their role is indirect, i.e. to provide stability above the
ground.

As shown in Equation (2.4), reaction forces against the ground translate into forces
acting on passive and actuated DOFs. With the premise that stable balance is maintained
and that internal forces are controlled to keep the feet flat against the ground, no relative
movement occurs between contact points and the supporting ground. Therefore, relative
velocities and accelerations at the contact points are equal to zero. The following set of

non-holonomic constraints express this condition (Yamane and Nakamura 2003)
193 r g 193 r
1932[ (f)]:(), Qgs:[ﬂf)]:o, (2.16)
Ustrs)

We first analyze the impact of the above constraints on the robot’s equation of motion.
Let us first derive the equation of motion at the supporting links. By right-multiplying
(2.4) by the term J,A~! and considering the equality

by = J, [é.”] + J, [ﬁf’] , (2.17)
q q
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we obtain the following equation of motion for the supporting links,

. . [
Dy — Js [ b] + J AT b+ g) + JATITE, = J,ATISTT. (2.18)
q

Definition 2.1.2 (Actuation matrix ). The matrix

52 [onxﬁ Jm] (2.19)

is an actuation matriz selecting actuated DOFs and is used to express the RHS of (2.4) in
a compact form, i.e.

O6x1 _aT
BEE -

Solving (2.18) for the constraint 1, = 0 we obtain an estimate of the reaction forces in

terms of the actuation torques, i.e.

_ - . |0
Fo=758Tr ~ T b+ g) + Ay, [ _*’] . (2.21)
q
where
Ay 2 (J,ATLTI ! (2.22)
is the apparent inertia at the supporting links, and
T2 ATITA, (2.23)

is the dynamically consistent generalized inverse of Js. Using the above equation in (2.4)

we obtain the following constrained equation of motion

9
N

q q

. (v
+NE(b+g) + T AT, [ f’] = NISTT. (2.24)

Definition 2.1.3 ( Dynamically consistent null space of supporting contacts). The
matric
Ny 21— J,Js, (2.25)

is referred to as the dynamically consistent null-space matriz (Khatib 1987) of Js and defines
a generalized space of motion with no acceleration or force coupling effects on the supporting

links.
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Let us consider the following properties of Ng:

Property 2.1.1 (Idempotence of Ny ). The following equality holds
(N,)* = N,. (2.26)

Proof. The above equality can be proven by using (2.25) and the general property of gen-

eralized inverses JyJJs = Js. O

Property 2.1.2 (Commutation of N, with respect to A~!). The following equalities
hold
NA'=AINT = NATINT, (2.27)

Proof. Tt is easy to prove that N;,A~! = A7IN T by using (2.25) and (2.23). Then the follow-
ing equality holds, N;ATINT = (NS)2A_1 which using (2.26) becomes equal to NyA™L. [

2.2 Operational Space Control

To realize complex behaviors, a humanoid needs to simultaneously control multiple task
points. For example to create the walking behavior shown in Figure 2.5 the robot needs to
control the position or acceleration of the COG, the position and orientation of the swinging
foot (in the case of single support stance), and the orientation of the head. Other tasks
such as hand manipulation could also be simultaneously controlled. The residual DOFs are
used to control the robot’s posture with the methods we will describe in Chapter 4.

To characterize the overall behavior, we consider the vector of task points (see Figure 2.5)

€1
=71 (2.28)
TN

where each x; describes the position and orientation of the i-th task point and N is the
number of task points.

To execute a desired movement, each task point is controlled to accomplish a specific
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Operational Points and
Posture Coordinates Locomotion Sequence

Posture
Head Ori L
Control =
. COG
Foot Pos/Ori Control
Control \
I,
A
b
(a)\ Support Constraints (b)

Figure 2.5: Whole-body walking behavior: Figure (b) depicts a walking sequence from
an actual experiment. Figure (a) shows the task points, z;, that need to be actively con-
trolled to achieve the desired behavior. This includes COG control (shown with a black and
white symbol), position and orientation of the swinging foot (shown with a blue cross), and
orientation of the head (also shown with a blue cross). The stable foot acts as a support
constraint. Posture DOFs are shown with green lines and arrows.

goal g;. The aggregation of goals can be characterized by the following vector

g1
g= '9'2' . (2.29)
gn

These goals correspond to desired position, force, or acceleration vectors, i.e.

T des (i) if position task
Jaes(i)» if force task

(Zdes(i)s faes(sy)> if hybrid task
Ades(i) 1 if acceleration task

gi = (2.30)



CHAPTER 2. BASIC REPRESENTATIONS FOR WHOLE-BODY CONTROL 20

In this chapter, we will consider first the control of simple behaviors, such as maintain-
ing balance stability. Static or dynamic balance can be achieved by controlling the robot’s
horizontal COG components. On a humanoid equipped with 30 DOFs, the control of the
horizontal COG will leave 28 degrees of additional movement redundancy. This redundancy
will be mathematically characterized here and later exploited to control the robot’s pos-
ture. In the next chapter we will consider the control of complex behaviors involving the

simultaneous coordination of multiple low-level tasks.

2.2.1 Task Kinematics Under Supporting Constraints

When a single or multiple feet or hands are in contact with supporting surfaces, the robot’s
motion is constrained by the acting reaction forces. In the previous section we charac-
terized whole-body kinematic and dynamic representations under supporting constraints.
Based on these representations, it is the objective of this section to characterize and control
operational tasks under supporting constraints.

An arbitrary task point can be represented by its position and orientation with respect

to the global frame of reference, i.e.

z = [xp] , (2.31)

where x,, is a position representation and x, is an orientation representation. Position and
orientation representations can vary depending on the type of task to be implemented as
explained in (Khatib 2004). Moreover, a subset of these coordinates can be considered for
tasks involving fewer than 6 DOFs such as in reaching or looking tasks.

Task velocities can be expressed using arbitrary representations by considering linear
and angular velocities of the task point and transforming them to the desired representation,

i.e.

”], (2.32)

where E(z) is a representation transformation matrix and is described in (Khatib 2004) and
v and w are linear and angular velocities of the task point respectively. The instantaneous

kinematics of arbitrary task points is expressed in terms of base and joint velocities as

zzj[%], J = E(z)Jo, (2.33)
q
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where J is the task Jacobian in task coordinates and can be derived from the basic task

Jacobian Jj as explained in (Khatib 2004). When multiple task points are aggregated, i.e.

x1
x .
xTr = .2 s xr; = Tip s (234)
: Lir
TN

where z;,, and z;, correspond to the position and orientation of task points (or a subset of

these coordinates), the combined Jacobian matrix is equal to

J1
J= {b] . (2.35)
JINn

Because the robot is constrained by the supporting ground, the position of its base can be

Constrained Kinematics

derived from the position of actuated joints alone. In turn, the position of arbitrary task
points can be obtained from joint positions only. Let us study this dependency more closely.
The velocity constraint on the supporting feet, i.e. Y5 = 0 (2.16), means that base and joint
velocities are not arbitrary. They are quantities that lie in the null space of the support

Jacobian, leading to the following expression

[”] 2 N, [19.%’] , (2.36)
q q

where ¥, and ¢ are arbitrary vectors of base and joint velocities, ¥, and ¢* are the corre-
sponding constrained quantities, and Ny is the dynamically consistent null-space (Khatib
1987) of J, as shown in (2.25). Moreover, constrained joint velocities alone can be obtained

by multiplying the above equation by the actuation matrix S, i.e.

" = SN, [19-1’] . (2.37)
q

When the robot is in single support stance, the matrix SNy is full rank and therefore ¢*
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can take arbitrary values. However, when the robot is in double support stance or multi-
limb stance SNy is not full rank and as a result ¢* cannot take arbitrary values. This is due
to the presence of close loops imposed by the limbs in contact. Solving the above equation,
any vector of base and joint velocities can be decomposed into a component that depends
on joint velocities only and a component that lies in the residual null space of motion, i.e.

U — S 9
[ f’] = SNy* + (I — SN,SN) [ f”o] : (2.38)
q 4q0

where SNy is a support consistent generalized inverse of SNy that will be derived in a few
lines, I — SNyS Ny is a null space basis associated with the matrix SNy, and 93, and ¢g are
arbitrary vectors of base and joint velocities operating in the null space of SNj.

i
]

1

i
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'
g
H 1
s i
v '
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Figure 2.6: Dependency between base and joint displacements: The Jacobian Jy)
— normally equal to the identity matrix — corresponds to displacements of the robot’s base,
while Jy(,.q) and Jyq;) correspond to displacements of the right and left legs respectively.

Because of support constraint on the feet, base displacements can be represented as a
function of joint displacements on the right or left legs.
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Using (2.38) in (2.36) leads to the equality

0*
U =8N, (2.39)
q

where we have used the equalities NySNs = SN, that will be shown in (2.43) and N(I —
SNsSNg) = 0 which can be derived using (2.43) and (2.44). In Figure 2.6 we depict
a constrained scenario illustrating the dependency between base displacements and joint

displacements justifying the above expression.

Lemma 2.2.1 (Support consistent generalized inverse of SN;). A generalized in-
verse of SN that fulfills the velocity constraint 95 = 0 is the dynamically weighted general-
ized inverse of SN, with weight equal to A™Y, i.e.

SN, £ 47 (sN,) T(SNSA‘l(SNS)T)+. (2.40)

(Remark: In single support phase, SNy is full rank and therefore the above pseudo-inverse

becomes an inverse.)

Proof. To show that the above expression is consistent with supporting constraints we use
it in (2.39) and apply the resulting expression in (2.6), yielding the desired cancelation of
terms, i.e.

U

e

79s:<]5
q

] - JSA_lNSTST(SNSA‘l(SNS)T>+q* ~0, (2.41)

where we have used the equality J,A~'N, = 0. This last equality can be demonstrated
using the expression of Ny given in (2.25). O

Definition 2.2.1 ( Constrained projection of A~'). The following expression appearing

in (2.40) is a constrained projection of the robot’s inverse inertia matriz
d* £ SN,AHSN,)T. (2.42)

The term SN, will reappear when formulating operational space controllers. Two in-

teresting properties are associated with this term.
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Property 2.2.1 (Invariance of SN, with respect to Ny ). The following equality holds

N, (SN,) = SN.. (2.43)

Proof. This equality can be demonstrated by using the expression of Ny given in (2.25) and
the expression of SNy given in (2.40). O

Property 2.2.2 ( Correspondence between SN; and N; ). The following equality holds
SNg SNy = Ns. (2.44)

Proof. This equality can be demonstrated by using (2.37) in (2.39), which leads to the

equality
05 —_ Y
Pl =5SN,sN || (2.45)
q q

where ¥, and ¢ are arbitrary velocities. Comparing the above expression with (2.36) leads

to the desired equality. O
When using (2.39), task velocities can be expressed in terms of joint velocities alone, i.e.

0 S
i=J [ _f;] =J SN, ¢*. (2.46)
q

Definition 2.2.2 (Support consistent reduced Jacobian). The term JSN; in the
above equation, acts as a constrained Jacobian mapping joint velocities into task velocities

and we will refer to it using the symbol
J* & JSN,. (2.47)

This expression is motivated by the dependency of base velocities on joint wvelocities, as

shown in Figure 2.6.

Definition 2.2.3 (Support consistent full Jacobian). The following constrained ex-

pression determines the mapping between arbitrary base and joint velocities to task velocities
Ji)s £ JN;. (2.48)

Here we use the subscript t|s to indicate that the task Jacobian is projected in the space

consistent with supporting constraints. The above Jacobian appears when we apply the
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constrained velocity vector (2.36) into (2.33), yielding the equality

i=J [7%] — JN, [ﬁf’] , (2.49)
q q

indicating that Jy, projects arbitrary base and joint velocities into quantities that are con-

sistent with supporting constraints.

Property 2.2.3 ( Correspondence between J;; and J* ). The following equalities hold,

Jys = J*(SN;), (2.50)
J* = Jys(SN;). (2.51)
Proof. The above equalities can be demonstrated using (2.43) and (2.44). O

Kinematic Singularities

Using (2.47) we can study the kinematic singularities of a given task representation under
supporting constraints. In fact, the constrained Jacobian J* reflects both structural and
contact singularities whereas the full Jacobian J reflects only structural singularities.

In Figure 2.7 we study an example on kinematic singularities. A task associated with
the COG’s cartesian position is controlled using operational space methods that will be
described later in this chapter. We assume balance is properly maintained and the robot’s
feet are stable against the ground. The COG’s position and its Jacobian can be expressed

as

AN 3 1\ 3x(6+4n
r= M ;mix(wg(i) eR%, J = M ;mi‘]cog(i) €R X ), (252)

where M is the robot’s total mass, m; and x are the mass and COG position of i-th
link, and Jcog(i)

the condition number of the constrained Jacobian (2.47) of the COG

cog (i)
is the Jacobian of the same link. To study task singularities we consider

O’l(J* ) -
Jh ) & 08t JE o 2 JeogS N 2.53
I{( Cog) 03(Jc*og)’ cog 2 ) ( )

where 0;(.J5,) is the i-th singular value of the constrained Jacobian, as well as the condition
number of the full Jacobian x(Jeog ). Data on both quantities is shown in Figure 2.7. When
the legs reach full stretch, the COG’s vertical position cannot move further upwards. As

a result, the task’s constrained Jacobian becomes singular and its condition number grows
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Figure 2.7: Kinematic singularities under support constraints: This image corre-
spond to an example where the robot’s COG is controlled to move from position (a) to
position (b). When moving towards position (b) the robot’s legs reach maximum stretch.
As a result the COG’s constrained Jacobian becomes singular. In contrast, the condition

number of the COG’s full Jacobian stays invariant because it does not account for contact
constraints.

towards infinity. In contrast, the full Jacobian does not loose rank because it does not

reflect the singularities due to contact constraints on the feet.

2.2.2 Task Dynamics and Control

We consider here the control of a single task point. For instance, in Figure 2.8 we depict a
robot performing a contact task involving inserting screws in a wooden structure. Reaction
forces on the robot’s feet and on the tip of the screwgun appear due to gravity effects,
COG accelerations, and task contacts. While feet reaction forces are used for support and
balance, task forces are carefully controlled to insert screws.

The robot’s dynamic equation now includes an additional term involving reaction forces
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)
24
F . Task contacts

Supporting contacts

Figure 2.8: Contact forces during task interactions: This image depicts reaction forces
appearing at the bottom of the robot’s feet and on the tip of the screwgun during a contact
task. While tool forces are carefully controlled to insert screws, feet reaction forces are used
for support and balance.

at the tip of the tool, i.e.

Oy
i

A +b+g+JTE.+JTF, =5TT, (2.54)

where J is the Jacobian at the task point (in this case the tip of the screwgun), F, is a
6 x 1 vector of reaction forces acting on the task point, J is the joint Jacobian associated
with the supporting links, and F;. is the sum of reaction forces on these links. Similarly to
(2.21), we solve the above equation of motion for F,. using the support constraint s = 0,
yielding the equality

— — — . J
F=T7'8Tr— T 0TE — T b+ g) + Ay, [ f’] . (2.55)

q

Notice that the reaction forces on the feet depend not only on control torques but also on

contact forces acting at the tip of the tool.
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Using the above equality in (2.54) yields the equation

Dy
p

A

.|

NS+ g) + JLE — I A, [ F’] — (SN)TT, (2.56)
q

where we Jy, is the constrained Jacobian presented in (2.48). Notice that in the above

equation the reaction forces on the tool’s tip are projected by the constrained Jacobian Jy,

due to feet stability constraints.

Definition 2.2.4 (Dynamically consistent generalized inverse of Jy, ). The following
expression is referred to as the dynamically consistent generalized inverse of Jy,

jt|8 é A_lJtTAt‘S, (257)

|s

where
Ayjs = (Jys A7V (2.58)

|s

1s the task space inertia matriz under supporting constraints. Because 715‘ s 4s used to obtain
the equation of motion in task space as we will show in (2.59) and defines the dynami-
cally consistent null space of motion shown in (2.77) we will refer to it as the dynamically

consistent generalized inverse (Khatib 1987) of Jys.

The tasks’ equation of motion can be obtained by left multiplying (2.56) by the transpose
of the dynamically consistent generalized inverse of the constrained Jacobian, 7&2 yielding

the following task space equation of motion
. =T
At|sx + Ht|s + Pt|s + Fe = ']t\s (SNS)T L, (259)

where 1, and py|, are Coriolis /centrifugal and gravity terms with the following expressions

q
=T
Pt|s = Jt|sg7 (261)

—_T . —_T . i
His = Jt\sb - (At|th|s + Jt\stTASJS) [ b] ’ (260)

where we have used (2.49) and its derivative. Moreover, to obtain (2.59) we have used the

following property:
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Property 2.2.4 (Invariance of 7t|8 with respect to Ny ). The following equality holds
NoJys = Jys- (2.62)

Proof. This equality can be demonstrated by using the expression of jﬂs given in (2.57),
the equality NyA™! = A7'NT shown in (2.27), and the property (Ns)? = N, shown in
(2.26). O

Theorem 2.2.1 (Operational space control). The following torque vector yields linear

control of task forces and accelerations

I = (SN,) " J, F, (2.63)

or equivalently
r=J"F (2.64)

where we have used the equality J* = Jy(SNg) shown in (2.51).

Proof. In the above equations, F'is a vector of control forces in task space. Applying either
of the above expressions to (2.59) and using the equality SNySN, = N, shown in (2.44)
and the equality N, sjt‘ s = 715‘ s shown in (2.62) leads to the following task space equation of
motion

Ay + pg)s + pyjs + Fe = F, (2.65)

which defines a linear relationship between control forces, contact forces, and task acceler-

ations. O

Choosing F' appropriately we can implement a variety of control strategies such as hybrid

position/force control or acceleration control.

Corollary 2.2.1 (Motion control). In the absence of contact interactions (i.e. F.=10),

the following control vector will yield linear control of task accelerations
F= At\saref + Ht|s +pt|57 (266)

where a7 is a reference acceleration vector.

Proof. Tt is straightforward to verify that applying the above control force to (2.65) will
yield the linear behavior
i=a"’. (2.67)
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O

Choosing appropriately ¢/ we can implement a variety of motion control strategies.
Alternatively, we can implement hybrid position force control strategies by choosing the
control force

F = Ay Qma™! + QpF" 4 g + pys (2.68)

where the projection matrices €2,,, and €1y are used to split the force vector into motion and
force components (i.e. tangential or normal to the contacting surface), and o™/ and F"¢/
are control policies in acceleration and force space respectively. For more details on hybrid
position/force control see (Khatib 1987) and (Featherstone, Thiebaut, and Khatib 1999).

Multi-Task Control

When multiple tasks are simultaneously controlled as part of a complex behavior, the joint
tasks’ equation of motion is equivalent to (2.59), however the quantities correspond to
multiple task points as shown in (2.34) and (2.35). Therefore, the overall constrained

Jacobian corresponds to the aggregation of individual constrained terms, i.e.

Jt|s £ . ’ Jz\s £ JiNs, (269)

JNIS

where J; are Jacobians of individual task points (see Figure 2.5).
Moreover, the joint task inertia matrix can be expressed in terms of blocks corresponding

to the different task points, i.e.

A11|s A12\s T A1N|s
_ _ A21 s A22 s A2N s

Mg = (g AT )= | e (2.70)
Anis Angis 0 Anngs

where the diagonal terms A, correspond to the inertia felt at the i-th task point when a

force is applied to the same point and the off diagonal terms A;;, correspond to the inertia

Jls
felt at the j-th task point when a force is applied to the i-th task point.
The control vector is equivalent to Equations (2.63) and (2.66), however the reference

acceleration and force vectors now include control policies for all operational points.
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Corollary 2.2.2 ( Multi-task motion control). The following torque vector yields si-

multaneous linear control of multiple task accelerations

I'= (SNS)T Jt\j; <At|saref + Ht|s + pt\s)a (271)

or equivalently
r=J* (At\saref + Hys +pt|s>7 (2.72)

where we have used the equality J* = Jy SN shown in (2.51) and a*! is equal to

arel & . (2.73)

ref
an

!

Here the terms aze correspond to individual control policies.

Proof. Once more, it is straightforward to verify that using the previous torque vector in
(2.65) — now corresponding to the equation of motion of all tasks — yields the following
set of linear equalities

Vi, i =al. (2.74)

O

Although aggregating tasks into a macro vector is an attractive solution for whole-body
control it entails several problems. First, in the presence of modeling errors, there will be a
coupling effect between task motions. Second, during conflicting scenarios — for instance,
when joint limits are reached — there could be potential constraint violations. These
problems will be overcome in the next chapter when we will describe prioritized multi-task

control.

2.2.3 Characterization of the Residual Task Redundancy

To complete the proposed operational space formulation for multi-legged robots we will
characterize here the residual task redundancy. This redundancy will be used to control
additional operational tasks as well as the robot’s postural stance. We characterize redun-
dant torques by adding an additional term to (2.63) with null contribution to tasks motion

and forces.
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Theorem 2.2.2 (Whole-body control structure). The following control structure pro-
vides linear control of task forces and accelerations and defines the task’s residual movement

redundancy
I = (SN)"Jf, F+ NIy (2.75)

Here N* s the null space matriz of Jys(SNs) and will be shown in (2.77) and T'g is an

arbitrary torque vector. Equivalently, the above whole-body control torque can be written as
I'=J7TF 4+ N*TD, (2.76)

where we have used the correspondence between Jy, and J* shown in (2.51). Notice that

N* is also the null space associated with J* as will be shown in (2.78).

Proof. While the term J*TF provides linear control of task forces and accelerations as
discussed in Theorem 2.2.1, the above null space term provides no coupling effects between
null space torques and task space forces or accelerations. In turn, the vector I'g can be used
to control the robot’s postural motion or additional operational tasks without interfering

with the primary task. O

Corollary 2.2.3 (Dynamically consistent null space matrix ). The following null

space matriz projects secondary control torques Iy into null task forces and accelerations

N* £ 1 — (SNg)JysJys(SN). (2.77)

An equivalent expression is
N*2 1T J*, (2.78)

where J* = Jys(SNs) as shown in (2.51) and J" is the dynamically consistent generalized

inverse of J* as shown in (2.81) and can be shown to be equal to (SN)Jys.

Proof.

1. To verify that the expression (2.77) is valid we first plug it into (2.75) and the resulting
term is plugged into (2.59). We then need to demonstrate that the resulting null space
term vanishes away. This can be demonstrated by using the equality SN,SN, = N,
(2.44) and the property stt\s = 715‘3 (2.62).

2. We also need to show that J = (SN, S)jﬂ s- To do that we first consider the expression

of J* given in (2.81). The following equalities can be derived using the expression of
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®* (2.42) and the correspondence between J* and Jy, shown in (2.51)

o* T = SN, AT (2.79)

|s?

(J*(I)*J*T) o Ay, (2.80)

where Ay, is the support consistent task inertia shown in (2.58). Using the above

expressions in the expression of J" shown in (2.81) we obtain the desired equality. [

Corollary 2.2.4 (Dynamically consistent generalized inverse of J*). The following

expression is a dynamically consistent generalized inverse of J*

. -1

T A T (J*(I)*J*T) , (2.81)
where ®* is the constrained projection of A~! as shown in (2.42).

Proof. The task space equation of motion given in (2.59) gives us the relationship between

task space forces and joint torques, i.e.
Jys(SNs) ' I'=F. (2.82)

Using the expression of 7t| s given in (2.57), the correspondence between Jy)s and J* shown

1
in (2.50), and the equality Ay, = (J*<I>*J*T> shown in (2.80) the above expression can
be written as
T7r="F (2.83)
Considering the whole-body torque vector given in (2.76) and the null expression of Equa-

tion (2.78) we can rewrite I' as
r=JTF+ (1= 77771, (2.84)

Because J is a generalized inverse of J* that cancels the effect of null space torques into
task forces and that provides dynamic mapping between joint torques and task forces as
shown in (2.83), we will refer to it as the dynamically consistent generalized inverse of
J*. O



CHAPTER 2. BASIC REPRESENTATIONS FOR WHOLE-BODY CONTROL 34

2.3 Control of Internal Forces

When the robot is in double support stance (see Figure 2.6) or when multiple limbs are
used for support (e.g. limb contacts during a crawling motion), the close loops formed by
the limbs in contact are susceptible to internal forces. Adequate control of the robot’s COG
or ZMP are necessary but not sufficient conditions to ensure stability of the system over the
supporting surfaces. To ensure full stability, the internal forces between supporting limbs
need to be controlled as well. For instance, during double support stance there are six
internal forces that need to be dealt with. These forces correspond to differential forces and
moments on both feet caused by the robot actuation torques. On the other hand, during
single support stance, no closed loops are formed and therefore no internal forces appear.

(n+6) ig rank deficient, meaning

During double support stance, the matrix SNy ¢ R™*
that there are internal displacements —infinitesimally small— that do not contribute to
net movement, i.e. internal forces. In fact, the rank of SNy is n — 6 where n is the number
of actuated joints, corresponding to the six internal forces that can take place between the
supporting feet.

Given the robot’s equation of motion shown in (2.24), the torque components associated
with internal forces are those that do not contribute to net movement, i.e. components that

are filtered with the null space of (SN,) 7T, i.e.

(1 — (SN;)T(SN,) T)ri, (2.85)

where I'; is a vector of control torques affecting only internal forces. It is straightforward
to check that the above term vanishes away when plugged into (2.24).
When combined with the operational space controller presented in (2.76), the complete

torque actuation vector including the above torque term takes the form

I =J7F+N7TT, + (I — (SN,)T(SN,) T) r,. (2.86)

Notice that the above term involving internal force control will not produce motion or force
coupling at the task point. This can be verified by plugging the term (2.85) into the task’s
equation of motion (2.59) and verifying that it vanishes away.

Although still under research, using I'; we will be able to control the internal forces

and moments between supporting limbs. In fact, these forces and moments correspond to
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a subset of the reaction forces shown in (2.21), i.e.
{F; e RS} c {F, e R}, (2.87)

where Fj is the vector of internal forces and moments.

In our current implementation we do not yet control internal forces in this fashion.
Instead we eliminate torque components that produce internal forces after computing the
torque control vector. We are currently in the process of implementing the proposed internal
force controller.

Throughout this dissertation we will assume that internal forces are properly controlled
and we will focus on the control of operational and postural tasks. Therefore, in general we

will use the control structure given in (2.76).

2.4 Examples

Let us study a few examples involving a simulated humanoid model called Stanbot (see
Figure 2.9). Stanbot is a robot model with an approximate height of 1.70m and a weight of
66 kg. Its body is similar in proportions to the body of an average human. Its articulated
body consists of 29 joints, with 6 joints for each leg, 7 for each arm (3 shoulder, 1 elbow, 3
wrist), 1 for the chest yaw movement, and 2 for the head pitch and yaw movements. The
masses and inertias of each link have been designed to approximate human equivalent parts.

The purpose of these experiments is to demonstrate how to control the robot’s COG. In
particular we will demonstrate how to control static balance using the horizontal components

of the COG and how to control the posture stance using the vertical component of the COG.

2.4.1 Balance Stability

In Figure 2.9 an experiment involving the control of body balance is shown. Balance is
achieved by direct control of the horizontal projection of the COG, characterized by the

following coordinate vector and Jacobian matrix,
1 1
xr = M 2@: M;Tcogh, € R27 J = M 2@: miJCOghi € 722><(6—|—n)7 (288)

where Zcogn, is the 2 x 1 COG horizontal vector of the i-th link, and Jeogn, is the associated
Jacobian.

The goal here is to track the trajectory shown in the data graphs of Figure 2.9. We use
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Figure 2.9: Control of static balance: In this experiment COG movement was achieved
by controlling the horizontal movement of the COG as shown in (a). The COG horizontal
position is commanded to follow the trajectory shown in the data graph. Two snapshots
of the robot’s movement are shown on (b). Using operational space control we can directly
control the COG’s movement. Because of dynamic compensation, the resulting trajectory
follows very closely the desired reference trajectory. The balance stability polygon (i.e. the
area defined by supporting feet) is shown in (b) and projected in the data graph.

the following simple PD tracking law

aref = —kp, <a: — xdes(t)) — ky, (2.89)
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where x4es(t) is a desired trajectory within the stability polygon that was designed to not
violate ZMP conditions. When applying this control law to the control structure proposed

in Equations (2.63) and (2.66), and using the associated linear relationship
i=a"’, (2.90)
we obtain the following linear behavior of the COG horizontal projection
&+ ko + Ky (:n - xdes(t)> ~0. (2.91)

Here we have not addressed the control of the residual redundancy. In fact, for this exper-
iment residual DOFs are used to maintain an upright posture using the methods we will

describe in Chapter 4.

2.4.2 COG Vertical Control

A second experiment is shown in Figure 2.10, where both horizontal and vertical components
of the COG are controlled. While the horizontal components of the COG are used to keep
static balance as shown in the previous example, the vertical component is used to control
posture stance.

This time the control coordinates are

_ [wwgh] , (2.92)

Lcogv

where z¢qgn corresponds to the 2x 1 horizontal component of the COG and x¢ogy corresponds
to the 1 x 1 vertical component. The acceleration level control vector can be broken into
vertical and horizontal components, i.e.

ref

cogh

aref = . (2.93)

ref
Qcogv

The control law for the horizontal component is the same as in (2.89), whereas the control

law for the vertical component is
agggv = —kp <:L'C0gv - :L'des(t)) - k/'vjfcogv- (2.94)

However, this time the reference trajectory for balancing is fixed at a point within
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Robot's COG COG’s Height

0.8l — Hip Trajecotry
----- Desired Trajectory

Figure 2.10: Control of the COG’s height: This experiment demonstrates the control
of the COG’s height while maintaining balance. The COG’s vertical position is controlled
to track a sinusoidal trajectory spanning positions (a) and (b).

the feet stability polygon while the reference trajectory for the vertical component is the
sinusoidal trajectory shown in Figure 2.10.

The proportional gain &, used for the experiment is equal to 400N/m and the velocity
gain is chosen to provide critical damping, i.e. k, = 2\/Ep. The results shown in the data

graph of Figure 2.10 proof a good tracking response.



Chapter 3

Prioritized Multi-Task Control

In this chapter we will develop control structures for the simultaneous execution of multiple
operational tasks using prioritized controls strategies. These structures will allow us to
create complex whole-body behaviors while ensuring that critical tasks are accomplished
first.

Current approaches for the control of humanoid systems address the control of manip-
ulation and locomotion behaviors as separate entities, disregarding their combined inter-
actions. While these approaches are practical they do not exploit the redundancy of the
system to simultaneously accomplish all required objectives. A few projects have addressed
whole-body control, most notably the work by the National Institute of Advanced Industrial
Science and Technology in Japan (see Neo et al. 2005). The main objective of this chapter
is to design methods to control collections of multiple low-level tasks towards individual
goals using whole-body movements and while ensuring that critical tasks are accomplished
first. For instance, for locomotion behaviors separate goals are chosen for feet and COG
or ZMP placement while a whole-body controller automatically assigns torque resources to
accomplish all goals. These goals can be fed at runtime by a sensory layer without pre-
computation of feet or COG trajectories. To ensure stability, critical tasks need to be first
controlled. For instance in the previous example, COG control and feet placement control
operate as priority tasks, while other less critical tasks operate in the residual movement
redundancy.

Task prioritization was first addressed by (Hanafusa, Yoshikawa, and Nakamura 1981)
and will be extensively addressed here. Multi-task control in the context of manipulation
was first addressed by (Siciliano and Slotine 1991). Similar control structures were later
developed for graphical models of humanoid systems by (Boulic and Mas 1996) and later
by (Baerlocher and Boulic 1998). All of these preliminary research was developed in the

39
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context of inverse kinematic control.

Instead of relying on inverse kinematic representations, we will develop here operational
space control representations. Operational space control will allow us to integrate force,
position, and impedance control policies into a unified formulation. Additionally, we will
integrate task prioritization to decouple task movement and to solve conflicting scenarios
as a central part of our operational space control framework. Two indexes will be proposed
to measure task feasibility, the condition number of constrained task Jacobians and the
condition number of constrained task inertias. We will use task feasibility measurements to
modify or replan robot behavior at runtime.

A problem associated with most humanoid control platforms is their limited ability
to engage in advanced contact interactions. Some progress has been done in this area
with a handful of applications available and customized for very specific scenarios (see
Yokoyama et al. 2003 and Harada et al. 2004). However, more progress in this area is
needed addressing multi-contact and human-like interactions. Past approaches on contact
control rely on local inverse kinematic representations which map desired forces into joint
trajectories. However, little consideration has been given to the impact of contacts on the
overall robot behavior. In the previous chapter we presented methods to integrate whole-
body torque control with contact constraints and we studied the control of multiple non-
prioritized tasks within the constrained space. In this chapter we will extend this approach
to the control of multiple prioritized tasks involving manipulation and locomotion behaviors.
Each task will be controlled within the residual redundancy of supporting constraints and
higher priority tasks as part of a prioritized control strategy, providing decoupling effects and
a platform to resolve conflicting scenarios. At the same time, supporting constraints will be
automatically accounted for. Additionally, we will design operational space controllers for
each individual task, allowing the user to implement a variety of advanced control strategies
for manipulation, locomotion, and postural behaviors. In our approach contact tasks will
not be limited to end effector control. Arbitrary parts on the robot’s body will be able
to act as support or contact points. For instance, for sitting tasks, the points below the
hips will be used for support. In essence the approaches we will present here will allow
humanoids to simultaneously accomplished multiple prioritized goals without relying on
trajectory generation.

To cope with the uncertainty associated with realtime interactions, the whole-body con-
trol framework we will develop throughout this chapter will be based on task hierarchies. In
these hierarchies, the control of lower priority tasks will be conditional to the accomplish-

ment of higher priority tasks. This organization will provide decoupling effects between
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tasks and will allow controllers to determine the feasibility of the overall behavior at run-
time. For instance, balance control will determine the feasibility of lower priority tasks such
as manipulation and locomotion.

This chapter is organized as follows. In Section 3.1 we will study the composition of
whole-body behaviors as aggregations of multiple goals. We will discuss prioritization to en-
sure that critical tasks are accomplished first and we will develop kinematic representations
based on such hierarchies. In Section 3.2 we will develop operational space control repre-
sentations to simultaneously control multiple task points. We will develop mathematics for
identifying the residual movement redundancy for each priority level and we will discuss
control policies to implement a variety of low-level behaviors. Finally, in Section 3.3 we will

present several examples involving interactive manipulation and locomotion behaviors.

3.1 Representation of Whole-Body Behaviors

Although the goal of humanoid systems is to execute advanced locomotion and manipu-
lation tasks, other low-level tasks need to be simultaneously accomplished to support and
enhance the overall behavior. To create complex behaviors we must first understand the
contribution of different body parts to the overall movement. In this section we will analyze
the composition of complex whole-body behaviors and their representation at the kinematic
level.

As discussed in the previous chapter, balance and internal forces between supporting
limbs are first controlled to provide overall stability. Manipulation and locomotion tasks
need to be integrated without interfering with these and other more critical tasks. Control
prioritization will allow us to create this control separation. Once more our approach will
be to create methods for the realtime control of goal-based behaviors instead of relying on
pre-programmed trajectory-based control methods. For instance, for manipulation tasks we
will consider torque controllers to accomplish desired hand position and orientation goals
while for locomotion tasks we will consider torque controllers to accomplish desired feet
position and orientation as well as desired COG and ZMP positions or trajectories. In
turn, to create simultaneous locomotion and manipulation behaviors, only a few control
points will need to be actively controlled while the rest of the robot’s movement will be
automatically generated to comply with contact constraints and postural criteria.

By controlling individual task points we will be able to create complex manipulation
and locomotion behaviors in realtime. For each task point, we will associate an operational

space controller implementing a specific control policy. Desired position or force goals will
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be either fed by the sensory layer at runtime or pre-programmed to fulfill predetermined
rules or trajectories. For instance for manipulation tasks, the goal position and orientation
of the robot’s hands could be fed at runtime by the robot’s vision system. At the same
time, balance stability and postural behaviors will be simultaneously controlled according
to rules or trajectories. The whole-body torque controller we will describe here will be able
to simultaneously accomplish all desired goals while ensuring that critical tasks are accom-
plished first. By exploiting the redundancy within our hierarchical model our controller will
automatically derive appropriate torque solutions while providing movement stability at all

times.

3.1.1 Multi-Task Decomposition

Multi-task control is our approach to simplify the synthesis of whole-body behaviors. When
a behavior is sought, the individual actions that need to take place are first determined. For
example for a walking behavior, each phase involving a different supporting leg is defined as
a separate movement. The desired behavior emerges by sequencing the movements. In this
context individual movements are units of action where each action corresponds to a fixed
set of tasks simultaneously operated towards individual goals. For instance for a movement
designed to step forward, the operational points that need to be controlled are the position
and orientation of the swinging leg, the global COG, and the head orientation. When the
swinging leg makes contact with the ground, the tasks involved in the previous stepping
motion are discarded and a new set of tasks is used to implement the next phase. Our focus
here is on the individual movements, or equivalently on the set of tasks needed to achieve
the desired behaviors.

To study the synthesis of complex behaviors through multi-task decomposition let us
consider the interactive behavior shown in Figure 3.1. Here the objective is to place screws
at desired locations in the wooden beams, simulating insertion with a screwgun. This
behavior can be synthesized in realtime by controlling four separate operational tasks and
one postural task, each controlling a different aspect of the robot’s movement as shown
in Table 3.1. Moreover the two feet in contact with the ground provide the support for
balance stability. To guarantee feet stability, internal forces between legs are controlled to
vanish or to maintain the feet flat against the ground. For balance stability, the robot’s COG
horizontal position is controlled to stay above the feet stability polygon. Hand teleoperation
is achieved by controlling the 6-D spatial position of the hand. The teleoperated reference
point is shown as a small red sphere located at the center of the right hand in Figure 3.1.

Head orientation is achieved by controlling the two orientation coordinates associated with
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Figure 3.1: Manipulation behavior with screwgun: This sequence of images corre-
spond to an interactive manipulation behavior. A screwgun is teleoperated to insert screws
into the wooden beams. All other aspects of the motion are automatically handled. In
particular, the robot’s posture is based on two distinct snapshots of human poses that will
be later discussed and a switching policy between postures is implemented.
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the robot’s gaze (i.e. the ray emerging forward from the head on the direction of the eyes).
In our example the desired orientation corresponds to aligning the robot’s gaze with the
teleoperated point. Notice that both the robot’s right hand and its head are commanded
to track in realtime the teleoperated point. Although the function of the tasks discussed
for the above example is straightforward, the posture behavior involves perhaps the most
complex control. We control it to mimic human poses. Posture control will be discussed in

great detail in Chapter 4.

Task Decomposition (Screwgun Manipulation)

Task Primitive Coordinates DOFs Control Policy
Balance COG horizontal position 2 (z —y plane) position
Manipulation  right hand pos/ori 6 hybrid

Gaze head orientation 2 (L plane) position

Posture whole-body joints n = NumJoints optimal criterion

Table 3.1: Task decomposition for the manipulation behavior of Figure 3.1.

In this chapter we will develop operational space control methods for controlling multiple
task points based on a prioritized control strategy between tasks. Operational space control
provides direct control of task forces and accelerations, facilitating the implementation of a
variety of control strategies including force, position, acceleration, and impedance control.
In the last column of Table 3.1 we indicate the control policy that we have implemented
for each task primitive of the previous example. For instance, balance control is achieved
through PD control of the COG’s position, right hand control is achieved through hybrid
position and force control of the tool tip, head orientation control is based on PD control
of the head’s orientation, and posture control is achieved through gradient projection of
optimal criteria. These control strategies will be discussed in more detail at the end of this
chapter.

Our approach for task control is based on the realtime command of desired goals with-
out relying on trajectory computation. Goals are directly mapped into task forces or accel-
erations and further converted into actuation torques using operational space controllers.
These goals are issued from a variety of sources, such as from predefined rules, teleoperation
devices, or sensors. For instance, in the above example balance is achieved by controlling

the COG’s position towards the center of the robot’s feet, hand and head movements are
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Figure 3.2: Simultaneous locomotion and manipulation behavior: In this example,
the goal is to walk forward while tracking a teleoperated point. The sequence of images
above correspond to an actual simulation where the walking pattern is pre-programmed and
the hand is teleoperated. The red sphere corresponds to the desired teleoperated positions.
(I), (IT), and (III) are snapshots taken during movement execution.
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Task Decomposition (Stepping Forward with Hand Teleoperation)

Task Primitive Coordinates DOFs Control Policy
Balance COG horizontal position 2 (z — y plane) position
R Foot placement foot pos/ori 6 position
Gaze orientation head orientation 2 (L plane) position
Hip height hip vertical position 1 (z-axis) position
Hip posture hip orientation 3 position
Chest posture chest yaw orientation 1 (z-axis) position
R hand Manipulation right hand pos/ori 6 position
R shoulder roll posture right shoulder roll 1 position
L arm posture left arm joints 7 position

Table 3.2: Task decomposition for the walking example shown in Figure 3.2.

commanded to track the teleoperated point, and posture motion is commanded to mini-
mize the joint space error with respect to captured human poses. While some aspects of
the motion, such as balance, internal forces, and posture stance are automatically handled
by pre-defined rules, others such as manipulation and locomotion are interactively handled.
Minimizing the amount of points interactively controlled simplifies the creation of complex
behaviors. For instance, in the previous example only one external command is needed
to create the desired tool movement, corresponding to the position and orientation of the
teleoperated point, while all other aspects of the motion are automatically handled.

We consider a second more complex behavior involving simultaneous locomotion and
manipulation behaviors as shown in Figure 3.2. This example corresponds to an actual
simulation of walking while the robot’s right hand is teleoperated by a user. Walking is
created by sequencing four movements: (1) shifting the robot’s weight to the right foot, (2)
swinging the right foot forward, (3) shifting the weight back to the left foot, and (4) swinging
the left foot forward. Additionally, the head orientation and the right hand position are
controlled to track a teleoperated point (shown as a red sphere). For a more in-depth
study on sequencing whole-body movements refer to Chapter 7. Table 3.2 depicts the task

decomposition we used for the walking phase involving swinging the right foot forward.
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3.1.2 Constrained Kinematics

Task kinematics under supporting constraints were analyzed in the previous chapter in
the context of non-prioritized control. The associated constrained Jacobian allowed us
to characterize task feasibility under multi-leg support and to derive operational space
controllers in a compact form.

When multiple operational points are simultaneously controlled as part of a whole-
body behavior, each point can be kinematically characterized through unique constrained
Jacobians. For a given behavior (e.g. the behaviors of Figures 3.1 or 3.2), the full kinematic

representation of an arbitrary task point &k (see Tables 3.1 and 3.2 for a list of tasks) is

Ty = [x’”’] , (3.1)
Tkr

where 1, , is a position representation of the task point and xj, is an orientation repre-
sentation. Position and orientation representations can vary depending on the type of task
being implemented as discussed in (Khatib 2004). Moreover, a subset of these coordinates
can be considered for tasks involving fewer than 6 DOFs.

Task velocities can be expressed using arbitrary representations by considering linear

and angular velocities of the task point and transforming them to the desired representation,

”k] : (3.2)

i.e.

(/'Uk = E(a:k) w
k

where E(zy) is a representation transformation matrix and is described in (Khatib 2004)
and v, and wg are linear and angular velocities of the k-th task point respectively. The
instantaneous kinematics of arbitrary task points is expressed in terms of base and joint

velocities as

. Up

iy = Ji [ ; ] o k= E(xg) o (3.3)
where Jj, is the task Jacobian in task coordinates and can be derived from the basic task
Jacobian Jj ¢ as explained in (Khatib 2004) and ¥, and ¢ are base and joint velocities

respectively.
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Definition 3.1.1 ( Support consistent Jacobian of arbitrary points). The following

kinematic representation is a generalization of the constrained terms (2.46) and (2.47)
T = Jiq", (3.4)

where
Ji & TSNy (3.5)

is the constrained Jacobian matriz of an arbitrary task point k and ¢* is the vector of

constrained joint velocities shown in (2.87).

As discussed in the previous chapter, the constrained Jacobian .J; characterizes the
kinematic behavior of task points under structural constraints and supporting contacts.
For instance, if legs, upper body, and arms are fully stretched, the constrained Jacobian
associated with hand operational points will become singular due to supporting constraints
acting on the underactuated system.

More complete kinematic representations should also integrate constraints imposed by
task hierarchies. In the next section we will introduce the concept of prioritization to inte-
grate additional constraints at the kinematic and dynamic levels, allowing us to determine

if lower priority tasks can be accomplished in the null space of higher priority tasks.

3.2 Control Structures

When controlling multiple task points towards arbitrary goals, coupling effects between
tasks can arise due to modeling errors and conflicts between task goals. Though these
problems could be solved through motion planning techniques, we consider here alternative
reactive methods. Our approach consists on establishing a hierarchy between tasks where
lower priority tasks are projected in the null space of higher priority tasks. These projections
not only provide the desired decoupling effects but also ensure that higher priority tasks

are first accomplished.

3.2.1 Prioritization Versus Aggregation

Let us consider an arbitrary behavior (e.g. the screwgun behavior of Table 3.1). Each k-th

operational point can be represented by the coordinate vector

), € RAmKE) (3.6)
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where zj is normally a subset of the 6D cartesian position and orientation of the k-th
task point as shown in (3.1) — although for some tasks zj could be a subset of the joint
coordinates of the robot (e.g. for tasks involving stretching the knees) — and dim(k) is the
dimension of the task.

In the previous chapter, we suggested that we could simultaneously control all tasks by
considering a non-prioritized macro task characterized by the following multi-point coordi-

nate vector and Jacobian matrix

T J1
x J-

xr = '2 , J= _2 , (3.7)
TN JN

where x; and J; correspond to the coordinates and full Jacobian of the i-th task point

respectively. The associated control vector had the form shown in (2.64), i.e.
r=JF (3.8)

where J* = JSN; is the constrained Jacobian matrix shown in (2.47) and F is a force-level
control vector determining control policies for all task points.

Although aggregating non-prioritized tasks into a single macro structure is an attractive
solution it entails coupling problems between tasks as mentioned earlier. For instance, in
the behavior shown in Figure 3.2, motion of the right hand will normally result in coupling
effects on locomotion tasks due to modeling errors. In particular, these coupling effects will
affect the trajectories established for the robot’s COG and the swinging foot. However,
COG stability and feet motion are critical to the overall stability of the robot. Therefore
coupling effects on these tasks should be removed.

Our solution to the above coupling problem is to establish a task hierarchy by exploiting
the prioritized structure presented in Equation (2.76) of the previous chapter, which can
filter out coupling components introduced by lower priority tasks. For instance, for a two-
level prioritized structure — e.g. the simultaneous control of COG and hand positions
where the COG is considered as a high priority task — we associate the following control
structure

I =JTF + Ny, (3.9)

where J{ = J1.SNj is the constrained Jacobian of the priority task (e.g. the COG’s position)
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as shown in (2.47), F} is the associated vector of control forces,
Ny &1 —JfJf (3.10)

is the associated constrained null space matrix and is equivalent to (2.78), and I's is a vector
of torques associated with the control of the secondary task (e.g. the control of the hand)
within the residual redundancy.

For more complex behaviors, multiple priority levels can be established. For instance,
the behavior shown in Figure 3.4 could be created using the prioritized hierarchy shown in

Table 3.3. This hierarchy is established according to the relative importance of each task.

Hierarchy (Locomotion and Hand Control)

Task Primitive Priority Level
Balance 1
R foot placement 2
Gaze orientation 3
Hip height 4
Hip posture )
Chest posture 6
R hand Manipulation 7
R shoulder roll posture 8
L arm posture 9

Table 3.3: Prioritized hierarchy for the behavior shown in Figure 3.4

Notice that right hand control is considered a lower priority task than postural tasks. This
ordering reflects the importance of postural motion on the overall stability of the walk. Also
notice that feet placement control has been assigned the second highest priority level after
COG control. Once more, this assignment reflects the relative importance of feet placement
towards the overall stability of the walk. In the previous example, the proposed hierarchy

has been empirically established.
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In general for N arbitrary prioritized tasks we propose the following recursive whole-

body torque control structure

N
r=r;+ I‘2|prec(2) + o+ I‘N\preC(N) = Zrlﬂprec(k)a (311)
k=1

where the subscript k|prec(k) is used to indicate that the k-th task operates in the null
space of all higher priority tasks.

Definition 3.2.1 (Prioritized torques). The following expression determines the pro-
jection of lower priority tasks into the null space of higher priority tasks

I1k|prcc(l'c) 2N (k)rka (312)

prec

where Nprec(r) 8 the combined null space of all higher priority tasks (i.e. all preceding tasks)

to the k-th level and will be characterized in a few lines.

Based on the previous hierarchical torque control structure (3.11), we will be able to

formulate a general operational space control structure that will take the form

I'= <J1*TF1> + (']2*|1TF2|1) +ot <J]:<fj\;rec(N)FN|prcc(N)>a (3.13)

where the matrices J]:|prec(k) correspond to prioritized task Jacobians as defined in (3.14),
and the vectors Fy|prec(r) correspond to control forces to control the k-th priority task.

These recursive structures will be demonstrated in the next section.

Definition 3.2.2 (Prioritized Jacobian). The following prioritized Jacobian is associ-
ated with the k-th priority task

prec

where J}} is the constrained Jacobian associated with the k-th task as shown in (3.5) and

N;rec(k) is the prioritizing null space of all preceding tasks and will be characterized in (3.40).

The second objective of projecting lower priority tasks in the null space of higher pri-
ority tasks is to solve conflicting scenarios when multiple goals cannot be simultaneously
accomplished. For instance, let us consider the interactive behavior shown in Figure 3.3.

Here, the robot’s hand is commanded to move towards unreachable goals. When the
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Figure 3.3: Conflict between task goals: These snapshots corresponding to a teleop-
erated reaching behavior illustrates potential conflicts between task goals. The right hand
is commanded to reach the red sphere which is intentionally placed beyond the reachable
workspace at different locations. In (I) and (III), the red sphere cannot be reached without
compromising balance stability. In (II) the sphere cannot be reached without jumping.

hand approaches these goals, balance stability is compromised. If COG control is given
higher priority than hand control, we will not only prevent coupling effects between COG
and hand control, but we will ensure that balance goals are first accomplished while hand
goals are accomplished only if there is enough available residual redundancy. In general,
the hierarchy established in Table 3.3 will determine whether lower priority tasks can be
executed without compromising higher priority tasks.

In fact, the prioritized Jacobian of Equation (3.14) will reveal not only singularities due
to supporting constraints but also due to constraints imposed by the task hierarchy. If
no movement redundancy is available to execute the k-th priority task within the residual
redundancy, the associated prioritized Jacobian will become singular. In contrast, the non-
prioritized Jacobian J; will not reflect prioritization singularities. We will exploit this
behavior to measure task feasibility at runtime and to modify robot behavior if needed.

In general a combination of prioritized (2.34) and non-prioritized (3.13) control strategies
will be simultaneously implemented. For instance, for a dual hand manipulation task, the
right and left hand tasks could be combined into a single non-prioritized macro task and

then prioritized with respect to a balance task.
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Although prioritization has many advantages, the implementation of force and position
control policies in the null space of priority tasks is a difficult problem that will be solved

in this chapter.

3.2.2 Prioritized Dynamics and Control

Given a multi-task control scenario, we will derive here control structures to simultaneously
accomplish all goals. For instance, for the manipulation behavior shown in Figure 3.1 we

choose the following task hierarchy,

Task Decomposition (Screwgun Teleoperation)

Task Primitive Priority level
Balance 1
Gaze orientation 2
Right hand control 3
Whole-body posture 4

The main goal of this hierarchy is to decouple balance control from hand control and to
prevent conflicts between these two tasks.

In general, there will be N arbitrary task points to be controlled (for the previous
behavior N = 3) as well as additional postural tasks. The objective of our controller is to
provide linear control of task forces and accelerations while operating in the null space of
higher priority tasks.

We consider implementing the prioritized control strategy shown in (3.11) and (3.12)
to handle an arbitrary number of tasks. We must first understand the dynamic behavior
of each task under the proposed prioritized control structure. In (2.24) we had derived the
following equation of motion under supporting constraints,

. (b N
+ NS (b+g) + I A [q,] = (SN)TD Typrectsy: (3.15)
i=1

Oy

q

A

where N; is the dynamically consistent null-space matrix of the Jacobian at the support
points (2.25), and S = (Onxﬁ [an) is the actuation matrix discussed in (2.19). Notice
that in the above equation we have directly used the prioritized torque control structure
proposed in (3.11).

We can derived task dynamics by left-multiplying (3.15) by the term J, A~!, where .Jj,
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is the full Jacobian of the k-th operational task yielding the following equation of motion

.o .|
T — Ji [ qb] + JkA_lNST(b—I- g) + JkA_lJSTASJS [ b] —

q
N
JkA_l(SNs) g < Fk|prcc(l'c) + Z Fiproc(i)) : (316)
(1>0)A\(1#£k)

Here we have used the equality
0 . [0
e=Je | |+ | T (3.17)
q q

and we have decomposed the actuation torques into torques allocated to control the k-th

operational task and torques allocated to control all other operational tasks, i.e.
N N
Z I‘i\proc(i) = ( Pk\proc(k) + Z I‘i|prcc(i)> : (318)
i=1 (i>0)A(ik)

Definition 3.2.3 (Prioritized inertia). The following term is referred to as the priori-

tized inertia of the k-th priority task

-1
* Ay * ER e
k|prec(k) — <Jk|prec(k)<I> Jk|prec(k)) : (319)

Theorem 3.2.1 ( Prioritized operational space control). The following control vector

yields linear control of forces and accelerations for the k-th prioritized task

*T
Fk|prec(k) - Jk|prec(k)Fk|prec(k)a (320)

where Ty prec(r) @5 the k-th component of the prioritized torque control structure shown in
(3.11), J,’;'prec(k) is the prioritized Jacobian for the k-th task point discussed in (3.14), and

Fyiprec(k) @5 a vector of control forces that will be discussed in a few lines.
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Proof. Based on the above control term, (3.16) becomes

(v 9 1
T — Jg [qb] + JpA™ 1]\f (b+g)+JkA 1JTA J [qb] :< Z|prcc(k)) Fk|prcc(k)+

N
JkA_l(SNs)T Z Fi\prec(i)7 (321)
(1>0)A(i#k)

where the term Az‘pmc

forces into task accelerations and fulfill the following equality as demonstrated in Property
3.2.1

*) is the inertial term defined in (3.19) whose inverse maps prioritized

-1
* o T
( k\prec(k)) = JpA” (SN) J k|prec(k)" (322)

Under normal conditions A,’;|prec(k) is full rank, and therefore the vector Fjjprec(r) yields

linear control of task accelerations and forces. O

Property 3.2.1 ( Alternative expression of AklprCC( )). The prioritized inertia defined
in (3.19) has the alternative expression given in (3.22).

Proof. Using the expression of J,’;'prec( )given in (3.14), the property Nprec( )<I> = o N;rzc(k)
shown in (A.15), and the property (N;roc(k))2 = N iee(ry Shown in (A.10) the following
equality holds

Jl:|prec( )q> Jk|prec( k) — Jl:q) Jk\prec(k) (323)

Using the expression of J; given in (3.5) and the expression of ®* given in (2.42) the above

expression becomes

TRSNGSNs AT (SN T T ey (3.24)

Using the equality SN,SN, = N, given in (2.44), the equality N;A™! = A7'NT given in
(2.27), and the property (N,)? = N; given in (2.26) the above expression becomes

JkA (SN )T‘]k\prec(k) (325)

which is equal to (3.19). O

Using the control expression (3.20) we can easily implement linear control strategies.

For instance, to control task accelerations we consider the following force control vector:
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Corollary 3.2.1 ( Prioritized motion control). In the absence of contact interactions,

the following control vector yields linear control of task accelerations

k—1
A% ref * * * — T
Fk‘|prCC(k) - Ak|prcc(k)ak +luk‘|prcc(k) +pk‘|prcc(k) _Ak|prec(k) JiA I(SNS) Z Fi\proc(i)' (326)
i=1

Here Fijprec(k) i the control force shown in (3.20), a’,;ef s an acceleration-level control policy

for the k-th priority task, and the remaining dynamic quantities for the above equation have

the following expressions,
* * - * T 1917
lu’k\proc(k) 2 Ak|prcc(k) JrA leTb ~ “k|prec(k) Ik [ ] + (327)

q

q
* * — T
pk|prec(k) 2 Ak\prec(k)JkA le 9g- (328)

. |0
* -15T b
k|prec(k) JrA Js AgJs [ ] ’

Proof. Tt is straightforward to verify that using the above expressions in (3.21) will yield
the linear behavior
iy = ap. (3.29)

Notice that the last term on the RHS of (3.26) disregards lower priority torques. The reason
is that prioritized null space matrices are designed to cancel components from lower priority

tasks as we will see when demonstrating (3.40). O

Corollary 3.2.2 (Prioritized multi-task control structure). The following control

structure yields linear control of forces and accelerations of a set of N prioritized tasks

N
= ( I T Fl) - (JQTITFm) oot (m@reC(N)FMme(N)) = T eetr) Frfprec(i)- (3-30)
k=1

Proof. Using (3.20) we can further express (3.11) as the above aggregation of prioritized
operational space control structures. ]
3.2.3 Recursive Redundancy

In (3.12), prioritization was established by projecting lower priority tasks within the resid-

ual redundancy (i.e. the null-space) of higher priority tasks. In this context, null space
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projections impose that lower priority tasks do not introduce acceleration and force com-
ponents in higher priority tasks. Given Equation (3.16) this is equivalent to the following
condition

Vi eprec(k) JATHSNH)TNT - =o0. (3.31)

prec(k)

Corollary 3.2.3 ( Dynamically consistent prioritized null space matrix ). The fol-

lowing matriz fulfills the above set of dynamic constraints

k—1
Npvee(t) = L1 Nifprec(s) (3.32)
i=1
with
* A *
ilprec(i) — I— Jz|prcc(z) i|prec(z)? (333)
where Jl|pmc(l) is the dynamically consistent genemlzzed inverse of J| lprevs) shown in (3.36).
Moreover, we use the conventions N{ .y = 21 and Niprec(1) = 2 N =1—J,J; as shown in
(3.10).

Proof. To proof that (3.32) fulfills (3.31) we first rewrite (3.32) as

JiA” (SN ) z|prcc(2) H Nk|prcc(k)7 (334)

(k>0)A(k#£i)

which can been done reorganizing null space terms according to the commutation property

shown in (A.1). The first part of the above equation is equal to

z|prcc(z) z\proc i

Here we have used the equality A"'NJ = N;A'N]I shown in (2.27), the equality Ny =

SN¢SN; shown in (2.44), the equality (I)*Nszrec(z) = N;'prec(i)@* demonstrated in (A.15),

demonstrated in (A.9), and the expression of J prec(i)

given in (3.33) and the expression of

* 2 _ *
the property (Nl‘prec(l)) = Njiprec(i)

given in (3.14). Using the expression of IV} {prec(i)
j;-k‘pmc(i) given in (3.36), it is easy to demonstrate that the above term cancels out. O

Corollary 3.2.4 (Dynamically consistent generalized inverse of J;ck|prec(k))' The

following expression is a dynamically consistent generalized inverse of Jg|prcc(k)

. . —1
Tjprec(k) = © Tilprec(r ><Jk|prec<k>‘1> Tl prec( >) : (3.36)
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Proof. According to the dynamic projection shown in (3.16), the prioritized control struc-

ture shown in (3.20), and the prioritized inertia shown in (3.19) the following equality holds

-1 T !
JiA (SNS) Fk|prec(k) - (Ak\prec(k)> Fk\prec(k)a (337)

where 't |prec(r) is a vector of prioritized torques and Fj|prec(x) is a vector of prioritized control
forces. Using (2.27) and (2.44), the expression of J;' shown in (3.5), and the property shown

in (A.15) we can rewrite the above equation as

AZ|prec(k) JI;k(I)*FHprec(k) = Fk|prec(k)- (338)

Using the expression of I'y|prec(k) given in (3.12), the property shown in (A.9), the expression

of iﬂiprcc(i)

becomes

given in (3.14), and the expression of 7Z|prec(k) given in (3.36), the above equation

—*T
Jk|prec(k)rk|prec(k) = Fk|prec(k)- (339)

Null space torque components that integrate the term I — jl:lprCC(k)JZ\prec(k) will map to
zero control forces in the above equation. Because jl:|prec(k) is a generalized inverse of
JZ‘ prec(k) that cancels the effect of null space torques into task level forces and that provides
the dynamic mapping shown in (3.39), we will refer to it as the dynamically consistent

generalized inverse of J}! U

[prec(k)-

Corollary 3.2.5 (Compact expression of N;mc(k) ). The null space matriz given in

(8.32) can be expressed using the following compact expression

k—1
;rec(k) =1- Z ']i|prec(i) J;Iprec(i)’ (340)
i=1
Proof. See Property A.0.4 in Appendix A. O

3.2.4 Task Feasibility

Our motivation for task prioritization has been to filter out undesired effects on higher
priority tasks due to lower priority tasks and to solve conflicting scenarios between task
goals. In particular, to measure the feasibility of an arbitrary priority task k provided that
all higher priority tasks are first accomplished, we propose to study the prioritized quantities
Ji prec(r) given in (3.14) and A prec(s
stepping example shown in Figure 3.4. This joint locomotion and manipulation behavior

) given in (3.22). For instance, let us consider the
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Figure 3.4: Task feasibility under prioritization: This snapshots from an actual ex-
periment depict a joint manipulation and locomotion behavior generated using the task
decomposition shown in Table 3.2. While the hand is teleoperated to a desired goal, the
foot is commanded to step beyond its reachable workspace. To measure task feasibility, we
monitor the condition numbers of the foot and hand task points under the task hierarchy
sown in Table 3.3. While the condition number of the hand remains within normal values,
the condition number of the foot grows towards infinity. This information allows us to
change the behavior of the foot at runtime. In our example, when the condition number of
the foot grows beyond normal values we command the foot to step back within the reach-
able workspace to gain stability. The symbols Jﬁ‘and|P and th)ot|P indicate that the hand
and foot tasks are subject to prioritized control.
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has been created using the task decomposition shown in Table 3.2 with the task hierarchy
shown in Table 3.3. This time the COG is commanded to remain on top of the left foot
and the right hand is operated to remain at the initial location. The focus is on the right
foot which is commanded to step forward beyond its reachable workspace. In practice such
scenario could be the result of walking in rough terrain based on sensor information.

The data graphs accompanying Figure 3.4 depict the evolution of the prioritized Jaco-
bians associated with the right foot and the right hand during movement execution. When
the foot approaches the limit of the workspace, the condition number of the prioritized
foot Jacobian grows beyond normal values. In contrast, the condition number associated
with the prioritized hand Jacobian remains within normal values, indicating that there is
enough movement redundancy to accomplish the desired hand behavior. Monitoring foot

placement feasibility allows us to modify foot behavior during conflicting scenarios.

* A*
(a) H(Afooﬂp) (b) H( hanle)
- 3 - : : : :
30007 ’—Condition Number(A;oqu) T ‘ —— Condition number (Ahanle)
25
2500+
2000 .
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Figure 3.5: Condition number of the prioritized inertias for Figure 3.4: These
graphs depict the evolution of the condition number of the prioritized inertias for the foot
and hand tasks during movement execution. When the foot reaches full stretch the prior-
itized foot inertia becomes singular while the prioritized hand inertia stays within normal
values.

Task feasibility can be measured by either evaluating the condition number of prioritized
Jacobians, i.e.
*
g1 (Jk|prec(k))

Tdim(k) (Jlj\prec(k) ) 7

R(Jg\proc(k)) = (341)

where 0;(.) corresponds to the i-th singular value of the enclosed term, or the condition
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number of prioritized inertias, i.e.

g1 (AZ\prec(k))

Tdim(k) (A;’;|prec(k)) '

K(Afjprec(k)) = (3.42)

For instance, in Figure 3.4 we depict the evolution of the condition number of the prioritized
foot and hand Jacobians, abbreviated x(J; of| p)and K(J da| p)- Here the subscripts foot| P
and hand|P are used to indicate that the foot and hand tasks are prioritized with respect
to higher priority tasks as indicated in Table 3.3. As we can see, when the swinging leg
approaches full stretch the prioritized Jacobian of the foot task becomes singular. However,
the prioritized Jacobian of the hand task remains within normal values indicating that only
the foot task is infeasible.

Data graphs showing the evolution of the condition numbers of prioritized inertias are
shown in Figure 3.5. Similarly to the previous case, the foot prioritized inertia becomes
singular while the hand prioritized inertia remains within normal values. Although either
method can be used to measure task feasibility, an advantage of using prioritized inertias is
that their dimension is much smaller compared to prioritized Jacobians. In fact, prioritized

Jacobians have as many columns as the number of actuated joints.

3.2.5 Overview of Control Strategies

Operational space control yields linear control of task forces and accelerations, facilitat-
ing the implementation of a variety of control strategies involving position and force level

behaviors. We will review now some acceleration-level control policies.

Goal-Based Position Control

During teleoperated or sensor-based position control, trajectories cannot be provided be-
forehand. Owur approach is to move instantaneously in the direction of the commanded
goals. This can be done by implementing a simple PD control law. However, to avoid

reaching arbitrarily velocities and accelerations we need to integrate saturation strategies.

Velocity Saturation: This control method was proposed by (Khatib 1986) when presenting

potential field techniques. It consists on implementing the following velocity-level controller

azef = —ky (& — Vo Vdes) » (3.43)

. Umax
(a:k — a:goal) , Uy = mm(l, ||UIZ:S||>7 (3.44)

Vdes =

&
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where 40,1 is the operational goal, v, is a velocity saturation factor, and vpyayx is the max-
imum allowable velocity. If || vges ||[< ¥max this control law will be equivalent to a PD

controller with the following behavior
Ty + kydp + k‘p (xk — xgoal) =0. (3.45)

If the desired velocity reaches values beyond the maximum allowable velocity, the above

control law will yield the following velocity-based behavior

Udes ) _ ), (3.46)

xk + kU (xk — Umax H Vg ” -
es

which will maintain a constant velocity in the direction of the goal.

Simultaneous Acceleration and Velocity Saturation: We have designed a new PD controller

that integrates saturation on both velocities and accelerations, and is expressed as follows

aZEf = VaQdes, (347)
. . Gmax

Qdes = _kv(xk — Wy UdCS) ’ Vg = m2n<1, Har;la H>7 (348)
es

Udes = @V(l‘k - $goal) ’ Vy = min (17 max >7 (349)
kv HvdesH

where v, is an acceleration saturation factor, am.x is the maximum allowable acceleration,
and vpayx 18 the maximum allowable velocity. When || ages ||< @max this controller is equiva-
lent to the previous velocity saturation controller. However when the desired accelerations

are higher than the maximum allowable accelerations the resulting behavior is

Gdes

) 3.50
Gdes H ( )

Tk = Gmax H

which means that the task will accelerate in the direction of the desired goal with a value

equal to amax-

ZMP Control

Acceleration control can be used to control dynamic balance by manipulating the ZMP, the
point on the ground where the horizontal moments due to ground reaction forces are equal

to zero. To maintain balance stability the horizontal component of the ZMP, 1,1, needs
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to be located within the stability polygon defined by the current placement of the feet. The
control law that achieves this goal is (Vukobratovic and Borovac 2004; Sugihara 2004)

ref __ frz

a =
cogH M(xcogz - xzmpz)

(Teogh — ﬂigﬁpr), (3.51)

des
zmpH

vertical component of the reaction forces at the feet, M is the total mass of the robot,

where z is the desired location of the ZMP within the support polygon, f,. is the
Zcogy 15 the current height of the robot’s COG, xymp. is the ground level, and cogn is the
horizontal position of the COG.

The ZMP horizontal position depends directly on COG accelerations according to the
equation (Vukobratovic and Borovac 2004; Sugihara 2004)

TzmpH = TcogH — MjcogH(:ECogZ;—xzan)- (3.52)
rz
Therefore, we propose to apply the control law
FeogH = ey (3.53)
to achieve the desired behavior
TympH = T - (3.54)

3.3 Examples

Let us study a few examples demonstrating the implementation of goal-oriented prioritized
multi-task control. To implement the proposed control framework we have used a simulated
humanoid called Collabot. Collabot is a robot measuring 1.60 m in height and weighting
83 kg. The kinematic model of the robot is similar to some of the existing high-end research
humanoids. It has 29 DOF: 6 for each leg, 7 for each arm (3 shoulder, 1 elbow, 3 wrist),
1 for the chest yaw angle, and 2 for the head (pitch and yaw). The masses and inertias of
the links are based on estimations from a real humanoid robot.

The examples we will show here were obtained using a simulation and control envi-
ronment running on a PC at 2.13 GHz. Collabot’s graphic model — provided by Honda
Motor Co. — contains approximately 60,000 polygons. Our servo loop runs at 200 M H z
on simulated time while the graphics are updated at 100frames/s. Collisions on the feet are
computed using hierarchical distance models described in (Ruspini and Khatib 2000). The

collision update rate is 10000Hz. A dynamic simulation environment based on (Chang and
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Khatib 2000) takes the controller output and simulates the robot’s movement. Controller,

simulator, and graphics, run at a speeds 4 times slower than real time for our 29 DOF robot.

3.3.1 Tracking the Contour of an Object

Our first example shown in Figure 3.6 involves tracking the contour of a large object (a
sculpture) using hybrid force/position control. To create this behavior we have used the

following task decomposition

Task Decomposition (Manipulation on object)

Task Primitive DOFss Control Policy Priority level
Balance 2 (z — y plane) goal-based 1
Gaze orientation 2 (L plane) goal-based 2
Right hand control 6 (y force, x moment) hybrid force/position 3
Switching postures n = number of joints  goal-based 4

Balance is achieved using velocity and acceleration saturation control as described in (3.47)
and (3.48). The desired COG position is commanded to remain at the center of the sup-
porting feet. The saturation values we use for the balance task are vya.x = 1m/s and
Amax = 3M/ s2. These values are picked to avoid violating ZMP limits.

Gaze control is achieved by orienting the robot’s sight vector towards the teleoperated
point (see Figure 3.7). The cartesian space error between the current head orientation and

the desired goal orientation is

Gerror = ¢E)\ ()\hcad - )\goal)7 (355)

where ?F) is a 3 x 4 representation transformation between quaternions to cartesian space
angles (Khatib 2004), Apeaq is the quaternion representing the current head orientation,
and Agoa1 is the quaternion representing the desired orientation. Although ¢error is a 3 x 1
vector, only 2 DOFs are needed to orient the gaze towards the desired point. The orientation
component around the head’s local z axis does not contribute to gaze orientation. Therefore
when controlling the gaze task we do not need to use the full rotation Jacobian. Instead we
remove the contributions from the z axis based on the following projection

Jgazc = (ORh ST Sgazo hRO ) Jhead(¢)' (356)

gaze
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Figure 3.6: Tracking the contour of an object: This behavior has been created using the
task decomposition shown in the previous table. Four tasks are simultaneously controlled:
balance, gaze orientation, hybrid hand force/position, and posture switching. Linear forces
perpendicular to the sculpture’s contour and moments tangent to the sculpture are simul-

taneously controlled to track the contour while maintaining a desired contact force against
the surface.

Here Jieaq(e) is the 3 x (n+ 6) Jacobian corresponding to head rotation coordinates, ° Ry, is
a rotation transformation from head coordinates to global coordinates, "Ry is the transpose
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Figure 3.7: Gaze control: The head is controlled to track a teleoperated point.

of this transformation, and

1 0 0
Sazc: 3.57
: [0 ) O] (357

is a selection matrix that selects the x and y rotation DOFs. Therefore, the above transfor-
mation projects the head’s rotation Jacobian into its local frame and removes the z com-
ponent. The control policy used for gaze control is the velocity saturation law described in
(3.43) adapted to the above rotation task, i.e.

Uy
Qref(gaze) — —ky (Jgazc [ g ] - vades) (358)
kp Wmax
Wdes = 7— Perror; Vy = Min (1, 7) . (359)
kv | waes |l

The robot’s right hand is controlled using hybrid force/position control which will be
discussed in a future paper in the context of prioritized control. Contact forces between
the hand and the sculpture are controlled to push against the sculpture with a linear force
on the y direction equal to 13N while the contact moments on the x axis are controlled for
compliance. The cartesian position of the hand in the z and z directions is teleoperated
while the rotation in the y and z directions is fixed to a value coplanar with the y — z plane.
During movement execution the hand is teleoperated to track up and down the contour of
the sculpture. Contact is maintained at all times due to forces applied in the y direction. At
the same time the hand rotates along the sculpture to maintain zero contact moments. The
data graphs shown in Figure 3.6 show the evolution of the linear force on the y direction
and the moment on the x direction in the first instants of contact.

The robot’s postural stance is controlled using the methods we will describe in the
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next chapter. We use the two snapshots shown in Figure 3.8 as desired poses. When the
robot’s right hand is 35¢m or higher above the ground, the robot’s posture is commanded
to imitate the upright pose while when the hand reaches heights below 35¢m the posture is

commanded to imitate the crouching pose.

Posture 1 (upright) Posture 2 (crouching)

Figure 3.8: Posture attractors: Two static posture snapshots are used as posture at-
tractors. For behaviors where the hand is above a predetermined height we command the
posture to imitate the upright pose. When the hand goes below this threshold we command
the robot to imitate the crouching pose.

3.3.2 Walking with Posture Variations

We consider the locomotion behavior shown in Figure 3.9. The robot’s feet are commanded
to track desired goals while the posture is interactively controlled. In the first steps of
Figure 3.9 the hip height is commanded to swing up and down, while in the final steps the
upper-body orientation is commanded to swing back and forth. The walking behavior is
created by sequencing a collection of whole-body movements (i.e. phases). Four phases are
used to create the walking pattern as shown in Figure 3.10. In the first phase the robot’s
COG is shifted towards the left foot. In the second phase, the right foot is commanded
to step forward. The remaining two phases are counterparts of the previous two. This
walking behavior is described as a collection of tasks, but no trajectories need to be provided
beforehand. In fact, feet goals could be fed at runtime allowing the robot to step in different
directions and with different walking patterns. Likewise, upper-body postural goals are
changed at runtime. Changing the posture does not affect the stepping motion because our

controller decouples tasks. In Figure 3.11 we plot the torque values obtained for the above
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Hip up and down Upper body back and forth

Figure 3.9: Walking behavior with posture variations: This behavior has been created
using the walking sequence shown in Figure 3.10. Different phases are described in terms
of task goals instead of relying on pre-programmed trajectories. Task goals can therefore
be fed at runtime. In our example we command interactively the hip link to swing up and
down and back and forth.

behavior. These values were recorded for an example with no hip variations.

3.3.3 Dynamic Walking: First Step

Dynamic balance is the technique used to create human-like walking and running behaviors
in humanoid systems. It relies on COG accelerations instead of using COG positions only.
COG accelerations are determined by the reaction forces acting on the supporting feet as
well as by the action of gravity forces acting on the robot’s COG. This balance of forces

can be characterized by the following equation of motion
M (Zcog + G) = fr, (3.60)

where f, is the 3 x 1 vector of reaction forces projected on the robot’s COG (i.e. the sum

of linear forces acting on supporting points), and G is the gravity acceleration vector, i.e.

0
G= 0 . (3.61)
—9.81m/s?
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Event:
COG ON LEFT FOOT

) Left contact 0
Left/right contacts 0 Right foot forward 1
Shift balance 1 Maintain balance 2
Gaze orientation 2 Gaze orientation 3
Hip height 3 Hip height 4
Hip orientation 4 Hip orientation 2]
Chest orientation 5 Chest orientation 6
Left/right arm posture 6 Left/right arm posture 7

Event: Event:
LEFT FOOT RIGHT FOOT
MADE CONTACT MADE CONTACT

Right contact
Left foot forward
Maintain balance
Gaze orientation
Hip height

Hip orientation
Chest orientation
Left/right arm posture

Right contacts
Left foot forward
Maintain balance
Gaze orientation
Hip height

Hip orientation
Chest orientation
Left/right arm posture

Event:
COG ON RIGHT FOOT

Figure 3.10: Walking phases: This diagram depicts the four walking phases and their
decomposition into low-level tasks to accomplish the walking behavior of our experiment.

The ZMP (Vukobratovic and Borovac 2004), is used to characterize the robot’s ground
stability during dynamic walking. The ZMP is the point on the ground where the horizontal
moments due to ground reaction forces are equal to zero. In general, the moment of an

arbitrary point x,, within the stability support polygon can be expressed as m,, = x, % (— fr).
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Figure 3.11: Torques during waling motion: These values correspond to torques on the
right leg during the walking behavior described in the above example. No posture variations
were used for this experiment, i.e. the hip link was kept at a fixed height and the torso
orientation was kept upright at a fixed orientation. The highest values correspond to the
torques on the knees during single support phases. The right hip’s roll joint (i.e. the hip
abduction/adduction DOF) reached also high torque values because it sustains the lateral
weight of the upper body when stepping forward.

Therefore the balance of moments between the COG and the ZMP can be formulated as

(l'cog - :L'zmp) X fr+ Mecog = Mzmp (362)

where mcog and My, are the moments around the COG and ZMP respectively, and x
is the vectorial product. To obtain the ZMP we set the horizontal moments to zero, i.e.
Mympzr = Mazmpy = 0. We also assume that meoe is small and therefore can be ignored.
Using the balance of forces of Equation (3.60), the previous equation yields the equality

.. oy — X
TzmpH = TcogH — chogH(Cong—znlpZ)a (363)
rz

where . is the ground position where the ZMP is projected. This equality allows us to

express COG accelerations as a function of the ZMP, i.e.

Jrz

M($Cogz - xzmpz)

‘;iCOgH = (xcogH - xzmpH)- (364)

Although dynamic balance has been widely studied, our task oriented control approach

allows us to control directly COG accelerations, facilitating the control of the ZMP. For
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instance, let us consider the following control structure based on (3.20)

I'= JCTJEH (AzogHaZ(eng + NzogH + pzogH>7 (365)

where we have assumed that the COG is controlled as the first priority task. When using

the above control structure in (3.15) we obtain the linear behavior
. _ ref
Tcogh = Qoogr- (3.66)

Based on (3.64), the following reference vector provides control of dynamic balance

ref _ f?"z ( _.des > 3.67
aCOgH M(l’cogz —ZEzmpz) FeogH xzmpH 7 ( . )

des

where zdes g is the desired ZMP location within the stability polygon. In fact, Loy H

zm
determinespthe instantaneous direction and acceleration magnitude of the walk.

Because the generation of full dynamic walking patterns is an elaborate procedure (see
Kajita et al. 2003a), for simplicity we will use the proposed ZMP controller to generate a
single dynamic step. An example is illustrated in Figure 3.12 and has been created using

the following task decomposition

Task Decomposition (Dynamic Walking)

Task Primitive DOFs Control Policy Priority level
ZMP 2 (x —y) COG accelerations 1
R foot position and orientation 6 position 2
Hip height 1 position 3
Hip orientation 3 position 4
Chest orientation 1 position 5
Arms posture 2x6 joint position 6

In Figure 3.12 we depict a forward step and a lateral step patterns. The accompanying
data graphs correspond to the forward step. The ZMP is positioned within the supporting
foot in a way that will accelerate the COG towards the landing position of the swinging
foot. As a result the COG moves on a line within the stability polygon. To gain stability
upon landing we command the COG to decelerate smoothly within the supporting polygon.
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Figure 3.12: Dynamic Walking (first step) A single step is shown here using dynamic
balancing. (a) depicts a forward step and (b) a lateral step. The data graphs correspond
to the forward step. The blue sphere correspond to the ZMP and the green sphere to the
horizontal projection of the COG. On the lateral step, only the ZMP sphere is shown.



Chapter 4

Posture Control

In this chapter we will develop methods for the control of postural tasks in humanoid
systems. The coordination of the prioritized multi-task controller developed in the previous
chapter and the posture controllers that will be developed in this chapter will provide
the support to create interactive manipulation and locomotion behaviors while enhancing
overall movement performance.

Posture control is an integral component of redundant manipulators and multi-legged
robots where the goal is to enhance the execution of manipulation and locomotion behaviors.
Earlier work on quadrupeds (Hirose et al. 1985; Raibert et al. 1986) discussed the role of the
robot’s posture to create efficient locomotion behaviors. More recently, postural behavior
in living animals has been studied to inspire the control of robotic systems (Full 1993;
Nelson and Quinn 1998). Postural behavior will be studied in detail in this chapter in the
context of humanoid systems emphasizing interactive aspects for the realtime generation of
whole-body behaviors.

Postural behavior plays an important role at different levels. For instance, the analysis of
stiffness response in humans (Mussa-Ivaldi, Hogan, and Bizzi 1985) has inspired techniques
to modulate postural response in robotic manipulators (Hogan 1987). More recently, new
techniques to modulate postural dynamic behavior in biped and humanoid systems were
developed at the actuator and control levels (Pratt, Dilworth, and Pratt 1997; Pratt 1995).
Advanced redundant manipulators and whole-body control methods capable of modulat-
ing both the task’s impedance and the null-space stiffness have been recently developed
(Albu-Schaffer and Hirzinger 2002). In this chapter we will propose techniques to modulate
postural stiffness in humanoid systems as well.

Postural behavior plays a key role in both implementing effective locomotion patterns

73
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and optimizing manipulation performance. Liegeois addressed this issue by creating pos-
tural fields to keep joint angles close to pre-defined equilibrium positions (Liegois 1977).
Yoshikawa developed techniques to avoid kinematic singularities based on task manipula-
bility optimization (Yoshikawa 1985). In this chapter we will address related performance
criteria while bringing an additional requisite, imitating human poses. Imitating human
poses is imposed in humanoid systems to facilitate their acceptance among humans. It is
believed that human-like appearance in structure and movement plays an important role on
the response of humans towards virtual characters and robots (Mori 2004). This hypoth-
esis has been successfully exploited in computer animation and has become of increasing
importance in robotics with the development of humanoid systems. Several android robots
illustrating this concept have been recently developed (Ishiguro 2005). Our approach to ad-
dress this problem will be to imitate human captured poses, a similar technique to the usage
of key frames in film animation. However, in contrast with trajectory based techniques, our
approach will not be based on interpolating between key frames. Instead, it will be based on
imitating captured poses acting as attractors. In this context, captured poses will be used
as equilibrium configurations projected into the task’s residual redundancy, providing the
support for arbitrary variations on task movement while imitating the desired poses. For
instance, to enhance the reachable workspace during a manipulation task we will choose
captured poses that are away from joint limits. Multiple capture poses supported by a
switching policy will be considered to address large variations on the task.

From an efficiency perspective, actuation effort plays a key role in postural behavior.
Using musculoskeletal models of the human body and a dynamic simulation environment we
recently observed a strong correlation between gravity torques and muscle’s torque capac-
ity (Khatib, Warren, Desapio, and Sentis 2004). Based on this observation we conjectured
that human postural behavior involves minimization of muscle effort and defined a mathe-
matical representation of effort in the form of a Euclidean norm of gravity torques weighted
by muscle torque capacities. In this chapter we will implement effort minimization in pos-
ture space based on this effort potential. A similar effort potential based on unweighed
torques was proposed and implemented by (Boulic and Mas 1995) in the context of inverse
kinematic control.

This chapter is organized as follows. In Section 4.1 we will characterize the task’s
residual redundancy for posture control extending the prioritized controller presented in the
previous chapter. In Section 4.2 we will develop task based control methods for controlling
the robot’s posture. In Section 4.2 we will develop gradient descent methods to optimize

the robot’s postural behavior based on optimal criteria. We will discuss the imitation of



CHAPTER 4. POSTURE CONTROL 75

human captured poses and the minimization of actuation effort. Finally, in Section 4.4
we will discuss the modulation of postural stiffness to provide safe whole-body contact

interactions.

4.1 Posture Control Structure

In the previous chapter, we developed a prioritized multi-task controller characterized by

the control structures shown in (3.11) and (3.30), i.e.

N
r= Zrlﬂprec(k)a I‘k|prec(k) = Jkﬁgmc(k)FHprec(k)' (41)
k=1

Similarly to the whole-body torque decomposition shown in (2.76), when multiple pri-
oritized tasks are simultaneously controlled, the residual redundancy defines the posture

space of motion and can be characterized by the following structure:

Theorem 4.1.1 (Whole-body prioritized control structure). The following control

structure provides linear control of N prioritized tasks and defines the postural space of

motion N
I'= Z Jlj\grec(k)Fk\prec(k) + Nt*TFposturea (4.2)
k=1
where,
N
Nt* é I— Z ']k\proc(k) J]:‘prec(k;y (43)
k=1

is the null-space of all prioritized tasks and can be derived using the recursive expression

presented in (3.40). Here, N} signifies the null space of all priority tasks.

Proof. While the terms kagrec(k)F k|prec(k) Provide linear control of task forces and acceler-
ations as discussed in Theorem 3.2.1, N acts as a base for the control of residual DOFs as
discussed in Corollary 3.2.3, and therefore I'posture defines the control of the robot’s postural

motion with no coupling effects on priority tasks. O

In general, we will use the following more compact notation equivalent to (4.2)

N

L= Tijprect) + Lo = e+ Ty (4.4)
k=1
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where
Fp\t £ Nt*TFposturc (45)

is the vector of prioritized postural torques. Here the subscript p|t is used to indicate that

postural torques are projected in the null space of all priority tasks.

Chest roll (¢

Hip pitch, roll, yaw (¢,;,)

Hip height (%,,)

Figure 4.1: Postural DOF's in the main body: Posture movement associated with the
main body is due to hip attitude and height and chest vertical orientation. By directly
controlling these DOFs we can control the robot’s posture.

We consider two different methods to control the robot’s posture. The first consists on
controlling pre-determined task points on the robot’s body associated with postural motion
(see Figure 4.1). The second consists on optimizing desired postural criteria in joint space

via gradient projection. Let us start describing the first method.

4.2 Task Based Postures

The first approach to controlling the task’s residual redundancy is an extension of multi-

task control of the previous chapter. If in the previous chapter we addressed multi-task
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control as the control of multiple operational points used to maintain balance stability and
to interact with the environment, we now consider the control of additional task points
describing the robot’s internal motion. For instance, let us consider a humanoid equipped
with 6 DOF's per leg, 1 DOF in the upper body (e.g. vertical orientation), 3 DOFs in the
head, and 7 DOF's per arm. Considering the robot is standing up, postural DOFs on the
main body involve the 3D orientation and the vertical position of the hip’s link and the
vertical orientation of the chest’s link (see Figure 4.1).

Controlling these degrees of freedom is independent of manipulation, locomotion, and
balance tasks. Therefore, each postural DOF can be individually controlled towards desired
goals. For instance, to keep the body upright we can directly command the hip’s upright
orientation to align with the direction of the gravity field. Similarly, to keep the hip at a
certain height from the ground we can command the hip’s vertical DOF to reach the desired
position.

Let us consider the following coordinate representation for the different postural DOFs

hhip
A 6
Lposture = )\hip eR, (46)

qbchest

where hy,;, represents the hip’s link vertical position, Ap;, represents the hip’s link orientation
(using Euler parameters), and @epest represents the chest’s vertical orientation as shown in
Figure 4.1. We can simultaneously control all postural DOFs by handling zposture as a

macro task and associating the following joint Jacobian

JIh.hip

. Uy

Tposture = Jposture [ q ] ) Jposture = J)\,hip ’ (47)
J(j),chost

where Jj, nip, Jnips and Jg chest are the Jacobians associated with the different postural
DOFs and can be obtained from the basic Jacobian representation of the hip and chest
links as shown in (3.3).

Let us now consider the posture’s dynamic behavior by left-multiplying (2.24) by the
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Hip pitch Hip roll Chest yaw Hip height

(b)

Teleoperated point

Figure 4.2: Goal-based posture control: These snapshots from an actual experiment
are obtained using goal-based control of postural DOFs. The COG’s horizontal component
is controlled to remain at the center of the feet to maintain balance stability, while arms
and head are controlled in joint space to remain fixed.

term J,A™!, leading to the following equation of motion

.| . |0
‘;I}P_Jp [qb] +JPA_1NST(b+g)+JPA_1J3TA8J5 [ b] -

q

N
JpA_l (SNS) T (Fp|t + Z Fk|prec(k)> . (4.8)
k=1

Notice that we use the abbreviated notation z;, and J, to represent the postural coordinates

and the associated Jacobian shown in (4.6) and (4.7). For the above representation we have

ip = Jp [ﬁb] +jp [ﬁ.b] (4.9)

used the equality

q q

and the torque decomposition shown in (4.4).
Based on the prioritized multi-task control structures presented in (3.20) and (3.26), we

propose to control postural DOFs using the following posture control vector:
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Proposition 4.2.1 ( Posture motion control). The following torque vector yields linear

control of postural accelerations

N
*T * * * * -1 T
Fp\t = Jp\t <Ap|ta;ef + Mp\t +pp\t - Ap\thA (SNS) Z Pkprec(k))a (410)
k=1
where a;,ef is a joint feedback control policy for all postural DOFs, ;| . £ Jy N{ is the

prioritized posture Jacobian discussed in (3.14),

* * * 7T -1
plt = ( plt® Jplt) : (4.11)

* . and p*, are Coriolis/centrifugal and

plt plt
gravity terms with similar expressions than (3.27) and (3.28).

is a posture inertial term similar to (3.19), and p

Proof. Because this controller is based on Corollary 3.2.1, it will yield the linear behavior

Li'posture = a;ef . (4 12)

O

Choosing the following aggregation of control policies

ref
A, hip

a = | i | (4.13)

ref
aqﬁ,chost
ref ref ref .. . .
where a;, hip? O\ hip? and « 6 chest A€ control policies for the different postural DOF's, will

result in linear control of postural coordinates, i.e.
7 _ref
hhip = A hip
i =a'f = N, =al (4.14)
posture D hip = a)\,hip . .

. ref
Gchest = Qg chest

For instance, for the example shown in Figure 4.2, we have used the following joint PD
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control law

hhip - hgoal (t) hhip
a;ef = _KP )\hip - )\goal(t) - Kv )\hip . (4'15)
¢chest - ¢goal(t) ¢chest

where K, and K, are desired proportional and differential gain matrices. The goal positions
are determined using a 6-D haptic device connected to the proxy red sphere shown in Figure
4.2.

4.2.1 Example: Posture Control to Avoid an Overhead Obstacle

Hip pitch control

Overhead obstacle

Figure 4.3: Posture control for avoiding overhead obstacle: This sequence of snap-
shots of an actual experiment illustrates the interactive control of upper-body orientations
during walking. The walking behavior is created using the primitives described in 3.10,
while the hip’s link pitch orientation is commanded to rotate forward 45° from the vertical
axis.
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An example implementing realtime interactive control of the posture during a walking
behavior is shown in Figure 4.3. Here, walking is created using the four phases described
in Figure 3.10. The posture is controlled based on the techniques previously shown in
this section. To avoid colliding with the overhead obstacle, the hip’s pitch orientation is
commanded to rotate 45° forward with respect to the global vertical axis. Because the
posture is controlled in the null space of tasks involved in the walking behavior, all goals

can be simultaneously accomplished at runtime.

4.3 Criteria Based Postures

A second approach to controlling the robot’s posture consists on optimizing desired criteria
through gradient projection in the task’s null space. Although null space control of sec-
ondary criteria has been widely used mostly in the context of inverse kinematic control, we
will propose here a novel projection technique that will provide optimal gradient descent at
the torque level. Using this technique we will implement novel postural control strategies
that will mimic human postural behavior and optimize actuator performance in humanoids.

In the previous section we presented techniques to control the position and orientation of
postural DOFs. However, it is often more convenient to determine desired postural criteria,
and optimize it using all available movement redundancy. Our representation of humanoids
as non-fixed branching systems will allow us to characterize the task’s residual redundancy
at the whole-body level and use it to optimize the desired criteria.

Supported by anthropomorphic bodies, humanoids are designed to transcend conven-
tional machines. While prioritized multi task control provided a platform to implement
interactive locomotion and manipulation behaviors, the objective of the robot’s posture is
to optimize performance criteria and mimic human behavior. The posture control strategies

we will discuss in this section will be designed to achieve such performance.

4.3.1 Imitation of Human Poses

Our goal here is to develop control strategies to mimic captured human poses (see Fig-
ure 4.4). In contrast with other approaches, our control strategy will not rely on interpo-
lating trajectories between poses. Instead we will use poses as attractor potentials.

Let us consider the two captured poses shown in Figure 4.4. One of the snapshots
corresponds to an upright pose while the other one corresponds to a crouching pose. The

musculoskeletal data used in the capturing process has been derived from SIMM models
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Visible markers

@® Ocluded markers

Snapshots from motion capture process

Chest yaw:0.0 Chest yaw:0.0
Head pitch: 0.0 Head pitch: 0.0
Head roll: 0.0 Head roll: 0.0

Right hip yaw: 0.0,
Right hip roll: 0.0
Right hip pitch: -0.4
Right knee: 0.85
Right ankle pitch: -0.4
Right ankle roll: 0.0
Left hip yaw: 0.0

Right hip yaw: 0.0,
Right hip roll: 0.0
Right hip pitch: -1.2
Right knee: 1.8

Right ankle pitch: -0.6
Right ankle roll: 0.0
Left hip yaw: 0.0

Left hip rall: 0.0 Left hip rall: 0.0
Left hip pitch: -0.4 Left hip pitch: -1.2
Left knee: 0.85 Left knee: 1.8

Left ankle pitch: -0.4
Left ankle roll: 0.0
Right shoulder pitch: 1.8
Right shoulder yaw: 0.2
Right shoulder roll: -0.8
Right elbow: -1.5

Right wrist roll: 0.7

Left shoulder pitch: 1.3
Left shoulder yaw: -0.2
Leff: shoulder roll: 0.8 Left shoulder roll: 0.8
Left elbow: -0.7 Left elbow: -0.7

Left wrist roll: -0.7 (a) (b) Left wrist roll: -0.7

Left ankle pitch: -0.6
Left ankle roll: 0.0

Right shoulder pitch: 1.8
Right shoulder yaw: 0.2
Right shoulder roll: -0.8
Right elbow: -1.5

Right wrist roll: 0.7

Left shoulder pitch: 1.3
Left shoulder yaw: -0.2

Figure 4.4: Captured human poses: Concept depicting the mapping of captured human
poses into robot poses. The above images connected with virtual muscles (red lines) are
the outcome of a motion capture process of a real human standing up and crouching down.
These poses are mapped into our humanoid model to be used as equilibrium poses by
our posture controller. The tags adjacent to the superimposed images correspond to joint
positions of the captured poses.

(Delp and Loan 2000). Our hypothesis is that human-like movement will emerge when im-
itating locally captured human poses. To avoid interfering with the robot’s global task, the
desired poses will be used as attractor potentials operating in the null space of operational
tasks.

Let us consider the control of the robot’s posture to mimic a single pose attractor (e.g.
the upright pose in the previous example). Captured poses are represented in terms of joint

positions by the vector gpoge-



CHAPTER 4. POSTURE CONTROL 83

Definition 4.3.1 (Postural criteria ). The following potential function defines an error

function in joint space designed to imitate recorded poses

VP(QS) :H dp — Qdpose ||2 . (4.16)

|? is the Euclidean

Here g, is the vector of joint coordinates for posture control and || .

norm.

Definition 4.3.2 (Joint coordinates for posture control). The following vector rep-

resents a subset of joint positions assigned to control postural criteria
g C q. (4.17)

In turn, postural velocities are expressed as

quSb[%]7 (4.18)
q

where S, is a predefined posture selection matriz that acts like a Jacobian.

Definition 4.3.3 ( Prioritized postural Jacobian ). The following matrixz represents the

prioritized postural Jacobian with similar derivation than (3.14)

— S°NY, (4.19)

it
where N} is the null space matriz shown in (4.3) and

S, = SpSN; (4.20)
is the constrained postural Jacobian with similar derivation than (2.47).

Dynamics and Control

We first derive the equation of motion of postural coordinates by left-multiplying (3.15) by

the term S,A~!, leading to the following equation of motion

(0
ip+ SpATINT (b + g) + S, A T AL, [fl ::%A—%SNQT(FM,+FO, (4.21)
q
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where we have used the equality
) 0y
Gp = Sp [ i ] (4.22)

and the torque decomposition given in (4.4). We seek control solutions that yield linear

control of postural accelerations while operating in the task’s null-space as shown in (4.5).

Definition 4.3.4 (Prioritized inverse postural inertia). The following expression is
referred to as the prioritized inverse posture inertia

* * * g T
wit = Soe® St (4.23)

where ®* is the constrained projection of A~ shown in (2.42). In general the above inverse
inertia will not be full rank because g, is normally larger than the number of available DOFs

within the tasks’s residual redundancy, i.e.
rank(Sy,) > rank(N;). (4.24)

Although @;I ; does not have a strict physical meaning it will appear when formulating control

structures as an inertial term.

Theorem 4.3.1 ( Postural criteria-based control ). The following posture control vector
will yield optimal gradient descent of postural criteria

Cpie = Syt Fpjes (4.25)

where F,; is a posture control vector with the following expression

+ +
By = (@) g 45,4+ g, — (93,) 5,7 (SN,) T, (4.26)

Here ()% is the Moore-Penrose pseudo-inverse, ol

s a control policy implementing gra-
dient descent of postural criteria, and the following vectors are Coriolis/centrigural and

gravity terms

t .
D g

gy = ( ;‘t)+SpA_1NSTg. (4.28)

. |9
;\té( ;|t)+SPA_1NsTb+( ; )+SpA_1JsTAst [ b] 5 (427)
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Proof. Based on the above control terms, (4.21) becomes

.|
Gp + SpATINI (b + g) + S, A T AT, [ _b] =05 Foy + SpA7H(SNy) Ty, (4.29)
q

where we have used the following equality shown in Property (4.3.1)

1= Sp AT (SN)TST (4.30)

%
D

Because @;‘ , is normally not full rank, we consider its eigen-decomposition

UT
UT

where the U matrices are eigenvectors and ¥, is the matrix of non-zero eigenvalues. Here,

r 0

, 4.31
0 0 (4.31)

e G

the zero eigenvalues correspond to uncontrollable posture directions. The number of zero
eigenvalues is equal to the number of operational coordinates being controlled. Therefore,
the unitary matrix U, (the subscripts r and n mean rank and null respectively) reveals the
controllable directions where the posture operates. Based on the above eigen-decomposition

the pseudo-inverse of the posture inertia can be expressed as

( §|t)+ =U,%, U, (4.32)

Plugging this expression into (4.26) and using (4.25) into (4.29) we obtain the linear behavior

Ul (gp = a7t ) (4.33)
revealing that our controller linearizes the controllable posture directions while ignoring
other directions dominaiced by priority tasks. To obtain the above equation we have used
the equality 7, <<I>;| t) = U, U and the equality UZU, = I. In turn, plugging o/ will

result in optimal gradient descent. O

Property 4.3.1 (Alternative expression of (IDZ‘ . ). The inverse posture inertia defined

in (4.23) has the alternative expression given in (4.30).

Proof. Using the expression of S;\t given in (4.19), the property N;®* = ®*N,*T shown in

(A.15), and the property (N;)? = N; shown in (A.10) the following equality holds

i @* ST = Syt S T (4.34)
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Using the expression of S given in (4.20) and the expression of ®* given in (2.42) the above

expression becomes
SpSNSNATH(SN) ST (4.35)

Using the equality SN,SN, = N, given in (2.44), the equality N;A™' = A"'N.T given in
(2.27), and the property (N,)? = N, given in (2.26) the above expression becomes

SpAT (SNy) TSt (4.36)

which is equal to (4.30). O

Proposition 4.3.1 (Gradient descent control law). The following PD control law

implements postural gradient descent while providing a velocity saturation mechanism

a;ef = —ky (Q;D - vades) (437)
k;l? . Wmax
Wdes = _k_vvvzm Vy = nman (1, m) (4.38)

where v, is the saturation term, wmax 18 the mazimum allowable angular velocity, V'V, is
the gradient of V), with respect to qp,, and k, and k, are proportional and differential gains

respectively.

Proof. When applying this control law to (4.33), the posture will descend along the con-
trollable directions defined by UTTVV(qp), achieving optimal descent within the projection
hyper-plane defined by the directions U,. At the same time, this control law will result
in velocity saturation in the controllable directions according to the description given in
(3.43). O

4.3.2 Example 1: Upright Posture Attractor

Let us consider the control example shown in Figure 4.5 designed to mimic an upright
posture. The only acting task besides the posture is balance control. Based on the task
and posture control decomposition described in (4.4) we consider the following dual control
structure

I'=Teogn + Lyt (4.39)

where I'cognr is the torque term designed to control the horizontal COG as shown in Section
2.4 and I'y; is the posture torque structure. The upright pose shown in Figure 4.5 corre-

sponds to the desired pose reference gpose discussed in (4.16). In our example we use all
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joint coordinates to define the pose, therefore g, = ¢. To minimize the posture potential

we use the control law described in (4.37). The focus is now on the posture. The robot is
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Fral 4 ' ; ; ,
—3 _—
e
E 2 -
£
1
s
G0 eee————————
Zal 7
(@]
a .
3 L L L =1 L L
0 05 1 15 2 25
t[s]

Posture Energy

-

w

N

-

OSE EXPERIMENT

distance [rad]

o

o 05 1 15 2 25
t[s]

Figure 4.5: Upright pose attractor: In this experiment, the joint space distance to
a captured pose is minimized under gradient projection in posture space. The robot is
initially set on a crouched pose. Upon movement activation the robot’s body moves upwards
to minimize the posture potential. The data graphs depict the evolution of the posture
potential towards the captured pose and the evolution of the robot’s horizontal COG.

initially set on a crouched pose. Upon activating the posture controller, the body moves
upwards towards the reference pose. The posture energy is minimized within the limits
allowed by balance constraints. The minimum energy achieved is 0.1rad, a value very close
to zero, since the capture pose was balanced in first place. Using task and posture decom-
position we are able to maintain balance while minimizing the posture energy. The robot’s
horizontal COG is maintained at the center of the feet at all times despite postural mo-
tion. The maximum error on the COG is less than 0.5mm, demonstrating that the task is
completely decoupled from the posture. Posture velocity saturation can be observed in the
accompanying data graphs. A value wpax = 2rad/s has been used to saturate the angular

velocity. After reaching maximum velocity the energy decreases at a fixed rate.
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4.3.3 Example 2: Upright Posture Control with Contact Task

We consider the example shown in Figure 4.6 where the robot’s right hand is commanded
to maintain contact with the pallet’s jack while optimizing the robot’s pose. The robot’s
hand is controlled to stay at a fixed location, making contact with the pallet jack. The

whole-body controller has the structure
r= 1—‘(:ogH + Phand|cogH + Fp|t7 (4’40)

where I'yand|cogn cOrresponds to hand control acting with lower priority than balance control.

The starting pose has been chosen to be off-symmetry, with the upper torso leaning to the
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Figure 4.6: Upright pose under contact: Here, the robot’s right hand is controlled to
maintain contact with the pallet jack while the posture imitates the upright reference pose.
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left. Upon posture activation the robot’s body moves upwards to minimize the posture
potential. Although the starting posture was non-symmetrical, the final posture inherits
the symmetry of the reference pose. In the data graphs, we can see that both the hand
position and the COG’s horizontal position remain quasi static during movement execution

demonstrating the decoupled effect between tasks and posture.

4.3.4 Example 3: Posture Behavior with Interactive Task

We consider the example shown Figure 4.7) based on the same control structure as in
(4.40). This time however, the right hand is teleoperated in realtime to reach different
points around the reachable workspace. The hand moves over a large area, approaching the
ground at ¢t = 5s and reaching the highest position at ¢ = 12s. The posture potential is

optimized at all times minimizing the distance to the reference pose.

4.3.5 Example 4: Posture Switching To Optimize Reachable Workspace

We consider the example shown in Figure 4.8 where two poses are used as references and a
switching policy between poses is implemented. Using multiple poses allows us to use more
efficiently the reachable workspace while maintaining higher resemblance to human poses. In
Figure 4.8 two different experiments are shown side by side, one involving posture switching
and another one based on a single pose. The two reference poses correspond to the upright
pose an the crouching pose shown in Figure 4.4. The task consists on reaching the ball.
While the experiment shown on the right side of Figure 4.8 is implemented using a single
reference pose, the experiment on the left side is implemented using postural switching.

This last experiment is supported by the following posture potentials,

Vpose 1 :H q — Qupright Hza (441)
Vpose2 :H 4 — Qcrouching Hza (442)

where qupright and gerouching correspond to the reference poses. The controller structure is
= FCogH + I‘hands|cogH + Fp\t' (443)

The right and left hands are simultaneously controlled. The switching policy establishes
that the upright pose is used for reaching tasks below a given height and the crouching
pose is used otherwise. Initially the robot is standing up. The goal is to reach the ball at

ground level. When reaching down, the posture energy decreases until the pose resembles
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Figure 4.7: Posture behavior with interactive task: These images correspond to a
task and posture control example where the robot’s right hand is teleoperated to different

points around the workspace and the posture is used to minimize the distance an upright
pose.

the upright reference, however as the movement proceeds downwards the posture energy
increases again. At t = 4s the switching threshold is reached and as a result the crouching
pose is activated. Once more the posture energy decreases in its effort to imitate the new
pose.

On the right side, a similar experiment is shown based only on imitating the upright
pose, i.e. no switching policy between postures is implemented. As a result the posture
energy increases steadily departing from the reference pose.
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Figure 4.8: Posture switching: In this example, two reference poses are used for posture
control. Pose 1 is used for upper-body reaching tasks at heights above 0.5m, and pose 2 is

used for lower-body reaching tasks.
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Figure 4.9: Human effort: Plot showing human gravity effort compared against computed
null-space motion in posture space using the posture potential given in (4.44). The observed
final configuration, is 0.27 radians (15.5°) from the computed minimum.

4.3.6 Effort Minimization

In a recent paper we demonstrated that during reaching tasks, humans distribute gravity
torques over the various joints in a manner that is correlated with the available torque capac-
ity at each joint (Khatib, Warren, Desapio, and Sentis 2004). Based on this observation,
and past work from the biomechanics community (Anderson and Pandy 2001; Crownin-
shield and Brand 1981), we conjectured that postural motion involves the minimization of

a muscle effort potential, V,(¢q), with the following expression,

n

Volg) = > w 9:(0° (4.44)

2
=1 FB,‘ (q)

where g; is the gravity torque acting on joint ¢, I'p, is the muscle induced boundary torque
(upper or lower boundary depending on the sign of g;), and w; is an arbitrary weighting
term. We validated this potential in a simulated musculoskeletal model of the human body
suggesting a robust correlation between the recorded motion and the proposed postural
potential. In Figure 4.9 we show a captured human pose with the observed effort valued
compared against the computed minimum using the potential function given in (4.44). As
we can see, the final configuration of the real and simulated human are very close in value

(0.27 radians), validating the proposed effort potential.
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Based on these observations we have implemented gravity effort minimization for hu-
manoid posture control using similar control representations than in previous examples. In
fact, we also use the control structure described in 4.25 to minimize effort. However, the

!

: re . .
reference acceleration vector oy, ' is now determined based on an effort energy. We first

characterize the vector of gravity torques as

96(p, q)
9(q) = S g(zp,q) = : : (4.45)
In+6(Th, q)
where S is the actuation matrix given in (2.19) and g(b,q) is the vector of generalized

torques described in (2.4). This selection matrix removes components corresponding to

passive DOFs. Furthermore, we use the following simplified effort potential

Vo(9(a) =l 9(@) 1P="_ gi(0)*. (4.46)
k=1

To optimize the above potential we propose the following velocity saturated control law

ap = —ky (4 — Vowdes) (4.47)

- kp B . Wmax
Wes = —k—vvq‘/;,(g(q)), Uy = mm(l, T H), (4.48)

where Vqu(g(q)) is the gradient of the effort energy with respect to joint coordinates.
The gradient of the above effort potential can be further expressed using the following

decomposition

_ 0Vp(e) _ 0Vi(g(e)) dg(q)
qu}?(g(Q)) T 59(q) 7

where Jy,) = 9g(q)/dq is the Jacobian of the gravity torque vector. To determine the

= I ola), (4.49)

gravity Jacobian we use the following numerical approximation

g(@+Agq)—g(@) .. g1(an+Agn)—3(gn)
Aq1 Agn
Jo(q) = : : (4.50)
(@1 +Ag1)—gn(q1) . gn(@nt+Agn)—gn(gn)
Aqp Aqn

An alternative closed form expression of the above Jacobian can be found in (Baerlocher
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2001) and has the following expression

1o) 0
T = (%2 . o), (4.51)
with
99(q)
S = Jeos(C % 13) (4.52)

T
Here, Jeog is the Jacobian of the global COG as expressed in (2.52), G = (0 0 —9.81m/s? ]

is the gravity acceleration vector, and a; is the 3 x 1 unit axis of rotation (e.g. for a revolute

T
joint rotating on its y axis, a; = (0 1 O] ).

4.3.7 Example 1: Effort Minimization while Standing Up

We consider the example shown in Figure 4.10 illustrating the proposed effort minimization
method acting on our simulated humanoid. The simultaneous task and posture control
structure is expressed as

I' = Teognn + Ty (4.53)

where I'cogr is the torque that controls the horizontal components of the COG and I'y, is
the torque that controls the proposed effort posture according to the structures previously
discussed.

The humanoid is initially set on a crouched pose. Upon posture activation, the gradient
of the effort potential described in (4.46) is minimized using the control law (4.47) and
based on the control structure developed in (4.25). The following control parameters are
used in our example: wmax = 2rad/s, k, = 1000, and k, = 2\/1?1,.

In the data graph accompanying Figure 4.10 we can observe that the posture energy

descends at a moderate speed and reaches values close to zero.

4.3.8 Example 2: Effort Minimization with Interactive Task

We consider the example shown in Figure 4.11. This time, two operational tasks are con-
sidered consisting on controlling balance as well as the robot’s right hand. The torque

decomposition is characterized by the structure

I'= IWcogH + Phead|cogH + IWhand\head\cogH + Fp\ta (4'54)

where I'jcadjcogi COITesponds to the a head orientation task subject to the balance task and

IMand|head|cogtt €OrTEsponds to hand control subject to balance and head control. Posture
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Gravity Effort
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Figure 4.10: Effort minimization while standing up: This experiment validates the
proposed whole-body effort minimization technique. The posture descends the effort po-
tential until it reaches zero value.
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Figure 4.11: Effort minimization under hand control: Effort minimization is accom-
plished in the null-space balance and hand control. The robot’s right hand is teleoperated
to reach different points around the robot’s workspace.

control is achieved using the same strategy than in the previous example.
At t = 0 the humanoid starts from a crouched pose while the right hand is teleoperated

using the mouse. When posture control is activated, the robot’s posture minimizes effort
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energy. However, since the posture operates in the null-space of priority tasks, both COG
and hand control are first accomplished. The residual redundancy is therefore used to
minimize the effort. The data graph accompanying the figure show effort minimization
while controlling the desired priority tasks. Once more the maximum posture velocity is
Wmax = 2rad/s, the linear gain is k, = 1000 and the velocity gain is k, = 2\/1?1,.

4.4 Posture Stiffness Control

For tasks involving manipulation and locomotion behaviors, postural movement involves
the heaviest parts of the robot’s body, including the hips and the upper torso. In case of
accidental collisions these parts can inflict great damage to the surrounding environment.
Two aspects of the posture motion need to be controlled to provide maximum safety. First,
joint velocities and accelerations of postural motion need to be limited below dangerous
values. Second, the posture needs to be compliant upon external collisions without relying

on force sensing.

Joint Velocities

dg/dt [rad/s]

o)
(3

0 0.5 1.5 2

1
t [s]

Figure 4.12: Saturated joint velocities during effort minimization: This data graph
corresponds to joint velocities during the example shown in Figure 4.10.

Posture dynamics were characterized in (4.21) and a linearized control structure was

achieved in (4.33). We will exploit these structures to implement safety procedures.
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To limit maximum velocity and acceleration on the posture we propose using the fol-

lowing multi saturation control law first discussed in (3.47)

" = Vgaiges, (4.55)
Qges = —ky (Qp — Wy Wdes) ) Vg = min| 1, Jmar ) (4.56)
|| atdes||
_ & _ . Wmax
Wdes = 7 VVp(q), vy = min| 1, , (4.57)
Ky ||Wees |

where amay and wpay are the maximum allowable acceleration and velocity values respec-
tively, and v, and v, are saturation variables. When the acceleration component ages reaches
a value greater or equal to amax the controller saturates accelerations. However, because
posture control is linearized only within the controllable directions as shown in (4.33) the

saturation behavior takes only place in these directions, i.e.

UrT<|q.;D| < Whax ‘Wdes‘ >7 (458)
|lwdes||
.. aq
UTT<|qp| < Qpax | eS| >7 (459)
|| ovdes ||
where |.| is the vector of absolute values of the enclosed term, and ||.|| is the Euclidian norm.

Let us consider once more the example on effort minimization shown in Figure 4.10. We
set the following saturation values, wmax = 1rad/s and amymax = 5rad/ s2. The joint velocities
for the right leg and upper body are shown in Figure 4.12. As we can see the velocities stay
below the desired value and the accelerations are smooth. The highest values correspond
to knee and hip joints.

Posture compliance is achieved by choosing low postural gains in the control law given
in (4.55). In theory, the gains can be set as low as desired since we compensate for dynamic
effects. In practice, we need to chose these gains to reject modeling errors. However,
when comparing to inverse kinematic control methods our choice of gains is quite arbitrary
whereas in inverse kinematic methods gains need to be very high. Our simulator for instance

tolerates gains as low as k, = 20Nm/rad without loosing performance.

4.4.1 Examples: Response to Force Perturbations

We consider the example shown in Figure 4.13 involving mimicking an upright pose. The
control gain k), is set to a low value, 50Nm/rad. We apply external forces on the robot’s

head and on his hips. The applied linear forces are of 300N in magnitude on the direction
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pointed by the red arrows. As a result, the posture responds with high compliance, due to

External forces & (Il ( —— External forces

Posture gain:
k,=50Nm/rad

(1 (I {n

Figure 4.13: Posture stiffness control: This snapshots depict an actual experiment of
posture compliance under low postural gains. The applied external forces are shown as red
arrows.

the low stiffness gains. In fact, the whole-body behavior is compliant. When the applied

forces are in the horizontal direction, the upper body complies on the = direction. When
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the applied forces are in the vertical direction, the robot’s legs comply downward on the z

direction.



Chapter 5

Realtime Handling of Dynamic

Constraints

We will present here reactive control methods to handle dynamic constraints in rapidly
changing environments. When integrated into high level controllers or motion planners,
these methods will allow robots to respond autonomously to dynamic events without inter-
rupting the global task.

In control, a key problem concerns the combined interaction of high-level controllers
with reactive methods. To execute sophisticated tasks, a global controller should be able to
handle both local and global constraints. In this context, the goal of reactive controllers is
to create immediate response to fast changing events while the goal of high-level controllers
is to create a general behavioral response (emergent behaviors) or to find paths that achieve
the desired task goals (motion planning). The goal of this chapter is to present reactive
control methods to handle internal and external constraints during realtime interactions as
well as to explore the connection of reactive techniques with high level controllers. We will
focus on control methods to handle a variety of constraints including collision avoidance,
joint limit constraints, self-collision avoidance, and support constraints.

Though realtime movement generation under dynamic constraints has been thoroughly
studied in the context of mobile navigation, in humanoid systems this problem is starting
to receive much attention. The objective of this chapter will be to develop techniques to
handle dynamic events in humanoid systems. In the near future, coordinating reactive and
high-level controllers will allow humanoids to engage in sophisticated tasks such as operating
in tight spaces, walking among moving obstacles, and in general responding to a variety of

dynamic events.

101



CHAPTER 5. REALTIME HANDLING OF DYNAMIC CONSTRAINTS 102

The methods we will describe here are aimed to support the implementation of high level
controllers. For instance, our reactive techniques could support the creation of high level
behaviors that would respond autonomously to internal and external constraints. Moreover,
our control methods will provide the support to monitor task feasibility under all acting
constraints allowing controllers to change robot behavior at runtime.

In the area of motion planning our control methods will provide new capabilities. Pre-
vious work in our lab concerns the development of the elastic strip framework (Brock and
Khatib 2002), a dynamic planning method that can modify global paths in response to
dynamic events. Although in its current state the elastic strip framework works well for
mobile systems, it remains to extend it to humanoid systems where balance stability and
supporting contacts are an integral part of the movement. The methods we will describe
here will provide the necessary support to extend elastic strips to humanoids. For instance,
our methods could be used to project candidate paths in the robot’s posture space instead
of relying on direct joint space mappings, providing support consistency and precise control
of COG accelerations while tracking the desired paths. We will describe techniques that
when connected to elastic planners will allow controllers to deform candidate paths not only
in response to incoming objects but also in response to joint limits and self collisions.

With the methods we will describe here, whole-body control will be reduced to the
planning and control of a few operational points regarding locomotion and manipulation
tasks while balance stability, contact stance, and response to dynamic constraints will be
automatically handled through reactive techniques. Our methods will be based on potential
fields. For instance, collision avoidance will be implemented using repulsion fields while
joint limits avoidance will be implement using blocking attractors. Potential fields became
popular in robotics after it was proposed by (Khatib 1986).

As part of this chapter, we will discuss the role of balance constraints. In previous
chapters, manipulation and locomotion tasks were designed to operate in the null space of
COG controllers. To handle all acting constraints, we will further project operational tasks
in the combined null space of all acting constraints, thus preventing constraint violations.
In Chapters 2 and 3 we presented control methods that provided linear control of COG
accelerations. Linear control of COG accelerations will still be feasible in the presence of
multiple acting constraints. Whole-body motion generation under balance constraints has
been mostly studied as a planning problem (Kuffner et al. 2003; Hauser et al. 2006) or as
a purely locomotion problem (Harada et al. 2004; Kajita et al. 2003b). Our approach will
complement these methods by providing linear control of COG accelerations in the presence

of multiple acting constraints.
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Internal constraints such as self collision and joint limit avoidance are especially relevant
when generating goal-based behaviors. Our approach to handle self collisions will rely on
implementing repulsion fields on proximity points of nearby links, creating dual repulsion
forces on link pairs. In our current implementation, to compute efficiently distances between
link pairs we use a hierarchical sphere model (Ruspini and Khatib 1999) and apply Gilbert’s
efficient distance computation (Gilbert, Johnson, and Keerthi 1988). However, we are
currently replacing these algorithms with a more efficient library called SWIFT++ (Ehmann
and Lin 2000). Self collision constraints have been previously studied in the context of
motion validation (Kanehiro and Hirukawa 2001; Kuffner et al. 2002). However, our control
approach goes further ahead by providing support to modify the robot’s pose in response to
self collisions. When combined with local planners, our approach will provide the support
to modify candidate paths in response to unplanned self-collision events.

To handle joint limits, our approach will consist on locking joints before they hit their
limits. Strategies to handle joint limit constraints date back to (Liegois 1977). With the
implementation of visual servoing techniques, joint limit prevention has recently regained
importance (Espiau, Chaumette, and Rives 1992; Marchand and Hager 1998). Our methods
here will extend these approaches to operate in full humanoid systems, exploiting the overall
system redundancy. In contrast with previous methods, our approach will rely on enforc-
ing constraints as priority tasks while other operational tasks will operate in the residual
redundancy. This technique will prevent operational tasks from violating constraints and
will allow controllers to determine task feasibility under the acting constraints.

Collision constraints will be handled reactively via repulsion fields against incoming
obstacles. Avoidance techniques have been popular in the context of path relaxation (Krogh
1984; Buckley 1986; Brock and Khatib 2002), high level reactive control (Khatib 1986;
Brooks 1986), and collision free paths (Moravec 1980; Chatila 1981; Lozano-Perez 1983;
Latombe 1991; Laumond and Jacobs 1994). Our techniques will enhance and complement
previous reactive and non-reactive techniques.

This chapter is organized as follows. In Section 5.1 we will describe a novel control
structure to handle constraints reactively. This structure will extend our previous work
on multi-task control (see Chapter 3). In Section 5.2 we will characterized a variety of
internal and external constraints and propose techniques to handle them in realtime. A

large number of examples will be presented throughout the chapter.
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5.1 Control Structure to Handle Constraints

In this section we will develop control techniques to respond to dynamic constraints while
pursuing task goals. These techniques will be developed in the context of operational space
control extending the whole-body control framework described in previous chapters.

Humanoids are aimed at executing realtime manipulation and locomotion tasks in com-
plex environments, possibly with a high degree of autonomy. Operating in these environ-
ments entails responding to dynamic events such as moving obstacles and contact events
without interrupting the global task. For instance, to get into a car a humanoid needs to
handle a sequence of contact events while tracking a planned motion; balance stability and
hip placement need to be simultaneously controlled. These type of control scenarios require
control structures that can synthesize highly constrained movements. Our methods will
provide this support.

We will develop new control structures that will operate with the whole-body con-
trollers developed in previous chapters. Reactive response to movement constraints will
be addressed as an analytical problem, without involving offline computations. In contrast
with previous approaches, constraints will be handled as priority tasks, determining the

feasibility of other tasks and shaping the robot’s postural space.

5.1.1 Constraint Prioritization

Realtime response to motion constraints has been extensively addressed as a secondary
process. In contrast, our approach will consist on handling motion constraints as priority
processes and executing operational tasks in the null space of constrained tasks.

To illustrate our approach, let us consider the control example shown in Figure 5.1,
where the robot’s end-effector is commanded to move towards a target point. When no
constraints are active, the end-effector is controlled using operational space control (Khatib
1987), i.e.

T = JiacFrask, (5.1)

where I' is the vector of actuation torques, Fi,q is a control force to move the end-effector
towards the desired goal, and Ji,s is the end-effector’s Jacobian matrix. When the elbow
joint enters the activation zone (shown in red), we project the task in the constraint-
consistent motion manifold, decoupling the task from the constraint. At the same time, an
artificial attraction potential is implement to prevent the elbow from penetrating further

into the activation area. The simultaneous control of constraints and operational tasks is
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Figure 5.1: Joint limits control concept: In image (a), the robot’s end-effector has been
commanded to move towards a desired goal. The red area defines a joint limit activation
zone for the elbow joint. When this area is reached (b), a control approach is implemented
to block the elbow joint while pursuing the goal (c). Images (d) and (e) depict the attractor
potential used to block the elbow joint inside the activation area.

expressed as

T T
I'= JconstraintFCOHStraint + Jtask|thaSk\C7 (52)
where
A
Jtask|c = Jtask Neonstraint (53)

determines a constraint-consistent projection of the end-effector task (the subscript {task|c}

indicates that the task is projected within the null-space of the constraint),

A —
Nconstraint =71 -— Jconstraint Jconstraint (54)

is the dynamically-consistent null space matrix of the constraint Jacobian, Fronstraint 1S
the vector of blocking forces (in the example a 1D joint space torque) and will be soon

characterized, Jeonstraint 1S the Jacobian of the violating joint (in the example it would be a
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constant matrix with zeros in non-violating joints an a one in the elbow joint), Fi,g|c is the
vector of task forces operating in the constraint-consistent motion manifold, and Jeonstraint

is the dynamically consistent generalized inverse of the constraint Jacobian (Khatib 1987).
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Figure 5.2: Handling of joint limits on a humanoid: This sequence of images depicts
a robot reaching a target under joint limit constraints. In image (a), the robot’s right
hand is commanded to move towards the drill. In image (b), a constraint handling task
is activated to prevent the right elbow to reach its hardware limit. In turn, the reaching
task is projected into the null space of the constraint. In image (c), the robot reaches the
drill while complying with the elbow constraint. When a new hand command is issued, the
elbow joint is unlocked. A separate process is used to determine activation conditions.

Qelbow

When controlling full humanoids systems, the same prioritization principles than in (5.2)
are applied. For instance, we consider the whole-body behavior illustrated in Figure 5.2,

analogous to some manipulation behaviors presented in Chapter 3. The task decomposition

to execute this behavior is shown below
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Task Decomposition (Reaching a Drill)

Task Primitive DOFs Control Policy Priority level
Balance 2 (z — y plane) position 1
Gaze orientation 2 (L plane) position 2
Right hand control 6 hybrid 2
Whole-body posture n = number of joints position 3

Using the multitask decomposition presented in (3.30), the control structure to accomplish

the above behavior is

I'= (JgiancoFbalanCC> + (JtZst\p(2)F1taSkS|P(2)) + (Jp*()j;turos\p(3)FPOStureS|P(3))' (55)

Here the subscripts {task|p(priority)} indicate the task name and the priority order. In
addition, the prioritized Jacobians of the above equation have the form given in (3.14) and
the control forces have the form given in (3.26). Notice, that gaze and hand tasks operate
with the same priority level. Therefore, they are combined into a single macro task as
explained in (3.7) and (3.8). However, it would also be valid to control these two tasks with
different priority levels.

As shown in Figure 5.2, when the right arm reaches full stretch, the right elbow joint
enters the constraint activation zone. To prevent constraint violations, we project the entire
whole-body control structure shown above into the constraint-consistent motion manifold

while we lock violating joints according to the following control structure:

Proposition 5.1.1 ( Constraint-consistent whole-body control). The following con-
trol structure creates whole-body behaviors and provides a torque term to handle constraints

while preventing constraint violations

I'= (chzstraintFCOHStraint) + <Jb*£anCC|p(2)F balancom@)) + (Jtzgks\p(?))ﬂaskSIp(?)))"'

*T
< postures\p(4)Fpostures|p(4)>- (5.6)

Here, the subscripts {task|p(priority)} indicate the task name and the priority order. Notice
also that we have committed to a predetermined hierarchy where balance tasks are controlled
with lower priority than constraint-handling tasks, operational tasks are controlled with lower
priority than balance tasks, and postural tasks are projected into the residual redundancy.

The control forces Feonstraint Will be used to handle the acting constraints.
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Proof. The above control structure is an extension of the multi-task whole-body control
structure shown in Theorem 4.1.1. Therefore it provides linear control of all prioritized
tasks. The postural term above can be used to implement task based postures as shown in

Proposition 4.2.1 or criteria based postures as shown in Theorem 4.3.1. O

The above control structures will be used to handle a variety of constraints as will be
discussed in Section 5.2.

The main goal of projecting operational tasks into the constraint consistent null space is
not only to prevent constraint violations but also to provide the support to check behavior
feasibility under the acting constraints. Checking task feasibility allows controllers to change
behavior at runtime in response to dynamic constraints. Other methods to deal reactively
with dynamic constraints project avoidance criteria in the task’s null space, failing to prevent

constraint violations during conflicting scenarios.

5.1.2 Realtime Response to Dynamic Constraints

We consider here potential field techniques to handle dynamic constraints in realtime. For
example, let us analyze in more detail the joint limit behavior shown in Figure 5.2. When
the elbow joint enters the constraint activation area implement the control structure shown
in (5.6) and we apply blocking forces to stop the elbow joint inside the activation area.

To lock the joint we use attraction fields as shown in Figure 5.3. This potential can be

Vm nstraint anstraint

Blocking attractor Repulsion field
\JFconstraint

F constraint ‘
> Leonstraint }' Leonstraint

Blocked / Repelled
(a) (b)

Figure 5.3: Constraint handling potentials: Image (a) depicts an attraction field that is
used to lock joint limits when approaching hard limits, while image (b) depicts a repulsion
field that is used to avoid obstacles or self-collisions.

expressed using the following energy function

‘/z:onstraint :H QOlbow(t) — (blocked ”27 (57)
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where ¢epow represent the joint position of the elbow joint and gpjocked 1S the desired locked

position. Furthermore, the constraint Jacobian consists of a simple selection matrix, i.e.

Jeonstraint = [0 RS Ry o] (5.8)

where a 1 is placed to select the elbow joint, i.e.

elbow = Jeonstraint [ib] . (5.9)
Here 9, and ¢ are base and joint velocities as discussed in Chapter 2. In general, an arbi-
trary number of joint limit constraints can be handled by extending the previous potential
function to multiple joints.

When handling obstacles and self collisions we use repulsion fields. A repulsion field is
illustrated on image (b) of Figure 5.3. This potential can be expressed using the following

energy function
‘/constraint :H dobstacle(t) - dsafety ||27 (510)

where dgpstacle is the distance between the obstacle and the closest point on the robot’s

body and dgafety is a desired safety distance. The quantities are defined as follows

dobstaclo = Trobot — Lobstacles (5 1 1)
o dobstacle
dsafoty - Ksafoty Hdi (5 12)

M
obstacle ‘ |

where zop0t 18 the Cartesian space position of the closest point to the obstacle on the robot’s
body, Zobstacle 1S the position of the closest point on the obstacle, and Kgufety is a constant
gain determining a safety margin. Though we define the above distances as 3D vectors,
obstacle avoidance should be a 1D task acting on the direction of the distance vector. To
map a 3D task into 1D space we manipulate the Jacobian associated with the distance

VGC(OI’, i.e. Jrobota removing unnecessary Componenls, i.e.
constraint d n 0 robot ( . )

where Ry is a 3D rotation matrix between global frame and a frame aligned with the
distance vector, and S, is a 3 x 3 selection matrix that selects the components on the
normal direction. Although the constraint Jacobian has three rows, its rank is one. As

a result, when projecting constraint forces into actuation torques, only the perpendicular
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direction to the obstacle will be considered.

To respond reactively to dynamic constraints we construct constraint handling tasks
based on the above potentials. Handling constraints is therefore analogous to controlling
operational tasks.

The dynamically-compensated structure to control the acting constraint is

Fconstraint = AC\Sdzzr{straint + :u'c\s + pc\m (514)

where agsﬁstramt is the control policy to implement constraint potentials and will be described

in a few lines. The above controller will yield the desired linear behavior

.. _ref
Leonstraint = Qeonstraint* (5 15)

To implement the potentials shown in Figure 5.3 we use the velocity saturation control law

previously shown in (3.43), i.e.

azggstraint = —ky (j/’constraint — Wy Udcs)a (5.16)
k . (Y
Udes — k_pv‘/constraint s Vy = man <17 ﬁ)) (517)
v es

5.1.3 Constraint-Consistent Task Control

Given the projection of whole-body behaviors shown in (5.6) how do we control operational
tasks and postures given the acting constraints? Since constraints are handled via force
level tasks as shown in (5.14), they can be directly integrated into our multi-task control
framework described in (3.11) and (3.13).

Let us express the torque structure presented in (5.6) as

I' = Tconstraints + Fbalanco\p@) + Ftausks|p(3) + I‘posturos\p(4)7 (518)

where each term I, |p (priority) Teépresents the prioritized torque components shown in (3.11).
Therefore, to control each prioritized task we use the prioritized operational space control
structure presented in (3.20). For instance, based on the prioritized motion control struc-

ture shown in (3.26), balance under the acting constraints is controlled using the following
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structure

_ 7+T * f * *
I‘balancc|p(2) - Jb|p(2) < b\p(2)a£zealance + Fblp(2) +pb|p(2)_

Aap@) JbA_l (SNS) Trconstraints> 5 (519)

where we have used the abbreviation {b|p(2)} = {balance|p(2)}. This structure will accom-

plish the desired linear behavior

Zpalance = agi{ance- (520)
To control balance (normally Tpalance = ZcogH, i-€. the horizontal components of the robot’s
COG) we use the control coordinates shown in (2.88) and the control velocity and accel-
eration control laws shown in (3.47), (3.48), and (3.49). An important point here is that
although the overall torque control structure can change when constraints kick in, the feed-

f

back control law apcy,
disturbed.

Operational tasks besides balance control will be controlled using the control structure

is independent of the constraints and therefore balance will not be

_ 7T * ref * *
Ftasks\p(?)) - Jt|p(3) (Atp(i’)) Qi asks + 'ut|p(3) + pt|P(3)_

( :‘p(g) JtA_l(SNs) T(Fconstraints + I‘balauncc|p(2))> > (521)

where we have used the abbreviation {t|p(3)} = {tasks|p(3)}. Once more, the above struc-
ture will yield linear control of operational tasks. For instance, for the example described
in Figure 5.2 where the robot’s head and right hand are controlled as an aggregated task

as shown in Section 3.2.1, the above controller would result in the linear behavior

Fgaze = Qgedes (5.22)
Zhand = a£2{1d7 (5.23)

which has been accomplished using the aggregated acceleration vector, i.e.

ref aggge
At asks = ref . (524)
Ahand
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Finally, postures will be controlled using all available motion redundancy using the

structures presented in Proposition 4.2.1 and Theorem 4.1.1.

5.1.4 Task Feasibility Under Constraints

Constraint prioritization ensures that constraints are first accomplished and tasks operate
in the constraint’s redundant space. This projection provides the support to measure task
feasibility and can be used to change overall behavior in response to the acting constraints.

To measure task feasibility, we propose one of the following quantities; the condition
number of the prioritized Jacobian or the condition number of the inverse prioritized in-
ertia matrix. Considering the structure presented in (5.18) and the task control structure

presented in (5.21), task level condition numbers can be expressed as

o1 (‘]t*asks\p(?))) ( w1 > _ M (5.25)

fi( t*asks|p(3)> - W’ tasks|p(3) o (A:;SLS|p(3)> )

tasks|p(3)
where o1(.) and o,(.) are the first and last singular values of the enclosed term for an r-
dimensional task. Both of these operators become singular when the task becomes infeasible
under the acting constraints.
Furthermore, balance feasibility under the acting constraints should also be studied and
monitored. This can be done by computing the condition numbers of the corresponding

balance quantities, i.e.

o1 <AE;11ance|p(2)>

) K(AZ;l;nce\p(2)> = 02< - >

balance|p(2)

o1 <Jgalancelp(2))

*
o2 ( balancc|p(2))

“(Jgalancqp(z)) = (5.26)

Notice, that the balance task has two degrees of freedom, corresponding to the COG’s
horizontal coordinates.

An advantage of using the condition number of the inverse prioritized inertia over the
condition number of the prioritized Jacobian is that the former has only dimension r x r
where r is normally a small number, while the latter has dimension r x n where n is the
number of actuated joints. However, to choose the best among the two we conducted the
following experiment.

An example on task feasibility using our simulated humanoid robot Collabot is shown
in Figure 5.4. This experiment has been conducted using the task decomposition proposed

for the example of Figure 5.2. The robot’s goal is to reach the red sphere without violating



CHAPTER 5. REALTIME HANDLING OF DYNAMIC CONSTRAINTS

(@)

Elbow Joint Position

Condition Number A™

—Actual Position

Condition Number J

12 — Constrained
---=Joint Limit 2% | weeemdieeed ol e Unconstrained
05 = 10
8
< y 15 % o |
10 "
15 5| 3 - e
[ o] S—
0 2 3 0 1 2 3 4 0 1 2 3 4
t[s] t[s] t[s]
Hand Postion «1g° COG Horizontal Position
—x
_____ v
07 5
06 =
E05- = o}
N UAT
03 7 018
= SR P i 5
04 05 05 07 08 o8 022 2 3 4
y [m] t[s]

x [m]

113

Figure 5.4: Example on task feasibility: Collabot is commanded to reach the red sphere,
placed beyond the robot’s reachable workspace.
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joint limits. Hardware joint limits for the elbow joint are reached when the upper and
lower arm become aligned. The constraint activation zone is defined 0.5 rad before the
hard limit. The controller described in (5.5) is used when no joint limits are active and
the controller described in (5.6) is used when the constraint activation zone is reached. A
velocity saturation control law with maximum velocity equal to 0.2 m/s is used to control
the hand towards its goal.

The target point has been chosen in purpose to be out of reach and the behavior is not
designed to initiate walking steps. Initially, the robot’s right hand starts moving towards the
goal and quickly reaches the maximum allowable velocity of 0.2m/s. At ¢t = 2.5 s, the right
arm has reached maximum stretch and as a result a constraint handling task is activated.
Due to the action of the constraint, both the condition number of the constrained Jacobian
J:ask\p(?,) and the condition number of the prioritized inverse inertia matrix A:z;si(\p(?)) grow
rapidly towards infinity. We determine a cut off value for this last condition number equal
to 20, which has been empirically chosen. When this value is reached, we change the
command of the hand to stay at its current position. Notice that while the condition
numbers of the prioritized (i.e. constrained) quantities grow rapidly towards infinity, the
condition numbers of the corresponding unconstrained quantities stay within bounds. This
characteristic validates the propose condition numbers as measurements of task feasibility.
When the elbow joint reaches the constraint activation area at 0.57rad a constraint handling
task is activated to block the joint 0.05 rad inside. In the data graphs shown in Figure
5.4 we can observe that while the operational task is feasible its trajectory is completely
straight (due to dynamic decoupling), and when it becomes infeasible due to balance and
joint limit constraints it stops at its current position, several centimeters away from the
target. Also, notice that the COG’s horizontal position remains accurately centered with

submillimeter error.

5.2 Types of Constraints and Control Approaches

In a near future, humanoids will be required to respond in realtime to a variety of dy-
namic constraints characteristic of human environments. In this section, we will discuss
our approach to handle some important motion constraints including supporting contacts,

balance, joint limits, moving obstacles, and self collisions.
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5.2.1 Support Constraints

Supporting constraints were addressed in Chapter 2 assuming that the robot’s feet, and
in general any other part of the robot’s body used for support are constrained by ground
contacts. In Chapter 2 it was shown that to account for contact constraints we could

formulate the following acceleration level equality constraint previously shown in (2.16)

Vs =0 (5.27)
Js = 0. (5.28)

The impact of supporting constraint appeared first in the generalized equation of motion
given in (2.24). When we developed multi-task control on Equation (3.20), contact con-
straints where integrated at the kinematic and dynamic levels. In particular, the Jacobian
matrices of arbitrary tasks k where modified to integrate the contact constraints as well as
the passive joints describing the global position and orientation of the robot’s in space as
shown in (3.14).

These integration steps allowed us to project control structures directly in the space
compliant with contact supports. As a result the proposed controllers would automatically
assigned joint resources to accomplish the commanded accelerations while complying with
the acting supports.

Let us study the example shown in Figure 5.5. The two sequences shown are part of an
interactive posture behavior. Here Collabot is standing up with its right foot laying on top
of a pedestal. The goal is to control the posture while maintaining contact constraints. To

command interactively the robot’s posture we choose the following task decomposition,

Task Decomposition (Behavior with Foot on Pedestal)

Task Primitive DOFs Control Policy Priority level
Balance 2 (x — y plane) position 1
Gaze orientation 2 (L plane) position (goal-based) 2
Hip height 1 (z axis) position (teleoperated) 3
Hip orientation 3 position (teleoperated) 4
Chest rotation 1 (around z axis) position 5
Captured pose Narms = Number of arm joints position 6

Here the hip’s posture, which involves the control of the hip’s vertical height and orientation,
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Example (b)

Figure 5.5: Constrained behavior with foot on pedestal: These two sequences of
movement are part of an interactive posture behavior under arbitrary contact constraints.
The red sphere is an interactive point that is modified at runtime by an operator. Support
contacts are automatically handled as part of the control strategy
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is teleoperated in realtime by manipulating the position and orientation of the red sphere
shown in the figure. Vertical translations of the sphere will be translated into hip vertical
positions while rotations along the sphere axes will be translated into hip rotations. The
gaze is controlled to look at a fixed point in space. The torque actuation structure to

simultaneously accomplish all goals is

I' = I'batance +Pgaze|p(2) +PhipHeight\p(3) +Phip0ri\p(4) +FchestYaw\p(5) +ParmsPosture|p(6)7 (529)

where each priority task is controlled through the prioritized structure presented in (3.20).
As depicted in Figure 5.5, the desired operational and postural goals are accomplished
independently of the robot’s contact stance. This capability has been used throughout this

dissertation to synthesize realtime behavior in a variety of contact scenarios.

5.2.2 Balance Constraints

Humanoids must keep balance using a small area defined by the supporting feet and other
supporting contacts. The control of other operational tasks must be accomplished without
compromising balance. As such balance acts both as a task and as a constraint. As a
task, we are interested in determining whether balance can be maintained under the acting
constraints. As a constraint, we are interested in determining whether manipulation and
locomotion tasks can be accomplished without compromising balance stability.

To address these issues, our approach shown earlier in this chapter has been to create
a prioritized control structure where balance acts with lower priority than internal and
external constraints while other operational tasks and postures act with lower priority than

balance, i.e.

I' = Tconstraints + Fbalanco\p@) + Ptasks\p({i) + I‘posturos\p(4) (530)

This ordering allows controllers to monitor balance and task feasibility under the acting
constraints. Notice that this structure was already presented in (5.18). The control of

balance can be done using the control structure presented in (3.65).

5.2.3 Obstacle Avoidance

To provide the support to operate humanoids in human environments, we need to develop
control structures that can support the synthesis of avoidance behaviors. A great deal of
work has been focused on the development of obstacle avoidance techniques in the context
of both reactive and global control strategies (Maciejewski and Klein 1985; Khatib 1986;
Latombe 1999; Brock et al. 2002; Kuffner et al. 2003).
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Figure 5.6: Obstacle avoidance concept: When an incoming obstacle approaches the
robot’s body a repulsion field is applied to the closest point on the robot’s body. As a
result, a safety distance can be enforced to avoid the obstacle.

The control structures presented at the beginning of this chapter are designed to respond
quickly to incoming obstacles without interrupting the global task. Incoming obstacles can
strongly shape the robot’s free motion space. By implementing avoidance at the highest
level, we can measure task feasibility given constraining obstacles. To handle obstacles we
apply repulsion fields in the direction of the approaching objects as shown in Figure 5.6.
Repulsion fields can be applied to desired points on the robot’s body by using the control
structure described in (5.14) and the velocity saturation control law described in (5.16).

Let us consider the example shown in Figure 5.7. The only task considered is balance
stability, with no manipulation or locomotion tasks. The posture task is designed to imitate
an upright pose. The objective is to demonstrate the response of a robot to incoming objects.

A desired safety distance is set to 5em. The same value is used as a threshold to activate an
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Figure 5.7: Example on collision avoidance: An obstacle approaches the robot’s body
activating an avoidance task. The desired safety distance has been set to 5em. The safety
distance is approximately maintained while the error in balance remains very small.

avoidance task. When the obstacle crosses this threshold, the avoidance task is activated as
a priority task while balance and posture control tasks are projected in the null space of the
constraint. As we can observe, the desired safety distance is approximately maintained with

respect to the moving obstacle without affecting COG control. Moreover, posture control is
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also projected in the constraint’s residual space allowing the robot to optimize poses while
complying with the acting constraints.

A second example is shown in Figure 5.8. This time, not only balance stability and pos-
ture stance are actively controlled but also the robot’s right hand position is controlled. Ini-
tially, an obstacle approaches the robot’s head. Because there is enough available movement
redundancy both the avoidance and the hand task can be simultaneously accomplished.
However, when the obstacle approaches the robot’s right hand, its position cannot be main-
tained. Using the feasibility indexes presented in (5.25) we can monitor this condition and
remove hand control. The data graphs accompanying the figure depict the evolution of the
condition number of the constrained task inertia. When the obstacle approaches the hand,
this condition number grows rapidly towards infinity allowing the controller to remove the

conflicting task.

5.2.4 Joint Limit Constraints

Because the handling of joint limits was analyzed in detail at the beginning of this chapter, in
this section we will focus on two experiments involving goal-oriented control under multiple
joint limit constraints.

At the beginning of this chapter we reviewed techniques to handle elbow joint constraints
without interrupting the global task. As an extension, our approach to handle multiple joint
limits is to construct a multi-joint task with individual locks for the violating joints. Let us

define the joint position vector involving all violating joints, i.e.

qi
45
Qe = , (5.31)
di
where i, j, k, --- are violating joints. We define an attraction potential where each joint is

attracted to a locking position inside their activation areas, i.e.

2 (5.32)

‘/constraint :H qc — Qlock(i,5,k,...) |

where each violating joint has an associated lock position represented by the values gc(i ji,...)-
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Figure 5.8: Task feasibility under collision avoidance: In this sequence we depict an
obstacle approaching the robot’s hand when it is controlled to stay at a fixed location. As
a result, a constraint-handling task is activated, and the manipulation task is projected in
the constraint’s null space. In turn, the task’s condition number grows rapidly to infinity
prompting the controller to change task behavior.

The Jacobian corresponding to this multidimensional constraint is

0 - 1, -+ 0 - 0 - 0
0O -+ 0 -+ 1; -+ 0 - 0

, (5.33)
0 -+ 0 - 0 - 1 - 0

J constraint =
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which corresponds to a selection matrix selecting components corresponding to violating
joints. Using the control expression given in (5.14), the control law shown in (5.16), and
the prioritized structure shown in (5.18) we can simultaneously handle multiple joint limits
without interrupting the global task.

Let us study the example shown in Figure 5.9. The task consists once more on reaching
a desired position shown as a red sphere, this time placed at ground level. Hip joint limits
in Collabot are severe to prevent collisions between its bulky torso and its upper legs.
Therefore the goal at ground level cannot be reached. At t = 1 s, the left hip roll joint
is reached causing the controller to lock it. However, there is additional redundancy to
proceed with the task. At ¢t = 2.5 s the right hip pitch joint limit is reached and locked
simultaneously with the left hip roll joint. Almost, simultaneously at ¢ = 2.6 s the right
elbow joint-limit is reached. With the right hip pitch and left hip roll joints locked, the knees
cannot bend down. Therefore the task becomes unfeasible which is immediately reflected in
the condition number of the hand’s prioritized inverse inertia shown in the accompanying
data graph.

A second example is shown in Figure 5.10 where the task corresponds to looking at a
teleoperated point (shown as a red sphere). The two operational tasks here are to maintain
balance and to control the robot’s gaze. To maintain visual contact with the teleoperated
point the robot uses all available joint resources. When joint limits are encountered they are
locked and if there is additional movement redundancy the gaze task can still be controlled.
The data graphs correspond to the sequence (a) and (b) of the figure where the robot is
commanded to look downward. The head’s pitch joint is first reached at ¢t = 1s. However,
the task proceeds until the hip pitch joint limit is reached at t = 2.7s. When the teleoperated
point is further moved towards the robot’s body there is no more available redundancy
to continue looking. As a result the looking task becomes infeasible and the controller

automatically halts the behavior.

5.2.5 Self Collision Avoidance

Self collisions are especially important in humanoid systems due to their high degree of
mobility and anthropomorphic structure. Our approach to avoid self collisions is almost
identical to avoiding obstacles. A potential field is created to maintain a safety distance

between pairs of nearby links, i.e.

‘/constraint :” dsolfcollision - dsafety H2 . (534)
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Figure 5.9: Example involving multiple joint limit constraints: In this example,
Collabot is commanded to reach a desired point (sequence (a) and (b)). Image (c) corre-
sponds to the same posture as shown in image (b) but from a different perspective. The
red semicircles indicate the joints that are locked due to joint limit constraints. When the
body achieves its maximum stretch the right elbow joint, the right hip pitch joint, and the
left hip roll joint are locked to avoid reaching hard limits. As a result, the task becomes
unfeasible and the right hand control is halted.
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Figure 5.10: Example involving head orientation under joint limits: The red sphere

corresponds to a teleoperated point that the robot is commanded to look at. All available
joint resources are used to maintain sight of this point.
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This time the distance vector corresponds to closest points on separate links, i.e.

dselfeollision = TLlink(a) — Llink(b)> (535)

and the safety distance has identical form than for obstacle avoidance as shown in (5.11).
Similarly to the Jacobian employed in collision avoidance shown in (5.13), we define the self

collision Jacobian as
Jconstraint = ( ORd Sn dRO )Jdistancm (536)

where Jgistance is the Jacobian associated with the previous distance vector. Once more, we
rotate the 3D Jacobian of the distance vector to a frame that is aligned with the distance
vector and we remove tangential components. Therefore, self collision avoidance is a 1D
task, thought its Jacobian has 3 rows. An example on self collision avoidance is shown in
Figure 5.11. Here the right hand is teleoperated towards a position where the right arm
intersects the robot’s torso. A desired safety distance of 5em is set between the robot’s
upper arm and the torso. When the arm crosses this threshold the proposed self collision
avoidance task is activated. As a result the robot’s torso rotates counterclockwise to avoid

collision.
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Figure 5.11: Example on self collision avoidance: The robot’s right hand is teleoperated
towards a position where the right arm intersects the robot’s torso. The proposed self
collision avoidance task is activated and as a result the robot’s torso rotates counterclockwise
to avoid collision.



Chapter 6

Whole-Body Control of

Movements 1in Midair

Besides realizing movements involving supporting limbs in contact with the ground, we
expect humanoids to execute actions in midair during running and jumping behaviors or
while performing acrobatic tricks. The goal of this chapter is to develop control methods
to create movements in mid air. An example is shown in Figure 6.1 where a humanoid is
commanded to jump upwards and stretch its legs into a straddle.

Behaviors involving mid air stages are increasingly being sought, and may become an
important skill of humanoid systems. For instance, running is needed to provide fast loco-
motion means, intercepting objects in the air could be important for extreme interactions,
and jumping is needed to overcome obstacles in unstructured terrain. More sophisticated
acrobatic behaviors may involve all sorts of movements in the air, such as back flips, body
twists, or somersaults.

When the robot looses contact with the ground there are no reaction forces acting on
the robot’s feet that can provide support to control the global center of gravity. If the
robot’s COG is considered as an inertial frame of reference, we can consider that its angular
momentum is preserved in a weightless space while the COG draws a parabolic trajectory.
These effects are characteristic of free flying and free floating systems.

The study of free flying and free floating systems has received much attention since
the late 1980s with the advent of space robotics programs. Small spacecrafts with attached
manipulators have been envisioned, developed, and tested (Oda, Kibe, and Yamagata 1996).
In this context, several control frameworks have been proposed to control free-floating and

free-flying systems in space. In (Umetami and Yoshida 1989) the notion of free floating

127
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Passive DOF
attached to the
base (the hip link)

Figure 6.1: Straddle jump: This overlayed sequence taken from an actual simulated ex-
periment shows a jumping sequence with a straddle motion. The COG’s vertical trajectory
is directly controlled in tasks space to lift the robot’s body oboe the ground. Upon loosing
ground contact, a whole-body control strategy based on the methods we will discuss in this
chapter is implemented. The feet are commanded to stretch out horizontally in a straddle
and then to return to a landing position. Upon landing, the robot’s balance can be regained.

Jacobian, a Jacobian matrix that describes the instantaneous kinematics of the robot under
conservation of momenta, was introduced and later extended in (Nenchev, Umetami, and
Yoshida 1992). In (Papadopoulos and Dubowsky 1991) the dynamics of free-floating systems
were analyzed and torque controllers for space robots were proposed. In (Jain and Rodriguez
1993) fast algorithms for the computation of kinematic and dynamic quantities of under-
actuated systems were proposed. In (Russakov, Rock, and Khatib 1995) the operational
space formulation was extended to handle closed loop constraints in free-flying robots .

Other studies, have addressed the control of conventional manipulators with passive
DOFs. In (Arai and Tachi 1991) control of robots with passive DOF's in operational space
was studied, and later extended to contact tasks (Arai and Khatib 1994).

More relevant to our work, the study of legged robots that could run, trot, hop, even

execute somersaults was pioneered by (Raibert 1986) in the MIT Leg Lab. More recently,
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simulation and control of robots that can trot has been studied by (Palmer and Orin 2006).

In this chapter we will extend several of the reviewed techniques and develop a whole-
body control framework to simultaneously control multiple operational tasks as well as the
robot’s posture during movements in mid air.

During movements in midair, the robot’s center of gravity cannot be controlled, therefore
our whole-body control methods will be used to anticipate landing, intercept objects in the
air, and perform acrobatic tricks.

This chapter is organized as follows. In Section 6.1 we will review the basic equations of
motion and physics of robots in free space. In Section 6.2, we will characterize task kinematic
and dynamic representations in free space and extend the operational space formulation
(Khatib 1987) to free floating systems. In Section 6.3 we will develop prioritized controllers
to control multiple tasks and postures in free space. Finally, in Section 6.4 we will discuss

several examples.

6.1 Basic Equations of Motion and Physics of Free Space

While in mid air, conservation of angular momentum imposes dynamic constraints on the

robot’s motion that need to be characterized to develop whole-body controllers.

6.1.1 Joint Space Dynamics

We consider the jumping example shown in Figure 6.1. The base position and orientation

and the associated velocities are characterized by vectors

LL'b7
Ty = : , U= [Ub]7 (6.1)

Ty

as shown in (2.1) and (2.2). The dynamic behavior of the robot in free space is characterized

by the following equation of motion equivalent to (2.4) but with no reaction forces

9
N

q

+b+g=STT. (6.2)

where ¢ is the vector of joint coordinates, S is the actuation matrix shown in (2.19), and I is
the n x 1 vector of actuation torques. Moreover, A, b, and g correspond to the inertia matrix,
Coriolis/centrigural forces, and gravity forces of the free floating system respectively. It is

also convenient to characterize the dynamic behavior of actuated joints with respect to
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actuation torques which can be obtained by left-multiplying the above equation of motion

by the transpose of the dynamically weighted generalized inverse of S, defined further below.

Definition 6.1.1 (Free floating inertia matrix ). The following matriz determines the

inertial behavior of actuated joints
A 1oT)
A2 <5A— S ) . (6.3)

This matriz was first characterized in (Xu and Kanade 1992) and (Yoshida 1994) under

the name of generalized inertia matrix.

Lemma 6.1.1 (Dynamically consistent generalized inverse of S). A generalized
inverse of S that projects the equation of motion shown in (6.2) into actuated space is the

dynamically weighted generalized inverse of S with weight equal to A™', i.e.
S£A71sTAx (6.4)

Proof. Left multiplying (6.2) by the transpose of the above expression leads to the following
reduced equation of motion
A*G+ b +g* =T, (6.5)

where A* is the free floating inertia shown in (6.3), and

5™, (6.6)

Ty (6.7)

b*

*

g

I
W

are Coriolis/centrifugal and gravity terms respectively. Here we have used the equalities

i—S [0."], i=5 [0"] (6.8)
q q

Because this equation of motion characterizes the dynamic behavior of actuated joints with
respect to actuation torques, S corresponds to the dynamically consistent generalized inverse
of S. O
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Property 6.1.1 (Commutation of SS with respect to A~!). The following equalities
hold,

SSATLSTS" = A71sTS" = 55A~L. (6.9)
Proof. Using the expression of S given in (6.4) and the expression of A* given in (6.3) we

can write the following equations
SSATISTST = A1STA*(A*) LA*SA™ = A71STA*SA = A1STST.  (6.10)
The reciprocal can be demonstrated following similar steps. O

Let us also consider the following block decomposition of dynamic quantities,

Ay, Ay b
R R I ) B b , (6.11)
A Apr by 9r

where the subscripts containing b and r indicate passive and active (i.e. base and robot)

components, and the mixed subscripts correspond to coupling components.

Property 6.1.2 ( Alternative expressions of free floating quantities). The following

expressions are equivalent to the dynamic quantities shown in Equations (6.3), (6.6), and

(6.7)

A* = Ay — A Ayt Ay (6.12)
b* = b, — A Ayby (6.13)
g =g — ArbAb_blgb . (6.14)

Proof. The expression of A* will be demonstrated in (6.32). Using the expression of S given

in (6.1.2) it is straightforward to demonstrate the expressions of b* and g*. O

6.1.2 Analysis of the System’s Momentum

Characterizing the robot’s momentum in free space will reveal dependencies between base
and joint displacements. These kinematic dependencies will later be used to develop oper-
ational space controllers for movements in mid air. To study the system’s momentum let

us consider its Euler-Lagrangian representation, i.e.
d 0K (K —-U)

at (9,] (03,
q Jq

=STr, (6.15)
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where K and U correspond to kinetic and potential energy values respectively. To match
dimensions, the vector of base positions and orientations I, is assumed to be expressed
using Cartesian space positions and Euler angles. The kinetic energy of the system can be
expressed in terms of the system’s inertia as follows

1 (9,) "
K:—[”] A
214

19}’] . (6.16)
q

This allows us to split (6.15) into passive and actuated terms, i.e.

doK oK —-U)
@on,  om = (6.17)

%8@_[; - LKaq 9 _r. (6.18)
Since the inertia matrix A is independent of the robot’s position and orientation in space, the
partial derivative of the kinetic energy with respect to &; is equal to zero , i.e. 0K/0%, = 0.
On the other hand, the robot’s potential energy U is due to gravitational forces. The
partial derivative of U with respect to &; corresponds to the first six components (the base

components) of the gravity term g shown in (6.11), i.e.

ou

Developing the robot’s kinetic energy given in (6.16) we obtain the equality K =
19bT Ay + ¢T A0y + 19bT AprG + ¢A,rqG, which allows us to further transform (6.17) into
the equality

d( AV + Aprq)

7 + g, = 0. (6.20)

Integrating this equation reveals the system’s momentum, i.e.

t
AppUp + Aprq + / gydT = Linitial- (6.21)
0

where Lipitial is the initial angular momentum. The above expression allows us to write the

following dependency between base and joint velocities

t
Oy = —Ap Aprd + Ayl Linieial — Ayt [ godr. (6.22)
0
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6.1.3 Constrained Kinematics

The previous dependency between base and joint velocities will allow us to represent kine-
matic behavior of arbitrary points on the robot’s body as a function of joint velocities.
These representations will be used to develop operational space controllers as well as to
develop strategies to measure task feasibility under actuator commands. For an arbitrary

point x on the robot’s body, we consider the following velocity representation

i=J [ﬁf’] (6.23)
g

where J is the full task Jacobian. The following expression of J reveals the contribution
from the passive chain (the virtual joints describing the movement of the base) and the
actuated joints

J=(W 7). w2 o

I poo
Py, ] e RS, (6.24)

where V}, is a transformation matrix which maps angular movement of the base to linear
velocities at the task point (see discussion on macro/mini structures in Khatib 2004), J,
corresponds to displacements of actuated joints of the robot with respect to its base, pp .
corresponds to the distance vector between the task point and the robot’s base, py . is the
cross product operator associated with the position vector.

By replacing 9 in (6.23) by the constrained term of (6.22), we reveal the dependency

of task velocities with joint velocities, i.e.
. _A(;,IAbr .
T=J I qg+J

Using the decomposition given in (6.24) we can further express the above velocity as

— — t
AbblLinitial - Abbl fO gpdT

. (6.25)

i =J% + Toias, (6.26)

where
T & T, — Vi Ay Apy (6.27)

is referred to as the free floating Jacobian (Umetami and Yoshida 1989; Papadopoulos
and Dubowsky 1991) and will be further characterized below, and zp;,s corresponds to the
rightmost term of (6.25).
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Lemma 6.1.2 (Free floating Jacobian). The following expression is equivalent to the

free floating Jacobian given in (6.27)

J*=JS, (6.28)
where .
— —A A
S = b; b’”] , (6.29)

18 an alternative expression of the dynamically weighted generalized inverse of the selection
matriz S shown in (6.4).

Proof. Let us first proof that (6.29) is equal to (6.4). The inverse of the block expression of

A shown in (6.11) can be written in terms of Schur complements (Kailath et al. 2000) as

. A&l (I + AbrP_lArbAb_b1> —AbbAbrP_l
A = ) (6.30)
— P AL A p1
where
P& A, — A Ayt Ay, (6.31)

is the Schur complement of Ay,. As we can see

-1
A = (SA—lsT) - P, (6.32)
and therefore . .
G2 41gTa = | A AP o [ A An ] (6.33)
p1 I
O

Lemma 6.1.3 (Dynamically consistent generalized inverse of J*). The following

expression is a dynamically consistent generalized inverse of J*
T2 (AT TAR, (6.34)

where

A () (6.35)

is a projection in task space of the inverse free floating inertia (A*)~1.
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Proof. Because T will give us the correspondence between task torques and accelerations
as we will be show in (6.37) and it will also define the task’s null space behavior as we
will show in (6.45), we will refer to it as the dynamically consistent generalized inverse of
J*. O

The above kinematic representations will allow us to develop operational space con-
trollers for free space behaviors and to monitor task feasibility at runtime by studying the
singular values of J*. The singularities of J* will be very different from the singularities of
the full Jacobian because the full Jacobian reflects the contributions from both passive and
active DOFs. On the other hand the free floating Jacobian reflects the dependency of the
active DOFs on the passive DOFs.

6.2 Operational Space Control

Humanoids should be able to perform a variety of highly skilled tasks in mid air, such
as intercepting objects, jumping, or performing acrobatic movements. Our approach to
tackle these issues is once more to design whole-body controllers that can simultaneously
control multiple operational tasks as well as the robot’s posture while characterizing the

conservation of the system’s momentum.

6.2.1 Task Dynamics and Control

We consider an arbitrary task point z describing the coordinates of a desired part of the
robot’s body with the velocity representation given in (6.23). We can characterize the
task’s dynamic behavior in free space by left-multiplying (6.2) by the term JA™!, yielding

the following task space equation

(v
N
q

v v
where we have used the equality & = J [ b] +J [ b] .

+ JATY b4 g) = JATLSTT, (6.36)

q q
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Lemma 6.2.1 (Task dynamic behavior in free space). The following equation of

motion describes the behavior of the task in free space due to actuation torques
ANi+p+p =TT (6.37)
where A* is the inertial quantity defined in (6.35) and
AN TATID — AT T (6.38)
prEATATY (6.39)
are Coriolis/centrifugal and gravity terms.

Proof. The above equation of motion can be obtained by left-multiplying (6.36) by A*,

using the following alternative expression of 7T
T = A JALST. (6.40)

This last expression can be demonstrated by using the expression of T given in (6.34),
the expression of A* given in (6.3), the expression of J* given in (6.28), the property
SSA1 = A~1STS" shown in (6.9), and the property of generalized inverses SSS = S. O

Theorem 6.2.1 (Operational space motion control). The following torque vector

yields linear control of task accelerations during free floating movements
r— g7 (A*a"ef ot p*). (6.41)

Here a7 is a desired control policy in acceleration space.

Proof. Plugging the above expression in (6.37) and using the equality J*J* = I yields the
desired linear behavior
i=a"’. (6.42)

O

Residual Task Redundancy

To complete the proposed operational space formulation for free-flying behaviors let us char-
acterize the task’s residual redundancy. The task’s redundant behavior can be characterized

in torque space by adding an additional term with null effect on the task
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Theorem 6.2.2 (Whole-body control structure in free space). The following con-
trol structure provides linear control of task accelerations and defines the task’s residual
movement redundancy

r=JTF+N*TT,. (6.43)

Here,
F 2 ANa 4 p* 4 p* (6.44)

is a force level control vector appearing in (6.41), N* is the null space matriz of J* and I’y

1s an arbitrary torque vector acting in the null space.

Proof. While the term J*7F provides linear control of task accelerations as discussed in
Theorem 6.2.1, the above null space term provides no coupling effects between null space
torques and task space accelerations as we will show next. In turn, the vector I'g can be used
to control the robot’s postural behavior or additional operational tasks without interfering

with the primary task. O

Corollary 6.2.1 (Dynamically consistent null space matrix in free space). The

following null space matriz projects secondary control criteria into null task accelerations
N* & — J*J* (6.45)

Proof. Plugging the above expression into (6.43) and the resulting expression into (6.37)

yields the desired cancelation of terms. O

6.2.2 Task Feasibility

In Chapter 2 we studied task feasibility under supporting constraints. During free floating
movements the robot is not in contact with the ground, however the laws of physics impose
that the robot’s momentum is conserved imposing constraints in the overall movement.
Therefore, task feasibility during free floating behaviors can be determined by studying
the impact of momentum conservation into the task. Because we have characterized the
kinematic and dynamic quantities of the robot in free space, we can measure task feasibility
using the condition number of the free floating Jacobian J* or the condition number of
the inverse free floating inertia A*. In contrast, task feasibility cannot be measured using
the full Jacobian or the full inertia, because they do not reflect the impact of momentum
conservation. In particular A* will become singular when arbitrary actuation torques yield
zero task accelerations, while J* will become singular when task velocities cannot take

arbitrary values.
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Figure 6.2: Task feasibility in free space: The snapshots (a), (b), and (c) depict a
jumping behavior where positioning the legs forward becomes infeasible. When the robot
goes in free flying mode, the feet are controlled in cartesian space to stretch forward. When
the legs reach full stretch the task becomes unfeasible. The condition numbers of the free
floating (constrained) Jacobian and the inverse inertia reflect the singular behavior. The
condition number of the full (unconstrained) Jacobian and inverse inertia are also shown
for comparison. Their value remain within bounds.

The condition numbers of the free floating Jacobian and inverse inertia for an r—dimensional

task are shown below (J9) (A%)
NN 01 *\ A g1
K(J7) = o (J*) wA) = or(A*)

When the task becomes infeasible these condition numbers grow to infinity, giving us valu-

(6.46)

able information to monitor task feasibility and the support to modify behavior during

conflicting scenarios.
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An example demonstrating task feasibility is shown in Figure 6.2. Here, a simulated
jumping behavior is created and controlled using the proposed operational space control
structures. When the robot looses contact with the ground the feet are commanded to
stretch forward to an unreachable position. When the legs reach the maximum stretch the
task becomes infeasible. Monitoring task feasibility allows us to handle conflicting scenarios

at runtime.

6.3 Prioritized Multi-Task Control

As in ground based movements, free space behaviors require the simultaneous coordination

of multiple operational tasks and postures. An example is shown in Figure 6.3 where a

(b)

Figure 6.3: Multi task free floating behavior: This sequence depicts a control scenario
involving hitting a ball in mid air. Multiple tasks need to be simultaneously controlled in
the air to accomplish the desired action.
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hitting task in mid air has been implemented controlling the tasks shown in Table 6.1.
Here, feet position and orientation are controlled in preparation for landing, the robot’s
right hand is controlled to intercept the ball in mid air, joint limits are monitored and if
approached they locked, etc.

The goal of this section is to develop whole-body control structures that can handle
multiple tasks during free flying behaviors. Handling simultaneously operational tasks,
constraints, and postures will be once more our objective. To decouple high priority tasks
from lower priority tasks and to monitor task feasibility we will implement a prioritized

control strategy as we did in Chapter 3.

Task Decomposition (Volleyball Hit)

Task Primitive Coordinates DOFs Control Policy
Joint Limits joint positions variable locking attractor
Feet position and orientation of feet 6 x 2 feet position

Right Hand position and orientation of hand 6 position

Gaze head orientation 2 (L plane) position

Posture joint coordinates n = NumJoints optimal criterion

Table 6.1: Volleyball task decomposition.

6.3.1 Representations and control structures

In Table 6.2 we illustrate our choice of priorities for the previous volleyball hitting behavior.
This selection is determined according to the relative importance of each task. Joint limit
control is the highest priority task because it prevents damaging the robot’s body. Feet
control is next because it determines landing stability. Head orientation follows because
the robot’s vision system needs to track the ball before it can hit it. Hand position and
orientation control has been broken down into two parts with position control taking higher
priority than orientation control since the former is more relevant for hitting. The posture

has the lowest priority to access the available residual redundancy.
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Task Hierarchy (Volleyball Hit)

Task Primitive Priority Level

Joint limit lock

Feet position and orientation
Head orientation

Hand position

Hand orientation

S Ot e W NN

Posture (captured pose)

Table 6.2: Task hierarchy.

Constrained Kinematics
The full kinematic representation of an arbitrary task point k is
x
= ||, (6.47)
Tlr

where . , is a position representation of the task point and xy, , is an orientation represen-
tation. The instantaneous kinematics of arbitrary task points is expressed in terms of base

and joint velocities as

ip = Ji [é”] , (6.48)
g

where J, is the task Jacobian in task coordinates and ¥, and ¢ are base and joint velocities

respectively. Similarly to (6.26) we can represent arbitrary task velocities in free space as
Tr = Jgd + Tk bias, (6.49)

where
J;; = Ik — Vk,bAg;,lAbr- (6.50)

Here }, pias is a generalization of the bias term given in (6.26) and Jj, = [Vlab ka] is a

generalization of (6.24).
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Definition 6.3.1 (Free floating Jacobian of arbitrary points). The following kine-

matic representation is a generalization of the free floating Jacobian shown in (6.28)
Ji = Ji.S. (6.51)

Prioritization

Like in Chapter 3, we will develop here control structures based on null space projections.
Similarly to (3.11) we propose to use the following prioritized control structure to control

multiple tasks

N
F'=rIy+ I‘2|prcc(2) et I‘N\proc(N) - ZFMprCC(k)a (652)
k=1
where the subscript k|prec(k) is used to indicate that the k-th task operates in the null
space of all higher priority tasks.
Definition 6.3.2 (Prioritized torques). The following expression determines the pro-

jection of lower priority tasks into the null space of higher priority tasks

Fk|prec(k) £ NT (k;)rka (653)

prec

where Nprec(k) @5 the combined null space of all higher priority tasks (i.e. all preceding tasks)
to the k-th level.

Once more, we will be able to formulate a general operational space control structure
that will take the form

I= (Jl*TF1> + (J;IITF?II) ot (Jﬁ@rec(N)Fmpmc(N)), (6.54)

where the matrices JZ‘ prec(k) correspond to prioritized task Jacobians as will be defined in
(6.55), and the vectors Fjnec(k) correspond to control forces to control the k-th priority
task.

Definition 6.3.3 (Prioritized Jacobian). The following prioritized Jacobian is associ-
ated with the k-th priority task

* A x ATH
Jk|prcc(k) = Jk prec(k)’ (655)

where J}' is the constrained Jacobian associated with the k-th task as shown in (6.51) and

N;rec(k) is the prioritizing null space of all preceding tasks and will be characterized in (6.69).
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Task Dynamics and Control

We can derived task dynamics by left-multiplying (6.2) by the term JyA~!, where J; is the

full Jacobian of the k-th operational task yielding the following equation of motion

. (v . . Y
Ep— Jp [ .b] + S AT (b + g) = JrA 1ST<karec(k)+ > Fiprec(i))' (6.56)

q (i>0)A(i%k)
Here we have used the equality
i . [d
iv=Jdp | |+ | D (6.57)
q q

and we have decomposed the actuation torques into torques allocated to control the k-th

operational task and torques allocated to control all other operational tasks, i.e.
N N
Z Fi\prec(i) = ( I‘k\prec(k) + Z I‘i|prec(i)> : (658)
=1 (i>0)A(i#k)

Definition 6.3.4 ( Prioritized inertia). The following term is referred to as the priori-

tized inertia of the k-th priority task

. a(p oamyiger T 6.59
k|prec(k) — ( k|prcc(k)( ) k|prcc(k)> . ( . )

Theorem 6.3.1 (Prioritized operational space motion control). The following con-

trol vector yields linear control of accelerations for the k-th prioritized task

*T
Fk|prcc(l'c) = Jk|prcc(k)Fk|prCC(k)7 (660)

where Typrec(r) @8 the k-th component of the prioritized torque control structure shown in
(6.52), Jhiprec() i the prioritized Jacobian for the k-th task point discussed in (6.55), and

Fyiprec(k) 18 a vector of control forces that will be discussed in a few lines.



CHAPTER 6. WHOLE-BODY CONTROL OF MOVEMENTS IN MIDAIR 144

Proof. Based on the above control term, (6.56) becomes

1

. .| - x N
T — Jg [ qb] + JpA 1(b+g) = ( k|prcc(k)> Fk|prec(k)+

N

JkA_lsT Z Fi\prec(i)? (661)
(i>0)A(i#k)

where the term AZ‘ prec(k) is the inertial term defined in (6.59) whose inverse maps prioritized
forces into task accelerations and fulfill the following equality which can be demonstrated

in a similar way than we did in Property 3.2.1

-1
(AZ|prec(k)> - JkA_lSTJkﬁgrec(k)’ (662)
Under normal conditions Az|pmc(k) is full rank, and therefore the vector Fjjprec(r) yields

linear control of task accelerations and forces. O

Corollary 6.3.1 ( Prioritized motion control). The following control vector yields lin-

ear control of task accelerations

k—1
A Ak ref * * * —1qT
Fk‘|prCC(k) - Ak|prcc(k)ak + lu’k\proc(k) + pk\proc(k) - Ak|prec(k) JATS Z Fi\proc(i)' (663)
i=1

Here Fiyjprec(r) 5 the control force shown in (6.60), a’,;ef

s an acceleration-level control policy
for the k-th priority task, and the remaining dynamic quantities for the above equation have

the following expressions,

. %
* AN -1 *
Hilprec(k) = Ak|prcc(k)JkA b— Ak|prcc(k)‘]k [ g ] ’ (664)

pZ|prCC(k) 2 AZ\proc(k) JkA_lg‘ (665)

Proof. Tt is straightforward to verify that using the above expressions in (6.61) will yield
the linear behavior
iy = a) . (6.66)

O
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Corollary 6.3.2 (Prioritized multi-task control structure). The following control

structure yields linear control of accelerations of a set of N prioritized tasks

N
I'= (Jl*TF1> + (JQT?F2|1> R (Jjéﬂrcc(N)FNIPreC(N)) = Z Jlj\gmc(k)Fk\prec(k)- (667)
k=1

Proof. Using (6.60) we can further express (6.52) as the above aggregation of prioritized

operational space control structures. O

Recursive Redundancy

Null space projections impose that lower priority tasks do not introduce acceleration and
force components in higher priority tasks. Given Equation (6.56) this is equivalent to the
following condition

Vi e prec(k) J;ATLSTN*T ) =0 (6.68)

prec

Similarly than we did in Corollary 3.2.5 and without going into detail the following

corollary defines the recursive null space expression

Corollary 6.3.3 (Compact expression of N*

prec

*) ). The null space matriz that fulfills

the above set of constraints can be expressed using the following compact expression

k—1
;rec(k) =1- Z ']i|prcc(i) Jiﬂiprec(i)’ (669)
=1

Proof. The proof for this expression is analogous to the proofs used for Corollaries 3.2.3
and 3.2.5. O

Corollary 6.3.4 (Dynamically consistent generalized inverse of J];k'pmc(k)). The

following expression is the dynamically consistent generalized inverse of Jl:|prec(k)

* \—1 7T *
Jk‘|prcc(k) 2 (A ) Jk\proc(k)AMpreC(k)' (670)

Proof. The proof for the above expression is analogous to that given for Corollary 3.2.4. [

6.3.2 Task Feasibility

The constrained Jacobian J, l;k| prec(k) given in (6.55) or the constrained inertia matrix AZ‘ prec(k)

given in (6.59), reflect the impact of momenta conservation and prioritization and can be
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used to determine the feasibility of the operating tasks. To study task feasibility we study

their condition numbers, i.e.

||l>

(Japrec( >) i ( , > s (Azwprecu@))

T o _ rec A )
Ii( klp (k)> Jr(']lzlprec(k)> e ar <Az‘pre°(k))

where k(.) represents the condition number and o;(.) represents the i-th singular value of

(6.71)

the enclosed matrix.

6.3.3 Posture Dynamics and Control

During free flying behaviors the posture plays an important role in determining the overall
movement behavior. For instance, the posture determines landing stability or the optimal
orientation of the body during jumping and running behaviors. Posture control structures
for free space will be very similar to those of Chapter 4. In fact, whole-body control is
characterized once more using the prioritized expression given in Once more, the whole-

body control structure for free space movements will have the same form than in Theorem
4.1.1.

Theorem 6.3.2 (Whole-body prioritized control structure). The following control
structure for free space behaviors provides linear control of N prioritized tasks and defines

the postural space of motion

N
I'= Z Jl:\z;rec(k) Fk\proc(k) + Nt*TFposturca (672)
k=1
where,
N
* =1 Z k|prec(k) Jk\prec(k) (6.73)
k=1

1s the null-space of all prioritized tasks and can be derived using the recursive expression

presented in (6.69). Here, N} signifies the null space of all priority tasks.
Proof. The proof is analogous to that of Theorem 4.1.1. O
Once more, we will use the more compact notation
N

T'=2 Thjprecti) + Tpje = Tt + T (6.74)
k=1
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where
Tyt 2 N7 Tposture (6.75)

are torques operating in the task’s residual redundancy and will be used to control the
robot’s posture.
Task Based Postures

Here the objective is to control the position of postural DOFs as we described in Section
4.2 of Chapter 4. Postural dynamic behavior can be obtained by left-multiplying (6.2) by
the term JpA_1 where J, is the full Jacobian of the posture,

. v : . S
Zp — Jp [ qb] + J,A 1(b +9) = JpA 1ST(Fp\t + Z Pk\prec(k))7 (6.76)
k=1

where z,, is a set of postural DOFs and J,, is the associated Jacobian and we have used the

torque decomposition given in (6.74).

Proposition 6.3.1 ( Posture motion control). The following torque vector for free space

behaviors yields linear control of postural accelerations

N
*T * * * * —1¢oT
Ty = J)i] <Apta;ef + oy oy — A pATIS TS rkproc(k)>, (6.77)
k=1
where a;;ef is a joint feedback control policy for all postural DOFs, J;|t = Jy N{* is the

prioritized posture Jacobian discussed in (6.55),

-1
A% = <J;|t( R RAT ) , (6.78)
is a posture inertial term similar to (6.59), and ,u;| , and p;‘ , are Coriolis/centrifugal and

gravity terms with similar expressions than (6.64) and (6.65).

Proof. Because this controller is based on Corollary 6.3.1, it will yield the linear behavior
ji'posturc = a;ef. (679)

O
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Criteria based postures

To optimize postural criteria we first characterized the dynamic behavior in joint space.
Here, the posture coordinates are equal to all joint coordinates. For a set g, of postural
coordinates as described in Definition 4.3.2, posture dynamics can be obtained by left-
multiplying (6.2) by the term S,A~!, where S, is the posture selection matrix, yielding the

following joint space equation of motion
N
Gp+ SpA7 (b4 g) = S,A7LST (rmtc +)° rkpm(k)> . (6.80)
k=1

Definition 6.3.5 ( Prioritized postural Jacobian ). The following matrixz represents the

prioritized postural Jacobian with similar derivation than (6.55)

"= SENT, (6.81)
where N} is the null space matriz shown in (6.73) and

Sy =5,5 (6.82)

is the constrained postural Jacobian with similar derivation than (2.47).

Definition 6.3.6 ( Prioritized inverse postural inertia). The following expression is

referred to as the prioritized inverse posture inertia

* 2 g (AN TleT (6.83)

plt = “plt plt -

In general the above inverse inertia will not be full rank because g, is normally larger than

the number of available DOFs within the tasks’s residual redundancy.

Theorem 6.3.3 ( Postural criteria-based control ). The following posture control vector
for free space behaviors will yield optimal gradient descent of postural criteria
Fp\t — S*TFp|t7 (684)

plt

where F,; is a posture control vector with the following expression

+ +
* re * * * —1¢oT
Iy = ((I)plt> ot + Opje + Gpje — ((I)p\t> SpA S I (6.85)
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!

Here ()% is the Moore-Penrose pseudo-inverse, ay,” is a control policy implementing gra-

dient descent of postural criteria, and the following vectors are Coriolis/centrigural and

gravity terms
o = (@) 8,47, (6.86)
9;\t = (q>;|t)+spA_19- (6.87)

Proof. The proof for the above theorem is analogous to the proof for Theorem 4.3.1 of
Chapter 4 and therefore will yield the desired linear behavior in the controllable posture

directions, i.e.

Ul (sz = aref ) (6.88)

where U, is the basis of controllable directions in posture space and are determined through

the following eigen-decomposition
* + —1y7T
( ) = Ul (6.89)

O

Proposition 6.3.2 (Gradient descent control law). The following PD control law

implements postural gradient descent while providing a velocity saturation mechanism

ap = —ky (4p — Vowaes) (6.90)
kp . Wmax
Wdes = —k—UV%, vy = mm(l, oo ||> (6.91)

where v, is the saturation term, wmax 18 the mazimum allowable angular velocity, V'V, is
the gradient of V), with respect to q,, and k, and k, are proportional and differential gains

respectively.

Proof. The proof of the above proposition is analogous to that of Proposition 4.3.1. O
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6.4 Examples

6.4.1 Forward Jumping

We study the jumping behavior shown in Figure 6.4. To create this behavior we sequence a
collection of states corresponding to whole-body movements. Sequencing of movements is a

topic that will be discussed in the next chapter. A jumping behavior results from sequencing

Figure 6.4: Forward jumping behavior: These superimposed snapshots are taken from
an experiment on jumping. During the free flying phase, the whole-body controller proposed
in this chapter is implemented.

ground level movements and free space movements. When the robot is in contact with the
ground, reaction forces are used to provide balance stability and to push the body upwards.
To control ground-based movements we use the whole-body control structure given in (5.30)
of the previous chapter. The task decomposition associated with ground phases is shown

in the following table,
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Task Decomposition (Vertical Jump): Ground-Based Phases

Task Primitive Coordinates DOFs Priority  Control Policy
Joint Limits joint positions variable 1 locking attractor
COG Vertical COG(z) 1 2 trajectory

COG Horizontal COG(z,y) 2 3 position

Head head orientation 2 (L plane) 4 position

Upright posture hip orientation 2 5 position

Joint posture joint coordinates n = NumJoints 6 optimal criterion

This set of tasks is used to create movements involving crouching down and accelerating
the body upwards. To move the robot to a crouching pose the goal of the COG’s vertical
position is set to a predetermined value close to the ground, in our case 0.5m. To jump
forward, we command the COG to track an inclined trajectory at a speed equal to 1.7 m/s
with an elevation angle equal to 75° with respect to the ground plane. An upright posture
is implemented to keep the upper body vertical. On the other hand, in the free floating

phase we implement the following set of tasks

Task Decomposition (Vertical Jump): Free Floating Phases

Task Primitive  Coordinates DOFs Priority  Control Policy
Feet pos/ori 6 x 2 feet 1 position

Head head orientation 2 (L plane) 2 position

Upright posture hip orientation 2 3 position

Joint posture joint coordinates n = NumJoints 4 optimal criterion

Here the main task is to maintain the orientation of the feet horizontal to the ground and

to move the feet forward to gain stability upon landing. Although the position of the feet
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should depend on the estimated reaction forces upon landing and on the COG’s trajectory
in midair, here we choose them empirically. The above set of tasks is executed using the
whole-body control structure for free space movements described in (6.72).

Losing ground Torque Values

200l contac\ ‘—1 Stabilizing
'E i ?\ -ff' * r T N i
Z 200 1) \/ — hip yaw
g Bending down | ".' ‘Eﬁ hip roll
o -400r | hip pitch
o / :' Landing B k:,]pezl ¢
-600r Er:(éeer;dmg ’ | Free floating phase | — ankle pitch
-800} —ankle roll
0 0.5 1 1.5 2 25

time [s]

Figure 6.5: Torques values during jumping: Torque values corresponding to the robot’s
right leg during forward jumping.

The overall jumping behavior occurs by sequencing five different phases: (1) crouching
down, (2) accelerating upwards, (3) releasing the body into the air (4) preparing for landing,
and (5) gaining stability upon landing. Phases (1), (2) and (5) are ground based phases
and phases (3) and (4) are free floating phases. The events that trigger each phase are
the following. Phase (2) starts when the crouching down position is reached. Phase (3) is
triggered when the feet loose ground contact. Phase (4) is triggered when the body starts to
fall towards the ground. Phase (5) starts when the feet touch down. The resulting jumping
height (i.e. the COG’s maximum height) achieved using the previous sequence and COG
trajectory is 0.35m above the ground while the resulting jumping length is approximately
0.5m.

Torque values during the above jumping behavior are shown in Figure 6.5. The highest
torque values occur on the knees reaching peak values of more than 700 Nm. Peak values
for the ankle pitch joints are 200 Nm corresponding to the period when the body accelerates
upwards. The hip’s pitch joint reaches peak torques around 200 Nm upon landing.
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6.4.2 Kick in Mid Air

A similar jumping behavior is shown in Figure 6.6, but this time the robot’s right foot
is commanded to kick forward in midair. This action can be achieved by sequencing the
same movements than in forward jumping but commanding the robot’s right foot to move

forward 0.2m in mid air.

Figure 6.6: Jumping forward with kick: This forward jumping behavior involves kicking
in midair. The foot’s kicking position is provided at runtime with no previous trajectories
precomputed.

6.4.3 Twist’N’Jump

A third jumping behavior is shown in Figure 6.7, where the robot’s upper body is com-
manded to spin horizontally to create a twisting reaction moment. While accelerating the
body upwards, the chest’s yaw joint is accelerated counterclockwise. The set of tasks to

twist the chest during the phase corresponding to accelerate the body upwards is
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(a) ® (©

Figure 6.7: Twist ’'n’ jump behavior: This behavior is similar to a vertical jump but
with an additional spin of the chest to create a twisting movement.

Task Decomposition (Twist ‘N’ Jump): Accelerating Body Upwards

Task Primitive Coordinates DOFss Priority  Control Policy
Joint Limits joint positions variable 1 locking attractor
COG Vertical COG(z) 1 2 trajectory

COG Horizontal COG(z,y) 2 3 position

Head head orientation 2 (L plane) 4 position

Upright posture  hip ori 2 5 position

Twist posture chest joint 1 6 position

Joint posture joint coordinates n = NumJoints 7 captured pose




Chapter 7

Realtime Synthesis of Whole-Body

Behaviors

In this chapter we will develop tools for the composition and sequencing of whole-body
behaviors, representing a first step towards the design of a high-level behavioral platform
for humanoid systems.

A great deal of work has been focused on the areas of behavior-based control (Brooks
et al. 2004) and motion planning (Latombe 1999), addressing a variety of mobile robotic
platforms. However, research on humanoid systems has been mostly focused on low-level
controllers (Sentis and Khatib 2006; Kajita et al. 2003a; Fujimoto and Kawamura 1996), in
part due to the difficulty of creating complex behaviors while maintaining balance stability
and while complying with joint limit and self collision constraints. The control methods
presented throughout this dissertation open new opportunities to create emergent behaviors
in humanoid systems. In particular, our methods are capable of executing arbitrary control
objectives (both at the contact and non-contact levels) while maintaining balance stability
and while responding to dynamic events. The next logical step is to connect our controllers
to perception and decision systems. However, a direct connection between execution and
behavioral layers is not obvious. The goal of this chapter is to develop behavioral entities
to interface these two layers.

While the main task of an execution layer is to create torque commands to accomplish
desired control objectives, the task of a behavioral layer is to sense the environment and
coordinate sets of actions to create desired responses. Much work has been focused on
the synthesis of autonomous behaviors. In (Brooks et al. 2004) the synthesis of emergent

behaviors as the coordinated action of distributed processes is addressed. In (Arkin 1998)

155
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motor schemas are proposed as the basic units of action concurrently operating to control
the overall behavioral response. The goal of this chapter is to develop novel control entities
to support the implementation of emergent behaviors in humanoid systems.

At the execution level, our operating engine is the whole-body control framework de-
scribed in previous chapters. To support the creation of low-level tasks we will create new
software abstractions called control primitives. Control primitives are entities that define
task representations and control policies. However, control primitives are not based on pre-
defined goals or trajectories. Instead, task goals can be provided at runtime as part of the
emergent behavior.

To support the creation of whole-body behaviors we will define new entities called whole-
body behaviors which consist on sequences of actions accomplished by executing sets of
control objectives. For instance, a whole-body behavior designed to sit down on a chair will
involve placing the hands on the arms for support, lowering the hip to make contact with
the seat, and resting the back on the seat support, where each of these actions is defined as
a unique set of objectives.

Whole-body behaviors are therefore self-coordinated modules that can execute a specific
action given the appropriate goals. In Figure 7.1 we show a control diagram involving
execution and behavioral layers connected through an action layer which embodies a library
of whole-body behaviors.

While research on autonomous navigation for mobile platforms and legged robots has
make impressive progress in recent times, tackling high dimensional problems such as the
realtime generation of manipulation and locomotion behaviors in humanoids systems is
an unsolved problem. Not only the system’s state is very large but controllers have to
cope with arbitrary supporting contacts, balance stability, and internal constraints. To
tackle this problem the action layer we will discuss here will be aimed at reducing the
dimensionality of the control problem as well as at handling arbitrary contacts and internal
constraints without the necessity to plan the global task. For this layer we will define
action units called whole-body behaviors responsible for characterizing task decomposition
and movement sequencing. Therefore, the action layer will embody a library of whole-
body behaviors that can be instantiated and coordinated by a high level controller. As an
example, walking or pushing behaviors would be defined as part of the action layer.

This chapter is organized as follows. In Section 7.1 we will describe the composition
and instantiation of control primitives for the creation of low-level tasks. In Section 7.2 we

will describe the mechanisms of the action layer in the form of whole-body behaviors.
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Figure 7.1: Connection between behavior and execution layers: The execution layer
operates at fast rates with the objective of executing low-level tasks. The behavioral layer
operates at low speeds sensing the environment and determining the whole-body behaviors
necessary to accomplish a global task. To interface these two layers, we define an action
layer which is responsible for providing access to whole-body behavioral entities. These
entities are meant to serve as the main units of action orchestrated by the behavioral layer.
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7.1 Composition and Instantiation of Low-Level Behaviors

To facilitate the creation of whole-body behaviors it is our objective here to provide support-
ing entities to create and instantiate low-level tasks as part of the composition of whole-body
behaviors. These entities represent a direct mapping between desired objectives and motor
commands.

In Figure 7.2 we depict our implementation of the execution layer. The centerpiece of
this diagram is the whole-body controller described in previous chapters which has been

designed to execute sets of tasks and to monitor task feasibility. To create new tasks, we
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Figure 7.2: Execution layer: The centerpiece of this layer is the whole-body controller
described in previous chapters. The definition and instantiation of low-level behaviors is
supported by abstract entities called control primitives.

define control primitives that characterize task representation and control policies. The
instantiation of control primitives leads to the creation of low-level behaviors associated

with specific body parts (i.e. task points).

7.1.1 Control Primitives

Control primitives are software abstractions that support the creation of low-level tasks.
These abstractions encapsulate task representation and control policies, serving as basic

units of control. To support the implementation of control primitives we define software
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Figure 7.3: Control primitives: This figure shows software interfaces designed to create
a variety of control primitives.

interfaces associated with the different types of tasks, as shown in Figure 7.3. Three inter-
faces are shown here: an interface to implement constraint-handling tasks, an interface to
implement operational tasks, and an interface to implement postural tasks.

Control primitives are created as part of the description of whole-body behaviors, en-
capsulating the representation and functionality of different body parts. However, specific
goals and control parameters do not need to be pre-programmed. Instead this information
can be passed by the sensory layer at runtime. Using similar modules we have built an
extensive library of control primitives to address the control of different body parts. Some

of them are shown in Table 7.1.

7.1.2 Task Creation

Task creation is the process of instantiating control primitives and assigning control pa-
rameters. In Figure 7.4 we illustrate a whole-body multi-contact behavior and the task
structures associated with it.

The instantiation of low-level tasks involves creating task objects and passing associated

control parameters. For instance, to instantiate a hand position control task we execute the
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Library of control primitives and their function

Control primitive Function Category

Joint limits avoidance Locks violating joints Constraint
Obstacle avoidance Keeps safety distance Constraint

Static balance Controls COG position Balance
Dynamic balance Controls ZMP position Balance

Position control Controls arbitrary task positions Operational Task
Orientation control Controls arbitrary task orientations Operational Task
Hybrid force/position control Controls arbitrary force/position Operational Task
Imitate captured pose Imitates captured poses Posture
Minimize effort Minimizes torque effort Posture

Table 7.1: Library of control primitives: In this table we list some control primitives
we have created to support the creation of whole-body behaviors.

following C++ statements

PositionPrimitive* handTask;

handTask = new PositionPrimitive( robotModel, "right-hand");

Here, PositionPrimitive is an abstraction that encapsulates position representations of
arbitrary parts and PD control policies of desired position commands. A class structure is
associated with this primitive, containing a constructor that takes as input the robot model
and the desired body part to be controlled. The robot model is characterized by the UML
diagram shown in Figure 7.5.

After instantiating a task, the next step is to pass desired control parameters. For
instance, to use the PD control law with velocity and acceleration saturation described in
Equations (3.47) and (3.48) we pass the following parameters: k, = 400s~2 for the control
gain, v, = 0.5m/s for the velocity saturation value, and v, = 3m/s? for the acceleration
saturation value. This can be done by accessing the task interfaces described in Figure 7.3,

i.e.
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Figure 7.4: Task decomposition: We depict here a decomposition into low-level tasks
of a whole-body multi-contact behavior. Each low-level task needs to be instantiated and
controlled individually as part of the whole-body behavior.

handTask—maxVelocity(0.5);
handTask—maxAcceleration(3);

handTask—gain(400) ;

We also need to pass the desired task goal. For instance, if the goal is a teleoperated point

we make the following calls

PrVector opGoal = worldModel—teleoperatedPoint();
handTask—goal (opGoal) ;

Here PrVector is an algebraic vectorial abstraction defined in our math library and worldModel
is a pointer to a software module created to describe the robot’s environment. In the above

case, a haptic device is used to command desired hand positions with respect to a global
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Figure 7.5: Robot model: UML class diagram describing robot kinematic and dynamic
representations. The robot model provides access to kinematic and dynamic quantities
both in joint and task spaces. It also contains a branching representation to compute these
quantities recursively based on efficient kinematic and dynamic algorithms.

frame of reference. To finalize the instantiation of the task, we also need to indicate the
desired priority level with respect to other operating tasks. This ordering will allow the
controller to create prioritized control structures based on the algorithms we described in

previous chapters. To indicate the priority we make the following call
handTask—priorityLevel(level) ;

We assign priorities based on the relative importance of each task with respect to the oth-
ers. In general we divide primitives into different categories, each emphasizing its relative
importance with respect to other categories. For instance, we consider the clustering of
tasks shown in Figure 7.6 listed in decreasing order: (1) constraint handling primitives, (2)
balance primitives, (3) operational primitives, and (4) posture primitives.

At every servo loop we update task representations and low-level controllers by making
the following call

handTask—update() ;

which in turn executes the following calculations,
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Figure 7.6: Relative importance of task categories: The above categories indicate
the relative importance between tasks and are used to assign control priorities. The left
most category has the highest priority since constraint-handling tasks ensure that the robot
structure and the surrounding environment are not damage, while the right most category
corresponds to the lowest priority level associated with the execution of postures.

void positionPrimitive::update() {
calculateTaskState();
calculateJacobian();
calculateTaskDynamics();
calculateControlRef ();
}s
In other words, it updates kinematic, dynamic, and control quantities of the task and
calculates the control policy using the function calculateControlRef (). For the previous
PD position control law with velocity saturation, the following control reference at the

acceleration level is computed

ref __
Ay ohd — Valdes,

. . a
ades = —ky (w — Wy Udes) ) Vg = mm<1, Han;aXH >7
es
Vdes = @V($ - 1) vy = man| 1 Umax
es kv goal ) » v ) ||Udes|| .

Here z is the right hand task coordinate computed with the robot model shown in Fig-
ure 7.5, and xgoa1 is the desired teleoperated goal obtained from the world model previously
described.
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7.1.3 Task Execution

While control primitives encapsulate task representation and control policies, the main task
of the servo loop in the execution layer (see Figure 7.1) is to calculate control torques of
all operating tasks and aggregate them together to create the desired whole-body behavior.

To execute each task the following calls are made

handTask— jacobian(jacobian) ;
handTask—dynamicQuantities(inertia, ccForces, gravityForces);
handTask—priorityLevel(level);

handTask—controlRef (refAccel);

Here, kinematic and dynamic quantities are first obtained from the task primitive at hand,
and the associated control policy is used to obtained the desired acceleration reference. For
instance, for the previous hand position task where the priority level is equal to 3 according
to the category ordering shown in Figure 7.6, the associated torque control vector as shown

in the torque expression (5.6) is

Diasks|p(3) = Jﬁgﬁd\p(g) (Aikland\p(g) aped )+ Hhandjp(3) T pikland\p(?)))’ (7.1)

where the subscript {hand|p(3)} means that the hand task is controlled provided that
balance and the acting constraints are first fulfilled and aﬁi{ld is the acceleration reference
for right hand control based on the previous PD control law implementing velocity and
acceleration saturation.

In general, when a set of low-level tasks are controlled as part of a whole-body behavior,

the execution layer will produce the following torque output

I'= (chzstraintFCOHStraint) + <Jb*£anCC|p(2)F balancom@)) + (Jtzgks\p(?))ﬂaskSIp(?)))"'

T
< postures|p(4) Fpostures|p(4)> ’ (72)

where each task will be instantiated and used as an individual object as we did for the
previous hand task.
7.2 Composition and Instantiation of Whole-Body Behaviors

We will develop here computational entities for the composition and creation of whole-body

behaviors. When properly coordinated, these entities will serve as the main units of action
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of a high level controller.
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Figure 7.7: Operation of the movement layer: The centerpiece of this layer is a repre-
sentation of whole-body behaviors as sequences of actions implementing different movement

phases.
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If the goal of the previous section was to abstract the representation of low-level tasks,
the goal of this section is to abstract the representation of whole-body behaviors. This level
of abstraction is aimed at providing meaningful units of action that encapsulate task decom-
position and movement sequencing. Whole-body behaviors allow us to define, aggregate,
and sequence collections of tasks into single units of action.

In Figure 7.1 we illustrate the operation of the action layer. This layer defines whole-
body behavior representations. A whole-body behavior is a sequence of goal-oriented actions
coordinated to achieve a global behavior. For instance, the volleyball jumping behavior
depicted in the previous figure consists on five unique movement phases: (1) stand-up,
(2) move the hip down, (3) accelerate the hip upwards, (4) hit the target, (5) prepare to
land, and go back to standing up (1). Transitions between movements are predetermined
and triggered by sensory events. Action primitives encapsulate task decomposition and
coordination. For instance, a primitive used to accelerate the robot’s body upwards as in
the previous example would involve simultaneously coordinating balance, hand position and

orientation, head control, and posture control.

7.2.1 Action Primitives

An action primitive is an abstraction that encapsulates task decomposition and coordina-

tion. For instance, the primitive shown in the table below is used to create the previous

Action Primitive (Jumping Movement)

Control Primitive Priority Level Control Parameters
Obstacle Avoidance 1 (dsafo = 0.1m, k, = 800, Vyax = 2m/s)

Tgoal = Ceet kp = 1000)

Static balance
Hip height Tgoal = N, Vmax = N, kp = 400)
Head orientation Ggoal = Uball, kp = 100, Umax = 27rad/ s)
Right hand position

Right hand orientation Ggoal = N, Wgoal = 271ad/S, kp = 100)
Upper-body orientation ®goal = Uupright» Wgoal = Trad/s, ky = 100)

@arm = Qhuman, kp = 100)

=k R W W w1

(
(
(
(Tgoal = in, Tgot = in, kp = in)
(
(
(

R/L arm posture

jumping behavior. Here, dg. stands for a safety threshold to arbitrary obstacles, Cheet
represents the center of the feet supporting polygon, .y is the direction of sight towards

the ball, typright is an upright orientation vector, Qnuman is a captured human pose, and
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the symbol in means an input parameter provided at runtime by the sensory layer.

RESULTING MOVEMENTS

v

INPUT PARAMETERS
Standing up
ACTION PRIMITIVE
(Hip movements)
d)goa,(head) } Task Priority Level

/

Obstacle avoidance 1
"Egoal (hip) Static balance 2
. Hip height 3
Lyoal (hip) Head orientation 3 Hip down
Right hand position 3
Right hand orientation 3
wgoal (hand) : Upper body orientation 4
Left/right arm posture 4
d) hand)
goal (
Hip up

Figure 7.8: Instantiation of movements: By providing different input parameters we
synthesize different type of movements at runtime.

In fact, action primitives serve as platforms to implement a variety of movements de-
pending on the desired goals as shown in Figure 7.8.

7.2.2 Whole-Body Behaviors

We create whole-body behaviors by sequencing action primitives. With the proper se-
quencing and goals, the desired behavior emerges. For instance, let us consider the two
movements shown in Figure 7.9 which are part of the jumping behavior shown in Figure
7.7. To accelerate the hip upwards we use an action primitive that involves the control
of the hip’s vertical position as part of the overall movement. When the knees reach full

stretch, the next phase is triggered loading a new action to hit the ball in mid air. This
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Figure 7.9: Action sequencing: This figure illustrates two actions used to create a jumping
behavior. Initially an action primitive to accelerate the hip upwards is used. When the knees
are fully stretched, a new action is loaded to control the body in mid air.

second action implements control of the robot’s right hand. The goals to accelerate the hip

upwards and to hit the ball in mid air are provided at runtime by the sensory layer.

7.2.3 Behavior Feasibility

In previous chapters we discussed behavior feasibility and proposed metrics to measure it.
For instance, when jumping in the previous example the task becomes infeasible if joint
limits are reached while accelerating the body upwards. To modify the robot’s behavior in
case of conflicting situations such as the previous one we create additional safety procedures.

For instance, in Figure 7.10 we illustrate a more elaborated state machine where safety
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Figure 7.10: Handling of infeasible tasks: The two upper actions in the above figure
are equivalent to the actions described in Figure 7.9. However, an additional state is added

to handle conflicting scenarios where joint limits on the knees are reached while moving
upwards.

actions are implemented to land safely in case of conflict.



Chapter 8
Concluding Remarks

Throughout this dissertation we have developed a whole-body control framework and sup-
porting behavioral entities for the realtime synthesis of complex behaviors in humanoid
systems. In this final chapter we will discuss some of the key points of our work and

provide concluding remarks.

8.1 Summary of Results and Contributions

Looking back, we have addressed several key areas on control of humanoid systems. We
extended the operational space formulation (Khatib 1987) to handle arbitrary task points
under arbitrary supporting contacts and we proposed novel hybrid position/force control
strategies for humanoid systems. We developed prioritized and non-prioritized multi-task
control strategies that could control all aspects of motion. We developed techniques to
respond in realtime to dynamic constraints and to measure task feasibility under dynamic
constraints. Finally, we developed control and behavioral abstractions to support the cre-

ation of complex behaviors.

8.1.1 Whole-Body Control Methods

In whole-body control, we have focused on four different subjects: (1) The control of low-
level tasks under supporting contacts, (2) the coordination and control of collections of tasks
as part of whole-body behaviors, (3) the control of postural behavior, and (4) the control

of movements in midair.
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Task Control Under Supporting Contacts and Balance Constraints

e Based on the characterization of humanoids as underactuated systems with 6 passive
DOFs attached to their base, we have developed novel task kinematic and dynamic
representations under supporting constraints. In particular, studying the effect of
supporting constraints we have developed representations of task velocities in terms
of joint velocities alone and we have derived associated constrained Jacobians. Based
on these representations we have developed operational space controllers for arbitrary
task points that provide linear control of task forces and accelerations under sup-
porting contacts. Our contributions on this subject are on characterizing constrained
kinematic and dynamic representations under arbitrary supporting contacts, on de-
veloping novel operational space controllers to accomplish arbitrary task goals, on
characterizing the residual movement redundancy associated with the task at hand,

and on outlining strategies for controlling internal forces between supporting limbs.

e Using the above control representations, we have developed balance controllers to
achieve static and dynamic balance based on direct manipulation on COG accelera-
tions. Our contributions here are on developing controllers for linear control of COG

accelerations and on developing controllers for linear control of ZMP positions.

Prioritized and Non-Prioritized Multi-Task Control

e We have develop torque controllers to simultaneously accomplish multiple task goals
as part of whole-body behaviors. We have develop non prioritized structures where
multiple tasks are represented as single macro tasks and controlled using operational
space control methods. To decouple high priority tasks from lower priority tasks and
to resolve conflicting scenarios between tasks we have also developed complementary
prioritized controllers where lower priority tasks are projected and controlled in the
null space of higher priority tasks. Our main contributions here are on developing
controllers that provide linear control of task forces and accelerations while operating
in the residual redundancy of higher priority tasks, on developing recursive expressions
of prioritized Jacobians and null space representations, and on developing techniques

to measure task feasibility under prioritized hierarchies.

e We have analyzed the decomposition of whole-body behaviors into low-level tasks
for a variety of control examples and implemented multi-task controllers to accom-

plish desired behavioral responses. Some of the examples shown included hybrid
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force/position control to track the contour of an object while simultaneously execut-
ing complex postural behaviors as well as a variety of static and dynamic walking

behaviors.

Posture Control

e To control the robot’s postural behavior, we have characterized the motion space that
complies simultaneously with supporting constraints and prioritized tasks and use it
to optimize performance criteria in posture space or to control position and orientation
of postural DOFs without interrupting the global task. Our contributions here are
on developing controllers that identify the controllable direction in posture space and

use them to optimize gradient descent of postural criteria.

e Based on these methods we have presented novel techniques to imitate captured hu-
man poses without interrupting the global task. In particular, we have proposed
postural criteria to minimize the joint-space distance to captured poses. We have also
proposed a novel technique to minimize actuation effort in posture space. Associated
criterions are based on previous observations of human behavior and consists on min-
imizing the weighted norm of gravity torques. By descending the gradient we have

demonstrated that humanoid robots assume human-like postures.

e Based on dynamic compensation of posture behavior, we have demonstrated that we
can choose arbitrary posture gains without loosing postural performance. Low gains

imply high posture compliance while high gains imply stiff postures.

Whole-Body Control of Movements in Midair

e We have developed kinematic and dynamic representations of humanoids during move-
ments in mid air based on the conservation of the system’s momentum. We have
developed non-prioritized and prioritized multi-task controllers to handle whole-body
movements in mid air akin to the controllers developed for ground based movements.
Our contribution here is on providing a whole-body control framework for the realtime

synthesis of movements in midair.

e When the robot is not in contact with the ground, the COG’s trajectory cannot be
modified. We have formulated feasibility measurements to monitor task feasibility

during movements in free space.
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8.1.2 Reactive Handling of Dynamic Constraints

We have developed a variety of techniques to respond quickly to dynamic changes in the

environment and to deal with internal constraints imposed by the robot’s own motion.

e We have developed novel control methods to handle dynamic constraints without
interrupting the global task. In contrast with other approaches where constraints
are handled as secondary tasks, we have addressed the handling of constraints as
priority tasks while other operational tasks are projected in the null space of the acting
constraints to prevent potential violations. Our contribution here is on proposing
prioritization of constraints and on developing controllers that can accomplish task
goals while operating in the constraint consistent residual space of motion. We have
also proposed feasibility measurement quantities that can monitor task feasibility
under the acting constraints and can be used to change robot behavior at runtime as

part of a high level decision layer.

e We have also developed reactive techniques to respond to a variety of constraints in

realtime including joint limits, obstacle avoidance, and self-collision avoidance.

8.1.3 Synthesis of Whole-Body Behaviors

To support the synthesis of emergent behaviors, we have developed control and behavioral

abstractions that encapsulate task representations and action mechanisms.

e We have developed novel control abstractions called control primitives that support
the instantiation of low-level tasks. These primitives encapsulate kinematic and dy-
namic representations as well as desired control policies. Instead of being based on
predefined trajectories, these primitives represent a direct mapping between arbitrary

task goals and actuation commands.

e We have developed novel behavioral abstractions called whole-body behaviors. These
abstractions encapsulate task decomposition and action sequencing to achieve complex

whole-body behaviors.

8.1.4 Implementation Details

The whole-body control framework developed in this thesis has been designed to run in
realtime as part of the central control process of humanoid systems. We will discuss here

some implementation details.
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e We have developed a software architecture that implements the proposed control
framework as well as the behavioral abstractions earlier described. This software
implements a unified whole-body controller that controls simultaneously multiple op-
erational tasks while automatically adapting to new contact conditions and dynamic
constraints. It also provides a library of whole-body behaviors to be orchestrated by
a high level control layer. Whole-body behaviors are implemented as state machines
where the states are sets of low-level tasks simultaneously operated to accomplish

individual movement actions.

e Computing kinematic and dynamic quantities in our control framework is compu-
tationally expensive for a realtime controller, with operations ranging from O(n) to
O(n?) of algorithmic complexity. To handle these computations in realtime, we im-
plement two separate update loops. While feedback controllers are updated at servo
rates, around 1K H z, kinematic and dynamic quantities that depend only on joint po-
sitions are updated at slow rates, normally around 20H z to 50H z. This dual update

strategy is currently under test.

e To increase the computational speed associated with kinematic and dynamic quanti-
ties, we use the set of efficient kinematic and dynamic algorithms described in (Chang
and Khatib 2000). Using these algorithms we compute kinematic quantities with O(n)
complexity, and whole-body dynamic quantities with O(n?) complexity.

e We have recently begun implementing the proposed whole-body control framework
into Honda’s Asimo robot. Because many humanoid robots are controlled through
joint positions and not through torques, Khatib et al. recently developed a torque to
position transformer (see Khatib, Thaulaud, and Park 2006). Here, joint positions are
calculated through the transformation of torques based on the characterization of servo
motor transfer functions. We have recently succeeded to control whole-body torque
commands in the real humanoid and we are now in a position to start implementing

the algorithms developed throughout this thesis.

e We have successfully tested all concepts of this dissertation into simulated humanoid
systems. To simulate multibody dynamics and contact interactions we have used the
Arachi simulation engine, an environment developed by former students of our lab
K.C. Chang and D. Ruspini (Chang and Khatib 2000; Ruspini and Khatib 2000).
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8.2 Discussion

Although our whole-body control framework is fairly complete and successfully tested in
simulation, several issues need to be addressed.

In Chapter 2 we developed control structures to control internal forces between sup-
porting links. However, no methods for controlling the actual forces were discussed. We
are currently developing novel control methods to handle internal forces and moments.

We have described various techniques to measure task feasibility under the acting con-
straints. The condition numbers of constrained task Jacobians or inertias were proposed
to characterize task feasibility. Normal values of these quantities need to be empirically
characterized.

In Chapter 4 we developed control techniques for whole-body effort minimization. How-
ever, some of the motions did not look natural. To solve this problem, it would be more
effective to minimize effort using only a few DOFSs. For instance, effort could be minimized
using knee, ankle, and hip joints only.

An open issue concerns the control of arm postures. A candidate posture would involve
a weighted combination of effort minimization and self-collision avoidance but has not been
implemented yet.

In Chapter 5 we described reactive techniques to avoid obstacles based on measuring
close points between the robot and nearby obstacles. However, multiple points in different
links could become close to objects leading to possible oscillations on the movement. The
transition between one or more avoidance behaviors should be smoothen with additional

techniques.

8.3 Summary of Publications

Although much of the theory and examples described throughout this dissertation is not
yet published, here is a list of some publications generated during this thesis.

In (Sentis and Khatib 2006) we published an early version of whole-body control based
on the concepts described in Chapters 2, 3, and 5. In (Sentis and Khatib 2005b) we pub-
lished recursive control representations for multi-task control corresponding to some of the
concepts described in Chapter 3. In (Sentis and Khatib 2005a) we published underactuated
representations of humanoids and whole-body controllers for movements in mid air, corre-
sponding to some of the concepts described in Chapter 6. Finally, in (Khatib, Sentis, Park,
and Warren 2004) we published whole-body control foundations and posture controllers

corresponding to some of the concepts described in Chapters 2 and 4.
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8.4 Future Work

Implementation into Real Humanoids

We are currently implementing whole-body control into a full humanoid robot. At this stage
we have succeeded in implementing torque to position transformations and whole-body
torque controllers. We recently started to implement the concepts described throughout
this thesis.

Towards Emergent Behaviors

The methods and software entities we have developed throughout this dissertation are aimed
at supporting the synthesis of emergent behaviors in dynamic environments. Obviously
this is a very ambitious task. To move on this direction we plan to further extend the
capabilities of the proposed behavioral structures presented in Chapter 7. First, we plan
to integrate perception and decision processes. For instance, vision systems will provide
information about the environment. Contact and surface pressure sensors will provide
information on contact interactions and support the localization of objects. Gyroscopes an
accelerometers will estimate the orientation of the robot in space and the acceleration of
the robot’s COG, especially to implement effective running and jumping behaviors. On the
other hand, decision processes will be implemented to achieve global behaviors in response
to the environment.

Beyond creating intelligent modules that can sense and respond to the environment we
will seek to develop architectures that can operate to achieve greater goals. This research
connects with the work developed by Brooks on distributed behaviors (Brooks et al. 2004).
We will pursue to scale up our control framework to a decentralized behavioral framework

for the synthesis of emergent behaviors.

Learning Skills

To create new behaviors we have spent hours if not days to design movement sequences and
tune up parameters to achieve the desired behaviors. Machine learning techniques will be
needed to acquire complex skills (see reinforcement learning on quadrupeds (Stone 2000)
and learning by imitation on full humanoids (Schaal et al. 2003)). Learning techniques
applied to our control framework will benefit from the modularity of our structures and the

automatic compliance with internal constraints.
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Support for Motion Planning

The methods we have developed to respond reactively to dynamic events are meant to
be implemented as stand-alone behaviors but could also be implemented as part of path
relaxation techniques to support motion planners. For instance, given a candidate path, we
can create an elastic strip and deform it using obstacle and self-collision avoidance potentials
as well as joint limit blocking potentials. When a candidate path is obtained, the candidate
trajectories can be executed in posture space, thus automatically complying with balance

and supporting contacts.

Related Applications

It is particularly important the application of robotic algorithms to the study of biological
systems, in particular to the simulation and modeling of musculoskeletal function (Delp
and Loan 2000). This area of research is currently very active having a substantial impact
on the understanding of some neurodegenerative diseases, on the design of tendon related
surgical procedures, and on the characterization of the human motor control system.
Another important area of research is computer animation. Many laboratories and
studios developing 3D animation techniques are actively incorporating robotic methods to
synthesize more realistic and responsive human like behaviors. Two big driving forces are
demanding further research on this direction: the motion picture industry and the video
game industry. However, other industries of interest concern education and visual media
which also require realistic human-like simulations to better convey information content.
Another important application is the simulation of workspaces for ergonomic design, as

well as the simulation of humans operations in factory environments.
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Mathematical Proofs

Property A.0.1 (Null space cross product commutation). The order of multiplica-

tion between null space terms is irrelevant, i.e.

.. *T *T o «T *T
Vi, 3o Nippreo(s) NVilprec(s) = Njlprec(s) Nilprec(i)- (A.1)

Proof.

1. Developing the LHS of the above product we obtain

«T «T o *T *T
Ni\proc(i)Nj\proc(j) =1- Jz|prcc(z) Ji|prec(z) Jj|prcc( )Jj\prec( )
*T
Jz\proc(z) J2|prec(z) J] |prec(j) Jj|prec(j) : (A2)

Usmg the expression of Jl‘prec(l) given in (3.36) and the expression of J ilprec(s) given

n (3.14), we can further develop the last term of the above equation into

" —*T
Ai\proc(z) Jj [prec(s) -

i|prec(z)

JIN. D (A.3)

prec(i) J IprcC(J)

Let us assume that the i-th task has higher priority than the j-th task. We can
then write the following expression based on the null space decomposition of Equa-
tion (3.32)

* * *T
Npch(z) Nprcgc jlprec(j) H Nl\proc(l (A4)
l=5+1
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Using the above decomposition we can further develop Equation (A.3) into

i—1
— T
Jz|prcc(2) z|prcch H Nl\proc(l)Nj\proc(])Nprec(j)cI) j\proc(])‘]j\proc(j)' (A5)
I=j+1

Let us assume that the equality N* ®* = ®*N*T  holds (see Property A.0.3).

9 prec(j) prec(j)
Using the equality (Nlrg;ec(z)> = Nz’rg;ec( ) given in Property A.0.2, the above equation
becomes
i—1 .
Jz|prec(z) ;f(|prec(i) JZ* H NlTprec(l) ;\prec( ) Jj\prec(])']j\prec(j)’ (A6)
I=j+1

where we have used the expression J T ;
strate that

orec(j) = Np’;{c(j)J*T (3.14). It is easy to demon-

Fiprecti)® " jfprects) = 0 (A7)
by using the expressions of V| Jlprec(j) shown in (3.33), the expression of T ]|prCC( ) shown
n (3.36), and the expression of A% rec(;) Shown in (3.21).
2. Therefore, Equation (A.2) becomes
«T — T —xT
Nz|prec(z)Nj\prec( i) T Jz|prec(z) Ji|prcc(z) J]|prec( )Jj|prCC( ) (A8)

We can do a similar development for the RHS of Equality (A.1) obtaining the same

result as above.

3. We can also demonstrate in a similar way the above equality holds when the i-th task
has lower priority than the j-th task. Therefore we conclude that the Equality (A.1)
holds. O
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Property A.0.2 (Idempotence of Np*r:epC ). The following equality holds
2
*T _
<Nprec( )) prec(k) (A9)
Proof.
1. We first consider the following equality
(Nz|prcc(z)> = N|prcc(z) (AlO)
which can be demonstrated developing the following expression,
—=T - —T
(Nz|prcc(z)> =1- 2J|prcc(z)J i|prec(7) Jz\proc(z)‘] z|prec(z)Jz|prCC(z)J t|prec(i) - (All)
When using the property of generalized inverses JiTg;cc(i)J_l\preC(l)Jszroc(z) = JZ.TSLCC(Z.),
Equation (A.11) becomes
_T o *T
I— Jz|prcc(z)J ilprec(i) — Ni\proc(i)' (A12)

2. Using the recursive expression of NV pmc(k) (3.32) and reorganizing terms using Property

A.0.1 we can derive the following equality
k—1
2 2
(Nproc(k)> - H (Nz|prcc(z)> :

=1

Using Equation (A.10) the above expression becomes

H z|prcc i proc(k)

where once more we have rearranged terms using Property A.0.1

(A.13)

(A.14)
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Property A.0.3 (Commutation of N;gc(k) with respect to ®*). The following equality
holds

ERNEYS _
PN (k) =

prec

;roc(k)q)*' (A15)

Proof by induction.

1. We will first consider the null space expressions given in Equations (3.40) and (6.69),

k—
prec = Z i|prec(z) z|prec(z) (A16)

where T is defined in Corollary 3.2.4.

i|prec(k)

2. Let us demonstrate (A.15) for k = 1:
eNT = o (1 - KTT) = e (1 - KTATeY) = NjeT. (A7)

Here we have used the expression of J; given in (3.36).

3. Assuming (A.15) holds for an arbitrary k value, let us demonstrate it for k£ + 1:

(I)*N prec(k+1) =" H z|prec i (A18)

Let us study the individual products,

* =T —
o N|prcc(z) ®* (I z|prcc(2)J i\prec(i)) -

o+ — &+ ;T T

|prec(i) ;‘k\proc(i) i\prov:(i)(I)>k =

(1 _F“prcc(i) z'*|prec(z'))(1)* =N ,)q)*, (A.19)

t|prec(s

where we have used the expression of ﬁ“pmc(i) given in (3.36). Recursively applying

this equality we can reverse the null-space terms of (A.18), yielding the equality

k-1
H NiTproc(i)(I)* (A20)

i=1
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However, the null-space terms above are multiplied in reverse order. But as shown
in (A.1) the product between null space terms can be reversed yielding the desired
result, i.e.

N* (k)CI)* (A.21)

prec

0




APPENDIX A. MATHEMATICAL PROOFS 183

Property A.0.4 (Compact expression of N* prec(k) ) The following compact form of the

recursive null space matriz exists

prcc(k =1- Z z\proc i z|prcc(2) (A'22)

Proof.

1. Property 1: Vi, Fﬁ;rm(i) NiT[?;ec(i) = 0. This equality can be demonstrated by visual

inspection when using the expression N‘pmc(l) = (I - Z‘prCC(Z)J*Z‘preC(Z)) shown in

(3.33), and applying the rules of generalized inverses.

=T
=J i|prec(i)»

N*T

J—
2. Property 2: Vi, J* prec(i)

ilprec(i) i.e. the null-space term vanishes. This

equality can be demonstrated as follows. First we use the expression of J; ilprec(i) 81Ven
in (3.36) yielding

—T «T * ERNEYS

J* z|prcc(z)Nproc(z) = |prec(i) z|prcc(2)cI) Nproc(z) (A23)
Now, using the property @*Np*gc(l) = N;mc(i)CI)* shown in (A.15), the expression of
i prec(s) Shown in (3.33), and the property (N;rec(z)) = Njrec(iy Shown in (A.9), the

last term of the above equation vanishes.

3. Property 3: Vi, j, with i < j (i.e. i has higher priority than j) J* ilprec(i) Jj’T;CC(j) =0.
This can be seen by writing the equality
*T *T
Jj\prec(] Nprec (4) HNl|prec J (A24)

Applying Property 2 the term N *T prec(i) vanishes, and applying Property 1 the term

H] 1Nlr§;CC 0 (which contains NZTSLOC(Z)) cancels out.

4. Next, we will use induction to proof (A.22). We first demonstrate it for k = 3. First

we expand the null-space expression into

Nty = NiTNGT oy = (1= 777 ) (1= T T 2|1) _

P prec

- g7 — Il J2‘1+Jl J* JQT T 2‘1 (A.25)
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. —T
However, the last term is equal to zero because J*; J;E = 0. Here we have used the

expression J2*|flr = N;TJ;T and Property 1.

5. In general, for any k the positive products (like the last term of the above equation)
will always contain products like the ones described in Property 3, which are always
0. O
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