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Preface

For many years, the human being has been trying, in all ways, to recreate the com-
plex mechanisms that form the human body. Such task is extremely complicated
and the results are not totally satisfactory. However, with increasing technological
advances based on theoretical and experimental researches, man gets, in a way, to
copy or to imitate some systems of the human body.

These researches not only intended to create humanoid robots, great part of them
constituting autonomous systems, but also, in some way, to offer a higher knowl-
edge of the systems that form the human body, objectifying possible applications
in the technology of rehabilitation of human beings, gathering in a whole studies
related not only to Robotics, but also to Biomechanics, Biomimmetics, Cybernetics,
among other areas.

This book presents a series of researches inspired by this ideal, carried through by
various researchers worldwide, looking for to analyze and to discuss diverse sub-
jects related to humanoid robots. The presented contributions explore aspects
about robotic hands, learning, language, vision and locomotion.

From the great number of interesting information presented here, I believe that this
book can offer some aid in new research, as well as stimulating the interest of peo-
ple for this area of study related to the humanoid robots.

Editor
Armando Carlos de Pina Filho
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Design of Modules and Components for
Humanoid Robots

Albert Albers, Sven Brudniok, Jens Ottnad,

Christian Sauter, Korkiat Sedchaicharn
University of Karlsruhe (TH), Institute of Product Development
Germany

1. Introduction

The development of a humanoid robot in the collaborative research centre 588 has the
objective of creating a machine that closely cooperates with humans. The
collaborative research centre 588 (SFB588) “Humanoid Robots - learning and
cooperating multi-modal robots” was established by the German Research
Foundation (DFG) in Karlsruhe in May 2000. The SFB588 is a cooperation of the
University of Karlsruhe, the Forschungszentrum Karlsruhe (FZK), the Research
Center for Information Technologies (FZI) and the Fraunhofer Institute for
Information and Data Processing (IITB) in Karlsruhe.

In this project, scientists from different academic fields develop concepts, methods and
concrete mechatronic components and integrate them into a humanoid robot that can share
its working space with humans. The long-term target is the interactive cooperation of robots
and humans in complex environments and situations. For communication with the robot,
humans should be able to use natural communication channels like speech, touch or
gestures. The demonstration scenario chosen in this project is a household robot for various
tasks in the kitchen.

Humanoid robots are still a young technology with many research challenges. Only few
humanoid robots are currently commercially available, often at high costs. Physical
prototypes of robots are needed to investigate the complex interactions between robots
and humans and to integrate and validate research results from the different research
fields involved in humanoid robotics. The development of a humanoid robot platform
according to a special target system at the beginning of a research project is often
considered a time consuming hindrance. In this article a process for the efficient design of
humanoid robot systems is presented. The goal of this process is to minimize the
development time for new humanoid robot platforms by including the experience and
knowledge gained in the development of humanoid robot components in the
collaborative research centre 588.

Weight and stiffness of robot components have a significant influence on energy
efficiency, operating time, safety for users and the dynamic behaviour of the system in
general. The finite element based method of topology optimization gives designers the
possibility to develop structural components efficiently according to specified loads and
boundary conditions without having to rely on coarse calculations, experience or
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intuition. The design of the central support structure of the upper body of the humanoid
robot ARMAR III is an example for how topology optimization can be applied in
humanoid robotics. Finally the design of the upper body of the humanoid ARMAR III is
presented in detail.

2. Demand for efficient design of humanoid robots

Industrial robots are being used in many manufacturing plants all over the world. This
product class has reached a high level of maturity and a broad variety of robots for special
applications is available from different manufacturers. Even though both kind of robots,
industrial and humanoid, manipulate objects and the same types of components, e.g.
harmonic drive gears, can be found in both types, the target systems differ significantly.
Industrial robots operate in secluded environments strictly separated from humans. They
perform a limited number of clearly defined repetitive tasks. These machines and the tools
they use are often designed for a special purpose. High accuracy, high payload, high
velocities and stiffness are typical development goals.

Humanoid robots work together in a shared space with humans. They are designed as
universal helpers and should be able to learn new skills and to apply them to new,
previously unknown tasks. Humanlike kinematics allows the robot to act in an
environment originally designed for humans and to use the same tools as humans in a
similar way. Human appearance, behaviour and motions which are familiar to the user
from interaction with peers make humanoid robots more predictable and increase their
acceptance. Safety for the user is a critical requirement. Besides energy efficient drive
technology, a lightweight design is important not only for the mobility of the system but
also for the safety of the user as a heavy robot arm will probably cause more harm in case
of an accident than a light and more compliant one. Due to these significant differences,
much of the development knowledge and product knowledge from industrial robots
cannot be applied to humanoid robots.

The multi-modal interaction between a humanoid robot and its environment, the
human users and eventually other humanoids cannot fully be simulated in its entire
complexity. To investigate these coherences, actual humanoid robots and experiments
are needed. Currently only toy robots and a few research platforms are commercially
available, often at high cost. Most humanoid robots are designed and built according to
the special focus or goals of a particular research project and many more will be built
before mature and standardized robots will be available in larger numbers at lower
prizes. Knowledge gained from the development of industrial robots that have been
used in industrial production applications for decades cannot simply be reused in the
design of humanoid robots due to significant differences in the target systems for both
product classes. A few humanoid robots have been developed by companies, but not
much is known about their design process and seldom is there any information
available that can be used for increasing the time and cost efficiency in the development
of new improved humanoid robots. Designing a humanoid robot is a long and iterative
process as there are various interactions between e.g. mechanical parts and the control
system. The goal of this article is to help shortening the development time and to
reduce the number of iterations by presenting a process for efficient design, a method
for optimizing light yet stiff support structures and presenting the design of the upper
body of the humanoid robot ARMAR III.
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3. Design process for humanoid robot modules

The final goal of the development of humanoid robots is to reproduce the capabilities of a
human being in a technical system. Even though several humanoid robots already exist and
significant effort is put into this research field, we are still very far from reaching this goal.
Humanoid robots are complex systems which are characterized by high functional and
spatial integration. The design of such systems is a challenge for designers which cannot yet
be satisfactorily solved and which is often a long and iterative process. Mechatronic systems
like humanoid robots feature multi-technological interactions, which are displayed by the
existing development processes, e.g. in the VDI guideline 2206 “design methodology for
mechatronics systems” (VDI 2004), in a rather general and therefore abstract way. More
specific development processes help to increase the efficiency of the system development.
Humanoid robots are a good example for complex and highly integrated systems with
spatial and functional interconnections between components and assembly groups. They are
multi-body systems in which mechanical, electronic, and information-technological
components are integrated into a small design space and designed to interact with each
other.

3.1 Requirements

The demands result from the actions that the humanoid robot is supposed to perform. The
robot designed in the SFB 588 will interact with humans in their homes, especially in the
kitchen. It will take over tasks from humans, for example loading a dish washer. For this
task it is not necessary, that the robot can walk on two legs, but it has to feature kinematics,
especially in the arms, that enable it to reach for objects in the human surrounding. In
addition, the robot needs the ability to move and to hold objects in its hand (Schulz, 2003).

3.2 Subdivision of the total system

The development of complex systems requires a subdivision of the total system into
manageable partial systems and modules (Fig. 1). The segmentation of the total system of
the humanoid robot is oriented on the interactions present in a system. The total system can
be divided into several subsystems. The relations inside the subsystems are stronger
compared to the interactions between these subsystems. One partial system of the
humanoid robot is e.g. the upper body with the subsystem arm. The elements in the lowest
level in the hierarchy of subsystems are here referred to as modules. In the humanoid
robot’s arm, these modules are hand-, elbow-, and shoulder joint. Under consideration of
the remaining design, these modules can be exchanged with other modules that fulfil the
same function. The modules again consist of function units, as e.g. the actuators for one of
the module’s joints. The function units themselves consist of components, here regarded as
the smallest elements. In the entire drive, these components are the actuator providing the
drive power and the components in the drive train connected in a serial arrangement, e.g.
gears, drive belt, or worm gear transferring the drive power to the joint.

3.3 Selection and data base

Many components used in such highly integrated systems are commonly known,
commercially available and do not have to be newly invented. However, a humanoid robot
consists of a large number of components, and for each of them there may be a variety of
technical solutions. This leads to an overwhelming number of possible combinations, which
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cannot easily be overseen without help and which complicates an efficient target-oriented
development. Therefore it is helpful to file the components of the joints, actuators and
sensors as objects in an object-oriented classification. It enables a requirement-specific access
to the objects and delivers information about possible combinations of components.

Fig. 1. Subdivision of the total system.

3.4 Development sequence

The development sequence conforms to the order in which a component or information has
to be provided for the further procedure. The development process can be roughly divided
into two main sections. The first section determines the basic requirements for the total
system, which have to be known before the design process. This phase includes primarily
two iterations: In the first iteration, the kinematics of the robot is specified according to the
motion space of the robot and the kinematics again has to be describable in order to be
controllable. In the second iteration, the control concept for the robot and the general
possibilities for operating the joints are adjusted to the requirements for the desired
dynamics of the robots. The second sector is the actual design process. The sequence in
which the modules are developed is determined by their position in the serial kinematics of
the robot. This means that e.g. in the arm, first the wrist, the elbow joint and then finally the
shoulder joint are designed.

Since generally all modules have a similar design structure, they can be designed
according to the same procedure. The sequence in this procedure model is determined by
the interactions between the function units and between the components. The relation
between the components and the behaviour of their interaction in case of a change of the
development order can be displayed graphically in a design structure matrix (Browning,
2001). Iterations, which always occur in the development of complex systems, can be
limited by early considering the properties of the components that are integrated at the
end of the development process. One example is the torque measurement in the drive
train. In the aforementioned data base, specifications of the components are given like the
possibility for a component of the drive train to include some kind of torque
measurement. It ensures that after the assembly of a drive train, a power measurement
can be integrated.
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3.5 Development of a shoulder joint

The development of a robot shoulder joint according to this approach is exemplarily
described in the following paragraphs. For the tasks that are required from the robot, it is
sufficient if the robot is able to move the arm in front of its body. These movements can be
performed by means of a ball joint in the shoulder without an additional pectoral girdle. In
the available design space, a ball joint can be modelled with the required performance of the
actuators and sensors as a serial connection of three single joints. The axes of rotation of
these joints intersect at one point. A replacement joint is used which consists of a roll joint, a
pitch joint, and then again of another roll joint. The description of the kinematics can only be
clarified together with the entire arm, which requires limiting measures, especially if
redundant degrees of freedom exist (Asfour, 2003).

Information about the mass of the arm and its distribution are requirements for the design
of the shoulder joint module. In addition, information about the connection of elbow and
shoulder has to be available. This includes the components that are led from the elbow to or
through the shoulder, as e.g. cables or drive trains of lower joints. The entire mechatronic
system can be described in an abstract way by the object-oriented means of SysML (System
Modelling Language) (SysML, 2005) diagrams, with which it is possible to perform a system
test with regard to compatibility and operational reliability. It enables the representation of
complex systems at different abstraction levels. Components that are combined in this way
can be accessed in the aforementioned classification, which facilitates a quick selection of the
components that can be used for the system. In addition, it makes a function design model
possible at every point of the development.

Fig. 2. Design of the shoulder module.

In the development of the shoulder module (Fig. 2), at first the function units of the joints for
the three rotating axes are selected according to the kinematics. Then, the function unit
drive, including the actuators and the drive trains, are integrated. Hereafter, the sensors are
selected and integrated. In order to prevent time consuming iterations in the development,
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the components of the total system, integrated at a later stage, are already considered from
the start with regard to their general requirements for being integrated. Examples for this
are the sensors, which can then be assembled without problems since it is made sure that the
already designed system offers the possibility to integrate them. During the next step the
neighbouring module is designed. Information about the required interface of the shoulder
and the mass of the arm and its distribution are given to the torso module.

4. Topology optimization

Topology optimization is used for the determination of the basic layout of a new design. It
involves the determination of features such as the number, location and shape of holes and
the connectivity of the domain. A new design is determined based upon the design space
available, the loads, materials and other geometric constraints, e.g. bearing seats of which
the component is to be composed of.

Today topology optimization is very well theoretically studied (Bendsoe & Sigmund, 2003)
and applied in industrial design processes (Pedersen & Allinger, 2005). The designs
obtained using topology optimization are considered design proposals. These topology
optimized designs can often be rather different compared to designs obtained with a trial
and error design process or designs obtained upon improvements based on experience or
intuition as can be deduced from the motor carrier example in Fig. 3. Especially for complex
loads, which are typical for systems like humanoid robots, these methods of structural
optimization are helpful within the design process.

Design space for topology optimization Constructional implementation
Fig. 3. Topology optimization of a gear oil line bracket provided by BMW Motoren GmbH.

The standard formulation in topology optimization is often to minimize the compliance
corresponding to maximizing the stiffness using a mass constraint for a given amount of
material. Compliance optimization is based upon static structural analyses, modal
analyses or even non-linear problems e.g. models including contacts. A topology
optimization scheme as depicted in Fig. 4. is basically an iterative process that integrates a
finite element solver and an optimization module. Based on a design response supplied
by the FE solver like strain energy for example, the topology optimization module
modifies the FE model.

The FE model is typically used together with a set of loads that are applied to the model.
These loads do not change during the optimization iterations. An MBS extended scheme as
introduced by (Héaussler et al., 2001) can be employed to take the dynamic interaction
between the FE model and the MBS system into account.
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Fig. 4. Topology optimization scheme.

4.1 Topology optimization of robot thorax

The design of the central support structure of the upper body, the thorax, of the humanoid
robot ARMAR III was determined with the help of topology optimization. The main
functions of this element are the transmission of forces between arms, neck and torso joint
and the integration of mechanical and electrical components, which must be accommodated
for inside the robot’s upper body. For instance four drive units for the elbows have to be
integrated in the thorax to reduce the weight of the arms, electrical components like two PC-
104s, four Universal Controller Modules (UCoM), A/D converters, DC/DC converters and
force-moment controllers.

Fig. 5. Topology optimization of the thorax.
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The left picture in figure 5 shows the initial FE model of the available design space including
the geometric boundary conditions like the mechanical interfaces for the adjoining modules
neck, arms and torso joint as well as the space reserved for important components like
computers and controllers. Together with a set of static loads, this was the input for the
optimization process. The bottom left picture shows the design as it was suggested by the
optimization module after the final optimization loop. This design was then manually
transferred into a 3d model in consideration of manufacturing restrictions. The picture on
the right in Fig. 5 shows the assembled support structure made from high-strength
aluminium plates. The result of the optimization is a stiff and lightweight structure with a
total mass of 2.7 kg.

5. The upper body of ARMAR I

ARMAR 1III is s a full-size humanoid Robot which is the current demonstrator system of the
collaborative research centre 588. It consists of a sensor head for visual and auditory
perception of the environment, an upper body with two arms with a large range of motion for
the manipulation of objects and a holonomic platform for omni-directional locomotion.
ARMAR IIT has a modular design consisting of the following modules: head, neck joint,
thorax, torso joint and two arms which are subdivided into shoulder, elbow, wrist and hands.
The head and the holonomic platform were developed at the Research Center for Information
Technologies (FZI), the hands were developed at the Institute for Applied Computer Science at
the Forschungszentrum Karlsruhe (Beck et al, 2003; Schulz 2003). The modules for neck, torso
and arms shown in the following figure were designed and manufactured at the Institute of
Product Development (IPEK) at the University of Karlsruhe (TH).

Fig. 6. The upper body of the humanoid robot ARMAR III.
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Fig. 7. Kinematics and CAD model of upper body of ARMAR IIIL

The size of the design space and the motion space of ARMAR III are similar to that of a
human person with a height of approximately 175 cm. The main dimensions of the upper
body can be seen in Fig. 8.

Table 1 gives an overview of the degrees of freedom and the motion range of all modules.
Both arms have seven degrees of freedom. The three degrees of freedom in the shoulder
provide a relatively wide range of motion. Together with two degrees of freedom in the
elbow as well as in the wrist, the arm can be used for complex manipulation tasks that
occur in the primary working environment of ARMAR III, the kitchen. Compared with
other humanoid robots, the arm of ARMAR III provides large and humanlike ranges of
motion. The neck joint with four degrees of freedom allows humanlike motion of the
head.

Fig. 8. Dimension of upper body.
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Degree of Part D.O.F | amount | total
freedom Wrist 2 2 4
Elbow 2 2 4
Shoulder 3 2 6
Neck 4 1 4
Torso 3 1 3
Upper body 21
Range of | Wrist 01 -30° to 30°
motion 6, -60° to 60°
Elbow 0; -90° to 90°
04 -10° to 150°
Shoulder | 65 -180° to 180°
B¢ -45° to 180°
07 -10° to 180°
Neck Os -180° to 180°
B9 -45° to 45°
610 -45° to 45°
011 -60° to 60°
Torso 012 -180° to 180°
013 -10° to 60°
014 -20° to 20°

Table 1. Degrees of freedom with range of motion.

5.1 Shoulder joint

The shoulder joint is the link between the arm and the torso. In addition to the realization of
three degrees of freedom with intersecting axes in one point, the bowden cables for driving
the elbow joint are guided through the shoulder joint from the elbow drive units in the torso
to the elbow. The drive units of all joints are designed in a way, that their contributions to
the inertia are as small as possible. Therefore the drive unit for panning the arm (Rot. 1),
which has to provide the highest torque in the arm, is attached directly to the torso and does
not contribute to the inertia of the moving part of the arm. The drive units for raising the
arm (Rot. 2) and turning the arm around its longitudinal axis (Rot. 3) have been placed
closely to the rotational axes to improve the dynamics of the shoulder joint. In order to
achieve the required gear ratios in the very limited design space, Harmonic Drive
transmissions, worm gear transmissions and toothed belt transmissions have been used.
These elements allow a compact design of the shoulder with a size similar to a human
shoulder. As all degrees of freedom are realized directly in the shoulder, the design of the
upper arm is slender. The integration of torque sensors in all three degrees of freedom is
realized in two different ways. For the first degree of freedom strain gages are attached to a
torsion shaft which is integrated in the drive train. The torque for raising and turning the
arm is determined by force sensors that measure the axial forces in the worm gear shafts. In
addition to the encoders, which are attached directly at the motors, angular sensors for all
three degrees of freedom are integrated into the drive trains of the shoulder joints. The
position sensors, which are located directly at the joints, allow quasi-absolute angular
position measurement based on incremental optical sensors. A touch-sensitive artificial skin
sensor, which can be used for collision detection or intuitive tactile communication, is
attached to the front and rear part of the shoulder casing (Kerpa et al., 2003).
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Fig. 9. Side view of the shoulder joint.

5.2 Elbow joint and upper arm

The elbow joint of ARMAR III has two degrees of freedom. These allow bending as well as
rotating the forearm. The drive units, consisting of motor and Harmonic Drive transmissions,
are not in the arm, but are located in the thorax of the robot. Thus the moving mass of the arm
as well as the necessary design space are reduced, which leads to better dynamic
characteristics and a slim form of the arm. The additional mass in the thorax contributes
substantially less to the mass inertia compared to placing the drive units in the arm.

Fig. 10. Elbow joint.
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Due to this concept, load transmission is implemented with the use of wire ropes, which are
led from the torso through the shoulder to the elbow by rolls and bowden cables. In order to
realize independent control of both degrees of freedom, the wire ropes for turning the
forearm are led through the axis of rotation for bending the elbow. With altogether twelve
rolls, this rope guide realizes the uncoupling of the motion of bending the elbow from
rotating the forearm. In contrast to the previous version of the elbow, where the steel cables
were guided by Bowden cables, this solution leads to smaller and constant friction losses
which is advantageous for the control of this system.

Similar to the shoulder, the angular measurement is realized by encoders attached directly
to the motors as well as optical sensors that are located directly at the joint for both degrees
of freedom. In order to measure the drive torque, load cells are integrated in the wire ropes
in the upper arm. As each degree of freedom in the elbow is driven by two wire ropes the
measuring of force in the wire ropes can be done by differential measurements. Another
possibility for measuring forces offers the tactile sensor skin, which is integrated in the
cylindrical casing of the upper arm.

By placing the drive units in the thorax, there is sufficient design space left in the arm which
can be used for electronic components that process sensor signals and which can be installed
in direct proximity to the sensors in the upper arm.

5.3 Wrist joint and forearm

The wrist has two rotational degrees of freedom with both axes intersecting in one point.
ARMAR III has the ability to move the wrist to the side as well as up and down. This was
realized by a universal joint in very compact design. The lower arm is covered by a
cylindrical casing with an outer diameter of 90 mm. The motors for both degrees of freedom
are fixed at the support structure of the forearm. The gear ratio is obtained by a ball screw
and a toothed belt or a wire rope respectively. The load transmission is almost free from
backlash.

Fig. 11. Forearm with two degrees of freedom in the wrist.
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By arranging the motors close to the elbow joint, the centre of mass of the forearm is
shifted towards the body, which is an advantage for movements of the robot arm.
Angular measurement in the wrist is realized by encoders at the motors and with
quasi-absolute angular sensors directly at the joint. To measure the load on the hand, a
6-axis force and torque sensor is fitted between the wrist and the hand (Beck et al,,
2003) (not shown in Fig. 11). The casing of the forearm is also equipped with a tactile
sensor skin. The support structure of the forearm consists of a square aluminium
profile. This rigid lightweight structure offers the possibility of cable routing on the
inside and enough space for mounting electronic components on the flat surfaces of
the exterior.

5.4 Neck joint

The complex kinematics of the human neck is defined by seven cervical vertebrae. Each
connection between two vertebrae can be seen as a joint with three degrees of freedom. For
this robot, the kinematics of the neck has been reduced to a serial kinematics with four
rotational degrees of freedom. Three degrees of freedom were realized in the basis at the
lower end of the neck. Two degrees of freedom allow the neck to lean forwards and
backwards (1) and to both sides (2), another degree of freedom allows rotation around the
longitudinal axis of the neck. At the upper end of the neck, a fourth degree of freedom
allows nodding of the head. This degree of freedom allows more human-like movements of
the head and improves the robots ability to look up and down and to detect objects directly
in front of it.

Fig. 12. Neck joint with four degrees of freedom.
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For the conversion of torque and rotational speed, the drive train of each degree of
freedom consists of Harmonic Drive transmissions either as only transmission element
or, depending on the needed overall gear ratio, in combination with a toothed gear
belt.

The drives for all degrees of freedom in the neck are practically free from backlash. The
motors of all degrees of freedoms are placed as close as possible to the rotational axis in
order to keep the moment of inertia small. The sensors for the angular position
measurement in the neck consist of a combination of incremental encoders, which are
attached directly to the motors, and quasi-absolute optical sensors, which are placed directly
at the rotational axis. The neck module as depicted above weighs 1.6 kg.

5.5 Torso joint

The torso of the upper body of ARMAR III is divided into two parts, the thorax and the
torso joint below it. The torso joint allows motion between the remaining upper body and
the holonomic platform, similar to the functionality of the lower back and the hip joints in
the human body. The kinematics of the torso joint does not exactly replicate the complex
human kinematics of the hip joints and the lower back. The complexity was reduced in
consideration of the functional requirements which result from the main application
scenario of this robot in the kitchen. The torso joint has three rotational degrees of
freedom with the axes intersecting in one point. The kinematics of this joint, as it is
described in table 1 and Fig. 13, is sufficient to allow the robot to easily reach important
points in the kitchen. For example in a narrow kitchen, the whole upper body can turn
sideways or fully around without having to turn the platform. One special requirement
for the torso joint is, that all cables for the electrical energy flow and information flow
between the platform and the upper body need to go through the torso joint. All cables
are to be led from the upper body to the torso joint in a hollow shaft with an inner bore
diameter of 40 mm through the point of intersection of the three rotational axes. This
significantly complicates the design of the joint, but the cable connections can be shorter
and stresses on the cables due to compensational motions, that would be necessary if the
cable routing was different, can be reduced. This simplifies the design of the interface
between upper and lower body. For transportation of the robot, the upper and lower part
of the body can be separated by loosening one bolted connection and unplugging a few
central cable connections. Due to the special boundary conditions from the cable routing,
all motors had to be placed away from the point of intersection of the three axes and the
motor for the vertical degree of freedom Rot. 3 could not be positioned coaxially to the
axis of rotation. The drive train for the degrees of freedom Rot. 1 and Rot. 3 consists of
Harmonic Drive transmissions and toothed belt transmissions.

The drive train for the degree of freedom Rot.2 is different from most of the other drive
trains in ARMAR III as it consists of a toothed belt transmission, a ball screw and a
piston rod which transforms the translational motion of the ball screw into the
rotational motion for moving the upper body sideways. This solution is suitable for the
range of motion of 40°, it allows for a high gear ratio and the motor can be placed away
from the driven axis and away from the point of intersection of the rotational axes.

In addition to the encoders, which are directly attached to the motors, two precision
potentiometers and one quasi-absolute optical sensor are used for the angular position
measurement.
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Fig. 13. Torso joint.

6. Conclusions and future work

Methods for the efficient development of modules for a humanoid robot were developed.
Future work will be to create a database of system elements for humanoid robot components
and the characterization for easier configuration of future humanoids. This database can then
be used to generate consistent principle solutions for robot components more efficiently.
Topology optimization is a tool for designing and optimizing robot components which need to
be light yet stiff. The thorax of ARMAR III was designed with the help of this method. For the
simulation of mechatronic systems like humanoid robots, it is necessary to consider
mechanical aspects as well as the behaviour of the control system. This is not yet realized in
the previously described topology optimization process. The coupling between the mechanical
system and the control system might influence the overall system’s dynamic behaviour
significantly. As a consequence, loads that act on a body in the system might be affected not
only by the geometric changes due to optimization but also by the control system as well. The
topology optimization scheme shown in Fig. 4 should be extended by means of integrating the
dynamic system with a multi body simulation and the control system as depicted in Fig. 14.

Fig. 14. Controlled MBS extended topology optimization.

The upper body of the humanoid robot ARMAR III was presented. The modules for neck,
arms and torso were explained in detail. The main goals for the future work on ARMAR III



16 Humanoid Robots, New Developments

are to further reduce the weight and to increase the energy efficiency, increase the payload
and to design a closed casing for all robot joints.
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Gait Transition from Quadrupedal to Bipedal
Locomotion of an Oscillator-driven Biped Robot

Shinya Aoi and Kazuo Tsuchiya
Dept. of Aeronautics and Astronautics, Graduate School of Engineering, Kyoto University
Yoshida-honmachi, Sakyo-ku, Kyoto 606-8501, Japan

1. Introduction

Studies on biped robots have attracted interest due to such problems as inherent poor
stability and the cooperation of a large degree of freedom. Furthermore, recent advanced
technology, including hardware and software, allows these problems to be tackled,
accelerating the interest. Actually, many sophisticated biped robots have already been
developed that have successfully achieved such various motions as straight walking,
turning, climbing slopes, rising motion, and running (Aoi & Tsuchiya, 2005; Aoi et al., 2004;
Hirai et al., 1998; Kuniyoshi et al., 2004; Kuroki et al. 2003; Loffler et al., 2003; Nagasaki et al.,
2004).

Steady gait for a biped robot implies a stable limit cycle in its state space. Therefore,
different steady gait patterns have different limit cycles, and gait transition indicates that the
state of the robot moves from one limit cycle to another. Even if the robot obtains steady gait
patterns, their transition is not necessarily confirmed as completed. Thus, smooth transition
between gait patterns remains difficult. To overcome such difficulty, many studies have
concentrated on model-based approaches using inverse kinematics and kinetics. These
approaches basically generate robot motions based on such criteria as zero moment point
(Vukobratovi¢ et al., 1990) and manipulate robot joints using motors. However, they require
accurate modeling of both the robot and the environment as well as complicated
computations. The difficulty of achieving adaptability to various environments in the real
world is often pointed out, which means that in these approaches the robot is too rigid to
react appropriately to environmental changes. Therefore, the key issue in the control is to
establish a soft robot by adequately changing the structure and response based on
environmental changes.

In contrast to robots, millions of animal species adapt themselves to various environments
by cooperatively manipulating their complicated and redundant musculoskeletal systems.
Many studies have elucidated the mechanisms in their motion generation and control. In
particular, neurophysiological studies have revealed that muscle tone control plays
important roles in generating adaptive motions (Mori, 1987; Rossignol, 1996, Takakusaki et
al., 2003), suggesting the importance of compliance in walking. Actually, many studies on
robotics have demonstrated the essential roles of compliance. Specifically, by appropriately
employing the mechanical compliance of robots, simple control systems have attained
highly adaptive and robust motions, especially in hexapod (Altendorfer et al., 2001; Cham et
al., 2004; Quinn et al., 2003; Saranli et al., 2001), quadruped (Fukuoka et al., 2003; Poulakakis
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et al., 2005), and biped robots (Takuma & Hosoda, 2006; Wisse et al., 2005). However, note
that control systems using motors continue to have difficulty adequately manipulating
compliance in robot joints.

On the other hand, neurophysiological studies have also clarified that animal walking is
generated by central pattern generators (CPGs) that generate rhythmic signals to activate
their limbs (Grillner, 1981, 1985; Orlovsky et al., 1999). CPGs modulate signal generation in
response to sensory signals, resulting in adaptive motions. CPGs are widely modeled using
nonlinear oscillators (Taga et al., 1991; Taga, 1995a,b), and based on such CPG models many
walking robots and their control systems have been developed, in particular, for quadruped
robots (Fukuoka et al., 2003; Lewis & Bekey, 2002; Tsujita et al., 2001), multi-legged robots
(Akimoto et al., 1999; Inagaki et al., 2003), snake-like robots (Ijspeert et al., 2005; Inoue et al.,
2004), and biped robots (Aoi & Tsuchiya, 2005; Aoi et al., 2004; Lewis et al., 2003; Nakanishi
et al., 2004).

This paper deals with the transition from quadrupedal to bipedal locomotion of a biped
robot while walking. These gait patterns originally have poor stability, and the transition
requires drastic changes in robot posture, which aggravates the difficulty of establishing the
transition without falling over. Our previous work developed a simple control system using
nonlinear oscillators by focusing on CPG characteristics that are used for both quadruped
and biped robots, revealing that they achieved steady and robust walking verified by
numerical simulations and hardware experiments (Aoi & Tsuchiya, 2005; Aoi et al., 2004;
Tsujita et al., 2001). In this paper, we use the same developed control system for both
quadrupedal and bipedal locomotion of a biped robot and attempt to establish smooth gait
transition. Specifically, we achieve stable limit cycles of these gait patterns and their
transitions by moving the robot state from one limit cycle to another by cooperatively
manipulating their physical kinematics through numerical simulations. This paper is
organized as follows. Section 2 introduces the biped robot model considered in this paper.
Section 3 explains the developed locomotion control system, and Section 4 addresses the
approach of gait transition and numerical results. Section 5 describes the discussion and
conclusion.

2. Biped robot model

Figure 1(a) shows the biped robot model considered in this paper. It consists of a trunk, a
pair of arms composed of four links, and a pair of legs composed of six links. Each link is
connected to the others through a single degree of freedom rotational joint. A motor is
installed at each joint. Four touch sensors are attached to the sole of each foot, and one touch
sensor is attached to the tip of the hand of each arm. The left and right legs are numbered
Legs 1 and 2, respectively. The joints of the legs are also numbered Joints 1...6 from the side
of the trunk, where Joints 1, 2, and 3 are yaw, roll, and pitch hip joints, respectively. Joint 4 is
a pitch knee joint, and Joints 5 and 6 are pitch and roll ankle joints. The arms are also
numbered in a similar manner. Joints 1 and 4 are pitch joints, Joint 2 is a roll joint, and Joint
3 is a yaw joint. To describe the configuration of the robot, we introduce angles 9;], and ¢!

(i=1,2, j=1,...,4, k=1,...,6), which are rotation angles of Joint j of Arm i and Joint k of Leg i,
respectively. The robot walks quadrupedally and bipedally, as shown in Figs. 1(b) and (c).
Its physical parameters are shown in Table 1. The ground is modeled as a spring with a
damper in numerical simulations.
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- Touch sensor
(a) Biped robot (b) Quadrupedal locomotion (c) Bipedal locomotion
Fig. 1. Schematic model of a biped robot [mm].

Link Mass [kg] Length [m]
Trunk 2.34 0.20

Leg 1.32 0.28

Arm 0.43 0.25

Total 5.84 0.48

Table 1. Physical parameters of robot.

3. Locomotion control system

3.1 Concept of the control system
As described above, the crucial issue in controlling a biped robot is establishing a
mechanism in which the robot adapts itself by changing its internal structure based on
interactions between the robot's mechanical system and the environment.
Neurophysiological studies have revealed that animal walking is generated by CPGs
comprised of a set of neural oscillators present in the spinal cord. CPGs characteristically
have the following properties:

1. CPGs generate inherent rhythmic signals that activate their limbs to generate

rhythmic motions;
2. CPGs are sensitive to sensory signals from peripheral nerves and modulate signal
generation in response to them.

Animals can immediately adapt to environmental changes and disturbances by virtue of
these features and achieve robust walking.
We have designed a locomotion control system that has an internal structure that adapts to
environmental changes, referring to CPG characteristics. In particular, we employed
nonlinear oscillators as internal states that generate inherent rhythmic signals and
adequately respond to sensory signals. Since the motor control of a biped robot generally
uses local high-gain feedback control to manipulate the robot joints, we generated nominal
joint motions using rhythmic signals from the oscillators. One of the most important factors
in the dynamics of walking is the interaction between the robot and the external world, that
is, dynamical interaction between the robot feet and the ground. The leg motion consists of
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swing and stance phases, and a harmonious balance must be achieved between these
kinematical motions and dynamical interaction, which means that it is essential to
adequately switch from one phase to another. Therefore, our developed control system
focused on this point. Specifically, it modulated the signal generation of the oscillators and
appropriately changed the leg motions from the swing to the stance phase based on touch
sensors. Although we concisely describe the developed control system below, see our
previous work (Aoi & Tsuchiya, 2005) for further details.

3.2 Developed locomotion control system

The locomotion control system consists of a motion generator and controller (see Fig. 2(a)).
The former is composed of rhythm and trajectory generators. The rhythm generator has two
types of oscillators: Motion and Inter (see Fig. 2(b)). As Motion oscillators, there are Leg 1,
Leg 2, Arm 1, Arm 2, and Trunk oscillators. The oscillators follow phase dynamics in which
they have interactions between themselves and receive sensory signals from touch sensors.
The trajectory generator creates nominal trajectories of robot joints by phases of Motion
oscillators, which means that it generates physical kinematics of the robot based on
rhythmic signals from the oscillators. It receives outer commands and changes the physical
kinematics to reflect the outer commands. The nominal trajectories are sent to the motion
controller in which motor controllers manipulate the joint motions using the nominal
trajectories as command signals. Note that physical kinematics is different between
quadrupedal and bipedal locomotion, and except for the kinematics, throughout this paper
we use the same control system regardless of gait patterns.

[ Outer Command
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Locomolion Control System

Motion Generator

Rhvthm Generator
—= @A
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|i'5',—,,\| Arm 1 Oscillator  Arm 2 Oscillatpr
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Motion Controller

| Motor Controller
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(a) Architecture of the control system (b) Rhythm generaotr and oscillators
Fig. 2. Locomotion control system.

3.2.1 Trajectory generator
As mentioned above, the trajectory generator creates nominal trajectories of all joints based

on the phases of the Motion oscillators. First, let qpi_ , (P;, Qrs and @ (i=1,2) be the phases of
Leg i, Arm i, Trunk, and Inter oscillators, respectively.

The nominal trajectories of the leg joints are determined by designing the nominal trajectory
of the foot, specifically Joint 5, relative to the trunk in the pitch plane. The nominal foot
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trajectory consists of swing and stance phases (see Fig. 3). The former is composed of a
simple closed curve that includes anterior extreme position (AEP) and posterior extreme
position (PEP). This trajectory starts from point PEP and continues until the leg touches the
ground. On the other hand, the latter consists of a straight line from the foot landing
position (LP) to point PEP. Therefore, this trajectory depends on the timing of foot contact
with the ground in each step cycle. Both in the swing and stance phases, nominal foot
movement is designed to be parallel to the line that involves points AEP and PEP. The
height and forward bias from the center of points AEP and PEP to Joint 3 of the leg are
defined as parameters A, and H, , respectively. These two nominal foot trajectories provide

nominal trajectories é’LJ (i=1,2, j=3,4,5) of Joint j (hip, knee, and ankle pitch joints) of Leg i by
the functions of phase ¢] of Leg i oscillator written by é‘L]((p’L), where we use ¢} =0 at
point PEP and ¢; =¢,,, at point AEP. Note that nominal stride S is given by the distance
between points AEP and PEP, and duty factor [} is given by the ratio between the nominal

stance phase and step cycle durations.

Ar N
- A
- b Joint 3 -
oint 4 H, | .
] o Joint 4
AEPG-,' v PEP AE]; Joint 5“ -
--“ ...... ’.-- ------'
" p°® S
Swing phase Stance phase

Fig. 3. Nominal foot trajectory.

The nominal trajectories of the arm joints are generated in a similar way to the leg joints
described above except for the bend direction between Joint 4 of the arm and Joint 4 of the
leg (see Fig. 4 below). Similar to the foot trajectory, the nominal trajectory of the hand,
specifically the touch sensor at the tip of the arm, is designed relative to the trunk in the
pitch plane, which consists of the swing and stance phases. Then, also from inverse
kinematics, nominal trajectories é;j (i=1,2, j=1,...4) of Joint j of Arm i are given by the

functions of phase ! of Arm i oscillator. The nominal trajectories of the arm joints also
have parameters A, and H,, similar to those of the leg joints, that use the same nominal

stride § and duty ratio [} as leg motions.

3.2.2 Rhythm generator and sensory signals
In the rhythm generator, Motion and Inter oscillators generate rhythmic behavior based on
the following phase dynamics:
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P =0+g
Pr=0+g
Pp=0+g1at8oa 1=12
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0

where ¢, ¢., g, , and g (i=1,2) are functions regarding the nominal phase
relationship shown below, ¢/ ~and ¢! (i=1,2) are functions arising from sensory
signals given below, and @ is the nominal angular velocity of each oscillator obtained
by

. 1-B

W=27r—
TSW

(2

where f‘sw is the nominal swing phase duration.

To establish stable walking, the essential problem is the coordination of joint motions.
Interlimb coordination is the key. For example, both legs must move out of phase to
prevent the robot from falling over during bipedal locomotion. Since the nominal
joint trajectories for the limbs are designed by oscillator phases, interlimb
coordination is given by the phase relation, that is, the phase differences between
oscillators. Functions L Qi 8fA' and gl"L in Eq. (1), which deal with interlimb

coordination, are given by the phase differences between oscillators based on Inter
oscillator, written by

2 . i i
== ileL sin(p; —¢p +(=1)'7/2)
&ir = —K; Sin((PT_ —¢1) _ 3)
§i1a ==Ky sin(@y -, +(-1)'7/2) i=1.2
§u =—Kysin(py ¢, =(-1)'7/2) i=12
where nominal phase relations are given so that both the arms and legs move out of phase
and one arm and the contralateral leg move in phase and K, , K, , and K, are gain

constants.
In addition to physical kinematics and interlimb coordination, the modulation of walking
rhythm is another important factor to generate walking. Functions ¢!, and ¢! modulate

walking rhythm through the modulation of the phases of oscillators based on sensory
signals. Specifically, when the hand of Arm i (the foot of Leg i) lands on the ground, Arm i
oscillator (Leg i oscillator) receives a sensory signal from the touch sensor (i=1,2). Instantly,
phase ¢! of Arm i oscillator (phase @} of Leg i oscillator) is reset to nominal value ¢,

from value ¢, . at the landing. Therefore, functions ¢! and ¢! are written by
g;A = (@AEP - goliand )5(t - tliand ) Z = 1’2 (4)
gXZL = ((Z)AEP _(p{and )6(t_t{and) i= 1’2
where Pup =27(1— [}) P is the time when the hand of Arm i (the foot of Leg i) lands on
the ground (i=1,2) and §(-) denotes Dirac's delta function. Note that touch sensor signals not
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only modulate the walking rhythm but also switch the leg motions from the swing to stance
phase, as described in Sec. 3.2.1.

4. Gait transition

This paper aims to achieve gait transition from quadrupedal to bipedal locomotion of a
biped robot. As mentioned above, even if the robot establishes steady quadrupedal and
bipedal locomotion, that is, each locomotion has a stable limit cycle in the state space of the
robot, there is no guarantee that the robot can accomplish a transition from one limit cycle of
quadrupedal locomotion to another of bipedal locomotion without falling over.
Furthermore, these gait patterns originally have poor stability, and the transition requires
drastic changes in robot posture, which aggravates the difficulty of preventing the robot
from falling over during the transition.

4.1 Gait transition control

A biped robot generates quadrupedal and bipedal locomotion while manipulating many
degrees of freedom in the joints. These gait patterns have different movements in many
joints, which means that there are a million ways to achieve the transition. Therefore, the
critical issue is designing gait transition.

In this paper, we generate both quadrupedal and bipedal locomotion of the robot based on
physical kinematics. Figures 4(a) and (b) show schematics and parameters in quadrupedal
and bipedal locomotion where COM indicates the center of mass of the trunk, I, and [

are the lengths from COM to Joint 1 of the arm and Joint 3 of the leg in the pitch plane,
respectively, [, and L are the forward biases from COM to the centers of the nominal foot

and hand trajectories, respectively, y, is the pitch angle of the trunk relative to the
perpendicular line to the line that involves points AEP and PEP of the foot or the hand

trajectory, and %2 and *° indicate the values of * for quadrupedal and bipedal locomotion,
respectively. Therefore, from a kinematical viewpoint, gait transition is achieved by

changing parameters L,, L, , H,, H,, and y, from values [, [2, HY, H?, and y? to

values Li (=0), L‘i (=0), HE, H}, and %, while the robot walks. Note that from these

flgures, using parameters A N AL, and Yy parameters [, N and LL are written as

L, =l sinp; +A,

®)

Ly =lg sinp +A;

Animals generate various motions and smoothly change them by cooperatively
manipulating their complicated and redundant musculoskeletal systems. To elucidate these
mechanisms, many studies have investigated recorded electromyographic (EMG) activities,
revealing that muscle activity patterns are expressed by the combination of several patterns,
despite their complexity (d'Avella & Bizzi, 2005; Patla et al., 1985; Ivanenko et al., 2004, 2006).
Furthermore, various motions have common muscle activity patterns, and different motions
only have a few different specific patterns in combinations that express muscle activity
patterns. This suggests that only a few patterns provide cooperation in different complex
movements.
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(a) Quadrupedal locomotion (b) Bipedal locomotion
Fig. 4. Schematics and parameters in quadrupedal and bipedal locomotion.

Therefore, in this paper first we introduce a couple of parameters and then attempt to achieve
gait transition by cooperatively changing the physical kinematics from quadrupedal to bipedal
using the parameters. Specifically, two parameters, £, and ¢, , are introduced, and parameters

A,, A, H,, H, ,and p are designed as functions of parameters ¢ and ¢, by

AA(§1’§2): ASIHIPT(§11§2)+AQ}§1
AL(§,6,)= AQ {lTL SmlPT(élr §2)+AQ}§1
H,(§, §)=HY+(H -HR)S, (6)

HL(§1/ '§2)— L (HE _HLQ)gz
W (&1, 8) =97 +(pr —w7)$,
This aims to use parameters £ and ¢, to change the distance between the foot and hand

trajectories and the posture of the trunk, respectively. Using this controller, gait transition is
achieved by simply changing introduced parameters (¢, £, ) from (0, 0) to (1, 1), as shown in Fig. 5.

& A (L1
) > Bipedal
©,0) > >
Quadrupedal &1

Fig. 5. Trajectories in ¢, — ¢, plane for gait transition from quadrupedal to bipedal locomotion.
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4.2 Numerical results

In this section, we investigate whether the proposed control system establishes gait
transition from quadrupedal to bipedal locomotion of the robot by numerical simulations.
The following locomotion parameters were used: §=5 cm, '[Ai’ =0.5, ’fsw =0.3 s, K =10.0,

K, =20, K, =20, [, =6.9 cm, and [, =7.6 cm; the remaining parameters for quadrupedal
and bipedal locomotion are shown in Table 2. These parameters were decided so that the
robot achieves steady quadrupedal and bipedal locomotion. That is, each locomotion has a
stable limit cycle in the state space of the robot. Figures 6(a) and (b) show the roll motions of
the robot relative to the ground during quadrupedal and bipedal locomotion, respectively,
illustrating the limit cycles in these gait patterns. Note that due to setting f}=0.5 and the
nominal phase differences of the oscillators as described in Sec. 3.2.2, a trot appears in the

quadrupedal locomotion in which the robot is usually supported by one arm and the
contralateral leg.

Parameter Quadrupedal (#2) Bipedal ()
A, lem] 30 14
A, [om] 4.0 -1.6
H, [cm] 222 222
H, [cm] 14.0 16.5
o, [deg] 72 12

Table 2. Parameters for quadrupedal and bipedal locomotion.

(a) Quadrupedal locomotion (b) Bipedal locomotion
Fig. 6. Roll motion relative to the ground.

To accomplish gait transition, parameters ¢, and ¢, are changed to reflect outer commands.
Specifically, a trajectory in £ — ¢, plane is designed as the following two successive steps (see Fig. 7):
Step 1: while the robot walks quadrupedally, parameter ¢ increases from 0 to ¢
during time interval T, s, where 0 < & <1
Step 2: at the beginning of the swing phase of Arm 1, ¢, and ¢, increase from ¢, to 1
and from 0 to 1, respectively, during time interval T, s
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Note that parameter £, >0 geometrically indicates that the robot becomes supported only by

its legs: that is, the appearance of bipedal locomotion.

& A (1. 1)
- Bipedal
Step 2
0,0 Step 1 -
Quadrupedal (&, 0) &

Fig. 7. Designed trajectory in £ —¢, plane to change gait pattern from quadrupedal to

bipedal locomotion.

Figures 8(a) and (b) show the roll motion of the robot relative to the ground during gait
transition, by parameter & =0.7. Specifically, in Fig. 8(a), time intervals T, and T, are both set

at 20 s. Since the nominal step cycle is set at 0.6 s, the nominal kinematical trajectories of
quadrupedal locomotion change slowly and gradually into bipedal locomotion, and it takes
many steps to complete the change of gait patterns. Step 1 is from 10 to 30 s, and Step 2 is from
30.2 to 50.2 s. During Step 1, the foot and the hand positions come closer together, and the roll
motion of the robot decreases. At the beginning of Step 2, since the robot becomes supported
only by its legs, roll motion suddenly increases. However, during Step 2 roll motion gradually
approaches a limit cycle of bipedal locomotion, and after Step 2 the motion converges to it.
That is, the robot accomplishes gait transition from quadrupedal to bipedal locomotion. On the
other hand, in Fig. 8(b), time intervals T, and T, are both set at 5 s. Step 1 is from 10 to 15 s,

and Step 2 is from 15.1 to 20.1 s. In this case, although the nominal trajectories change
relatively quickly, roll motion converges to a limit cycle of bipedal locomotion, and the robot
achieves gait transition. Figure 9 displays the trajectory of the center of mass projected on the
ground and the contact positions of the hands and the center of the feet on the ground during
this gait transition. Figure 10 shows snapshots of this gait transition.

(a) Time intervals T, T,=20's (b) Time intervals T,, T,=5s

Fig. 8. Roll motion relative to the ground during gait transition from quadrupedal to bipedal
locomotion.
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Fig. 9. Trajectory of center of mass of robot projected on the ground and contact positions of
the hands and the center of feet on the ground. Time of feet and hands indicate when they
land on the ground.

00s 12.5s 15.0s 15.1s

16.8 s 185s 20.1s 25.0s
Fig. 10. Snapshots of gait transition from quadrupedal to bipedal locomotion.

5. Discussion

Kinematical and dynamical studies on biped robots are important for robot control. As
described above, although model-based approaches using inverse kinematics and kinetics
have generally been used, the difficulty of establishing adaptability to various environments
as well as complicated computations has often been pointed out. In this paper, we employed
an internal structure composed of nonlinear oscillators that generated robot kinematics and
adequately responded based on environmental situations and achieved dynamically stable
quadrupedal and bipedal locomotion and their transition in a biped robot. Specifically, we
generated robot kinematical motions using rhythmic signals from internal oscillators. The
oscillators appropriately responded to sensory signals from touch sensors and modulated
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the rhythmic signals and physical kinematics, resulting in dynamical stable walking of the
robot. This means that a robot driven by this control system established dynamically stable
and adaptive walking through the interaction between the dynamics of the mechanical
system, the oscillators, and the environment. Furthermore, this control system needed
neither accurate modeling of the robot and the environment nor complicated computations.
It just relied on the timing of the touch sensor signals: it is a simple control system.

Since biped robots generate various motions manipulating many degrees of freedom, the
key issue in control remains how to design their coordination. In this paper, we expressed
two types of gait patterns using a set of several kinematical parameters and introduced two
independent parameters that parameterized the kinematical parameters. Based on the
introduced parameters, we changed the gait patterns and established gait transition. That is,
we did not individually design the kinematical motion of all robot joints, but imposed
kinematical restrictions on joint motions and contracted the degrees of freedom to achieve
cooperative motions during the transition. Furthermore, we used the same control system
between quadrupedal and bipedal locomotion except for the physical kinematics, which
facilitated the design of such cooperative motions and established a smooth gait transition.
As mentioned above, the analysis of EMG patterns in animal motions clarified that common
EMG patterns are embedded in the EMG patterns of different motions, despite generating
such motions using complicated and redundant musculoskeletal systems (d'Avella & Bizzi,
2005; Patla et al., 1985; Ivanenko et al., 2004, 2006), suggesting an important coordination
mechanism. In addition, kinematical studies revealed that covariation of the elevation
angles of thigh, shank, and foot during walking displayed in three-dimensional space is
approximately expressed on a plane (Lacquaniti et al., 1999), suggesting an important
kinematical restriction for establishing cooperative motions. In designing a control system,
adequate restrictions must be designed to achieve cooperative motions.

Physiological studies have investigated gait transition from quadrupedal to bipedal
locomotion to elucidate the origin of bipedal locomotion. Mori et al. (1996), Mori (2003), and
Nakajima et al. (2004) experimented on gait transition using monkeys and investigated the
physiological differences in the control system. Animals generate highly coordinated and
skillful motions as a result of the integration of nervous, sensory, and musculoskeletal
systems. Such motions of animals and robots are both governed by dynamics. Studies on
robotics are expected to contribute the elucidation of the mechanisms of animals and their
motion generation and control from a dynamical viewpoint.
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1. Introduction

One of the main objectives of current research on walking robots is to make their gaits more
fluid by introducing imbalance phases. For example, for walking robots without actuated
ankles, which are under actuated in single support, dynamically stable walking gaits have
been designed with success (Aoustin & Formal'sky 2003; Chevallereau et al. 2003; Zonfrilli
et al. 2002; Aoustin et al. 2006; Pratt et al. 2001; Westervelt et al. 2003). Both the design of
reference motions and trajectories and the control of the mechanism along these trajectories
usually require the knowledge of the whole state of the robot. This state contains internal
variables which are easy to measure using encoders for example, and also the absolute
orientation of the robot with respect to the horizontal plane. For robots with unilateral
constraints with the ground, it may not be possible to derive the latter information from
internal measurements, as in the case of the absolute orientation of a biped in single
support. Of course, technological solutions exist such as accelerometers, gyrometers, inertial
units... But the implementation of these solutions is expensive and difficult.

In order to overcome these difficulties, we propose to use a state observer which, based
on the measurements of the joint variables and on a dynamic model of the robot, provides
estimates of the absolute orientation of the walking robot during imbalance phases. This
strategy was first validated in simulation for a three link biped without feet, using
nonlinear high gain observers and a nonlinear observer based on sliding modes with a
finite time convergence (Lebastard et al. 2006a) and (Lebastard et al. 2006b), for walking
gaits composed of single support phases and impacts. The main drawback with this
family of observers is that, when only some of the degrees of freedom are measured, a
state coordinates transformation is necessary to design their canonical form (Gauthier &
Bornard 1981; Krener & Respondek 1985; Bornard & Hammouri 1991; Plestan &
Glumineau 1997).

In this chapter, the observer is an extended Kalman filter and it is applied to
SemiQuad, a prototype walking robot built at our institute. SemiQuad is a five link
mechanism with a platform and two double-link legs. It is designed to study quadruped
gaits where both front legs (resp. rear legs) have identical movements. Its unique front
leg (resp. rear leg) acts as the two front legs (resp. rear legs) of the quadruped, so that
SemiQuad can be considered as an implementation of a virtual quadruped, hence its
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name. The legs have passive (uncontrolled) feet that extend in the frontal plane. Due to
this, the robot is stable in the frontal plane. Four motors located in haunches and knees
drive the mechanism. The locomotion of the prototype is a planar curvet gait. In double
support, our prototype is statically stable and over actuated. In single support, it is
unstable and under actuated.

The reference walking gaits have been designed using an intuitive strategy which is such
that the absolute orientation is not required. Still, it contains imbalance phases during which
the observer can be used, and its results evaluated. The estimation results being correct,
such an observer can be used for contexts where the absolute angle is necessary.
Furthermore, the idea can be useful for other types of walking robots, such as bipeds with
imbalance phases.

The organization of this chapter is the following. Section 2 is devoted to the model of
SemiQuad. It also contains the data of its physical parameters. The intuitive gaits which were
designed for SemiQuad are presented in section 3. The statement of the problem of
estimation of the absolute orientation of SemiQuad is defined in Section 4. Simulation results
and experimental results avec presented in section 5. Section 6 presents our conclusions and
perspectives.

2. Presentation and dynamic models of SemiQuad

2.1 SemiQuad

The prototype (see figure 1) is composed of a platform and two identical double-link legs
with knees. The legs have passive (uncontrolled) feet that extend in the frontal plane. Thus,
the robot can only execute 2D motions in the sagittal plane, as considered here. There are
four electrical DC motors with gearbox reducers to actuate the haunch joints between the
platform and the thighs and the knee joints. Using a dynamic simulation, we have chosen
parameters of the prototype (the sizes, masses, inertia moments of the links) and convenient
actuators. The parameters of the four actuators with their gearbox reducers are specified in
Table 1. The lengths, masses and inertia moments of each link of SemiQuad are specified in
Table 2.

Fig. 1. Photography of SemiQuad.
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DC motor | length mass | gearbox | Rotor inertia Electromagnetical
+gearbox (m) (kg) ratio (kg.m2) torque constant (N.m)/A
in haunch 0.23 2.82 50 3.2510° 0.114
In knee 0.23 2.82 50 2.26 105 0.086
Table 1. Parameters of actuators
physical parameters mass length | Center of mass| Moment of inertia
of each link (kg) (m) locations (m) (kg.m?)

around the center
of mass C; (I=1,...,5)

links 1 and 5: shin mi=ms=0.40|11=15=0.15| s;=1s5=0.083 I =15=0.0034
link 3: platform
+actuators in each haunch | mz= 6.618 I3=0.375 s3=0.1875 13=0.3157
links 2 and 4: thigh
+actuators in each knee |mp=my=3.21| I,=1,=0.15 | sp=1s4=0.139 IL,=1,=0.0043

Table 2. Parameters of SemiQuad

The maximum value of the torque in the output shaft of each motor gearbox is 40 N.m . This
saturation on the torques is taken into account to design the control law in simulation and in
experiments. The total mass of the quadruped is approximately 14 kg. The four actuated
joints of the robot are each equipped with one encoder to measure the angular position. The
angular velocities are calculated using the angular positions. Currently the absolute
platform orientation angle & (see figure 2) is not measured. As explained before, the
proposed walking gait does not require this measurement. Each encoder has 2000 pts/rev
and is attached directly to the motor shaft. The bandwidth of each joint of the robot is
determined by the transfer function of the mechanical power train (motors, gearboxes) and
the motor amplifiers that drive each motor. In the case of SemiQuad, we have approximately
a 16 Hz bandwidth in the mechanical part of the joints and approximately 1.7 kHz for the
amplifiers. The control computations are performed with a sample period of 5 ms (200 Hz).
The software is developped in C language.

6, L.,

Fig. 2. SemiQuad’s diagram: generalized coordinates, torques, forces applied to the leg tips,
locations of mass centers.
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2.2 Dynamic model of SemiQuad
Figure 2 gives the notations of the torques, the ground reactions, the joint variables and the
Cartesian position of the platform. Using the equations of Lagrange, the dynamic model of
SemiQuad can be written:

Deqe + Heqe + Ge = Bgr + DRlRl + DR2R2 (1)

with, q, = [q‘f X, ZPT. The vector qis composed of the joint actuated variables and the

absolute orientation of the platform, q-[6, 6, 6, 6, aT ; (xp,zp) are the Cartesian
coordinates of the platform center. The joint angle variables are positive for counter
clockwise motion. D,.(q) (7x7) is the inertia positive definite matrix. The matrix
H,(q,q) (7x7) represents the Coriolis and centrifugal forces and G,(q) (7x1) is the vector of
the gravity forces. B, is a constant matrix composed of ones and zeros. Each matrix
Dy, (q) (7x2) (j =1,2 ) is a jacobian matrix which represents the relation between feet
Cartesian velocities and angular velocities. It allows to take into account the ground reaction

R on each foot. If foot j is not in contact with the ground, then R, -[0,0]". The

termT -, T, T, FJ is the vector of four actuator torques. Let us assume that during

the single support, the stance leg acts as a pivot joint. Our hypothesis is that the contact of
the swing leg with the ground results in no rebound and no slipping of the swing leg. Then,
in single support, equation (1) can be simplified and rewritten as:

D +Hq+G =BT ?)

As the kinetic energy K =%qTDq does not depend on the choice of the absolute frame (see
(Spong, M. & Vidyasagar M. 1991)) and furthermore variable o defines the absolute orientation
of SemiQuad, the inertia matrix D (5x5) does not depend on «, and then D-D(8,.6,.6,.6,) . As
for the case of equation (1), the matrix H(q,q) (5x5) represents the Coriolis and centrifugal

forces and G(q) (5x1) is the vector of gravity forces. B is a constant matrix composed of ones

and zeros. Equation (2) can be written under the following state form:

_ q _
- |:D—l (-Hq el BF)} - f(X) + g(qrel )F (3)

With x=[qT qT]T and the joint angle vector q,, -[6, 0, 0, 0,]. The state space is
defined as xe X cR" ={x =[q" qTﬂ gl <qy <= qe ]—n,n]s} . From these definitions, it

is clear that all state coordinates are bounded.

2.3 Discrete Model
Our objective is to design an extended Kalman filter with a sampling period A to observe the
absolute orientation o . Then it is necessary to find a discrete model equivalent to (3). A

+1 Xy

possible solution is to write x = XkT and (3) becomes:
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Xisr = X+ AE(X ) + 8(ren )T ) 4)
For SemiQuad, we have preferred to sample the generalized coordinates and their velocities
using approximations to a different order by a Taylor development:

x(t+A)=x(t)+A>'<(t)+A2X2(—t')+...+A“L('t)+a, (5)

From (5), developments to second order and first order have been used for the generalized
coordinates and their velocities, respectively. Limiting the order where possible limits the
noise, but using second order developments for position variables introduces their second
order derivative and allows to make use of the dynamic model.

i1 9x Q) A*( Gy
~ A = 6
[qj [qkj+ (qk]+ Z(OMJ ©

With this method, a discrete model of (3) is calculated. If we add the equation
corresponding to the measurement of the joint angles, we obtain the following system:

Xpeor = £ (%, Ty) %
y.=h(x)=(6, 6, 6, 6,)' =Cx, with C=I,,

2.4 Impulsive impact equation
The impact occurs at the end of the imbalance phase, when the swing leg tip touches the
ground, i.e. :

xeS={xe X ‘ q=q;} where (; is the final configuration of SemiQuad. The instant of impact
is denoted by T, . Let us use the index 2 for the swing leg, and 1 for the stance leg during the

imbalance phase in single support. We assume that:

¢ the impact is passive, absolutely inelastic;

¢ the swing leg does not slip when it touches the ground;

¢ the previous stance leg does not take off;

¢ the configuration of the robot does not change at the instant of impact.
Given these conditions, at the instant of an impact, the contact can be considered as
impulsive forces and defined by Dirac delta-functions R;=I; A(t-T)) (=1, 2). Here

T
Iy, :[IRM IRJ , is the vector of the magnitudes of the impulsive reaction in leg j

(Formal’sky 1974). The impact model is calculated by integrating (1) between T; (just before

impact) and T (just after impact) . The torques provided by the actuators at the joints, and

Coriolis and gravity forces, have finite values, thus they do not influence the impact.
Consequently the impact equation can be written in the following matrix form:

D, (q)(q: - q;) =Dy, (q)IR, + Dy, (q)IRz 8

Here, q is the configuration of SemiQuad at t=T,, q, and q are the angular velocities just

before and just after impact, respectively. Furthermore, the velocity of the stance leg tip
before impact is null. Then we have:
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D;q: =0,, (9)
After impact, both legs are stance legs, and the velocity of their tip becomes null:

Px q.=0 (10)

D;l e 4x1

3. Walking gait strategy for SemiQuad

By analogy with animal gaits with no flight phase, SermiQuad must jump with front or back leg
to realize a walking gait. There is no other way to avoid leg sliding. Then it is necessary to take
into account that SemiQuad is under actuated in single support and over actuated in double
support. Let us briefly present the adopted strategy to realize a walking gait for SemiQuad. It
was tested first in simulation to study its feasibility and then experimentally (Aoustin et al.
2006). A video can be found on the web page hitpy//www.irccyn.ec-
nantes.fr/irccyn/d/en/equipes/Robotique/Themes/Mobile. Figure 4 represents a sequence of stick
configurations for one step to illustrate the gait. Let us consider half step n as the current half
step, which is composed of a double support, a single support on the rear leg and an impact on
the ground. During the double support, SemiQuad has only three degrees of freedom. Then its
movement can be completely prescribed with the four actuators. A reference movement is
chosen to transfer the platform centre backwards. This is done by defining a polynomial of
third order for both Cartesian coordinates x, and z,. The coefficients of these polynomials are
calculated from a choice of initial and final positions, of the initial velocity and an intermediate
position of the platform centre. The reference trajectories for the four actuated joint variables
are calculated with an inverse geometric model. Then, by folding and immediately thrusting
the front leg, the single support phase on the rear leg starts. During this imbalance phase,
SemiQuad has five degrees of freedom and its rotation is free around its stance leg tip in the
sagittal plane. Reference trajectories are specified with third order polynomial functions in
time for the four actuated inter-link angles. However, the final time T, of these polynomial
functions is chosen smaller than the calculated duration Tss of the single support phase, such
that before impact the four desired inter-link angles (6,, i =1,...,4) become constant. Using this

strategy, we obtain the desired final configuration of our prototype before the impact even if
Tss is not equal to the expected value.

0, =a, +a,t+a,t” +a,t’ if t<T,
0,=0,(T) if T, <t<T,

P

(11)

The coefficients of these polynomials are calculated from a choice of initial, intermediate and
final configurations and of the initial velocity for each joint link. Just after impact, the next
half step begins and a similar strategy is applied (figure 4). The tracking of the reference
trajectories is achieved using a PD controller. The gains, which were adjusted using pole
placement, were tested in simulation and in experiments. Figure 3 shows the evolutions of
the absolute orientation variable a(t) and its velocity a(t), obtained from the simulation of

SemiQuad for five steps. These graphs clearly show that the dynamics of the absolute
orientation cannot be neglected in the design of a control law based on a state feedback. The
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durations of the double support phase and the single support phase are 1.5 s and 0.4 s
respectively.

“n 2 4 G g 10 12 14 16 18
Time(s)

Fig. 3. Evolution of a(t) and d(t) in simulation during the walking gait for five steps.

4. Observation of the absolute orientation of SemiQuad
System (3) is generically observable if the following matrix O has a full rank (see (Plestan &
Glumineau 1997)), which is equal to 10, with ( ki,..., kp) the p observability indexes.

O=(dh, .. diy7h, .. dh, .. dLy"h) 12)

P

where dh is the gradient vector of function h (see system (7)) with respect to the state vector
x, and dL¢h is the Lie derivative of h along the vector field f. We have also checked that the
equivalent property is satisfied by the discrete model. This means that, at each sampling
time ty, it is possible to find an observability matrix with 10 independent rows or columns.
Having checked system observability, we propose an extended Kalman filter to observe the
absolute orientation. The design of this extended Kalman filter is now described.

In practice, due to uncertainty in the determination of parameters and to angular
measurement errors, system (3), and of course system (7), are only approximations. A
standard solution is to represent modelling and measurement errors as additive noises
disturbing the system.

Let us consider the associated ““noisy”” system:

Xgp1 = fs(xk/rk)+ Ol
v, =Clx)=(6, 0, 0, 0,) +B,

In the case of a linear system, if a, and 3, are white Gaussian noises, mutually independent

(13)

and independent of x, the Kalman filter is an optimal estimator. When the system is not linear,
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it is possible to use the extended Kalman filter (EKF) by linearizing the evolution equation f;
and the observation equation (which is in our case linear) around the current state estimate.
Although convergence and optimality are no longer guaranteed, the interest and the
effectiveness of the extended Kalman filter have been proved in many experimental cases. The
extended Kalman filter is very often used as a state observer (Bonnifait & Garcia 1998).

<

(f) Double support (end of half step n and start of half step n+1):
Just after landing with an impact of the front leg. After half step

(a) Double support (half step n) :
The projection of the platform center

is halfway between the leg tips

(b) Double support (half step n) :
The projection of the platform center is
closer to the back leg tip

(c) Double support (half step n):
The front leg is unbent just before
take off (before the single support)

e

(d) Single support (half step n):
Just after jump of the front leg,
the front leg is bent.

7

(e) Single support (half step n):
The distance between the leg tips
is larger than in the previous
double support phase.

n, the platform center has moved forward.

<>

(g) Double support (half step n+1) :
The projection of the platform center is
closer to the front leg tip.

C

(h) Double support (half step n+1):
The back leg is unbent just before take off
(before the next single support phase)

3

(i) Single support (half step n+1)
Just after jump of the back leg,
the back leg is bent.

'

(j) Single support (half step n+1):
The dlstance between the leg tips is smaller than
in the previous double support phase.

Fig. 4. Plot of half steps n and n+1 of SemiQuad. as a sequence of stick figures.
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In the case of our system, the equations of the extended Kalman filter are:
e apriori estimation: uses data available before ti+1

X = £ (X, T)

(14)
Pk_+l = AkPkAl-f + Qa
e g posteriori estimation: uses data available at ti+1
ik+l = ;(E-H + I<k+l (yk+l - CX;H ) (15)

P, = (Imxm - Kk+1C)P1;+1
with:

A, = (gfs ) and K,,, =P,,C"(CP.,C" +Q,)"
X X=Xy

Here yi+1 are the measured joint variables, which are the first four components of vector xi
at time t, and Cx,,, is the a priori estimation of these joint variables. Q,and Q, are the
covariance matrices of a, and P,, K is the Kalman gain and P the estimated covariance

matrix of prediction (P at ti) and estimation (P at tx) errors.

5. Simulation and experimental results.

For the simulation and experimental tests, the physical parameters defined in section 2 are
used. The sampling period A is equal to 5 ms. The incremental encoders having N=2000
points per revolution, the variance of measurement is taken equal to 1 / (BANZ) =8.225 104.
The errors of incremental encoders being independent, we have chosen Q,=8.22510+ L, .
The components of Q, for the configuration variables are determined by trial and error
from simulation and experimental results. The components of Q, for velocity variables are

derived from the values for position variables, taking into account the sampling period, and
are larger than those corresponding to position variables.

o -[30 10°L, 0.,
. 0,5 3.010°L,,

The initialization of the covariance matrix P takes into account a determination of a less precise
and fixes the variances on the velocities, as for Q, , taking into account of the sampling period.

8 107]014)(4 04)(1 04x5
P=| 0, 1.710° 0,4
05x4 05x1 5 107215x5

All the tests in simulations and in experiments were done following the scheme of figure 5. In
simulations, the joint variables 8, and their velocities 8, (i=1,2,3,4) obtained by integration of
the direct dynamic model of SemiQuad and the control torques I'; (i=1,2,3,4) are the inputs of

the extended Kalman filter. For the experimental tests, the joint variables 0, (i=1,2,3,4) are

measured and differentiated to obtain the velocities 6, . These eight variables, together with
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the four experimental torques I'; (i=1,2,3,4) are the inputs of the extended Kalman filter. In

both cases, the state vector [91 6, 6, 6, a 6, 6, 6, 6, d:'T is estimated.

T, (i=1,234) ‘ 6, 6, (i=1,2,3,4)

S Semiquad -

»

T, (i=1,234)

> Estended 4,6, 6, 1=1,23,4)
0, 6, (i=1,2,3,4) Kalman >

1 1= el d .

' Filter

A

”

Fig. 5. Principle of tests of the extended Kalman filter with SemiQuad.

5.1 Simulation results

Figure 6 shows the evolution of the estimated and real orientations of the platform during a
single support phase of the cyclic walking gait of SemiQuad. The initial error, which has been
set to 0.0262 rad (1.5 degree), is rapidly reduced, andthe estimated orientation converges
towards the real orientation. Let us notice that a maximum value of 1.5 degree for the initial
error is reasonable because experimentally a(0) is determined by the geometric model at

the end of the previous double support.
In the model used by the observer, we do not consider any friction. We have
performed robustness tests of our estimator by adding a viscous friction, T'; =F0,

(i=1,2,3,4), and a Coulomb friction T; =FS(§i (i=1,2,3,4) to the simulation model. Figure
7 shows the estimated and real orientations of the platform of SemiQuad in the case
when a viscous friction is added. The coefficient F, equals to 0.1 N.m.s/rad. Similarly,
figure 8 shows the estimated and the real orientations of the platform of SemiQuad in
the case of a Coulomb friction, with a coefficient Fs equal to 0.2 N.m. Last robustness
test (figure 9) presents the estimated and real orientations of the platform of
SemiQuad with an inertia reduced by 5% for the platform in the simulator. In practice,
5% precision on inertia is feasible (see identification results in (Lydoire & Poignet
2003)).

From these robustness tests, we can conclude that we have no finite time convergence.
However, the final relative errors of the estimated orientations of the platform of SemiQuad
are small. Since it will be possible to update the initial condition of the estimator during the
next double support phase, with the measurements of the encoders and the geometrical
relations, such errors are not a problem.

5.2 Experimental results
At each step, the estimator is initialized with the configurations and the velocities at the
end of the previous double support phase. At each sampling time, velocities are obtained
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6;(kA)-6,((k-1)A)
A

applied to smooth the measured joint variables 8, , their velocities 6, and the four torques

I; (i=1,2,3,4).

by the usual differentiation operation 6, = (i=1,2,3,4). No filtering is
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Fig. 6. Absolute orientation a(t) of the platform: real (solid) and estimated (dashed).
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Fig. 7. Absolute orientation af(t) of the platform: real (solid) and estimated (dashed), with a

supplement viscous friction.
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Fig. 8. Absolute orientation af(t) of the platform: real (solid) and estimated (dashed), with a

supplement Coulomb friction.
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Fig. 9. Absolute orientation a(t) of the platform: real (solid) and estimated (dashed), with an

error on the inertia of the platform.
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Figure 10 shows the estimation of the absolute orientation of the platform af(t). The

duration of the single support phase is 15% smaller than in simulation. It can probably be
explained by the fact that our knowledge of the physical parameters of the robot is not
perfect, and that we neglected effects such as friction in the joints.

Currently, there is no experimental measured data about the evolution of a(t) in single

support, because SemiQuad is not equipped with a sensor such as a gyrometer or a
gyroscope. However, in double support, using the geometric and kinematic models it is
possible to calculate a(t) and da(t). In addition to providing initial conditions for the

observer, this also allows to calculate the orientation at the end of the single support phase,
just after impact. The corresponding value is displayed as a star on the next graph, and is
equal to 0.01 rad (0.57 degree). The difference between this value and the estimated value at
the same instant is almost 3 degrees.
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Fig. 10. Estimation of the absolute orientation a(t) of the platform using the experimental data.

6. Conclusion

An application of the digital extended Kalman filter has been presented for the problem of
estimating the absolute orientation of SemiQuad, a 2D dynamically stable walking robot. There
are some differences between simulations and experiments, but the results still prove the
ability of our observer to yield a short term estimation of the orientation of the robot. The
precision is sufficient for the estimation to be useful for calculating the dynamic model and
monitoring the balance of the robot. This task is important for SemiQuad, and vital for bipeds,
to which the idea is also applicable (see Lebastard, Aoustin, & Plestan 2006 for a different type
of observer). Given the possibility to re-initialize the observer at each double support phase,
even if very short, as it can be for bipeds, the observer can provide the absolute orientation
over time without the use of any additional sensor, which was the goal of our work.
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In a near future, we plan to equip SemiQuad with a gyrometer to fully evaluate the
performance of our estimator over time. Our perspective is to use the estimated orientation
in advanced feedback controllers.
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Teaching a Robotic Child - Machine Learning
Strategies for a Humanoid Robot from Social
Interactions

Artur Arsenio
Massachussets Institute of Technology?
USA

1. Introduction

Children love toys. Human caregivers often employ learning aids, such as books,
educational videos, drawing boards, musical or textured toys, to teach a child. These social
interactions provide a rich plethora of information to a child, and hence they should be
extrapolated to a humanoid robot as well (Arsenio, 2004d).

Inspired in infant development, we aim at developing a humanoid robot's perceptual
system through the use of learning aids, cognitive artifacts, and educational activities, so
that a robot learns about the world according to a child’s developmental phases (Arsenio,
2004c). Of course, the human caregiver plays a very important role on a robot’s learning
process (as it is so with children), performing educational and play activities with the robot
(such as drawing, painting or playing with a toy train on a railway), facilitating robot’s
perception and learning. The goal is for the humanoid robot Cog (Figure 1) to see the world
through the caregiver’s eyes.

Fig. 1. The Humanoid Robot Cog.

This chapter will begin by addressing learning scenarios on section 2, which are employed
to enable the robot to acquire input data in real-time to train learning algorithms. Tools
developed to acquire such data, such as object / scene /texture segmentation (Arsenio,

1 Research work was developed while the author was at MIT. The author is currently working at
Siemens.
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2004e), sound / face segmentation (Arsenio, 2004f), object / face / hand tracking (Arsenio,
2004e;f) or even robot actuation for active perception (Arsenio, 2003; Metta & Fitzpatrick,
2003) are described in the literature.

We do not treat children as machines, i.e., automatons. But this automaton view is still
widely employed in industry to build robots. Building robots involves indeed the hardware
setup of sensors, actuators, metal parts, cables, processing boards, as well as software
development. Such engineering might be viewed as the robot genotype. But equally
important in a child is the developmental acquisition of information in a social and cultural
context (Vigotsky, 1962).

Therefore, for a humanoid robot to interact effectively in its surrounding world, it must be
able to learn. Section 3 presents learning strategies applied to a diverse set of problems, so
that the robot learns information about objects, scenes, people and actions. Training data for
the algorithms is generated on-line, in real-time, while the robot is in operation. We will
describe the development of these learning mechanisms, presenting statistics from a large
plethora of experimental results.

We aim at introducing robots into our society and treating them as us, using child
development as a metaphor for developmental learning of a humanoid robot

2. Children-like Social Interactions as Learning Scenarios for a Humanoid

An autonomous robot needs to be able to acquire and incrementally assimilate new
information, to be capable of developing and adapting to its environment. The field of
machine learning offers many powerful algorithms, but these often require off-line,
manually inserted training data to operate. Infant development research suggests ways to
acquire such training data from simple contexts, and use these experiences to bootstrap to
more complex contexts. We need to identify situations that enable the robot to
temporarily reach beyond its current perceptual abilities (Figure 2 shows a set of such
situations), giving the opportunity for development to occur (Arsenio, 2004c;d; Metta &
Fitzpatrick, 2003).

This led us to create children-like learning scenarios for teaching a humanoid robot. These
learning experiments are used for transmitting information to the humanoid robot Cog to
learn about objects' multiple visual and auditory representations from books, other learning
aids, musical instruments and educational activities such as drawing and painting.

Our strategy relies heavily in human-robot interactions. For instance, it is essential to have a
human in the loop to introduce objects from a book to the robot (as a human caregiver does
to a child). A more rich, complete human-robot communication interface results from
adding other aiding tools to the robot's portfolio (which facilitate as well the children'
learning process).

This is achieved by selectively attending to the human actuator (hand or finger).
Indeed, primates have specific brain areas to process the hand visual appearance
(Perrett et al., 1990). Inspired by human development studies, emphasis will be placed
on facilitating perception through the action of a human instructor, and on developing
machine-learning strategies that receive input from these human-robot interactions
(Arsenio, 2004a,d).

Multi-modal object properties are learned using these children educational tools, and
inserted into several recognition schemes, which are then applied to developmentally
acquire new object representations (Arsenio, 2004c).
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Fig. 2. Cog learning from several social interactions.

2.1 Robot Skill Augmentation through Cognitive Artifacts

A human caregiver can introduce a robot to a rich world of visual information concerning
objects' visual appearance and shape. But cognitive artifacts, which enhance perception, can
also be applied to improve perception over other perceptual modalities, such as auditory
processing.

We exploit repetition (rthythmic motion, repeated sounds) to achieve segmentation and
recognition across multiple senses (Arsenio, 2004d;f). We are interested in detecting
conditions that repeat with some roughly constant rate, where that rate is consistent with
what a human can easily produce and perceive. This is not a very well defined range, but
we will consider anything above 10Hz to be too fast, and anything below 0.1Hz to be too
slow. Repetitive signals in this range are considered to be events in our system: waving a
flag is an event, but the vibration of a violin string is not an event (too fast), and neither is
the daily rise and fall of the sun (too slow). Such a restriction is related to the idea of natural
kinds, where perception is based on the physical dimensions and practical interests of the
observer.

Abrupt motions, such as a poking movement, which involve large variations of movement,
are also used to extract percepts (Arsenio, 2003; Arsenio 2004c;d).

Teaching from Books

Learning aids are often used by human caregivers to introduce the child to a diverse set of
(in)animate objects, exposing the latter to an outside world of colors, forms, shapes and
contrasts, that otherwise might not be available to a child (such as images of whales and
cows). Since these learning aids help to expand the child's knowledge of the world, they are
a potentially useful tool for introducing new informative percepts to a robot.
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Fig. 3. Object templates extracted from books.

Children’s learning is hence aided by the use of audiovisuals, and especially books,
during social interactions with their mother or caregiver. Indeed, humans often paint,
draw or just read books to children during their childhood. Books are also a useful tool to
teach robots different object representations and to communicate properties of unknown
objects to them.

Figure 3 shows images of object templates extracted from books using an active object
segmentation algorithm - active in the sense that a human points to the object in a book
with his/her finger (Arsenio, 2004e). This human aided perceptual grouping algorithm
extracts informative percepts from picture books (fabric, foam or cardboard books), by
correlating such information with a periodically moving human actuator (finger), resulting
on signal samples for objects’ image templates. Whenever the interacting human makes
repetitive sounds simultaneously, object sound signatures, as well as cross-modal
signatures, are segmented as well (Fitzpatrick & Arsenio, 2004). This data is employed
afterwards as inputs for learning (section 3).



Teaching a Robotic Child - Machine Learning Strategies for a Humanoid Robot from Social Interactions 49

Matching Geometric Patterns: Drawings, Paintings, Pictures ...

Object descriptions may come in different formats - drawings, paintings, photos, et
cetera. Hence, the link between an object representation in a book and real objects
recognized from the surrounding world can be established through object recognition.
Objects will be recognized using geometric hashing (section 3), a widely used
recognition technique. The algorithm operates on three different set of features:
chrominance and luminance topological regions, and shape (determined by an object’s
edges), as shown by Figure 4. Except for a description contained in a book, which was
previously segmented, the robot had no other knowledge concerning the visual
appearance or shape of such object.

Additional possibilities include linking different object descriptions in a book, such as a
drawing, as demonstrated by two samples of the experimental results presented in Figure 4.
A sketch of an object contains salient features concerning its shape, and therefore there are
advantages in learning, and linking, these different representations. This framework is also
a useful tool for linking other object descriptions in a book, such as a photo, a painting, or a
printing (Arsenio, 2004a;d).

Fig. 4. Matching objects from books to real world objects and drawings.

Explorations into the World of Tools and Toys

A plethora of other educational tools and toys are widely used by educators to teach
children, helping them to develop. Examples of such tools are toys (such as drawing
boards), educational TV programs or educational videos. The Baby Einstein collection
includes videos to introduce infants and toddlers to colors, music, literature and art. Famous
painters and their artistic creations are displayed to children on the Baby Van Gogh video,
from the mentioned collection. This inspired the design of learning experiments in which
Cog is introduced to art using an artificial display (the computer monitor), as shown in
Figure 5 (Arsenio, 2004d).
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Fig. 5. The image of a painting by Vincent Van Gogh, Road with Cypress and Star, 1890 is
displayed on a computer screen. Paintings are contextually different than pictures or
photos, since the painter style changes the elements on the figure considerably. Van Gogh, a
post-impressionist, painted with an aggressive use of brush strokes. But individual painting
elements can still be grouped together by having a human actor tapping on their
representation in the computer screen to group them together.

Learning First Words

Auditory processing is also integrated with visual processing to extract the name and
properties of objects. However, hand visual trajectory properties and sound properties
might be independent - while tapping on books, it is not the interacting human caregiver
hand that generates sound, but the caregiver vocal system pronouncing sounds such as the
object’'s name. Therefore, cross-modal events are associated together under a weak
requirement: visual segmentations from periodic signals and sound segmentations are
bound together if occurring temporally close (Fitzpatrick & Arsenio, 2004). This strategy is
also well suited for sound patterns correlated with the hand visual trajectory (such as
playing musical tones by shaking a rattle).

2.2 Educational, Learning Activities

A common pattern of early human-child interactive communication is through activities
that stimulate the child's brain, such as drawing or painting. Children are able to extract
information from such activities while they are being performed on-line. This capability
motivated the implementation of three parallel processes which receive input data from
three different sources: from an attentional tracker, which tracks the robot’s attentional
focus, and it is attracted to a new salient stimulus; from a multi-target tracking algorithm
implemented to track simultaneously multiple targets; and from an algorithm that
selectively attends to the human actuator (Arsenio, 2004d).

Learning Hand Gestures

Standard hand gesture recognition algorithms require an annotated database of hand
gestures, built off-line. Common approaches, such as Space-Time Gestures (Darrel &
Pentland, 1993), rely on dynamic programming. Others (Cutler & Turk, 1998) developed
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systems for children to interact with lifelike characters and play virtual instruments by
classifying optical flow measurements. Other classification techniques include state
machines, dynamic time warping or Hidden Markov Models (HMMs).

We follow a fundamentally different approach, being periodic hand trajectories mapped
into geometric descriptions of objects, to classify simple circular or triangular movements,
for instance (Arsenio, 2004a). Figure 6b reports an experiment in which a human draws
repetitively a geometric shape on a sheet of paper with a pen. The robot learns what was
drawn by matching one period of the hand gesture to the previously learned shape (the
hand gesture is recognized as circular in the Figure). Hence, the geometry of periodic hand
trajectories is recognized in real-time to the geometry of objects in an object database,
instead of being mapped to a database of annotated gestures.

Fig. 6. Sample of experiments for object and shape recognition from hand gestures.

Object Recognition from Hand Gestures.

The problem of recognizing objects in a scene can be framed as the dual version of the hand
gestures recognition problem. Instead of using previously learned object geometries to
recognize hand gestures, hand gestures' trajectories are now applied to recover the
geometric shape (set of lines computed by applying the Hough Transform) and appearance
(given by an image template enclosing such lines) of a scene object (as seen by the robot).
Visual geometries in a scene (such as circles) are recognized as such from hand gestures
having the same geometry (as is the case of circular gestures). Figure 6a shows results for
such task on an experiment in which an interacting human paints a circle. The robot learns
what was painted (a circle) by matching the hand gesture to the shape defined by the ink on
the paper. The algorithm is useful to identify shapes from drawing, painting or other
educational activities (Arsenio, 2004d).

Shape from Human Cues

A very similar framework is applied to extract object boundaries from human cues. Indeed,
human manipulation provides the robot with extra perceptual information concerning
objects, by actively describing (using human arm/ hand/finger trajectories) object contours
or the hollow parts of objects, such as a cup (see experiment with green cup in Figure 6c).
Tactile perception of objects from the robot grasping activities has been actively pursued -
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see for instance (Polana & Nelson, 1994; Rao et al., 1989). Although more precise, these
techniques require hybrid position/ force control of the robot's manipulator end-effector so
as not to damage or break objects.

Functional Constraints

Not only hand gestures can be used to detect interesting geometric shapes in the world as
seen by the robot. For instance, certain toys, such as trains, move periodically on rail tracks,
with a functional constraint fixed both in time and space. Therefore, one might obtain
information concerning the rail tracks by observing the train's visual trajectory. To
accomplish such goal, objects are visually tracked by an attentional tracker which is
modulated by an attentional system (Arsenio, 2004d). The algorithm starts by masking the
input world image to regions inside the moving object's visual trajectory (or outside but on a
boundary neighborhood). Lines modeling the object's trajectory are then mapped into lines
fitting the scene edges. The output is the geometry of the stationary object which is
imposing the functional constraint on the moving object. Figure 6d shows as well an
experiment for the specific case of extracting templates for rail tracks from the train's motion
(which is constrained by the railway circular geometry).

2.3 Learning about People

Faces in cluttered scenes are located by a computationally efficient algorithm (Viola & Jones,
2001), which is applied to each video frame (acquired by a foveal camera). If a face is detected,
the algorithm estimates a window containing that face, as shown in Figure 7. The novelty here
consists on acquiring a large amount of samples of training data in real-time using a multi-
object tracking algorithm (Arsenio, 2004d), which allows to group several image templates
together - from different views of the same tracked face - into the same group.

Fig. 7. Approach for segmenting and recognizing faces & objects. Training data for
object/face recognition is extracted by keeping objects and others faces in memory for a
while, generating a collection of training samples consisting of multiple segmentations of
objects and faces. (left) on-line experiment on Cog (right) schematic organization. 1. Object
segmentation 2. Face detection and segmentation 3. Multiple object tracking 4. Object
Recognition 5. Face Recognition.
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3. Machine Learning Algorithms

This section presents a collection of machine learning algorithms and methodologies
implemented to emulate different cognitive capabilities on the humanoid robot Cog. This
framework is effectively applied to a collection of Al, computer vision, and signal
processing problems. It is shown to solve a broad spectrum of machine learning problems
along a large categorical scope: actions, objects, scenes and people, using real-time data
acquired from human-robot interactions as described by last section’s learning scenarios.
Most of the learning algorithms introduced receive as training inputs information produced
by other modules, such as object segmentation (Arsenio, 2004e). But all this training data is
automatically annotated on-line, in real-time, instead of the standard off-line, manual
annotation. This is accomplished by having human caregivers introducing new percepts to
the robot (Arsenio, 2004a). Hence, we are motivated by cognitive development of human
infants, which is bootstrapped by the helping hand that a human caregiver (and especially
the infant’s mother) provides to the infant (Arsenio, 2004c).

This chapter does not intend to propose new learning algorithms. Instead, the focus is
placed on using existing learning algorithms to solve a wide range of problems.

One essential capability for a humanoid robot to achieve convincing levels of competency is
object recognition. Therefore, a learning algorithm operating on object color histograms is
first presented. A more robust algorithm employing geometric hashing techniques is also
described. These algorithms are not however appropriate to tackle the face recognition
problem, which is solved using the eigenfaces method. A similar eigenobjects based
algorithm will be applied as well for sound recognition, using eigensounds.

Recognition of scenes is especially important for robot localization. An approach based on a
contextual description of the scene envelope is also described. Contextual descriptions of a
scene are modeled by a Mixture of Gaussians, being the parameters of such mixture
estimated iteratively using the Expectation-Maximization algorithm.

The processing of cross-modal information, among different sensorial capabilities, leads to
an innovative cross-modal object recognition scheme using a Dynamic Programming
approach. Contextual features provide another source of information very useful to
recognize objects - we apply a method similar to a mixture of experts: weighted cluster
modeling. Another technique employed is Back-propagation Neural Networks for activities’
identification (and for identifying the function of an object within an activity). This learning
method is also shown to increase sound recognition rates compared to the eigensounds
method. Both qualitative and quantitative experimental results are evaluated and discussed
for each algorithm. Section 3 ends by referring briefly other learning strategies employed by
the humanoid robot Cog, applied not only for perception but also for robot control by
learning the underlying dynamic models.

3.1 Color Histograms

The object recognition algorithm needs to cluster object templates by classes according to
their identity. Such task was implemented through color histograms - objects are classified
based on the relative distribution of their color pixels. Since object masks are available from
segmentation (Arsenio, 2004e), external global features do not affect recognition, and hence
color histograms are appropriate. A multi-target tracking algorithm (Arsenio, 2004d) keeps
track of object locations as the visual percepts change due to movement of the robot’s active
head. Ideally, a human actor should expose the robot to several views of the object being
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tracked (if the object appearance is view-dependent), in order to link them to the same
object. This way, a collection of object views becomes available as input.
Recognition works as follows. Quantization of each of the three color channels originates 83
groups G; of similar colors. The number of image pixels ng;indexed to a group is stored as a
percentage of the total number of pixels. The first 20 color histograms of an object category
are saved into memory and updated thereafter. New object templates are classified
according to their similarity with other object templates previously recognized for all object
categories, by computing:

83

p= Zminimum (ng, ngy)

i=l
If p < th (th set to 0,7) for all of the 20 histograms in an object category, then the object does
not belong to that category. If this happens for all categories, then it is a new object. If p > th,
then a match occurs, and the object is assigned to the category with maximum p.
Whenever an object is recognized into a given category, the average color histogram which
originated a better match is updated. Given an average histogram which is the result of
averaging m color histograms, the updating consists of computing the weighted average
between this histogram (weight m) and the new color histograms (unit weight). This has the
advantage that color histograms evolve as more samples are obtained to represent different
views of an object.

Fig. 8. (top) Recognition errors. Matches evaluated from a total of 11 scenes (objects are
segmented and recognized more than once per scene). (bottom) Sequence from an on-line
experiment of several minutes on the humanoid robot Cog: (1) The robot detects and
segments a new object - a sofa; (2) New object is correctly assigned to a new category; (3)
Object, not being tracked, is recognized from previous templates (as shown by the two sofa
templates mapped to it); (4-5-6) Same sequence for a different, smaller sofa.

Experimental Results for Template Matching

Figure 8 presents quantitative performance statistics. It shows a sample of the system
running on the humanoid robot Cog, while recognizing previously learned objects. Incorrect
matches occurred due to color similarity among different objects (such as a big and a small



Teaching a Robotic Child - Machine Learning Strategies for a Humanoid Robot from Social Interactions 55

sofa). Errors arising from labeling an object in the database as a new object are chiefly due to
drastic variations in light sources. Qualitative results from an on-line experiment of several
minutes for object segmentation, tracking and recognition of new objects on the humanoid
robot are also shown.

Out of around 100 samples from on-line experiments, recognition accuracy average was
of 95%. Several experiments have shown however the algorithm not capable to
differentiate among people’s faces, although it differentiated correctly between faces
and other objects.

3.2 Geometric Hashing
This object recognition algorithm consists of three independent algorithms. Each recognizer
operates along orthogonal directions to the others over the input space (Arsenio, 2004b).
This approach offers the possibility of priming specific information such as searching for a
specific object feature (color, shape or luminance) independently of the others. The set of
input features are:
= Color: groups of connected regions with similar color
*  Luminance: groups of connected regions with similar luminance
= Shape. A Hough transform is applied to a contour image (from a Canny edge
detector). Line orientation is determined using Sobel masks. Pairs of oriented lines
are then used as input features
Geometric hashing (Wolfson & Rigoutsos, 1997) is a rather useful technique for high-speed
performance. In this method, quasi-invariants are computed from training data in model
images, and then stored in hash tables. Recognition consists of accessing and counting the
contents of hash buckets. Recognition of objects has to occur over a variety of scene contexts.
An adaptive Hash table (a hash table with variable-size buckets) algorithm was
implemented to store affine color, luminance and shape invariants (which are view
independent for small perspective deformations). Figure 4 displays two results from
applying this algorithm using shape features (Arsenio, 2004d).

3.3 Eigenobjects — Principal Component Analysis

Component Analysis (PCA) is an efficient method to describe a collection of images. The
corresponding eigenvectors are denominated eigenobjects.

Let the training set of M images from an object n be {01, ¢2, . . . dm} (see Figure 9). The
average image of this set is defined by

M
y=1/M Z @. . The covariance matrix for the set of training objects is thus given by (1):

i=1

M
Con= Y T T -AAT 1)

i=l
being I'»= ¢n— W the difference of each image from the mean, and A =[I';, I, ..., Tm].
Cropped faces are first rescaled to 128 x 128 images (size S = 1282). Determining the
eigenvectors and eigenvalues of the S2size covariance matrix C is untractable. However, C
rank does not exceed M —1. For M < S2 there are only M -1 eigenvectors associated to non-
zero eigenvalues, rather than S2. Let v; be the eigenvectors of the M x M matrix ATA. The
eigenfaces p; are given by:
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Fig. 9. a) Face image samples are shown for each of three people out of a database of six; b)
Average face image for three people on the database, together with three eigenfaces for each
one; c) Confusion table with face recognition results.

The number of basis functions is further reduced from M to M’ by selecting only the most
meaningful M’ eigenvectors (with the largest associated eigenvalues), and ignoring all the
others. Classification of the image of object @ consists of projecting it into the eigenobject
components, by correlating the eigenvectors with it, for obtaining the coefficients
wi=pi(¢—y), i= 1,..., M’ of this projection. The weights wiform a vector Q ={wy, w, . .., wy'}.
An object is then classified by selecting the minimum L, distance to each object’s coefficients

in the database g,= HQ -Q ‘ H where Qy describes the kth object class in the database. If g, is
below a threshold, then it corresponds to a new object.

Eigenfaces: Experimental Results

The eigenvectors are now denominated eigenfaces (Turk & Pentland, 1991), because they are
face-like in appearance (see Figure 9 - the confusion table in this Figure presents results for
recognizing three different people, being the average recognition accuracy of 88.9%). The
training data set contains a lot of variation. Validation data corresponds to a random 20% of
all the data.

Eigensounds for Sound Recognition

A collection of annotated acoustic signatures for each object are used as input data (see
Figure 10) for a sound recognition algorithm by applying the eigenobjects method. A sound
image is represented as a linear combination of base sound signatures (or eigensounds).
Classification consists of projecting novel sounds to this space, determining the coefficients
of this projection, computing the L, distance to each object’s coefficients in the database, and
selecting the class corresponding to the minimum distance.

Cross-modal information aids the acquisition and learning of unimodal percepts and
consequent categorization in a child’s early infancy. Similarly, visual data is employed here
to guide the annotation of auditory data to implement a sound recognition algorithm.
Training samples for the sound recognition algorithm are classified into different categories
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by the visual object recognition system or from information from the visual object tracking
system. This enables the system, after training, to classify the sounds of objects not visible.

The system was evaluated quantitatively by random selection of 10% of the segmented data
for validation, and the remaining data for training. This process was randomly repeated
three times. It is worth noticing that even samples received within a short time of each other
often do not look too similar, due to background acoustic noise, noise on the segmentation
process, other objects’ sounds during experiments, and variability on how objects are
moved and presented to the robot. For example, the car object is heard both alone and with
a rattle (either visible or hidden). The recognition rate for the three runs averaged to 82%
(86.7%, 80% and 80%). Recognition rates by object category were: 67% for the car, 91.7% for
the cube rattle, 77.8% for the snake rattle and 83.3% for the hammer. Most errors arise from

mismatches between (car and hammer) sounds.

e
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1) 7 random sound samples for each of 4 objects. From top to 2) Average  3) Eigenobjects corresponding
bottom: hammer, cube rattle, car and snake rattle, respectively sound images to the three highest eigenvalues

Fig. 10. Sound recognition. Acoustic signatures for four objects are shown along the rows.
(1) Seven sound segmentation samples are shown for each object, from a total of 28 (car), 49
(cube rattle), 23 (snake rattle) and 34 (hammer) samples. (2) Average acoustic signatures.
The vertical axis corresponds to the frequency bands and the horizontal axis to time
normalized by the period. (3) Eigensounds corresponding to the three highest eigenvalues.
The repetitive nature of the sound generated by an object under periodic motion can be
analyzed to extract an acoustic signature for that object. We search for repetition in a set of
frequency bands, collecting those whose energies oscillate together with a similar period
(Fitzpatrick & Arsenio, 2004).

3.4 Mixture of Gaussians for Scene Recognition

Wavelets (Strang & Nguyen, 1996) are employed to extract contextual features. Processing is
applied iteratively through the low frequency branch of the wavelet transform over T=5
scales, while higher frequencies along the vertical, horizontal and diagonal orientations are
stored (due to signal polarity, this corresponds to a compact representation of six
orientations in three images). The input is thus represented by v(x, y) =v(p)={vk(x, y),
k=1,..., N}, with N=3T=15. Each wavelet component at the ith level has dimensions 256/2i x
256/2i, and is down-sampled to an 8 x 8 image:

v(x,y)= ZV(L Dh@-x,j-y) ®)
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where h(x,y) is a Gaussian window. Thus, V(x,y) has dimension 960. Similarly to other
approaches (Torralba, 2003), the dimensionality problem is reduced to become tractable by
applying Principal Component Analysis (PCA). The image features v(p) are decomposed
into the basis functions given by the PCA:

v(P)= 2 e (B) - ¢, =2 v (P)pl () @

where the functions (o,i (p) are the eigenfunctions of the covariance operator given by
v,(p). These functions incorporate both spatial and spectral information. The
decomposition coefficients are obtained by projecting the image features v, (p) into the

principal components c;, used hereafter as input context features.

The vector ¢ ={c;, i=1, ..., D} denotes the resulting D-dimensional input vector, with D=E,,
2< D< Th,, where m denotes a class, Th, an upper threshold and E., denotes the number of
eigenvalues within 5% of the maximum eigenvalue. These features can be viewed as a
scene’s holistic (Oliva & Torralba, 2001) representation since all the regions of the image
contribute to all the coefficients, as objects are not encoded individually. The effect of
neglecting local features is reduced by mapping the foveal camera (which grabs data for the
object recognition scheme based on local features) into the image from the peripheral view
camera, where the weight of the local features v, is strongly attenuated. The vector p is
thus given in wide field of view retinal coordinates.

A collection of images is automatically annotated by the robot (Arsenio, 2004b;c) and
used as training data. Mixture models are applied to find interesting places to put a
bounded number of local kernels that can model large neighborhoods. In D-
dimensions a mixture model is denoted by density factorization over multivariate
Gaussians (spherical Gaussians were selected for faster processing times), for each
object class n:

M
p(C | on) = meG(c’Ium,n’Cm,n)
m=1
where Gy, refers to the mth Gaussian with mean ﬁm and covariance matrix Cy,, M is the

number of Gaussian clusters, and bn,= pGm) are the weights of the local models. The
estimation of the parameters will follow the EM algorithm (Gershenfeld, 1999):
»  E-step for k-iteration: From the observed data ¢, compute the a-posteriori cluster

probability e,]; MOE

by, G, fiy, C
er]:':,n(l):p(cm,n |E): Mm’” (C ﬂm-” m,n) (5)

Zbr]:t,n G(E’ ﬁr];,n > Cr];,n )

m=1

* M-step for k-iteration: cluster parameters are estimated according to the
maximization of the join likelihood of the L training data samples
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Fig. 11 Test images (wide field of view) organized with respect to p(o, |¢). Top row:

on=scenei, p(scene, | ¢) > 0.5; Bottom row: on=sceney, p(scenez [¢)>0.5. Scene descriptions

shown in the right column are built on-line, automatically (Arsenio, 2004b;c).

The EM algorithm converges as soon as the cost gradient is small enough or a maximum
number of iterations is reached. The probability density function (PDF) for an object n is
then given by Bayes’ rule p(o,6)=p(clo,)p(o,)/ po,) where

p(©)=p(clo,)plo,)+ p(¢|=0,)p(=0,)-

The same method applies for the out-of-class PDF p(c | —o,) which represents the statistical
feature distribution for the input data in which o, is not present.

Finally, it is necessary to select the number M of gaussian clusters. This number can be
selected as the one that maximizes the join likelihood of the data. An agglomerative
clustering approach based on the Rissanen Minimum Description Length (MDL) order
identification criterion (Rissanen, 1983) was implemented to automatically estimate M
(Figure 11 shows algorithm results for classifying two scenes).

3.5 Dynamic Programming for Recognition from Cross-Modal Cues

Different objects have distinct acoustic-visual patterns which are a rich source of
information for object recognition, if we can recover them. The relationship between object
motion and the sound generated varies in an object-specific way. A hammer causes sound
after striking an object. A toy truck causes sound while moving rapidly with wheels
spinning; it is quiet when changing direction. These statements are truly cross-modal in
nature. Features extracted from the visual and acoustic segmentations are what is needed to
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build an object recognition system (Fitzpatrick & Arsenio, 2004). The feature space for
recognition consists of:
=  Sound/Visual period ratios - the sound energy of a hammer peaks once per visual
period, while the sound energy of a car peaks twice.
=  Visual/Sound peak energy ratios - the hammer upon impact creates high peaks of
sound energy relative to the amplitude of the visual trajectory.
Dynamic programming is applied to match the sound energy to the visual trajectory signal.
Formally, let S = (Sy, . . ., Sp) and V= (Vy, . . ., V) be sequences of sound and visual
trajectory energies segmented from n and m periods of the sound and visual trajectory
signals, respectively. Due to noise, n may be different to m. If the estimated sound period is
half the visual one, then V corresponds to energies segmented with 2m half periods (given
by the distance between maximum and minimum peaks). A matching path P = (Py, ..., P)
defines an alignment between S and M, where max(m, n) <1 <m + n - 1, and Pi=(j, j), a
match k between sound cluster j and visual cluster i. The matching constraints are set by:
= The boundary conditions: P1= (1, 1) and P;= (m, n).
=  Temporal continuity: Pwa€ {(i+1, j+1), (i+1, j), (i, j*+1)}. Steps are adjacent
elements of P.
The function cost ¢;; is given by the square difference between V; and S;j periods. The best
matching path W can be found efficiently using dynamic programming, by incrementally
building an m % n table caching the optimum cost at each table cell, together with the link
corresponding to that optimum. The binding W will then result by tracing back through
these links, as in the Viterbi algorithm.

Fig. 12. Object recognition from cross-modal clues. The feature space consists of period and
peak energy ratios. The confusion matrix for a four-class recognition experiment is shown.
The period ratio is enough to separate the cluster of the car object from all the others.
Similarly, the snake rattle is very distinct, since it requires large visual trajectories for
producing soft sounds. Errors for categorizing a hammer originated exclusively from
erroneous matches with the cube rattle, because hammering is characterized by high energy
ratios, and very soft bangs are hard to identify correctly. The cube rattle generates higher
energy ratios than the snake rattle. False cube recognitions resulted mostly from samples
with low energy ratios being mistaken for the snake.
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Experimental Results: Figure 12 shows cross-modal features for a set of four objects. It
would be hard to cluster automatically such data into groups for classification. But as in the
sound recognition algorithm, training data is automatically annotated by visual recognition
and tracking. After training, objects can be categorized from cross-modal cues alone. The
system was evaluated by selecting randomly 10% of the data for validation, and the
remaining data for training. This process was randomly repeated 15 times. The recognition
rate averaged over all these runs were, by object category: 86.7 %for the cube rattle, 100% for
both the car and the snake rattle, and 83% for the hammer. The overall recognition rate was
92.1%. Such results demonstrate the potential for recognition using cross-modal cues.

3.6 Weighted Cluster Modeling

Objects in the world are situated, in the sense that they usually appear in specific places.
Children are pretty good at learning the relative probability distribution of objects in a scene
- for instance, chairs are most probable in front of desks, but not in a ceiling. The scene
context puts a very important constraint on the type of places in which a certain object
might be found. From a humanoid point of view, contextual selection of the attentional
focus is very important both to constrain the search space for identifying or locating objects
(optimizes computational resources) and also to determine common places on a scene to
drop or store objects.

Therefore, it is important to develop a model for the contextual control of the attentional
focus (location and orientation), scale selection and depth inference. The output space is
defined by the 6-dimensional vector X =(p,d,s,$), where pis a 2D position vector, d is
the object’s depth (Arsenio, 2004b;c), §= (w, h) is a vector containing the principal
components of the ellipse that models the 2D retinal size of the object, and ¢ is the

orientation of such ellipse. Given the context ¢, we need to evaluate the PDF p(xX|o,,c)

from a mixture of (spherical) Gaussians (Gershenfeld, 1999),

p(%.Clo,)= Zb G, X, )GE, k., Ck ) ®

m=1

The mean of the new Gaussian G(x,7 ) is now a function = f(, ﬂ ) that

depends on ¢ and on a set of parameters [Bm,n. A locally affine model was chosen for f, with
{ﬂmn = (am A ), =a, + ATe } The learning equations become now (Gershenfeld,
1999):
= E-step for k-iteration: From the observed data ¢ and X, compute the a-posteriori
probabilities of the clusters:

mnG(_' ﬁzn’ mn)G(E ﬁr/;n’ mn)
S b G X )G, Ch)

=  Ms-step for k-iteration: cluster parameters are estimated according to (where m
indexes the M clusters, and 1 indexes the number L of samples):

mn(l)_

= k+1 = k+1

Cr]::: =< (Cl Illm n )(C] Itlm n) >m (9)
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4,5 =C) " <@E-HE-D" >, (10)
a,, =<(¥-(4,,)')>, an
X =<G=a,, =4, ) OE-a,, —(4,,)') >, (12)

All vectors are column vectors and <>m in (9) represents the weighted average with respect
to the posterior probabilities of cluster m.

The parameters b’ﬁ , and means ﬁ:;*; are estimated as before. The conditional probability

follows then from the joint PDF of the presence of an object oy, at the spatial location p, with
pose @, size s and depth d, given a set of contextual image measurements ¢ :

br’:l,nG(';C.’ ﬁ;:,n > Xr/;,n )G(E’ lt_zr];,n > Cr/;,n)

M
z br];t,nG(C > ﬂr]:z,n > Crl:l,n )

m=1

Object detection and recognition requires the evaluation of this PDF at different locations in
the parameter space. The mixture of gaussians is used to learn spatial distributions of objects
from the spatial distribution of frequencies in an image.

Figure 13 presents results for selection of the attentional focus for objects from the low-level
cues given by the distribution of frequencies computed by wavelet decomposition.

Some furniture objects were not moved (such as the sofas), while others were moved in different
degrees: the chair appeared in several positions during the experiment, while the table and door
suffered mild displacements. Still, errors on the head gazing control added considerable location
variability whenever a non-movable object was segmented and annotated. It demonstrates that,
given an holistic characterization of a scene (by PCA on the image wavelet decomposition
coefficients), one can estimate the appropriate places whether objects often appear, such as a
chair in front of a table, even if no chair is visible at the time - which also informs that regions in
front of tables are good candidates to place a chair. Object occlusions by people are not relevant,
since local features are neglected, favoring contextual ones.

p(xlo,,c)=

3.7 Back-propagation Neural Networks

Activity Identification

A feature vector for activity recognition was proposed by (Polana & Nelson, 1994) which
accounts for 3-dimensional information: 2-dimensional spatial information plus temporal
information. The feature vector is thus a temporal collection of 2D images. Each of these
images is the sum of the normal flow magnitude (computed using a differential method) -
discarding information concerning flow direction - over local patches, so that the final
resolution is of 4x4. The normal flow accounts only for periodically moving pixels.
Classification is then performed by a nearest centroid algorithm.

Our strategy reduces the dimensionality of the feature vector to 2-dimensional. This is done
by constructing a 2D image which contains a description of an activity. Normalized length
trajectories over one period of the motion are mapped to an image, in which the horizontal
axis is given by the temporal scale, and the vertical axis by 6 elements describing position
and 6 elements for velocities. The idea is to map trajectories into images. This is
fundamentally different to the trajectory primal-sketch approach suggested in (Gould &
Shah, 1989), which argues for compact representations involving motion discontinuities. We
opt instead for using redundant information.
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Fig. 13. Localizing and recognizing objects from contextual cues. (top) Samples of scene
images are shown on the first column. The next five columns show probable locations based
on context for finding a door, the smaller sofa, the bigger sofa, the table and the chair,
respectively. Even if the object is not visible or present, the system estimates the places at
which there is a high probability of finding such object. Two such examples are shown for
the chair. Occlusion by humans do not change significantly the context. (bottom) Results in
another day, with different lightning conditions.

Activities, identified as categories which include objects capable of similar motions, and the
object’s function in one activity, can then be learned by classifying 12 x 12 image patterns.
One possibility would be the use of eigenobjects for classification (as described in this
chapter for face and sound recognition). Eigenactivities would then be the corresponding
eigenvectors. We opted instead for neural networks as the learning mechanism to recognize
activities.

Target desired values, which are provided by the multiple object tracking algorithm, are
used for the annotation of the training samples - all the training data is automatically
generated and annotated, instead of the standard manual, offline annotation. An input
feature vector is recognized into a category if the corresponding category output is higher
than 0.5 (corresponding to a probability p > 0:5). Whenever this criterion fails for all
categories, no match is assigned to the activity feature vector - since the activity is estimated
as not yet in the database, it is labeled as a new activity.

We will consider the role of several objects in experiments taken for six different activities.
Five of these activities involve periodic motion: cleaning the ground with a swiping
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brush; hammering a nail-like object with a hammer; sawing a piece of metal; moving a
van toy; and playing with a swinging fish. Since more information is generated from
periodic activities, they are used to generate both training and testing data. The remaining
activity, poking a lego, is detected from the lego’s discontinuous motion after poking.
Figure 14 shows trajectories extracted for the positions of four objects from their
sequences of images.

A three layer neural network is first randomly initialized. The input layer has 144
perceptron units (one for each input), the hidden layer has six units and the output layer has
one perception unit per category to be trained (hence, five output units). Experiments are
run with a set of (15, 12, 15, 6, 3, 1) feature vectors (the elements of the normalized activity
images) for the swiping brush, hammer, saw, van toy, swinging fish and lego, respectively.
A first group of experiments consists of selecting randomly 30% of these vectors as
validation data, and the remaining as training data. The procedure is repeated six times, so
that different sets of validation data are considered. The other two groups of experiments
repeat this process for the random selection of 20% and 5% of feature vectors as validation
data. The correspondent quantitative results are presented in figure 15.
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Fig. 14. a) Signals corresponding to one period segments of the object’s trajectories
normalized to temporal lengths of 12 points. From top to bottom: image sequence for a
swiping brush, a hammer, a van toy and a swinging fish. b) Normalized centroid positions
are shown in the left column, while the right column shows the (normalized and scaled)
elements of the affine matrix Ri (where the indexes represents the position of the element on
this matrix).
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The lego activity, not represented in the training set, was correctly assigned as a new activity for
67% of the cases. The swinging fish was correctly recognized for just 17% of the cases, being the
percentage of no matches equal to 57%. We believe that this poor result was due to the lack of a
representative training set - this assumption is corroborated by the large number of times that
the activity of swinging a fish was recognized as a new activity. The swiping brush was wrongly
recognized for 3,7% of the total number of trials. The false recognitions occurred for experiments
corresponding to 30% of the validation data. No recognition error was reported for smaller
validation sets. All the other activities were correctly recognized for all the trials.
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Fig. 15. Experimental results for activity recognition (and the associated recognition of object
function). Each experiment was ran six times for random initial conditions. Top graph) from
left to right columns: 30%, 20% and 5% of the total set of 516 feature vectors are used as
validation data. The total number of training and validation points, for each of the six trials
(and for each of the 3 groups of experiments), is (15, 12, 15, 6, 3, 1) for the swiping brush,
hammer, saw, van toy, swinging fish and lego, respectively. The three groups of columns
show recognition, error and missed-match rates (as ratios over the total number of
validation features). The bar on top of each column shows the standard deviation. Bottom
table: Recognition results (as ratios over the total number of validation features). Row i and
column j in the table show the rate at which object i was matched to object j (or to known, if j
is the last column). Bold numbers indicate rates of correct recognitions.

Sound Recognition

An artificial neural network is applied off-line to the same data collected as before for sound
recognition. The 32 x 32 sound images correspond to input vectors of dimension 1024.
Hence, the neural network input layer contains 1024 perceptron units. The number of units
in the hidden layer was set to six, while the output layer has four units corresponding to the
four categories to be classified. The system is evaluated quantitatively by randomly selecting
40%, 30% and 5% of the segmented data for validation, and the remaining data for training.
This process was randomly repeated six times. This approach achieves higher recognition
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rates when compared to eigensounds. The overall recognition rate is 96,5%, corresponding
to a significant improvement in performance.

3.8 Other Learning Techniques
Other learning techniques exploited by Cog’s cognitive system includes nearest-neighbor,
locally linear receptive-field networks, and Markov models.

Locally Linear Receptive-field Networks

Controlling a robotic manipulator on the cartesian 3D space (eg. to reach out for objects)
requires learning its kinematics - the mapping from joint space to cartesian space - as well
as the inverse kinematics mapping. This is done through locally weighted regression and
Receptive-field weighted regression, as proposed by (Schaal et al., 2000). This
implementation on the humanoid robot Cog is described in detail by (Arsenio 2004c;d).

Markov Chains

Task descriptions can be modeled through a finite Markov Decision Process (MDP), defined
by five sets <S5; A; P;R;0 >. Actions correspond to discrete, stochastic state-transitions
ae A={Periodicity, Contact, Release, Assembling, Invariant Set, Stationarity} from an
environment'’s state s;€S to the next state s;+1, with probability Ps(,]sm ¢ P, where P is a set of

s - ,
transition probabilities P¢ = P, {Si =5 s,a}.
Task learning consists therefore on determining the states that characterize a task and mapping

such states with probabilities of taking each possible action (Arsenio, 2003; Arsenio, 2004d).

4. Cognitive development of a Humanoid Robot

The work here described is part of a complex cognitive architecture developed for the
humanoid robot Cog (Arsenio, 2004d), as shown in Figure 16. This chapter focused on a
very important piece of this larger framework implemented on the robot. The overall
framework places a special emphasis on incremental learning. A human tutor performs
actions over objects while the robot learns from demonstration the underlying object
structure as well as the actions' goals. This leads us to the object/scene recognition problem.
Knowledge concerning an object is organized according to multiple sensorial percepts. After
object shapes are learned, such knowledge enables learning of hand gestures. Objects are
also categorized according to their functional role (if any) and their situatedness in the
world. Learning per si is of diminished value without mechanisms to apply the learned
knowledge. Hence, robot tasking deals with mapping learned knowledge to perceived
information, for the robot to act on objects, using control frameworks such as neural
oscillators and sliding-motion control (Arsenio, 2004).

Teaching a humanoid robot information concerning its surrounding world is a difficult task,
which takes several years for a child, equipped with evolutionary mechanisms stored in its
genes, to accomplish.

Learning aids such as books or educational, playful activities that stimulate a child's brain are
important tools that caregivers extensively apply to communicate with children and to boost
their cognitive development. And they also are important for human-robot interactions.

If in the future humanoid robots are to behave like humans, a promising venue to achieve
this goal is by treating then as such, and initially as children - towards the goal of creating a
2-year-old-infant-like artificial creature.
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Fig. 16. Overview of the cognitive architecture developed for the humanoid robot Cog.

5. Conclusions

We proposed in this chapter the application of a collection of learning algorithms to solve a
broad scope of problems. Several learning tools, such as Weighted-cluster modeling,
Artificial Neural Networks, Nearest Neighbor, Hybrid Markov Chains, Geometric Hashing,
Receptive Field Linear Networks and Principal Component Analysis, were extensively
applied to acquire categorical information about actions, scenes, objects and people.

This is a new complex approach to object recognition. Objects might have various meanings
in different contexts - a rod is labeled as a pendulum if oscillating with a fixed endpoint.
From a visual image, a large piece of fabric on the floor is most often labeled as a tapestry,
while it is most likely a bed sheet if it is found on a bed. But if a person is able to feel the
fabric’s material or texture, or the sound that it makes (or not) when grasped with other
materials, then (s)he might determine easily the fabric’s true function. Object recognition
draws on many sensory modalities and the object’s behavior, which inspired our approach.
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1. Introduction

Realization of natural and energy-efficient dynamic walking has come to be one of the
main subjects in the research area of robotic biped locomotion. Recently, many
approaches considering the efficiency of gait have been proposed and McGeer’s passive
dynamic walking (McGeer, 1990) has been attracted as a clue to elucidate the mechanism
of efficient dynamic walking. Passive dynamic walkers can walk down a gentle slope
without any external actuation. Although the robot's mechanical energy is dissipated by
heel-strike at the stance-leg exchange instant, the gravity potential automatically restores
it during the single-support phase in the case of passive dynamic walking on a slope and
thus the dynamic walking is continued. If we regard the passive dynamic walking as an
active one on a level, it is found that the robot is propelled by the small gravity in the
walking direction and the mechanical energy is monotonically restored by the virtual
control inputs representing the small gravity effect. Restoration of the mechanical energy
dissipated by heel-strike is a necessary condition common to dynamic gait generations
from the mathematical point of view, and efficient active dynamic walking should be
realized by reproducing this mechanism on a level. Mechanical systems satisfy a relation
between the control inputs and the mechanical energy, the power-input for the system is
equal to the time-derivative of mechanical energy, and we introduce a constraint
condition so that the time-change rate of mechanical energy is kept positive constant.
The dynamic gait generation is then specified by a simple redundant equation including
the control inputs as the indeterminate variables and yields a problem of how to solve
the equation in real-time. The ankle and the hip joint torques are determined according
to the phases of cycle based on the pre-planned priority. The zero moment point
(Vukobuatovié¢ & Stepanenko, 1972) can be easily manipulated by adjusting the ankle-
joint torque, and the hip-joint torque in this case is secondly determined to satisfy the
desired energy constraint condition with the pre-determined ankle-joint torque. Several
solutions considering the zero moment point condition are proposed, and it is shown
that a stable dynamic gait is easily generated without using any pre-designed desired
trajectories. The typical gait is analyzed by numerical simulations, and an experimental
case study using a simple machine is performed to show the validity of the proposed
method.
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2. Compass-like Biped Robot

In this chapter, a simplest planar 2-link full-actuated walking model, so-called compass-like
walker (Goswami et al., 1996), is chosen as the control object. Fig. 1 (left) shows the
experimental walking machine and closed up of its foot which was designed as a nearly
ideal compass-like biped model. This robot has three DC motors with encoders in the hip
block to reduce the weight of the legs. The ankle joints are driven by the motors via timing
belts. Table lists the values of the robot parameters. Fig. 1 (right) shows the simplest ideal

compass-like biped model of the experimental machine, where m,,, m [kgland [ =a+b

[m] are the hip mass, leg mass and leg length, respectively. Its dynamic equation during the
single-support phase is given by
M(0)6+C(0,0)0+g0) =1, )

" is the angle vector of the robot's configuration, and the details of the

where g :[91 92]

matrices are as follows:

[ m, 1> +ma® +ml>  —mbl cos(6,-6,)
M(0) = ) ,
—mbl cos (6, - 6,) mb

- . 2

: 0 —mblsin(6,-6,)6, @

Cc(0.,0)= . . >
| mblsin (6, -6,)6, 0
[ —(my,l+ma+ml)sin6,
80)= (s : Jsing g

L mbsin 6,

and the control torque input vector has the form of

f:s,,{l I}H ©)
0 -1|u,

The transition is assumed to be inelastic and without slipping. With the assumption and
based on the law of conservation of angular momentum, we can derive the following
compact equation between the pre-impact and post-impact angular velocities

Q' ()0 =0 ()b, @
where
. myl* +ma* +ml(I-bcos(2a)) mb(b-1Icos(2ar))
Q' (e)= { —mbl cos(2a) mb’ }’ ©)
0 (a)= {(mle + 2mal)c0s(2a) —mab —mab}y
—mab 0
and & [rad] is the half inter-leg angle at the heel-strike instant given by
g 00 _0 -0 ©)

2 2
For further details of derivation, the authors should refer to the technical report by Goswami
et al. This simplest walking model can walk down a gentle slope with suitable choices of
physical parameters and initial condition. Goswami ef al. discovered that this model exhibits
period-doubling bifurcations and chaotic motion (Goswami et al., 1996) when the slope
angle increases. The nonlinear dynamics of passive walkers are very attractive but its
mechanism has not been clarified yet.
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‘\g N

Fig. 1. Experimental walking machine and its foot mechanism (left), and its ideal model (right).

m,, 3.0 kg
m 0.4 kg
/ =a+b 0.680 m
a 0.215 m
b 0.465 m

Table 1. Physical parameters of the experimental machine.

3. Passive Dynamic Walking Mechanism Revisited

Passive dynamic walking has been considered as a clue to elucidate to clarify the essence of
efficient dynamic walking, and the authors believe that it is worth investigating the
automatic gait generation mechanism. The impulsive transition feature, non double-support
phase, can be intuitively regarded as vigor for high-speed and energy-efficient walking. In
order to get the vigor, the walking machine must restore the mechanical energy efficiently
during the single-support phase, and the impulsive and inelastic collision with the ground
dissipates it discontinuously. In the following, we describe it in detail.

The passive dynamic walker on a gentle slope can be considered to walk actively on a virtual
level ground whose gravity is gcos¢ as shown in Fig. 2. The left robot in the figure is

propelled forward by the small gravity element of gsing, and the right one walks by

equivalent transformed torques. By representing this mechanism in the level walking,
energy-efficient dynamic bipedal gait should be generated. The authors proposed virtual
gravity concept for the level walking and called it “virtual passive dynamic walking.”
(Asano & Yamakita, 2001) The equivalent torques 4, and y, are given by transforming the

effect of the horizontal gravity element gsing as shown in Fig. 2 left.
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Let us define virtual total mechanical energy E, under the gravity condition of Fig. 2 as
follows:
A6, 9‘,¢):%9‘ M(@©)0 P(0,9) @)
where the virtual potential energy is given by
P(0,¢)= {(m1,1+ma+ml)cos(6’1 —¢)—mbcos(6, —¢)}gcos¢ . ®)
In the case of passive dynamic walking on a slope, the total mechanical energy is kept

constant during the single-support phase, whereas £4 does not exhibit such behaviour. Fig.
3 shows the simulation results of passive dynamic walking on a gentle slope whose
magnitude is 0.01 [rad]. (c) and (d) show the evolutions of the equivalent transformed

torques and virtual energy E, respectively. From (c), we can see that both u, and %, are

almost constant-like and thus the ZMP should be kept within a narrow range. This property
is effective in the virtual passive dynamic walking from the viewpoint of the stability of foot
posture (Asano & Yamakita, 2001). It is apparent from (d) that the mechanical energy is
dissipated at the transition instant and monotonically restored during the swing phase. Such
energy behaviour can be considered as an indicator of efficient dynamic walking.

g sin ¢
i m, g sin ¢ ~

gcosg

geosd g

mgsin¢[ :\/\

U,

Fig. 2. Gravity acceleration mechanism of passive dynamic walking.

In general, we can state the following.

CH1) The total mechanical energy of the robot £4 increases monotonically during the swing
phase.
CH2) ¢, >0 always holds.

CHB3) There exists an instant when 6,-6,=0.
CH1 and CH2 always hold, regardless of physical and initial conditions, but CH3 does not
always hold, as it depends on physical parameters and slope angle. We can confirm CH2

and CH3 from Fig. 3 (a) and (b). It is also clear that CH1 holds from Fig. 3 (d). From the
results, the essence of a passive dynamic gait should be summarized as follows.
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E1) The walking pattern is generated automatically, including impulsive transitions, and
converges to a steady limit cycle.

E2) The total mechanical energy is restored during the single-support phase monotonically,
and is dissipated at every transition instant impulsively by heel-strike with the floor.

E2 is considered to be an important characteristic for dynamic gait generation, and is the
basic concept of our method. We will propose a simple method imitating the property in the
next section.

Fig. 3. Simulation results of passive dynamic walking on a slope where ¢ =0.01 [rad].
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4.Energy Constraint Control

In our previous works, we have proposed virtual passive walking considering an artificial
gravity condition called virtual gravity (Asano & Yamakita, 2001). This imitates the gravity
acceleration mechanism of the original passive dynamic walking. A virtual gravity in the
walking direction acts as a driving force for the robot and the stable limit cycle can be
generated automatically without any gait design in advance. Determining a virtual gravity
is, however, equivalent to that of control inputs, so there is no freedom to control other
factors, for example, ZMP control. By imitating the property of monotonic energy
restoration, however, we can formulate a simple method with a freedom of the control
inputs.

4.1 The Control Law
The total mechanical energy of the robot can be expressed as
E(0.0)= %HTM(a)m P(6)” )
where P is the potential energy. The power input to the system is the time-change rate of
the total energy, that is
E=0"t=0"Su. (10)
Suppose now that we use a simple control law imitating the characteristic CH1, monotonic
energy restoration. Let 4 >0 be a positive constant and consider the following condition:
E=21. (11)
This means that the robot's mechanical energy increases monotonically with a constant rate
of 4. We call this control or gait generation method “Energy Constraint Control (ECC)”. In
this method, the walking speed becomes faster w.r.t. the increase of 1, in other words, the
magnitude of 4 corresponds to the slope angle of virtual passive dynamic walking. Here let
us consider the following output function:
H(t)=E-1=0"t- A, 12)
and the target constraint condition of Eq. (11) can be rewritten as H(‘r) =0. Therefore, the

ECC can be regarded in this sense as an output zeroing control.

Following Egs. (10) and (11), the detailed target energy constraint condition is expressed as
E=9TSu:9,ul+(Q—92)u2:ﬂ/ (13)

which is a redundant equation on the control inputs. The dynamic gait generation then

yields a problem of how to solve the redundant equation for the control inputs % and ¥, in
real-time. The property of ECC strategy is that the control inputs can be easily determined

by adjusting the feed-forward parameter A, which can be determined by considering the

magnitude of £ of virtual passive dynamic walking.

4.2 Relation between ZMP and Reaction Moment

The actual walking machine has feet and a problem of reaction moment then arises. The
geometrical specifications of the stance leg and its foot are shown in Fig. 4. In this chapter,
the ZMP is calculated by the following approach. We assume:

1. The mass and volume of the feet can be ignored.

2. The sole always fits with the floor.



Biped Gait Generation and Control Based on Mechanical Energy Constraint 75

Under these assumptions, we can calculate the ZMP in the coordinate shown in Fig. 4 left as:

ZMp = - (14)

n

where %, [Nm] is the ankle torque acting not on the foot link but on the leg link and R, [N]

is the vertical element of the reaction force, respectively.

From Fig. 4, it is obvious that the ZMP is always shifted behind the ankle joint when driving
the stance-leg forward, however, at the transition instant, the robot is critically affected by
the reaction moment from the floor as shown in Fig. 4 right. Considering the reaction
moment effect, we can reform the ZMP equation for the simplest model as follows:

ZMP = — U (15)

n

where 3 > ( represents the equivalent torque of the reaction moment, and the ZMP is

shifted backward furthermore. ¥, acts as a disturbance for the transition. Since the actual
walking machines generally have feet with toe and heel, this problem arises. From the
aforementioned point of view, we conclude that the ZMP should be shifted forward the
ankle-joint just after the transition instant to cancel the reaction moment. Based on the
observation, in the following, we consider an intuitive ZMP manipulation algorithm
utilizing the freedom of the redundant equation of (13).

Walking direction

%[IDH Rt

e 0 ZMP

Fig. 4. Foot mechanism and reaction moment at the heel-strike instant.

4.3 Principal Ankle-joint Torque Control

From a practical point of view, as mentioned above, the two most important control factors
of dynamic bipedal walking are mechanical energy restoration and ZMP control. To keep
the energy constraint condition of Eq. (11), we should reconsider the solution algorithm.
Firstly, we should consider mechanical energy restoration to generate a gait, and secondly,
ZMP condition must be guaranteed without destroying the constraint condition. Based on
the considerations, we first discuss the following solution approach:

1. Determine the value of A .

2. Determine the ankle torque %, .

3. By substituting 4 and u, into Eq. (13), we can solve it for 2, .

In order to shift the ZMP, let us consider the following simple ankle-joint torque control:
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- u <0 s<T (16)
u" >0 otherwise

where § is a virtual time that is reset at every transition instant and §=1.0. This comes

from the fact that 2, must be negative to shift the ZMP forward the ankle-joint, and if , >0
the ZMP moves behind the ankle-joint. In this case, ¥, is obtained after #, as follows:

g 20U (17)
? 91 _02

Note that #, has a singularity at 91 - 9'2 = (0 which was mentioned before as CH3. This
condition must be taken into account. We then propose a switching control law described
later. Before it, we consider a more reasonable switching algorithm from %~ to u". In
general, for most part of a cycle from the beginning, the condition 91 - 92 >0 holds (See Fig.
3 (b)), and thus the sign of #, of Eq. (17) is identical with that of 1 — @, . If 4 =4, this sign
is positive because of ,1,9'1 >0 and ¥~ <0. At the beginning of a cycle, ,1_5}114* increases
monotonically because of § <0 (See Fig. 3 (b)). Therefore in general the condition

d

dr
holds regardless of the system parameter choice. Therefore, if } < gu* at the beginning, it is

(l—Qu*)z—éu* >0 (18)

reasonable to switch when

A—6u =0 (19)
so as to keep U, of Eq. (17) always positive under the condition of g -4, > 0. In addition,
by this approach the hip-joint torque can always contribute the mechanical energy
restoration. The switching algorithm of #, is summarized as follows:

yy = u <0 Zsﬂlu. . (20)

u" >0 otherwise

The value of %" must be determined empirically based on the simulation results of virtual

passive dynamic walking, whereas #  should be determined carefully so as not to destroy
the original limit cycle or disturb the forward acceleration. Choosing the suitable

combination between A and u" is the most important for generating a stable limit cycle.
4.4 Principal Hip-joint Torque Control

As mentioned before, we must switch the controller to avoid the singularity of CH3 at the
end of the single-support phase. As a new method, we propose the following new strategy:

1. Determine the value of A .
2. Determine the hip torque %, .
3. By substituting A and U, into Eq. (13), we can solve it for #, .

In this case, U, is determined by the following formula:
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2-(6 _‘92)”2 . @1)
g

Note that here we use the assumption of CH2. In this paper, as a reasonable candidate of 2, ,

u =

we consider the following form:

w=n(6,-6,). (22)
Assuming 7 > 0, this leads the following inequality:
(6-6,)u,=n(6,-6,) =0 (23)

therefore it is found that this hip-joint torque #, also contributes the mechanical energy

restoration.



78 Humanoid Robots, New Developments

Walking direction

Reaction moment

ZMP ZMP
Fig. 5. Simulation results of dynamic walking by ECC considering ZMP control.

4.5 Switching Control
In order to manipulate the ZMP as well as to avoid the singularity, we must consider a
switching algorithm from the principal ankle to hip-joint torque control. We here introduce

the switching timing as g =y [rad]. At this instant, we reset 7 so that %, becomes

continuous according to the following relationship:

Asw Asw ﬂ’ - éswu B 24)
2 ( 1 2 ) v -6
from which we can calculate 77 as follows:
A (25)

- . . 2
(o -r)
where the superscript “sw” stands for the switching instant. The obtained 77 is used during

its cycle and reset at every switching instant. Since %, is continuous, #, also becomes

continuous.
Fig. 5 shows the simulation results of the dynamic walking by ECC with the proposed
switching control. The control parameters are chosen as 1=0.07 [J/s], u* =0.15, u~ =-0.05

Nm] and y =0.05 [rad], respectively. By the effect of the principal ankle —joint torque
v P y. by P p ] q

control, the ZMP is shifted forward the ankle-joint without destroying the energy
restoration condition. From Fig. 5 (b), we can see that the hip-joint torque becomes very
large during the ZMP is shifted forward, but this does not affect the ZMP condition and the
postural stability of foot is maintained.

4.6 Discussion
Here, we compare our method with approach proposed by Goswami et al. “energy tracking
control.” (Goswami et al., 1997) Their approach is formulated as

E=-2,(E-E) (26)
where E* [J] (constant) is the reference energy and positive scalar Zetc is the feedback gain.
A solution of Eq. (13) by constant torque ratio >0 which gives the condition y, = 4, is

obtained as
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ool EE ), @)
(,u+1)6’1 -6, -1
and in our case, a solution by constant torque ratio is given by
(28)

Y H+1
T="7"T—"" :
(u+1)6,-6,| -1

Figs. 6 and 7 respectively show the simulation results of active dynamic walking on a level
by the torques of Egs. (27) and (28) without manipulating the ZMP actively. The two cases
are equal in walking speed. From the simulation results, we can see that, in our approach,
the maximum ankle-joint torque is about 3 times smaller than that of Goswami's approach
and this yields better ZMP condition. In this sense, we should conclude that the mechanical
energy must be restored efficiently but its time-change rate should be carefully chosen to

guarantee the ZMP condition.

Fig. 6. Simulation results of dynamic walking by energy tracking control where 3 =10.0,

1=10.0 and E* =220 [J].
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Fig. 7. Simulation results of dynamic walking by ECC where 1=0.34 [J/s] and ;=10.0.

5. Experiments

In order to confirm the validity of the proposed method, we carried out actual walking
experiment using our developed machine introduced in Fig.l. All encoders of the
servomotors are interfaced to a computer (Pentium III 1.0 GHz) running Windows 98. To
implement the control law, we used RtMaTX (Koga, 2000) for real-time computation with
the sampling period 1.0 [ms].

Since the proposed methods are so called model-matching control, they are not robust for
uncertainty. In this research, we use model following control of the motion generated by
VIM (Virtual Internal Model) which is a reference model in computer. Every post-impact
condition of VIM is reset to that of the actual machine. By using the VIM, the uncertainties
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of identification, which is crucial factor in the case of model matching control, can be
compensated. The dynamics of VIM is given by

M(ad )0d + é(ﬂd > 9d )9d +80) =14 (29)
where T is the control input to drive the VIM and is determined by g, and ¢,. The control
input for the actual robot is given by

7= M(0,)u+C(0,.0,)0, +£(0,) (30)
u=0,+K,(0,-0)+K,(0,-0)+K, [(0,-0)dt
The virtual internal model started walking from the following initial condition:
0(0) = {0.68} 0(0) = {—0.14} ,
0.62 0.14

and its state was calculated and updated in real-time. At every transition instant, the
angular positions of VIM were reset to that of the actual machine. PID controller drives the
ankle-joint of the swing leg during the single-support phase so that the foot keeps the
posture horizontal.

The experimental results are shown in Fig. 8. The adjustment parameters are chosen as
A=0.075 [J/s], u* =0.15, u~ =-0.05 [Nm] and y = (.05 [rad] empirically. Fig. 8 (a) and (b)
show the evolution of angular positions and velocities of the actual machine, respectively.
The actual angular velocities are calculated by differentiation thorough a filter whose
transfer function is 7( /(s+70)- A stable dynamic walking is experimentally realized based

on ECC via model following control.

Fig. 8. Experimental results of dynamic walking by ECC.



82 Humanoid Robots, New Developments

6. Improving Robust Stability by Energy Feedback Control

Eq. (26) implies that the walking system becomes robust through the reference energy
tracking. In other words, this control expands the basin of attraction of a limit cycle,
however, our method Eq. (13) is so called the feed-forward control, which gives only energy
change ratio without any information to attract the trajectories. Based on the observations, in
this section, we firstly analyze the stability of the walking cycle and then consider an energy
feedback control law in order to increase the robustness of the walking system.

Let us then consider an energy feedback control using a reference energy trajectory.
Consider the following control

E=0"Su=E,~{(E-E,) (1)
which determines the control input so that the closed energy system yields
dg(EfEd):*é/(EfEd) (32
t

where £ > 0 is the feedback gain. The original energy constraint control can be recognized
as the case of £, =} and ¢ =0 in Eq. (31). By integrating Eq. (11) w.r.t. time, we can obtain
the reference energy g using virtual time § as

E,(s)=E,+As (33)
where E [J] is the energy value when s=0 [s]. A solution of Eq. (31) using constant torque
ratio y yields

gy Ea=C(E-E)[pu+1], (34)

(,u + 1) 6,-0, -1
Although autonomy of the walking system is destroyed by this method, we can improve the
robustness of the walking system.

One way to examine the gait stability is Poincaré return map from a heel-strike collision to
the next one. The Poincaré return map is denoted below as F:

x., =F(x,) (35)
where the discrete state X, is chosen as
0, [k]1-6[k]
X = 0 [k]
0, [k]

, (36)

that is, relative hip joint angle and angular velocities just after k-th impact. The function F

is determined based on Egs. (1) and (3), but cannot be expressed analytically. Therefore, we

must compute F by numerical simulation following an approximation algorithm.

In the case of steady walking, the relation ( x*) — x* holds and x" is the equilibrium point

of state at just after transition instant. For a small perturbation §x, around the limit cycle,

the mapping function F can be expressed in terms of Taylor series expansion as
F(xk)zF(x*+5xk)zx*+VF-5xk (37)

where
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vrpa L) (38)
= Ox =

is the Jacobian (gradient) around x". By performing numerical simulations, VF can be
calculated approximately. The all eigenvalues of VF are in the unit circle and the results are
omitted. Although the robustness of the walking system is difficult to evaluate
mathematically, the maximum singular value of VF should imply the convergence speed of
gait; smaller the value is, faster the convergence to the steady gait is. Fig. 9 shows the
analysis result of maximum singular value of VF w.r.t £ in the Fig. 7 case with energy
feedback control where E,=21.8575 [J] and ¢=10.0 . The maximum singular value
monotonically decreases with the increase of ¢ . The effect of improvement of the gait

robustness by feedback control can be confirmed. Although applying this method destroys
autonomy of the walking system, we can improve the robustness.

Fig. 9. Maximum singular value of VF w.r.t. the feedback gain ¢ .

6. Extension to a Kneed Biped

This section considers an extension of ECC to a kneed biped model. We treat a simple planar
kneed biped model shown in Fig. 10, and its dynamic equation is given by
N .. bl {ul } (39)
M(0)0+C(0,0)0+g(0)=Su=|0 -1
0 o]
We consider the following assumptions.

1. The knee-joint is passive.
2. It can be mechanically locked-on and off.
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u,
[, =a,+ D,
m
H _
b, l, =a,+b,
5 [, =a, + Db,
1
m, a,
—0, g
b
m,, [ !
m
3
a, 0,
-0, a,
u,

O

Fig. 10. Model of a planar underactuated biped robot.

The ECC then yields a problem of how to solve the following redundant equation:

E:91u1+(91—92)u2:i (40)
for the control inputs in real-time. Since the knee-joint is free, we can give the control input
by applying the form of Eq. (28) as

+1
# # . (40)
Su=|(u+1)6,-6,| -1
0

On the other hand, a kneed biped has a property of obstacle avoidance, in other words,
guaranteeing the foot clearance by knee-bending. To improve the advantageous, we
introduce an active knee-lock algorithm proposed in our previous work (Asano & Yamakita,
2001) in the following. The passive knee-strike occurs when ¢, = ¢, during the single-
support phase, and its inelastic collision model is given by

M(0)0" =M(©0)6 -J! 4, (41)
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where j, = [0 1 _1]T and ﬁ’] is the Lagrange’s indeterminate multiplier vector and means

the impact force. We introduce an active knee-lock algorithm before the impact and
mechanically lock the knee-joint at a suitable timing. Let us then consider the dissipated

mechanical energy at this instant. Define the dissipated energy AL, as

AEkVé%(é*)TM(H)é* —%(9’)TM(6)6" <0 (42)
This can be rearranged by solving Eq. (41) as
. L \2
_ L N or R AL (6;_6;) . 43
AE, ===(07) J} (4, M70}) 2,6 STy 43)

This shows that the condition to minimize the energy dissipation is ,92’ = 93’ , and this leads
AE,=0.In general, there exists the timing in the kneed gait. After locking-on the knee-

joint, we should lock-off it and the timing should be chosen empirically following a certain
trigger. In this section, we consider the trigger as X . =0 [m] where X, is the X-position of

the robot’s center of mass. Fig. 11 shows the phase sequence of a cycle with the knee-lock
algorithm, which consists of the following phases.
1. Start
3-link phase I
Active knee-lock on
Virtual compass phase (2-link mode)
Active knee-lock off
3-link phase II
Passive knee-strike
Compass phase (2-link mode)
9. Heel-strike
Fig. 12 shows the simulation results of dynamic walking by ECC where 1=5.0 and
u#=4.0. The physical parameters are chosen as Table 2. From Fig. 12 (b) and (d), it is

PN LN

confirmed that the passive knee-joint is suitably locked-on without energy-loss, and after
that, active lock-off and passive knee-strike occur. Fig. 13 shows the stick diagram for one
step. We can see that a stable dynamic bipedal gait is generated by ECC.

Fig. 11. Phase sequence of dynamic walking by ECC with active lock of free knee-joint.
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Fig. 12. Simulation results of dynamic walking of a kneed biped by ECC where 4 =5.0
U/sland £ =4.0.
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m, =m, +m, 50 kg
m, 3.0 kg
m, 2.0 kg
m,, 10.0 kg
1 =mym, (a, +b,) /m, 0243 | kg.m
a, :(m2 (13-t-c12)+m3c13)/m1 0.52 m
b 0.48 m
a, 0.20 m
b, 0.30 m
a, 0.25 m
b, 0.25 m
11 =a + bl 1.00 m
]2 =a,+ b2 0.50 m
]3 =a, + b3 0.50 m

Table 2. Parameters of the planar kneed biped.

Fig. 16. Stick diagram of dynamic walking with free knee-joint by ECC
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7. Conclusions and Future Work

In this chapter, we have proposed a simple dynamic gait generation method imitating the
property of passive dynamic walking. The control design technique used in this study was
shown to be effective to generate a stable dynamic gait, and numerical simulations and
experiments have proved its validity.

The authors believe that an energy restoration is the most essential necessary condition of
dynamic walking and its concept is worth to be taken into consideration to generate a
natural and energy-efficient gait. In the future, extensions of our method to high-dof
humanoid robots should be investigated.
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1. Introduction

Recently, numerous collaborations have been focused on biped robot walking pattern to trace
the desired paths and perform the required tasks. In the current chapter, it has been focused
on mathematical simulation of a seven link biped robot for two kinds of zero moment points
(ZMP) including the Fixed and the Moving ZMP. In this method after determination of the
breakpoints of the robot and with the aid of fitting a polynomial over the breakpoints, the
trajectory paths of the robot will be generated and calculated. After calculation of the trajectory
paths of the robot, the kinematic and dynamic parameters of the robot in Matlab environment
and with respect to powerful mathematical functions of Matlab, will be obtained. The
simulation process of the robot is included in the control process of the system. The control
process contains Adaptive Method for known systems. The detailed relations and definitions
can be found in the authors’ published article [Musavi and Bagheri, 2007]. The simulation
process will help to analyze the effects of drastic parameters of the robot over stability and
optimum generation of the joint’s driver actuator torques.

2. Kinematic of the robot

The kinematic of a seven link biped robot needs generation of trajectory paths of the robot
with respect to certain times and locations in relevant with the assumed fixed coordinate
system. In similarity of human and robot walking pattern, the process of path trajectory
generation refers to determination of gait breakpoints. The breakpoints are determined and
calculated with respect to system identity and conditions.

Afterward and in order to obtain comprehensive concept of the robot walking process, the
following parameters and definitions will be used into the simulation process:

- Single Support phase: The robot is supported by one leg and the other is suspended in air

- Double support phase: The robot is supported by the both of its legs and the legs are in
contact with the ground simultaneously

: Total traveling time including single and double support phase times. T, -

7T.: Double support phase time which is regarded as 20% of T, -
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-7, : The time which ankle joint has reached to its maximum height during walking cycle.

: Step number £ -
Ankle joint maximum height: 7 _ -

- L,,: The horizontal traveled distance between ankle joint and start point when the ankle
joint has reached to its maximum height.
Step length: p -
: Foot lift angle and contact angle with the level ground ¢4, ;"
- A : Surface slope
- hs : Stair level height-

- H , : Foot maximum height from stair level

- X,; : The horizontal distance between hip joint and the support foot (Fixed coordinate
system) at the start of double support phase time.
- X,;: The horizontal distance between hip joint and the support foot (Fixed coordinate

system) at the end of double support phase time.

- F. C.S: The fixed coordinate system which would be supposed on support foot in each step.
-M.C : The mass centers of the links

- Saggital plane: The plane that divides the body into right and left sections.

- Frontal plane: The plane parallel to the long axis of the body and perpendicular to the
saggital plane.

The saggital and frontal planes of the human body are shown in figure (1.1) where the
transverse plane schematic and definition have been neglected due to out of range of our
calculation domain.

S

<88 ;\g

Erontal

A

Fig. (1.1). The body configuration with respect to various surfaces.

The main role for the optimum trajectory path generation must be imagined upon hip and
ankle joints of the robot. On the other hand, with creating smooth paths of the joints and
with the aid of the breakpoints, the robot can move softly with its optimum movement
parameters such as minimum actuator torques of joints (Shank) including integrity of the
joints kinematic parameters.
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The important parameters of the robot can be assumed as the listed above and are shown in
figures (1.2) and (1.3).

Hip joint

Zy, Xy,

Fig. (1.2). The robot important parameters for calculation of trajectory path of a seven link
biped robot.

(=KT. T, t=(k+DT.

Fig. (1.3). The variables of hip: X, X,.

With respect to saggital investigation of the robot, the most affecting parameters of the
mentioned joints can be summarized as below:

1) Hip joint

2) Ankle joint
Obviously, the kinematic and dynamic attitude of shank joint will be under influence of the
both of above mentioned joints. As can be seen from figure (1.2), the horizontal and vertical
components of the joints play a great role in trajectory paths generation. This means that
timing-process and location of the joints with respect to the fixed coordinate system which
would be supposed on the support foot have considerable effects on the smooth paths and
subsequently over stability of the robot. Regarding the above expressions and conditions,
the vertical and horizontal components of the joints can be categorized and calculated as the
following procedure. With respect to the conditions of the surfaces and figure (1.2) and (1.3),
the components are classified as below:

2.1) Foot angle on horizontal surface or stair
4y 1=KT,
- t=kT +T,
b=y T
q, t=k+DT,
gy t=k+DT+T,
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2.2) Foot angle on declined surfaces
(A+q,,) t=kT,

) A—q, t=kT.+T, 2
1) =
(1) A+q, t=(k+1T,

A+q, t=(k+DT +T,

2.3) The displacements of Horizontal and Vertical Foot Traveling Over Horizontal

Surface or Stair

With respect to figures (1.2) and (1.3), the horizontal and vertical components of ankle joint

can be shown as below:

Xahor

kD,
kD, +1,,sing, +---
lq,-(l —c0sq,)

(O)=4kD, + L,

l,(1—cosq,)
(k+2)D,

hgs +lan

hy +l,, sing, +/,,cosy,

Zalmr(t ) = ]_]ao

Z stair (t) =

hge +larl

(k=Dh,+1,

(k=Dh, +1,sing, +--
lun cos qb

kh, + H |

(k+1)h, +1,sin q;+-
[, cosq,

an

(k+Dh, +1,,

(k+2)D, -1, sing, —-

hy, +,8ing, +1,, cosg,

t=k
t=k

SN

+T;

t=kT.+T,
t=(k+DT

t=(k+ DT AT,

t=kT,
t=kT+T,
t=kT+T,
t=(k+DT,
t=(k+)T +T,
{=kT,
t=kT,+T,

t=kT, +T,
t=(k+DT,

t=(k+DT. +T,

2.4) The displacements of Horizontal and Vertical Foot Traveling Over declined Surface

X, 0 l8)=

kD cosi—I,,sind

(kD +1,)cosh+---

1,sing, —A)—1, cosg,— )
(kD +L, )cost

((k+2)D, ~I,)cosk—-
L,sing, + A+, cosq, +2)
(k+2)D.cosi—I,sind

an

t=kT
t=kT +T,

t=kT +

c m

t=(k+1T

t=(k+)T +T,
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kD sinA+1, cosi t=kT
(kD +1,7)sind+--- t=kT +T,
+1,,c08, — D +1,sing, — ) %)
200 ={(kD +1,)sinA+ H,cosk  1=kKT +T,
(k+2)D, —1,)sind+:-- t=(k+DT,
l,,sing, +2)+1,,cos/2—(q, + 1))
(k+2)D,sind+[,,cosl t=(k+1T +T,

Assuming the above expressed breakpoints and also applying the following boundary
condition of the robot during walking cycle, generation of the ankle joint trajectory path can
be performed. The boundary conditions of the definite system are determined with respect
to physical and geometrical specifications during movement of the system. As can be seen
from figure (1.2) and (1.3), the linear and angular velocity of foot at the start and the end of
double support phase equal to zero:

6,(kT ) =0

{9’0((1( + )T, +T,)=0

X, (kT ,) =0

{xu((k+1)TC+Td)0 ®)
z,(kT ) =0

{Z',,((k + )T, +T,)=0

The best method for generation of path trajectories refers to mathematical interpolation. There
are several cases for obtaining the paths with respect to various conditions of the movement
such as number of breakpoints and boundary conditions of the system. Regarding the
mentioned conditions of a seven link biped robot, Spline and Vandermonde Matrix methods
seem more suitable than the other cases of interpolation process. The Vandermonde case is the
simplest method with respect to calculation process while it will include calculation errors
with increment of breakpoint numbers. The stated defect will not emerge on Spline method
and it will fit the optimum curve over the breakpoints regardless the number of points and
boundary conditions. With respect to low number of domain breakpoints and boundary
conditions of a seven link biped robot, there are no considerable differences in calculation
process of Vandermonde and Spline methods. For an example, with choosing one of the stated
methods and for relations (7) and (8), a sixth-order polynomial or third-order spline can be
fitted for generation of the vertical movement of ankle joint.

2.5) Hip Trajectory Interpolation for the Level Ground [Huang and et. Al, 2001] and
Declined Surfaces
From figures (1.2) and (1.3), the vertical and horizontal displacements of hip joint can be
written as below:
kD, +x,, t=kT,
xh,Hm‘, = (k + I)Dv - xxd t= ch + Td (9)
o k+1D, +x,, t=(k+DT,
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(kD, +x,,)cosA t=kT,

X, pee =1 ((k+DD, —x,,)cosA t=kT +T, (10)
((k+1D)D, +x,,)cosA t=(k+DT,
hmin r= ch
Zh,Hor, = Hhmax r= kT‘c + 5(7—'4 - Td) (11)
Hhmin t= (k + 1)7—;
H, ..cosA -t KT,
(kD, x,)sinA
H, .cosA -t kT. ST, T,) (12)
Frbe kD x,)sin A
H,..cosA -, t (k DT,
((k DD, x,)sinA,
(k - l)h\ +Hhmin t= kT;
thair = khv + Hh max r= kT;‘ + 5(71’ - Td) (13)
kh,+H, .. t=(k+DT,

Where, in the above expressed relations, H min and H i indicate the minimum and
maximum height of hip joint from the fixed coordinate system. Obviously and with respect
to figure (1.2), the ankle and hip joint parameters including X,,Z_ and X,,Zz, play main

role in optimum generation of the trajectory paths of the robot. With utilization of relations
(1)-(13) and using the mathematical interpolation process, the trajectory paths of the robot
will be completed.

xhip - xa,swing xa,sup - xhip

iz, —zZ
_ : : “hy a,suj
Zhip Za,.s'win'g 5 P i

Fig. (1.4). The link's angles and configurations.

Regarding figure (1.4) and the trajectory paths generation of the robot based on four important
parameters of the system (X,,Z,and X,,, Z, ), the first kinematic parameter of the robot can

be obtained easily. On the other hand, with utilization of inverse kinematics, the link's angle of
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the robot will be calculated with respect to the domain nonlinear mathematical equations. As
can be seen from figure (1.4), the equations can be written as below:

l,cos(m—6,)+1,cos(m—0,)=a

[ sin(r—6,)+1,sin(xr—6,)=b
I, cos(8,)+1, cos(d,)=c (15)
1, sin(0,)+1, sin(0,)=d

(14)

Where,
a= 'xa,Sup - xhip

b = Zhip - Za,Sup

C=X,, —X,

a,swing

d= Zhip _Za,swing

The all of conditions and the needed factors for solving of the relations (14) and (15)
have been provided. The right hand of relations (14) and (15) are calculated from
the interpolation process. For the stated purpose and with beginning to design
program in MALAB environment and with utilization of strong commands such as
fsolve, the angles of the links are calculated numerically. In follow and using
kinematic chain of the robot links, the angular velocity and acceleration of the links
and subsequently the linear velocities and accelerations are obtained. With respect
to figure (1.5) and assuming the unit vectors parallel to the link's axis and then
calculation of the link's position vectors relative to the assumed F.C.S, the following
relations are obtained:

-
D
0
0
3
-

Fig. (1.5). The assumed unit vectors to obtain the position vectors.

Ty =1, (C0S(B,, . +q ) +sin(B,  +q,)K) (16)
7 =(l,cos(B,, +4q,)+1,cos(6, — ) (17)
+(l,, sin(, — ) +1,sin(B,, +q,NK

7y =(l, cos(B,, +q,)+1 cos(6, — 1)
—1,,cos(m—6, +A) +(sin(f, — 1)
+1,sin(f,, + qf) +1,,sin(r -6, + 1)K
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7y = (I, cos(f,, + q,)+ [, cos(6, - 1)
—Il,cos(x =6, +A)—1 ;cos(8, — 1)
+(,sin(6, = )+, sin(B,, +4q,)
+1,sin(z — 6, + 1) -1, sin(6, — 1)K

r, =(l,cos(B,, + q,)+1 cos(6, - 4)
—1l,cos(m—6, +A)—1,cos(6, — 1)
—1.,cos(8, — AN+ (I, sin(g, — 1)
+1, sin(f,, + qf) +/,sin(r -6, + 1)
-1, sin(0, — ) -1, sin(6, — 1))K

7, = (l,cos(f,, + q,)+ I cos(6,— 1)
—l,cos(m—0,+A)—Lcos(6, - 1)

—l,c08(0, - ) =L, .cos(mw/2=A+ B, .. —a, NI
+(;sin(6, — ) +I,sin(B,, + qf)

+L,sin(w — 6, + 1) — L;sin(6, — 1)

~1,sin(0, -~ A) =L, sin(x /2= A+ B, . —q,)NK

P = (I, cOS(B,, + q; )+ cos@@ — )
—l,cos(m—6,+A)+1, cos(m/2—-6, —A)I]
+(l, sin(@, =) +1,sin(B,, +q,)

+1,sin(r -6, +A)+1,,sin(z/2-6,, —A)K

(19)

(20)

(21)

(22)

As can be seen from relations (16)-(22), the all of position vectors have been calculated with
respect to F.C.S for inserting into ZMP formula. The ZMP concept will be discussed in the
next sub-section. Now, with the aid of first and second differentiating of relation (16)-(22),
the linear velocities and accelerations of the link's mass centers can be calculated within

relations (23)-(29).

Vo = @y (=sin(B,, . +q,)I +cos(B, +q,)K)
v, = (=l,@, sin(B,, +q,)—1,@,sin(6, = )]
+ (@, cos(d, — A)+1, cos(B,, +q,)NK
V, = (=l,@, sin(B,, + q/‘) —la,sin(6, - 4)
—1,0,sin(z — 6, + ) + (I, cos(6, — 1)
+1,@,cos(f,, +¢q )= 1,@,cos(w —6, + 1)K

vy = (-1,6&, sin(B,, + q,)- L@, sin(6, — 1)

— Lo, sin(w — 0, + 1) +1 0, sin(6, — 1))]

+(l,@, cos(6, — ) + 1,0, cos(f,, + q,)

—1,m, cos(mr— 6, + 1) =1 0, cos(8;, — 1)K

(23)
(24)

(25)

(26)
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v, = (-, sin(B,, +q,)— 1,6, sin(0, — 1)
—1L,0, sin(zr — 0, + A) + [0, sin(6; — 1) 27)
+1,,0,sin(6, — ) + (I, cos(6, — 1)
+ 1@, cos(B,,, +q,)—1,d, cos(x =0, + 1) -
Lo, cos(0, — 1) — 1,0, cos(8, — 1)K
Vs = (@ sinB,, +q,) L@ sin@ — )
—La sin@—6, + ) +1,0,5in@, — 1)
+1,0,8in@, — )~ L, asin@@/2-A+ B, .. —g ) (28)
+(l,@ cos@ — ) +1,a,cos@,, +q,)
—La, cosw—6, + 1) —La,cos@, — 1)
~La,cosl, — ) +L, acos@/2— A+, .. —q,)K
Vo = (@ sin3,, +qf)—1154 sin@} —4)—
Léa,sin@—6, +)+1,,@,,sin@/ 26, ~ )] 29)
+(@f, cos@) =)+, cosB,, +q,)
1,3, co5@—0, +A) 1,05/ 2-6,,~ DK
Accordingly, the linear acceleration of the links can be calculated easily. After generation
of the robot trajectory paths with the aid of interpolation process and with utilization of
MATLAB commands, the simulation of the biped robot can be performed. Based on the
all above expressed relations and the resulted parameters and subsequently with

inserting the parameters into the program, the simulation of the robot are presented in
simulation results.

3. Dynamic of the robot

In similarity of human and the biped robots, the most important parameter of stability of
the robot refers to ZMP. The ZMP (Zero moment point) is a point on the ground whose sum
of all moments around this point is equal to zero. Totally, the ZMP mathematical
formulation can be presented as below:

> m(geosA+Z)x, — Y m(gsinA+5,)z, —Z"Iﬁ'[ (30)
=) =

i=1

X =

zmp n

me(gcos/l-i—é[)

i=1

Where, X, and 7 are horizontal and vertical acceleration of the link's mass center with
respect to F.C.S where é[ is the angular acceleration of the links calculated from the

interpolation process. On the other hand, the stability of the robot is determined according
to attitude of ZMP. This means that if the ZMP be within the convex hull of the robot, the
stable movement of the robot will be obtained and there are no interruptions in kinematic
parameters (Velocity of the links). The convex hull can be imagined as a projection of a
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pyramid with its heads on support and swing foots and also on the hip joint. Generally, the
ZMP can be classified as the following cases:

1) Moving ZMP
2) Fixed ZMP

The moving type of the robot walking is similar to human gait. In the fixed type, the
ZMP position is restricted through the support feet or the user's selected areas.
Consequently, the significant torso's modified motion is required for stable walking of
the robot. For the explained process, the program has been designed to find target angle
of the torso for providing the fixed ZMP position automatically. In the designed

program, ¢, shows the deflection angle of the torso determined by the user or

calculated by auto detector mood of the program. Note, in the mood of auto detector,
the torso needed motion for obtaining the mentioned fixed ZMP will be extracted with
respect to the desired ranges. The desired ranges include the defined support feet area
by the users or automatically by the designed program. Note, the most affecting
parameters for obtaining the robot's stable walking are the hip's height and position. By

varying the parameters with iterative method for X_;, X, [Huang and et. Al, 2001] and

choosing the optimum hip height, the robot control process with respect to the torso's
modified angles and the mentioned parameters can be performed. To obtain the joint’s
actuator torques, the Lagrangian relation [Kraige, 1989] has been used at the single
support phase as below:

o (31)
7, =H(@)§+C(q,9)q+G(g,)

where, i =0,2,---6 and H,C,G are mass inertia, coriolis and gravitational matrices of the

system which can be written as following;:

_h” hy hs hy hs hmh”_ _Cll Gy G3 G4 Gs Gg 617_ G
Iy by by By hs by, G Gy Gy Gy Gs Gg Gy G,
_hsl hy hy hy s hehy S |G G Gy Gy Gs G G G
B9 h h hy by o, | C#D= Glg) =
i Ty Tz Thy Ths Myl Gy Cp CGs Gy Gs Gg Gy G4
hy hy hy hy R hehg G Gy Gy Gy Gs G G G
3 hy s by R }%6]'%7_ %1 G2 %3 Ga Gos Goo Gorl 1G]

Obviously, the above expressed matrices show the double support phase of the movement
of the robot where they are used for the single support phase of the movement. On the other
hand, the relation (31) is used for the single support phase of the robot. Within the double
support phase of the robot, due to the occurrence impact between the swing leg and the
ground, the modified shape of relation (31) is used with respect to effects of the reaction
forces of the ground [Lum and et. Al. 1999 and Westervelt, 2003, and Hon and et. Al,, 1978].
For the explained process and in order to obtain the single support phase equations of the
robot, the value of ¢ (as can be seen in figure (1.4)) must be put equal to zero. The

calculation process of the above mentioned matrices components contain bulk mathematical
relations. Here, for avoiding the aforesaid relations, just the simplified relations are
presented:
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h,, =[m (I, +1,1, cosg, — ) +[m, (I} +17, +1,1, cosq, — ) +1,I, cos@, — @)+

211, cosg, —g ) Hmy (I +15 +1 +11, cos, — @)+ 1,1, cosg, —p)—L 41, coseq, +@)+---
21, c08G, =) =215 cosGy —q5) =211 cosg, =g+ [m (7 +15 +15 +1y ++--

11, cosg, —@)+1,1, cosg, —p)—1,l, cosg, —p)—1.,1, costq, + ) +2/,1, cosg, —q,)—

2l [y cosigs —q,)—21[,, cosg, —q,) —21,1; cosg; —q,) — 2,1, c0s@q, —q,)+21.,1; cosg; —q,) ]+
[m; (lf +122 +l32 +lf +lffmmg+llle cosg, —¢)+1,1, cosq, —p)—1l, cosg, —p)—--

11, c08G, —0) =1 s ind. COSO— () 2)+q 11e— Browing T 2115 €08, —q,) 21,1, cosig; —q,) —+
201, c08G, —4,) =211 3,10 COSG — (T 2) G 00— Brwing) — 2otz €08G; —q,) -

211, €086, —45) = 2] 10,ine€08G, — (T 2) 4G fr0ing = Browing + 2114 €08G, —q3) ++-
2Z4Z(f\‘wingCOS@4 —(7/ 2)+Q_[fm:ing_ﬂfvwing)+2Z3l(f\‘wingCOS@3 —(z/ 2’)+qf\'wing_ﬂf\'wing))]+”.

[ 02+ 4y 1], €05, — )+l €Oy =)+ 110,084~ p— (/D)

201, c08q, —4,) + 21 10,0, €086 G 00—, — (I 2))+2L1,,,,,008G, 0t Gy H (/2D + 1, -+
L+1,+1+1

torso

‘oooooocc.00o.....ooooooocc0000.....ooooooocc...o.....ooooooocc...o'

hy, =[m (I2)]+[m, (I} +12, + 21,1, cosq, —q)|+[my (I} +1; +17 +211, cosq, —q,)—

211, cosq, —qs) =201, cosq, —g ) +[m, (I} +1 +15 + 1, + 21,1, cos@, —q,) —++*

211, coslg, —q,) 21,1, coslg, —q,) — 21,1, coslg, —q,) —21,I_, coslg, —q,) +2_,/; coslg; —q,)) ]+
[m, (112 +122 +l32 +lf +fowing+ 211, coslg, —q,) -2l coslg, —q,)— 21,1, cosg, —q,)— -

211 Cﬁwmgcos@l —(7/2) +4 fowing— ,Bﬁw,.ng) —21,1; coslg, —q,)—21,1,coslg, —q,)—-

2Dl 0ing©08Gs —(/ 2) +q 00— Briving) T 2131, €08G, —g3) ++++

2l4lcﬁwingcos@4 —(7/2)+ 9 fwing — Blowing T 2Z3ngvw'ingcos@3 —(7/2)+ 9 fwing _ﬁ /fwing))]"‘ e

O +5+1

ctorso

[m

tor

2,1

ctorso

+21112 COS@Z _ql) +2lect0rsocos(_qtarso _QI _(7[/2))+ o
€08, + ¢ + (/2N + L, + 1+ 1, + 1, +1

torso

.........oooo..............oooo..............oooo..............oooo.
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hys :[1112(1622 +11,, cos(g, _ql))]+["73(122 +lcz3 +1,1, coslg, —q,)—1/ 5 coslg, —g;) -

21,1 5 cos(g, _%))]"‘[7’74(122 +l32 +lcz4 +11, cosq, —q,)—1l;cosg, —q,)—

11, coslg, —q,)—2LL coslg, —q,) -2, , coslg, —q,)+2I [, coslqg, —q,)) ]+~

[Imy(l; +1 +1; +lffmng+lll2 cos@, —q,)—1l, cosg; —q,)—11, cosg, —q,) —++-

W fing€OS@, = (21 2) + G fiping = Bining) — 2115 €08(g; —q,) — 21,1, coslg, —q,) —--

2lzlcfm,.ngcos(q2 —(7/2)+ q foving — ﬁﬁ%wing) +2/,1,cosl@g, —q;)+-+-

2] ing©08Gs — (1 2) +q i = Broning) + 2l efirsing€08@s = (T 2) 4G e = Browing) ) 1+

[, (2 12,y + s COS@ )+ 1,14, €08 G 00— — () D)4 2Dl 11,€08G 0, + 6+ (/2))]
+ L+ L+ +1+]

Y
hy, =[m, (133 —1l 5 co8q, —q;)—1,1 5 c0s@, —q;)) 1+ [m, (132 +l§4 —llycos@; —q;) =+

L1, cosq, —q,) —Lly cosgy —q,) =11, cosg, —q,) +21 15 cosgs —q,)) 1+ [m (132 SRR
ZLZfswmg_llls c08@; —q,) ~ 11, c08G, —q,) =1\l ,,,,,C08G —(T/2) 4G ypie— Brivingd =

Ll cosg; —q,)—1,1, cosq, —q,) _lzlq/'vwmgcos@z —(7/2) +q}/.'vwing_ﬂﬁwing) +211, cosg, —q;) ++-
2 0ine€08Gs — (T 2) + G g Browing T 2l ining€08€s =7/ 2) + G g = Browin)) 1T Iz 14 + L

.oo0oooo.oooooooooooo0oooo-oooooooooooo0oooo-oooooooooooo.oooo.oooo.
hys =[m, (12, =11, cos(q, —q,) =Lyl c08(q, —qy) + 1415 cOS(qy — g )]+ [ms (I3 +-+
lczfvwing _1114 Cos(q4 _ql)_lllc[vwing Cos(ql _(”/2)+qfvwing _ﬂfrwing)_1214 COS(q4 _‘h)_

ZZchfS'wing COS(qZ - (ﬂ./ 2) + qf&wing - Iaﬁ)¢’ing) + 1314 COS(q4 - q3) +e
214Zc_/fvwing Cos(q4 - (ﬂ- / 2) + q_/fvwing - Igfrwing) + l3lc_/fvwing Cos(q3 - (7[/2) + q[\“wing - ﬁfvmﬂing))] + 14 + 15

‘O.......O"".............O""‘............O““‘..............“.

hl() = [mS (lff_s'wirlg - [1Zcﬁ'w17ingcos@l - (ﬂ./ 2) + q/’swirlg - ﬂf&wing) - IZZQﬂvvingcos@Z - (7[/ 2) + qﬁwing - ﬁfswirlg)

+ l4lqﬁ'1vingcos@4 - (7[/ 2) + q_[vwing - IB_[SWMg) + l3lqﬁ'1vingcos@3 - (ﬂ-/ 2) + qﬁyw[ng - ﬂ_[vwing))]-i_ 15

........oooo.............oooo.............oooo.............oooo.....

h17 = [mmr.m (lczmr.m + lllcmrso COS(_qmmo - (7[ / 2) - ql) + lZ’cmr:o Cos(qmr.m + (ﬂ. / 2) + q2 ))] + Immm

‘..................................................................‘



Dynamic Simulation of Single and Combined Trajectory Path Generation and
Control of A Seven Link Biped Robot 101

h,, =[m, (I, +1,1, coslq, — @) +1,1_, coslq, —q,)]+[m,(l; +1 +1,1 cos(g, —p)—-
1,1, cos(~q; + @) +1,1,cos(q, —q,) — 1,1, c0s(q, —q5) 21,1 ; cos(q, — g+ [m,(I; +1; +12, +--
L1, coslg, —p)—1l,cos(q, —p)—1 I, cos(—q, + @)+, cos(q, —q,)—1,l; cosg, —q,) —
Ll ,cos(g, —q,) -2l cos(q, —q,)—21,1 , coslg, —q,)+2I I, cos(g; —q,))]+---

[m (122 +Z32 +l42 +lc_2m.ng+lzle cos(q, —@) -1/, coslg; —p)—1,I, cos(g, —p)—---

Liswinde COS@ = (71 2)+q i = B pouing) + 111 €O, —4,) =[5 cos(g; —¢,) =

14008, = 1) =il 50 OS@1 = (21 2) + G 00 = B rsing) = 2115 €08(G5 —q,) =+

20,1, cos(g, —q,)— 212]Lfswing cos(g, —(7/2)+ 9 foving —ﬂ;mng) +2L1, cosg, —q;)+-+-

2L 5ing ©08Ga =T/ 2) F G g = Bsuing) + 23l gning €05Gs = (T 2)FG 10 = B ing )1+
[ (B 2y 4 1, €OSy =911, COS( ~ 9~ (1 D))+ Ly COS(G, — )+

Il

1% ctorso

COS(_qlomo - ql - (ﬂ-/ 2)) + 212[clorso Cos(qzoma + 92 + (ﬂ./ 2))]+ 12 + 13 + 14 + 15 + 1

torso

‘oooooocc.00o.....ooooooocc0000.....ooooooocc...o.....ooooooocc...o'

hy, =[m,(L, +11,cosq, —q,)) +[m(& +1, +11,cosq, —q,) ~ L, cosq —q)—+

21 cosg, —g, ) +[m,(&; +L +1, +11,cosg, —q) — 1 cosg, —q,)—1L.,cosq,—q,)— -

2L cosg, —q,)—2L1,,cosg, —q,)+21 I, cosg, —q4))]+[n15(122 +l32 +lf +l;m,,.ng+~ -

1, cosg, —q)—1ll;cosq, —q,) 11, cosg, —q,) 11 i gcos@l —(7/2)+ G foving— ﬂ/swin g) —2ll.cosg;,—q,)
—2L1,cosq, —q,) —lelpfm,,.ngcos@2 —(7/2)+ D foving— ﬁﬁw,.,,g) +21,cosg, —q;)++

2l4lcfw.,,‘g,cos@4 —(7/2)+ G foving— ﬂfmn g) + 213l€fswin gcos@ —(7/2) G fing— ,Bﬁ}‘,i,7 g))]+- .

[m, (& +L,, +1],cosq, —q)+1L,, c08Cq,,.,—q —(/2)+2L1,

ctorso

L+ L+, +1+]

torso

Cos@tor.\'u-'qu +(7Z'/2))]+' o

torso

.o...........ooooo.............ooooo............oooooo............o.

hoy =[my (5) 1+, (15 +15 2,1 086G, g, ) YHmy (5 +15 +12, =211, cosgy —g,)—-

2,1, cosg, —q,)+2 I cos@, —q,)) Hm; (122 +l32 +lf +Zfﬁwmg—21213 cosl, —q,)—2,1, cosg, —q,)— -
2l 1in08G =72/ 2) 4G rying= Brivind T 251 086Gy =45) 2 L 1,1, C08Gs (7 2)+G g Browind
ysquwmgcoséb —(n/ 2)+‘I,{vwmg_ﬂfwing))]‘"[mmr(lzz +l§mrsa+2]2lz‘tnrs(JCOSQtorso+q2 +(7/2)H -
L+L+1,+1+],

torso

‘..................................................................‘
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hy, =[my (12 ~1,1.; cos, —g ) lm, (1 +12, ~11; cosgy —q,) 1,1, cosg, —q,)+2 41y cosg, —q,) -
[n15 (132 +l§ +l§/swing_1213 COSQS _qZ)_1214 COS@4 _qZ)_IZIC_fyw[ngCOSQZ _(ﬂ./ 2)+qﬁ'wing_ﬁkw'[n tee
2]314 COS@4 _q3)+2]4quvwingCOS@4 _(ﬂ-/ 2)+qﬁ§‘ving_ﬁ/§v¢'ing) +2]3lc/§v¢'ingcosg3 _(ﬂ-/ 2) +Q/§»¢'ing_ﬁ/§»¢'ing))]-'_. o

L+, +]
’......CC.......l........CC.......l........CC.......l..............'

hys=[m,( c24 —1l, 08, —q,)+1 15 cos —q,)) F[ms (lj +lq2[vwing_1214 cosg, —¢,)—
l2lc[s‘w[ngcosq2 _(7[/ 2) +qfswing_ﬁfswing) + 1314 COSQ4 _QS ) + 2]410 swingcosqét _(ﬂ-/ 2) + qfsw[ng_ﬂfswin +-

l3quswingCOS63 _(7[/ 2) + q/swing_lﬁﬁwin‘g))]—‘r 14 +15

."‘............O""‘............O""‘............O““‘..........

h26 :[WIS (Zc2fsw[ng_ 12lcfswingCOS@2 - (ﬂ-/ 2) +qﬁwiﬂg_ﬂﬁwing) +l4lcfswingCOSQ4 _(7[/ 2) + qfswing_ﬁfsw[ng e

l3lqﬁ%»vingC0S@3 - (ﬂ./ 2) + qﬁ\ving_ Ist-wmg))]Jr 15

‘oooooocc.00o.....ooooooocc0000.....ooooooocc...o.....ooooooocc...o'

( 2
torso \" ctorso

h27 = [m + lZIcmrso cos(qtor.yo + (ﬂ-/ 2) + q2 )] + Itorsa

."‘............O""‘............O""‘............O““‘..........

h,, =[m, (I, =11, costq, +@)—11, cosq, —q,)—L1, cosq, —q))+[m, (I3 +12, -

L.l coslg, —p) -1 I, cosCq, +p)—1/; coslg, —q,) -1l , coslg, —q,)—1,l; coslg, —q,) —-

L1, €08, —q,)+21,,1s cosgy —g N +[ms (15 +13 +1y, .~ L1, cosg; — ) =+

I,1, cosg, — ) _lq[ywln!e cosp—(7/2)+ 9 fiving _,stwzng) —ll;coslg; —q,)—-

51,c08G, =) =1 00ing€08@) — (71 2) 4 G g = Brining) — 113 €08G5 —q,) =+

L, €08G, —qy) 1l ,0ine€OS@, — () 2) +q i = Browing) T 21314 €08G, —3) +++-

21,1 fowin, gcos@4 —(7/2)+ q foving— ,Bﬁwm g) +2L/ fowin, gcos@3 —(7/2)+ 9 foving — /5’ o g))]+ L+1,+1,

.o...........ooooo.............ooooo............oooooo............o.



Dynamic Simulation of Single and Combined Trajectory Path Generation and
Control of A Seven Link Biped Robot 103

h,, =[m, (lf3 -1l cos@, —q;)—1,1 ; cosg, —q3))]+[m4(l32 +lf4 -1l coslg,—q,)—

11, cos@, —q,)— Ll cosq, —q,)— L1, cos@, —q,) +2L,I; cos@, —q,))+[ms (5 +1; +--
ZL,sz.,,g—lll3 cos@; —q,) — 11, c08q, =) =1/ 4,,,,€08G, =T/ 2)+q ryine = Brosingd =

L1, coslg, —q,)—1,1, cos@, —q,) —lzlcm,,.ngcos@2 —(n/2)+q fowing — ,Bﬁw,.ng) +2L.1,cosg, —g;) +-
2 0ing08Gs =T/ 2)+q i = Broving) T 2 50ing©08Gs = T/ 2) +G 00— Browingd 1+
Li+1,+1

‘oooooocc.00o.....ooooooocc0000.....ooooooocc...o.....ooooooocc...o'

hy, =[m, (1, ~1,1; cosg, —q,)) m, (I +12, ~L1, cosg, —q,) 1,1, cos§, —q,)+2L.,l; cos, —q,)) H-
[y (132 +Z§ +lffswing_1213 cosg, —q,)—1,1, cosg, _%)_lzlcfswmgcos% —(n/2)+q fsw[ng_ﬁfsw[ng) tee

2.1, cosg, —q3)+2]41Lﬁw,.”gcosq4 —(z/ 2)+qﬁ_wing— ﬁ_’ﬁ_wiﬂé)+2131Lﬁw,.”gcosq3 —(z/ 2)+qung—/jfmné))]+- .
+L+1,+1

."‘............O""‘............O""‘............O““‘..........

h,, =[m3(lf3)]+[m4(l32 +lc24 +21,,1; cos(q, _Q4))]+[m5(l32 +lf +1

cfswing
214lc/.'swing COS(q4 - (7[/ 2) + qb/.'vwing - ﬁfswing) + 213 qu(vwing COS(q3 - (ﬂ./ 2) + q/‘.'ywing - ﬁfswing))]+ o
+I,+1,+1

+21,1,cosg, —q;)+-+-

.o...........ooooo.............ooooo............oooooo............o.

h,, =[m4(lcz4 +1,,1; cos(g, —q4))]+[m5(lf +12

cfswing

2Z4Zc_'}ﬁ'wing COS(q4 - (7[/2) + qfswing - leswin‘g) + ISZL_'}S'wing COS(QS - (ﬂ/ 2) + q/&wing - ﬂfswing))]+ 14 + 15

+11,cos(q, —qs) ++-

’..................................................................'
h36:[n15(c;smfing+l4lcﬁmfingcosq4 _(”/2)+qfswing_l[;ﬁwing)+l3lc/'swingcosq3 _(”/2)+qf&'wing_l[;fswing))]+[5
.ooooooo-ooooooooooooooooo.ooooooooooooooooo.ooooooooooooooooo-oooo.

hy,, =0

.o...........ooooo.............ooooo............oooooo............o.



104 Humanoid Robots, New Developments

h,, =[m, (L%, 1,1, costq, +@) 1L, cosg, —q,)—L1, cosg, —q,)+1 I cosg, —q,)}+ -

[+ gL, €OSGy =)~ sy, OO~ 2 1= Brind — il €OSGy =) -

N/ Cﬁ§w,ingcosql —(7/2) G fing— ﬂfswmg) -1, cosq, —q,)—1! fonin€OSEs —(7/2) G fing— /Zﬁwm e
L1, €086, =45) + 21 1in €084, —(T/ 2) 4G i Brovind T inninO8C =0/ 2+ G gine= Brinind
1, +I

‘..................................................................‘

2

hy, =[m, (I, =1, 086, —q,) —L,1,, c08G, —4,) +14ls cosy —q,) - my(l + fwing "

11, cosg, —ql)—lllc_ﬁ,wingcosg1 —(n/2) +qﬁwmg—ﬂﬁwiné) -1, cosgq, —q,)— -

Ll o gcosqz —(7/2) 4 frving— ﬂﬁwm g) +1,0, cosq, —q;)+2,1 o gcosq4 —(7/2) +4 foving— ﬁ"m,,." g) e
L in€08Gs = (7 2) G i Browind) H Ly +1s

‘oooooooc.00o.....oooo0oooc0000.....oooo0oooc...o.....ooooooooc...o'

h,; =[m, (134 —l)l 4 08, —q,)+1 415 cos —q,)) H[ms (lj +lc2fswmg_lzl4 cos, —¢,)—+

lZIQfswingCOSQZ _(ﬂ-/ 2’) +QAw1fing_ﬂﬁvving) +l3l4 COSQ4 _(’IS ) + 2l4lc[s'w[ngCOSQ4 _(7[/ 2) +qfsw[ng_ﬁfswing) e

ZSILfswingCOSQS _(7[/ 2) + q/&wing_lgﬁ‘winé))]—"_ [4 +IS

."‘............O""‘............O""‘............O““‘..........

h,, =[m, (134 +1,.,5 cos(g; —q,))]+[ms (lj + lffswin‘g =11, cos(g, —q,) + 11, coslg, —q;) +--
2l4lq/'ﬂving cos(q4 - (ﬂ./ 2’) + q}/.'mr'ing - ﬂﬁ%m%ing) + Z3lq[vwing cos(q3 - (7[/2) + Qﬁwing - ﬂ/‘.'sw'ing))]+ 14 + 15

‘..................................................................’
h45 :[m4 (134)]4‘["’15 (lj +lL_‘2/Swing +2l4lc/§wing COS(q4 _(”/2)+q/swmg _ﬂ_/&an ))]+I4 +15
@cccccccccccccccccccseccsccccscscscsccsccccscccsccsccscccccccccccccccc@

h46 :[mS (lc_zfswing +Z4lc‘fswing COS(q4 _(7[/2)+Qﬁwing _ﬂfvwing ))]+15
‘..................................................................‘

h, =0

.o...........ooooo.............ooooo............oooooo............o.
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h51 = [mS (Iczfswing_ lcﬁvwin!e COS@_ (ﬂ-/ 2) + qﬁkmving_lg,fswing) - ll Zcfswingcosql - (ﬂ./ 2) + qfswing_ ﬁf.‘vwing) -
ZZZCfswingCOSQ2 - (ﬂ-/ 2) + quwing_ Ifowing) + Z4lcfswingCOSQ4 - (ﬂ./ 2) + qﬁkmving_ Ifowing) e

ZSILﬁwingCOS@S _(ﬂ-/ 2) + qﬂwing_ﬁﬁwing))]+ IS

‘oooooooc.00o.....oooo0oooc0000.....oooo0oooc...o.....ooooooooc...o'

h52 = [’nS (lfjswing_ lllc/&wingcosql - (7[/ 2) + qﬁwing_ ﬂjswing) _IZIcf&wingCOSQZ - (ﬂ-/ 2) + q/&wing_ ﬁj@vwin +-

Z4lcfswingCOSQ4 - (ﬂ-/ 2) + quwing_ﬂfswing) + I3lcjf.'¢wingCOSQ3 - (ﬂ./ 2) + qﬁkmving_ ﬂfywing)]—’_ IS

‘..................................................................‘

h53 = [mS (l(_?[f\'wing - IZZcf\'wing COS(qZ - (7[/2) + qf\'wing - ﬂf\'wing) +---

l4lcfswing COS(q4 - (7[/2) + q_fj'wing - ﬂfswing) + l3lcf5wing COS(qS - (ﬂ- / 2) + qf&wing - ﬂ_/‘j‘wing ))] + IS

.o...........ooooo.............ooooo.............ooooo..............

h54 = [n% (lqu’swfing+l4lcf’swfingCOSQ4 _(ﬂ-/ 2) +qfswing_18_/'swin9 +l3lq/&L1!ingCOSQ3 _(7[/ 2) +Q/&w'ing_lgfimfin9)]+]5

‘oooooooc.00o.....oooo0oooc0000.....oooo0oooc...o.....ooooooooc...o'

h55 :[m5 (lffi‘wing +l4lvf.§wing COS(q4 _(ﬂ/2)+q/{vwing _ﬂﬁwing ))]+[5
’..................................................................'

hy =[my (L0 )]+ 1

cfswing

.o...........ooooo.............ooooo.............ooooo..............

h57:0

‘oooooooc.00o.....oooo0oooc0000.....oooo0oooc...o.....ooooooooc...o'

h6l = [maSStO}"SO(ltir + leltor COS(_qmrso - (7[ / 2) - ¢) + llllor COS(_qtorso - (ﬂ’- / 2) - QI) t+--
l2ltor Cos(qtorsa + (7[ / 2) + qz ))] + I

torso

.o...........ooooo.............ooooo.............ooooo..............
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hg, = [masstorso(lfm, +11, cos(—q,,., —(7/2)—q)+1L1, co8(q,.. +7®/2)+q,))]+1,,.,

‘oooooocc.00o.....ooooooocc0000.....ooooo0occ...o.....ooooooocc...o'

h63 = [maSStOVSO(ltir + l2ltor Cos(qtorso + (72-/2) + q2 ))] + [torso

‘oooooocc.00o.....ooooooocc0000.....ooooo0occ...o.....ooooooocc...o'

hg = [maSStOVSO(Zzir N+1 s, h64,65,66 =0

‘oooooocc.00o.....ooooooocc0000.....ooooo0occ...o.....ooooooocc...o'

In the all of above mentioned components, the following parameters have been used and
they can be seen in figure (1.6) :

¢:ﬂm.c+q0’§0:/’t+q0+ m.co* (32)

(a)

(b)
Fig. (1.6). (a) The foot’s and (b) The support link’s geometrical configurations.
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Where, l_/;vwmg and ﬂ_/{vwmg refer to indexes of the swing leg with respect to geometrical

configurations of the mass center of the swing leg as can be deducted from figure (1.6).
The coriolis and gravitational components of the relation (30) can be calculated easily.
After calculation of kinematic and dynamic parameters of the robot, the control process
of the system will be emerged. In summery, the adaptive control procedure has been
used for a known seven link biped robot. The more details and the related definitions
such as the known and unknown system with respect to control aspect can be found in
reference [Musavi and Bagheri, 2007 and Musavi, 2006, and Bagheri and Felezi, and et.
Al., 2006]. For the simulation of the robot, the obtained parameters and relations are
inserted into the designed program in Matlab environment. As can be seen in
simulation results section, the most concerns refer to stability of the robot with respect
to the important affecting parameters of the robot movements which indicate the ankle
and hip joints parameters [Bagheri and Najafi and et. Al. 2006]. As can be seen from the
simulations figures, the hip height and horizontal positions have considerable effects
over the position of the ZMP and subsequently over the stability of the robot. To
minimize the driver actuator torques of the joints, especially for the knee joint of the
robot, the hip height which measured from the F.C.S has drastic role for diminution of
the torques.

4. Simulation Results

In the designed program, the mentioned simulation processes for the two types of
ZMP have been used for both of the nominal and un-nominal gait. For the un-nominal
walking of the robot, the hip parameters (hip height) have been changed to consider
the effects of the un-nominal motion upon the joint's actuator torques. The results are
presented in figures (1.8) to (1.15) while the robot walks over declined surfaces for the
single phase of the walking. Figure (1.15) shows combined path of the robot. The used
specifications of the simulation of the robot are listed in table No. 1. Figures (1.8),
(1.10) and (1.12) display the moving type of ZMP with the nominal walking of the
robot. Figures (1.9), (1.11) and (1.13) show the same type of ZMP and also the un-
nominal walking of the robot (with the changed hip height form the fixed coordinate
system). Figure (1.14) shows the fixed ZMP upon descending surface. As can been seen
from the table, the swing and support legs have the same geometrical and inertial
values whereas in the designed program the users can choose different specifications.
Note, the swing leg impact and the ground has been regarded in the designed program
as given in references [Lum and et. Al. 1999 and Westervelt, 2003, and Hon and et. Al,
1978]. Below, the saggital movement and stability analysis of the seven link biped
robot has been considered whereas the frontal considerations are neglected. For

lab
and laf present the foot profile which are displayed in figure (1.7). The program

convenience, 3D simulations of the biped robot are presented. In table No. 1, lan,

enables the user to compare the results as presented in figures where the paths for the
single phase walking of the robot have been concerned. In the program with the aid of
the given break points, either third-order spline or Vandermonde Matrix has been
used for providing the different trajectory paths. With the aid of the designed
program, the kinematic, dynamic and control parameters have been evaluated. Also,
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the two types of ZMP have been investigated. The presented simulations indicate the
hip height effects over joint’s actuator torques for minimizing energy consumption and
especially obtaining fine stability margin. As can be seen in figures (9.h), (11.h) and
(13.h), for the un-nominal walking of the robot with the lower hip height, the knee's
actuator torque values is more than the obtained values as shown in figures (8.h),
(10.h) and (12.h) (for the nominal gait with the higher hip height). This is due to the
robot's need to bend its knee joint more at a low hip position. Therefore, the large knee
joint torque is required to support the robot. Therefore, for reducing the load on the
knee joint and consequently with respect to minimum energy consumption, it is
essential to keep the hip at a high position. Finally, the trajectory path generation
needs more precision with respect to the obtained kinematic relations to avoid the
link’s velocity discontinuities. The presented results have an acceptable consistency
with the typical robot.

lg, Iy I, an Ly qu
0.3m 0.3m 0.3m 0.1m 0.1m 0.13m
Mg, My, My, Mp,, D, T,
5.7kg 10kg 43kg 3.3kg 0.5m 0.9s
T, T, H, L, Xed Xsd
0.18s 0.4s 0.16m 0.4m 0.23m 0.23m
s 8y H,, H h H,
0 0 0.60m 0.62m 0.1m 0.15m
Lk 1 tight L, 1 foot

0.02kgn’* 0.08kgm’ 1.4kgm’ 0.01kgm®

Table 1. The simulated robot specifications.

an

lab lcff

Fig. 1.7. The foot configuration.
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(a) Stick Diagram (b) ZMP
(c) Velocity (d) Acceleration (e) Angular Vel. (f) Angular Acc.
(j) Inertial Forces (h) Driver Torques
Fig. 1.8. (a) The robot’s stick diagram on =0, Moving ZMP, H__  0.60m,H,__ 0.62m

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria (c) __: Shank M.C
velocity, —: Tight M.C velocity (d)__: Shank M.C acceleration, --:Tight M.C acceleration (e) __:
Shank angular velocity, --: Tight angular velocity (f) __: Shank angular acceleration, --: Tight
angular acceleration (j) __: Shank M.C inertial force, --: Tight M.C inertial force (h) __: Ankle joint
torque, --: Hip joint torque, ...: Shank joint torque
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(a) Stick Daigram (b) ZMP
(c) Velocity (d) Acceleration (e) Angular Vel. () Angular Acc.
(j) Inertial Forces (h) Driver Torques

Fig. 1.9. (a) The robot’s stick diagram on A 0° , Moving ZMP, H =0.50m,H,, =0.52m

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria (c) __: Shank M.C
velocity, --: Tight M.C velocity (d)__: Shank M.C acceleration, --:Tight M.C acceleration (e) __:
Shank angular velocity, --: Tight angular velocity (f) __: Shank angular acceleration, --: Tight
angular acceleration (j) __: Shank M.C inertial force, --: Tight M.C inertial force (h) __: Ankle joint
torque, --: Hip joint torque, ...: Shank joint torque

min
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(a) Stick Diagram (b) ZMP

(c) Velocity (d) Acceleration (e) Angular Vel.  (f) Angular Acc.

(j) Inertial Forces (h) Driver Torques

Fig. 1.10 (a) The robot’s stick diagram on 2 =10" , Moving ZMP, H__ =0.60m,H _, =0.62m

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria (c) __: Shank M.C
velocity, —: Tight M.C velocity (d)__: Shank M.C acceleration, --:Tight M.C acceleration (e) __:
Shank angular velocity, --: Tight angular velocity (f) __: Shank angular acceleration, --: Tight
angular acceleration (j) __: Shank M.C inertial force, --: Tight M.C inertial force (h) __: Ankle joint
torque, --: Hip joint torque, ...: Shank joint torque
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(c) Velocity

(a) Stick Diagram

(b) ZMP

(d) Acceleration
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(e) Angular Vel. () Angular Acc.

(j) Inertial Forces (h) Driver Torques
Fig. 1.11.
(a) The robot’s stick diagram on 2 =10" , Moving ZMP, {__ 0.50m,H 0.52m

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria
(c) _: Shank M.C velocity, --: Tight M.C velocity

(d)__: Shank M.C acceleration, --:Tight M.C acceleration

(e) __: Shank angular velocity, --: Tight angular velocity

() __: Shank angular acceleration, --: Tight angular acceleration

(j) __: Shank M.C inertial force, —-: Tight M.C inertial force

(h) __: Ankle joint torque, --: Hip joint torque, ...: Shank joint torque
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(c) Velocity

(a) Stick Diagram

(b) ZMP

(d) Acceleration
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(e) Angular Vel. () Angular Acc.

(j) Inertial Forces (h) Driver Torques
Fig. 1.12.
(a) The robot’s stick diagram on A =-8° , Moving ZMP, H . =0.60m,H,_, =0.62m

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria
(c) _: Shank M.C velocity, --: Tight M.C velocity

(d)__: Shank M.C acceleration, --:Tight M.C acceleration

(e) __: Shank angular velocity, --: Tight angular velocity

(f) __: Shank angular acceleration, --: Tight angular acceleration

(j) __: Shank M.C inertial force, --: Tight M.C inertial force

(h) __: Ankle joint torque, --: Hip joint torque, ...: Shank joint torque
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(c) Velocity

(a) Stick Diagram

(b) ZMP

(d) Acceleration
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(e) Angular Vel. () Angular Acc.

(j) Inertial Forces (h) Driver Torques
Fig. 1.13

(a) The robot’s stick diagram on A =-8° , Moving ZMP, { . =0.50m,H,, =0.52m

(b) The moving ZMP diagram in nominal gait which satisfies stability criteria
(c) _: Shank M.C velocity, --: Tight M.C velocity

(d)__: Shank M.C acceleration, --:Tight M.C acceleration

(e) __: Shank angular velocity, --: Tight angular velocity

() __: Shank angular acceleration, --: Tight angular acceleration

(j) __: Shank M.C inertial force, --: Tight M.C inertial force

(h) __: Ankle joint torque, --: Hip joint torque, ...: Shank joint torque
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(c) Velocity

(a) Stick Diagram

(b) ZMP

(d) Acceleration
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e) Angular Vel. () Angular Acc.

(j) Inertial Forces (h) Driver Torques
Fig. 1.14
(a) The robot’s stick diagram on A = -8° , Fixed ZMP, H_ . =0.60mH__ =0.62m

(b) The fixed ZMP diagram in nominal gait which satisfies stability criteria
(c) __: Shank M.C velocity, --: Tight M.C velocity

(d)__: Shank M.C acceleration, --:Tight M.C acceleration

(e) __: Shank angular velocity, --: Tight angular velocity

() __: Shank angular acceleration, --: Tight angular acceleration

(j) __: Shank M.C inertial force, --: Tight M.C inertial force

(h) __: Ankle joint torque, --: Hip joint torque, ...: Shank joint torque
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(a) Stick Diagram (b) ZMP (c) Inertial Forces

(d) Driver Torques (e) Driver Torques
Fig. 1.15 (a) The robot’s stick diagram on combined surface, nominal motion, Moving ZMP,
A =-8" (b) The moving ZMP diagram in nominal gait which satisfies stability criteria (c) Inertial
forces: __: Supp. tight, --: Supp. shank, ...: Swing tight, .-: Swing shank (d) Joint’s torques: __: Swing
shank joint, --: Swing ankle joint, ...: Supp. hip joint,  .-: Swing hip joint (e) Joint’s torques: __: Supp.
ankle joint, --: Supp. shank joint
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1. Introduction

Many studies have been made to develop walking anthropomorphic robots able to move in
environments well-adapted to human beings and able to cooperate with them. Among the
more advanced projects of humanoid robots, one can mention : the Honda robots P2, P3
(Hirai, 1997) (Hirai et al., 1998) and Asimo (Sakagami et al., 2002), the HRP series developed
by AIST (Kaneko et al., 1998) (Kajita et al., 2005) (Kaneko et al., 2004) (Morisawa et al., 2005),
the small robot QRIO proposed by Sony (Nagasaka et al., 2004), the KHR series developed
by KAIST (Kim et al., 2004) (Kim et al., 2005), the last robot of Waseda University having
seven degrees of freedom per leg (Ogura et al., 2004), Johnnie (Lohmeier et al., 2004) and H7
(Kagami et al., 2005). These robots are namely able to climb stairs and to carry their own
power supply during stable walking. The problem of dynamic locomotion and gait
generation for biped robot has been studied theoretically and experimentally with quite
different approaches. However, when searchers study the behavior or the design of
dynamic walking robots, they inevitably meet a number of intrinsic difficulties related to
these kinds of systems : a large number of parameters have to be optimized during the
design process or have to be controlled during the locomotion task; the intrinsic stability of
walking machines with dynamic behaviors is not robust; the coordination of the legs is a
complex task. When human walks, it actively uses its own dynamic effects to ensure its
propulsion. Today, some studies exploit the dynamic effects to generate walking gaits of
robots. In this research field, four kinds of approaches are used. The first one uses pragmatic
rules based on qualitative studies of human walking gaits (Pratt et al., 2001) (Sabourin et al.,
2004). The second one focuses on the mechanical design of the robot in order to obtain
natural passive dynamic gaits (Collins et al., 2005). The third one deals with theoretical
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studies of limit cycles (Westervelt et al., 2004) (Canudas-de-Wit et al., 2002). The fourth one
creates various dynamic walking gaits with reference trajectories (Bruneau et al., 2001)
(Chevallereau et al., 2003). However, all theses approaches are not really universal and do
not allow online dynamic adaptation of the robot motions as function of the environment
and of the real capabilities of the system.

Our objective is to carry out a more adaptive and universal approach based on the

dynamic equations in order to generate walking gaits with a high dynamic behavior.
Moreover, we do not wish to impose exact temporal desired trajectories. On the contrary,
the capabilities of the robot, in term of intrinsic dynamics and actuator torques, are
constantly evaluated and exploited as well as possible with an aim of reaching a desired
average walking rate of the system. In order to do this, we propose a strategy based on two
dynamic criterions, which takes into account, at every moment, the intrinsic dynamics of the
system and the capabilities of the actuators torques in order to modify the dynamics of the
robot directly. These criterions called the “dynamic propulsion criterion” and the “dynamic
propulsion potential” permit to produce analytically the motions of the legs during all
phases and all transition phases without specification of the events to perform. Even if this
method is universal, we illustrate it for a planar under-actuated robot without foot : RABBIT
(Buche, 2006). The particularity of this robot is that it can not be statically stable because the
contact area between the legs and the ground is very small. Thus, a control strategy based
on dynamic considerations is required.
The organization of this chapter is as follows. In the second part the presentation of the
robot Rabbit and its characteristics are given. In part three, dynamics of the biped robot
Rabbit are introduced. Then, in part four, the two dynamic criterions are expressed : the
“dynamic propulsion criterion” and the “dynamic propulsion potential”. In part five, we
describe the control strategy, based on these criterions, to generate highly dynamic walking
gaits. The sixth part gives the simulation results obtained with this analytical approach.

2. The bipedal robot RABBIT

The robot Rabbit (fig. 1.) is an experimentation of seven French laboratories (IRCCYN
Nantes, LAG Grenoble, LMS Poitiers, LVR Bourges, LGIPM Metz, LIRMM Montpellier,
LRV (new name : LISV) Versailles) concerning the control of a biped robot for walking and
running gaits generation within the framework of a CNRS project ROBEA (Sabourin et al.,
2006) (Chevallereau et al., 2003).
This robot is composed of two legs and a trunk and has not foot. The joints are located at the
hip and at the knee. This robot has four motors : one for each hip, one for each knee. Rabbit
weighs 32 kilograms and measures 1 meter. Its main masses and lengths are given in table 1.
Its motions are included in sagittal planes, by using a radial bar link fixed at a central
column that allows to guide the direction of progression of the robot around a circle. As
Rabbit moves only in the sagittal plane, it can be modeled in two dimensions. This robot
represents the minimal system able to generate walking and running gaits. Since the contact
between the robot and the ground is just one point (passive dof (degree of freedom)), the
robot is under-actuated during the single support phase: there are only two actuators, at the
hip and at the knee of the stance leg, to control three parameters :

-the trunk evolution along the moving direction X at the reference point

-the trunk evolution along the gravity direction y at the reference point

-the trunk angle evolution around the rotation direction z
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Fig. 1. Robot Rabbit.

Weight (Kg) Length (m)
Trunk 12 0,2
Thigh 6,8 0,4
Shin 3,2 04

Table 1. Characteristics of Rabbit.

The configuration of Rabbit is described by the parameters given in fig.2. The reference’s
point R, is selected at the hip of the robot for the definition of the position, velocity and

acceleration of the trunk.

Fig. 2. Model parameters of Rabbit.
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3. Analytical dynamics of Rabbit

The approach is based on the dynamic equations with the lagrangian form for the robot
Rabbit at the reference point Rp.

3.1 Lagrangian Dynamic Equations
The lagrangian motion equations, applied at R;, are written in two subsystems:
]\7},5p+§k5k+5p+(7p=D:wT1~Tl+D:2pTi 1)
ﬁ[ﬁp+]\7k6k+@+(7k=D:1,€TF7+D:“TE+1: 2
where 5}; = [jc', j),z]‘p]r is the trunk accelerations vector at R,, a, = [q”qza%’q . ]T the joint

accelerations vector, F:cj(j=1,2) the contacting forces applied to the feet and I the joint

torques vector. The index “p” refers to the trunk and the index “k” to the legs. The
subsystem (1), coming from the first three motion equations, is related to the trunk. This
subsystem is said passive. The subsystem (2), coming from the last four motion equations, is
related to the legs. This subsystem is said active.

3.2 Trunk Dynamics and External Generalized Force Expression
The trunk dynamics and the external generalized forces expression, at the reference point,
are obtained by isolating g, in (2) and by injecting it in (1). The terms which are functions of

the trunk configuration uniquely are isolated in the inertia matrix # ﬂp, centrifugal and

Coriolis vector Pép and gravity vector l’@p . The other terms related with legs or coupled

between legs and trunk are grouped in the matrix * ]\f[p and vectors "Ep and kép. Thus we

can write :

- =
G,="G,+'G,

The following equations system is also obtained:

"M a,+'C,+'G, =-|'M, - T M,'H'

i=1
The left term of (4) represents trunk dynamics whereas the right term is the external
generalized forces F, applied to the trunk at R,,.

3.3 Computed Torque Method
The actuator torques can be used on one hand to control the evolution of the trunk and on
the other hand to satisfy constraints related to the locomotion (no-contact between the
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swing leg and the ground and landing without impact). In the second case, the actuator
torques will be function of joint trajectories. The method used to calculate these desired
actuator torques is the computed torque method using non linear decoupling of the
dynamics. For that, we express the actuator torques I' as function of the joint accelerations
a, by isolating a,in (1) and by injecting it in (2):

r=|u, -m/ 7,7 +[c, -7 0C |6, - 77 G | 5)

ESa) e — e
[D F,+D, F, HM(D F,+D,, Fﬂ

Then, we separate (5) in two subsystems. A subsystem, named A, composed of the
equations of the actuator torques used to generate a desired joint trajectory. A subsystem,
named B, composed of the other equations. In the subsystem B, we isolate the joint
acceleration, associated to the actuator torques not used to imposed a desired joint
trajectory. In this case, if we inject their expressions in the subsystem A, this subsystem A
express the actuator torques used to impose joint trajectories as function of the desired joint
acceleration and of the other actuator torques. So, knowing the configuration of the robot
and the desired joint accelerations, given by the desired joint trajectories, we can calculated
the actuator torques.

3.4 Close-Loop Constraint
During the double contact phase, we have to respect the close-loop constraint along the

direction when we calculate the actuator torques, in order to avoid a no desired take off of a
leg. At first, this geometric constraint is expressed as follows:

yr—yn=g(gr.q.92.959+) 6)

where ;1 and v, are respectively the foot position of the leg 1 and the leg 2 along the 3
direction. Then, we have to express the close-loop constraint in terms of actuator torques
constraint. For that, we derive (6) twice:

Vo=V :f(ql)’ql’qz’q3’q4’q.p5q'17qz’q'3’q.47qp’ql’q2’q3’q4) )
where Vr = is equal to zero. Then, we replace the joint acceleration vector by its

expression obtained with /=& (5):

[C HM“C][G -H/

P
| ®
['l |D. 7. +D, E
+

=

a, =, -H' T

Thus, we obtain the close-loop constraint as function of the joint torques:

O:f(f’qp’q.p’q.l’q.27q.3’q.4’qp7ql’qZ’q37q4) ©)

4. Dynamic criterions

Based on the previous equations, two dynamic criterions are proposed : the dynamic
propulsion criterion and the dynamic propulsion potential.
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4.1 Dynamic Propulsion Criterion

To start, we define the dynamic propulsion criterion. The idea of this criterion is to quantify
exactly the acceleration required instantaneously to the robot to generate the desired
trajectory, for the three dof. We note that the desired trajectory can be expressed just as an
average desired speed of the robot at R,. Then, knowing the configuration of the robot, the
aim is to calculate the joint torques to generate these desired accelerations.

To do this, we define two generalized forces. Let F be the external generalized force
applied to the trunk at R, by the two legs and generating the real trajectory. Let F, be the

external generalized force which should be applied to the trunk by the two legs at R, to
generate the desired trajectory. Thus, the dynamic propulsion of the robot will be ensured if

F is equal to F;. Finally, the difference F—F represents the dynamic propulsion criterion
that we have to minimize. Knowing the configuration of the robot, F, and the expression of

the real generalized forces (right term of eq. 4), we can calculate the desired joint torques
T to generate the desired trajectory:

(10)

2 —7_ [ — ES i
+ z i Fc‘_HkM/;I(le Fc]+D2k sz

To calculate Fi, we use the expression of the trunk dynamics obtained in left term of (4),
where we replace the real values ¥, x, x, ¥, y, y, q‘p , q'p and q, of the trajectory by their
desired values ¥/, x*, x/, 3¢, 7, y9, q‘;’, q';’ and q;’ (in paragraph 5.1, we will see how

obtain these desired values). The desired trajectory being defined in acceleration terms as
well as in velocity and position terms, we replace:

ay =z 5 g1 ay
by:
¥ +KV("1 —)'C)+Kp(xd —x)

_ o . . . 12
al = y1+KV( d—y)+Kp(y1—y) (12)
gl +K, (a5 -a,)+K, a5 -a,)
what gives us the following expression of F:
T _raf =dorpd  prad
F="M,a!+'C{+'G; (13)

4.2 Dynamic Propulsion Potential

With the dynamic propulsion criterion, we know the required acceleration to generate the
desired trajectory and the actuator torques we must apply. However, does the robot have
the capability to generate this required acceleration?

To answer this question, we introduce the dynamic propulsion potential P. This criterion
represents the capability of a system to generate a desired generalized force, ie. the
minimum and the maximum generalized force that it can generate.
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For a planar system (Oxy plane), P is written as follows :
B (s Ee]

P=|p, |=| [Fpm o]
P [Mmin, Mrr?ax]

Mz rz 2

(14)

This criterion integrates the technology used as well as the constraints related to the
system’s design. In the case of Rabbit, we define three criterions, one for each leg ( }N’l, 132)

and one for the robot ( P).
The expressions of 1~>1 and 132 are based on the expression of the external generalized force

generated by each leg and the field of variation of the actuator torques. The expression of the
external generalized force performed by each leg is obtained with the decomposition of (4):

— = === ==l- - (L)l ,= .=
£y :‘[@Mp —Hk.,-M;HZ ]ap +Hk/'M¢/'l {Cki +Gy {Fjj}kjcp _k'le

g
—7 =
b, -0, |,

where T, and I, are respectively the hip and knee actuator torque of the leg j.

(15)

Then, we have to determine the field of variation of the actuator torques. For that, the idea is
to limit the field of variation of the actuator torques, given by the actuator technology, such
as the joint actuators have the capability to stop the motion before reaching the joint limits.
To determinate the limits of the field of variation of each actuator torque, we use three
relations. The first relation (16) integrates the actuator technology. The joint velocity and the
actuator torque give the maximum and the minimum actuator torque that the joint actuator
can generate for the next sample time :

(¢,,T,)= (=, 1) (16)
The second relation (17), based on (8), gives the expression of the joint acceleration as
function of the actuator torque:

r =i 17)
The third relation (18) gives the new joint velocity (4/**) and position (4/*¥), knowing the

new joint acceleration (§/**) and the old angular velocity (¢') and position (¢') :
. 1+ .t e 1+0F
q;"" =q; +qG; "o
(18)

1+t

2
g =gl g drgrs X

i
where & is the sample time.
With these three relations and the maximum and minimum joint limits (q,_mi“ g™ ), we limit

the field of variation of the actuator torque. Here is explained the method to determinate the
maximum torque that the joint actuator can generate, but the principle is the same for the
minimum torque. This method is given by fig. 3.

With (16), we determine the maximum torque [™* that the technology of the joint actuator

allows to generate. Then, we check if the joint actuator has the capability to stop the joint
motion before reaching the joint limit ¢™*, if we apply ™. In order to perform that, we
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calculate, with (17) and (18), the new joint configuration that we would have obtained if we
had applied T/™*. Then, in order to stop the joint motion, we apply the minimum torque
that the joint actuator can generate in this new joint configuration. We continue this loop as
long as the joint velocity is positive. And the minimum torque is recalculated at each step of
time as function of the new joint configuration with (16). Then, we compare the joint
position obtained with the joint limit g™*. If it is lower than ¢™, ™ can be applied

because the joint actuator has the capability to stop the joint motion before reaching the joint
limit. Otherwise, ™ is reduced until obtaining the maximum value allowing to stop the

joint motion before reaching the joint limit.

YIEST IR 7]
(qx9CIx=qz’1—‘z)
(16)
k J
¢+ F min { mazg
> L [T =
a7 17
h J k J
ity d it
qx * qf
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k J f‘r ;
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Fig. 3. Determination of the real maximum torque.

To summarize, the algorithm of fig. 3. permits to calculate the lower and upper limit of the
effective torque that we can really apply, because it takes into account the configuration of
the robot, the actuator technology and the joint limits:

T, =[] (19)

So, knowing the field of variation of the torque that the joint actuators can generate (19) and
using (15), the dynamic propulsion potential of each leg and the dynamic propulsion
potential of the robot are computed.

Related to the design of Rabbit, one joint actuator per leg has an important influence on the
propulsion along the moving direction. It is the knee joint for the stance leg and the hip joint
for the swing leg. So, we decide to consider only the field of variation of one actuator torque
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per leg to calculate its dynamic propulsion potential. Consequently, the dynamic propulsion
potential 131 of the legiis:

B=| minfr, (00, b, (rr, Jrmadr, (oesr, b, (mpr, )
min{M,, (0T, M, (0T, Jhmax{M (T T, M, (0T, )}

hi ot gi P hi ot gip

min{F,, (0o T, k7, (DT, Jhmax{F, (T, L7, (T, )} (20)

If the leg i is is the swing leg, and :

_ min{F,_X (rhi > 1—‘; ‘i" l F, (rhi > 1";'?“ )}, max{F e (FIH > rg‘l“’?“ LF (rhi 5 rgni]ax )} (21)
B=| min{f, (0, b7, (0,500 Jpmax{F, (r,;m0m L £, (0, )}

rz \" hi> hi> hi>

min{M_(T,;Tm kM, (T, hmax{u,_ (T, T ke, (T, T )
If the leg i is the stance leg.

Knowing the potential of each leg, we calculate the dynamic propulsion potential P of the
robot. During the single contact phase, with no close-loop constraints to respect we have
directly:

P-B+B (22)
During the double contact phase, we have to respect the close-loop constraint along the 3
direction. So, we limit again the field of variation of the actuator torques at the knee joint by
taking into account this constraint. Equation (9) establishing a direct relation between the
two actuator torques, we recalculate the minimum and the maximum torque of each joint
actuator compatible with the minimum and the maximum torque of the other joint torque.
This gives the new field of variation of the torque in (19) in the case of the double contact
phase. Then, we recalculate with (21) the dynamic propulsion potential of each leg and, in
the same way as during the single contact phase, the potential of the robot with (22).

5. Control Strategy

Based on the dynamic propulsion of the two legs (2, P,) and of the robot ( P), we are able
to produce for a desired average walking speed (v,) the motion during the different
locomotion phases and to detect the necessity to perform a transition between one phase to
another. To perform this, we have to define on one hand the trajectory of R, as function of v,
and on the other hand we have to define the control strategy to generate this desired
trajectory.

5.1 Trajectory definition
The desired trajectory is defined by v, and the desired trunk angle, is fixed equal to zero.
With these two parameters, the nine parameters ¢, x*,x, ¢, y*, y?, Ge, g4 and g9

are computed:

x'=x+v, & 5 '=v, ; Xd:v”éx ;
v (23)
yi=y 5 y'=y 5 3=y
d - d .
sd _ qp _qp Y qp _q])

d _ . — .
qp—o > C]p—T 5 qp—T >

where & is the sample time. We note that the evolution of the height ¢ is free.
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5.2 Control Strategy based on generalized forces
We wish to generate the desired trajectory along the X direction and around the Z direction.
For that, with (13), we determine F, and M - that the robot has to perform. Then, we verify if

the robot has the capability to generate F, and A/, . In order to do that, we compare F,_ to
the lower and upper bounds of P, . If F, is included in P, , the robot has the capability to
generate F, . Otherwise, F, is limited to the maximum force that the robot can generate along
the x direction if F,_is larger than the upper limit of P, and limited to the minimum force if
F,. is lower than the lower limit of P, . We use the same algorithm for A/, . We note that the

direction with the most important constraint is along the » direction. Thus, with the dynamic
propulsion criterion (10) along the % direction and around the Z direction, we calculate the
actuator torques we must apply to generate F, and M i

F,= f(r): f(rhl ’rgl ’th’rgZ) (24)

M, =f(r)=f(rhlvrg1»rhzsrg2) (25)
However, the constraints related to the Rabbit’s design and to the generation of walking
gaits have to be taken into account. So, we complete the calculation of the desired actuator
torques by taking into account these constraints as function of the different phases of the
walking gaits.
1) Double Contact Phase: During the double contact phase, we have to respect the close-
loop constraint (9). As we have three equations ((24), (25) and (9)) to check, we use a
generalized inverse to calculate the four desired joint torques.
2) Transition from the Double to the Single Contact Phase: In order to not exceed the
capability of the legs, we initiate the single contact phase when the dynamic propulsion
potential of one leg is weak, i.e. when the force generated by the leg along or around a
direction reaches the maximum or the minimum forces that it can generate. In the case of
walking gaits, the dynamic propulsion potential concerned is that of the back leg along the
¥ direction.
During this phase, we have to ensure the take off the back leg. For that, we define a desired
height for the tip of the back leg, then a trajectory to joint it. The time to reach this desired
height is not fixed arbitrarily. We determine the shortest time to reach this height such as
the capability of the knee actuator of the back leg is not exceeded. So, this time and
consequently the trajectory is recalculated at each step of time. We decide to use the knee
actuator of the back leg because it has a very weak influence on the propulsion of the robot.
With inverse kinematics, we calculate the desired joint acceleration at the knee joint and,
with the computed torque method, the desired actuator torque at the knee joint.
With the three other joints, we perform the dynamic propulsion. As the swing leg has a
weak influence on the propulsion around zZ, we decide to distribute F, on each leg, as

function of their dynamic propulsion potential along the x direction, that gives us the
following decomposition for (24):

F.= f(rhl’rgl) (26)
Fy =f(rh2) (27)

ix.

if the leg 1 is the stance leg and the leg 2 the swing leg. So, as we have three equations ((26),
(27) and (25)), we can calculate the last three desired actuator torques directly.
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3) Single Contact Phase: During this phase, we use the same strategy as during the
transition phase. The only difference is that we use the knee actuator of the swing leg to
preserve the desired height for the tip of the swing leg and not to join it.

4) Transition from the Single to the Double Contact Phase: In order to not exceed the
capability of the legs, we initiate the return to the double contact phase when the dynamic
propulsion potential of one leg is weak.

During this transition, we have to ensure the landing of the swing leg, which has to avoid a
strong impact. So, we must control the trajectory of the tip of the swing leg along the ¥ and
3 directions. In order to carry out this, we use the same strategy as this one used to control

the height of the swing leg’s tip during the single contact phase. However, we have to
control the trajectory along two directions. Thus, we decide to use the two joint actuators of
the swing leg.

With the two other joint actuators we perform the dynamic propulsion. As we do not use
the swing leg to ensure the dynamic propulsion, we compare the force and the torque, that
the stance leg has to perform to generate F, and Jf,_ respectively, with its dynamic

propulsion potential. If the stance leg does not have the capability to generate them, we
limit them. So, as we have two equations ((24) and (25)), we can calculate the last two
desired actuator torques directly.

6. Simulation results

With these criterions, we develop a strategy to control RABBIT and we validate it with
the simulation of the first step of a walking gait. To start, we define the desired average
velocity at R,. As an illustration, linear velocity i is imposed and the desired trunk
angle g, is equal to zero. The evolution of the height y is free. So, we ensure the
dynamic propulsion along the x direction and around the z direction only. The next
idea is to modify, via the joint torques, the dynamic effects generated by the legs in
order to make F converge towards f. With the equations along the x direction and

around the z direction, we can calculate T“ directly. However, in this case, we do not
take into account the constraints related to the robot’s design and to the generation of
walking gaits. These constraints are introduced in the next section as functions of
locomotion phases.

6.1 Double support phase

During this phase, we have four joint actuators to ensure the dynamic propulsion and the
closed loop constraint (Fig. 2. with y=0). As we have three equations, we use a generalized
inverse to calculate T“. In order to not exceed the capability of the robot, we use the
dynamic propulsion potential of each leg. We compare the force generated by the legs to
their dynamic propulsion potential along the x direction. If a leg reaches its maximum
capability, we decide to start its take off to perform the single support phase.

We see that the robot generates the desired moving velocity at R, (Fig. 4.), without
exceeding its capability nor the capability of each leg along the x direction (Fig.5). After
1,3 seconds, the maximum capability of the back leg along the x direction reduces. Indeed,
the knee joint of the back leg approaches its joint stop (Fig.6). So, when the back leg
reaches its maximum capability, the take off starts in order to perform the single support
phase.
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6.2 Single support phase

During this phase, we have four joint actuators to ensure the dynamic propulsion and to
avoid the contact between the tip of the swing leg and the ground. In order to do this, the
swing leg’s knee is used to avoid the contact while the three other joints perform the
dynamic propulsion of the robot.

The joint torque of the swing leg” knee is calculated with a computed torque method using
non linear decoupling of the dynamics. The desired joint acceleration, velocity and position
of the swing leg knee are calculated with inverse kinematics. We express the joint torque of
the swing leg’ knee as function of the three other joint torques and of the desired control
vector components of the swing leg’s knee.

With the three other joints we perform the dynamic propulsion. It is possible that the
robot does not have the capability to propel itself along the x direction dynamically. In
this case, we limit the desired force with its dynamic propulsion potential. Then, we
distribute this desired force with the dynamic propulsion potential of each leg. In order
to keep a maximum capability for each leg, the desired force generated by each leg is
chosen to be as further as possible from the joint actuators limits. In this case, we have
three equations, one for the desired force along the x direction for each leg and one for
the desired force around the z direction, to calculate the three joint torques. The joint
torque of the swing leg’s knee is replaced by its expression in function of the three other
joint torques. So, we calculate the three joints torque performing the dynamic
propulsion, then the joint torque avoiding the contact between the tip of the swing leg
and the ground.

We see that the robot can ensure the propulsion along the x direction (Fig.7) and generates
the desired moving velocity (single contact phase in Fig. 4.). Moreover, the control strategy
involves naturally the forward motion of the swing leg (Fig.8). After 1,675 seconds, the
robot can not ensure exactly the desired propulsion along the x direction. Indeed, the swing
leg is passed in front of the stance leg and the system is just like an inverse pendulum
submitted to the gravity and for which rotational velocity increases quickly.
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7. Conclusions and future work

In this paper, we presented an analytical approach for the generation of walking gaits with a
high dynamic behavior. This approach, using the dynamic equations, is based on two dynamic
criterions: the dynamic propulsion criterion and the dynamic propulsion potential. Furthermore,
in this method, the intrinsic dynamics of the robot as well as the capability of its joint torques are
taken into account at each sample time.

In this paper, in order to satisfy the locomotion constraints, for instance the no-contact
between the tip of the swing’s leg and the ground, we selected joint actuators, for instance
the knee to avoid this contact during the single contact phase. Our future work will consist
in determining the optimal contribution of each joint actuator by using the concept of
dynamic generalized potential in order to satisfy at the same time the dynamic propulsion
and the locomotion constraints. In this case, just one desired parameter will be given to the
robot: the average speed. Thus, all the decisions concerning the transitions between two
phases or the motions during each phase will be fully analytically defined.
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1. Introduction

This chapter addresses the design of a robot eye featuring the mechanics and motion
characteristics of a human one. In particular the goal is to provide guidelines for the
implementation of a tendon driven robot capable to emulate saccadic motions.

In the first part of this chapter the physiological and mechanical characteristics of the eye-
plant! in humans and primates will be reviewed. Then, the fundamental motion strategies
used by humans during saccadic motions will be discussed, and the mathematical
formulation of the relevant Listing’s Law and Half~Angle Rule, which specify the geometric
and kinematic characteristics of ocular saccadic motions, will be introduced.

From this standpoint a simple model of the eye-plant will be described. In particular it will
be shown that this model is a good candidate for the implementation of Listing’s Law on a
purely mechanical basis, as many physiologists believe to happen in humans. Therefore, the
proposed eye-plant model can be used as a reference for the implementation of a robot
emulating the actual mechanics and actuation characteristics of the human eye.

The second part of this chapter will focus on the description of a first prototype of fully
embedded robot eye designed following the guidelines provided by the eye-plant model.
Many eye-head robots have been proposed in the past few years, and several of these
systems have been designed to support and rotate one or more cameras about independent
or coupled pan-tilt axes. However, little attention has been paid to emulate the actual
mechanics of the eye, although theoretical investigations in the area of modeling and control
of human-like eye movements have been presented in the literature (Lockwood et al., 1999;
Polpitiya & Ghosh, 2002; Polpitiya & Ghosh, 2003; Polpitiya et al., 2004).

Recent works have focused on the design of embedded mechatronic robot eye systems (Gu
et al., 2000; Albers et al.,, 2003; Pongas et al., 2004). In (Gu et al.,, 2000), a prosthetic
implantable robot eye concept has been proposed, featuring a single degree-of-freedom.
Pongas et al., (Pongas et al., 2004) have developed a mechanism which actuates a CMOS
micro-camera embedded in a spherical support. The system has a single degree-of-freedom,
and the spherical shape of the eye is a purely aesthetical detail; however, the mechatronic
approach adopted has addressed many important engineering issues and led to a very

1 By eye-plant we mean the eye-ball and all the mechanical structure required for its
actuation and support.
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interesting system. In the prototype developed by Albers et al., (Albers et al.,, 2003) the
design is more humanoid. The robot consists of a sphere supported by slide bearings and
moved by a stud constrained by two gimbals. The relevance of this design is that it actually
exploits the spherical shape of the eye; however, the types of ocular motions which could be
generated using this system have not been discussed.

In the following sections the basic mechanics of the eye-plant in humans will be described
and a quantitative geometric model introduced. Then, a first prototype of a tendon driven
robot formed by a sphere hold by a low friction support will be discussed. The second part
of the chapter will described some of the relevant issues faced during the robot design.

2. The human eye

The human eye has an almost spherical shape and is hosted within a cavity called orbit; it
has an average diameter ranging between 23 mm and 23.6 mm, and weighs between 7 g and
9 g. The eye is actuated by a set of six extra-ocular muscles which allow the eye to rotate about
its centre with negligible translations (Miller & Robinson, 1984; Robinson, 1991).

The rotation range of the eye can be approximated by a cone, formed by the admissible
directions of fixation, with an average width of about 76 deg (Miller & Robinson, 1984). The
action of the extra-ocular muscles is capable of producing accelerations up to 20.000 deg sec2
allowing to reach angular velocities up to 800 deg sec! (Sparks, 2002).

The extra-ocular muscles are coupled in agonostic/antagonistic pairs, and classified in two
groups: recti (medial/lateral and superior/inferior), and obliqui (superior/inferior). The four recti
muscles have a common origin in the bottom of the orbit (annulus of Zinn); they diverge and
run along the eye-ball up to their insertion points on the sclera (the eye-ball surface). The
insertion points form an angle of about 55 deg with respect to the optical axis and are placed
symmetrically (Miller & Robinson, 1984; Koene & Erkelens, 2004). (Fig. 1, gives a qualitative
idea of the placement of the four recti muscles.) The obliqui muscles have a more complex path
within the orbit: they produce actions almost orthogonal to those generated by the recti, and
are mainly responsible for the torsion of the eye about its optical axis. The superior oblique has
its origin from the annulus of Zinn and is routed through a connective sleeve called troclea; the
inferior oblique starts from the side of the orbit and is routed across the orbit to the eye ball.

i

17/

Fig. 1. Frontal and side view of the eye: qualitative placement of recti muscles.

Recent anatomical and physiological studies have suggested that the four recti have an
important role for the implementation of saccadic motions which obey to the so called
Listing’s Law. In fact, it has been found that the path of the recti muscles within the orbit is
constrained by soft connective tissue (Koornneef, 1974; Miller, 1989, Demer et al., 1995,
Clark et al. 2000, Demer et al., 2000), named soft-pulleys. The role of the soft-pulleys to
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generate ocular motions compatible with Listing’s Law in humans and primates is still
debated (Hepp, 1994; Raphan, 1998; Porrill et al., 2000; Wong et al., 2002; Koene & Erkelens
2004; Angelaki, 2004); however, analytical and simulation studies suggest that the
implementation of Listing’s Law on a mechanical basis is feasible (Polpitiya, 2002; Polpitiya,
2003; Cannata et al., 2006; Cannata & Maggiali, 2006).

3. Saccadic motions and Listing’s Law

The main goal of the section is to introduce saccades and provide a mathematical
formulation of the geometry and kinematics of saccadic motions, which represent the
starting point for the development of models for their implementation.

Saccadic motions consist of rapid and sudden movements changing the direction of
fixation of the eye. Saccades have duration of the order of a few hundred milliseconds,
and their high speed implies that these movements are open loop with respect to visual
feedback (Becker, 1991); therefore, the control of the rotation of the eye during a saccade
must depend only on the mechanical and actuation characteristics of the eye-plant.
Furthermore, the lack of any stretch or proprioceptive receptor in extra-ocular muscles
(Robinson, 1991), and the unclear role of other sensory feedback originated within the
orbit (Miller & Robinson, 1984), suggest that the implementation of Listing’s Law should
have a strong mechanical basis.

Although saccades are apparently controlled in open-loop, experimental tests show that
they correspond to regular eye orientations. In fact, during saccades the eye orientation is
determined by a basic principle known as Listing’s Law, which establishes the amount of
eye torsion for each direction of fixation. Listing’s Law has been formulated in the mid of
the 19 century, but it has been experimentally verified on humans and primates only
during the last 20 years (Tweed & Vilis, 1987; Tweed & Vilis, 1988; Tweed & Vilis, 1990;
Furman & Schor, 2003).

Listing's Law states that there exists a specific orientation of the eye (with respect to a head
fixed reference frame <h> = {hy,hyh3}), called primary position. During saccades any
physiological orientation of the eye (described by the frame <e> = {ey,e; e3/), with respect to
the primary position, can be expressed by a unit quaternion g whose (unit) rotation axis, v,
always belongs to a head fixed plane, .Z. The normal to plane .Z'is the eye’s direction of
fixation at the primary position. Without loss of generality we can assume that e; is the
fixation axis of the eye, and that <h> = <e> at the primary position: then, .Z = span{hi, h»}.
Fig. 2 shows the geometry of Listing compatible rotations.

In order to ensure that ve .Zat any time, the eye’s angular velocity o, must belong to a plane
%, passing through v, whose normal, n,, forms an angle of 6/2 with the direction of fixation
at the primary position, see Fig. 3. This property, directly implied by Listing’s Law, is
usually called Half Angle Rule, (Haslwanter, 1995). During a generic saccade the plane 7 is
rotating with respect to both the head and the eye due to its dependency from v and 0. This
fact poses important questions related to the control mechanisms required to implement the
Listing’s Law, also in view of the fact that there is no evidence of sensors in the eye-plant
capable to detect how 77 is oriented. Whether Listing’s Law is implemented in humans and
primates on a mechanical basis, or it requires an active feedback control action, processed by
the brain, has been debated among neuro-physiologists in the past few years. The evidence
of the so called soft pulleys, within the orbit, constraining the extra ocular muscles, has



140 Humanoid Robots, New Developments

suggested that the mechanics of the eye plant could have a significant role in the
implementation of Half Angle Rule and Listing’s Law (Quaia & Optican, 1998; Raphan 1998;
Porril et al., 2000; Koene & Erkelens, 2004), although counterexamples have been presented
in the literature (Hepp, 1994; Wong et al., 2002).
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Fig. 2 Geometry of Listing compatible rotations. The finite rotation of the eye fixed frame
<e>, with respect to <h> is described by a vector v always orthogonal to ;.

Fig. 3. Half Angle Rule geometry. The eye’s angular velocity must belong to the plane 7
passing through axis v.

4. Eye Model

The eye in humans has an almost spherical shape and is actuated by six extra-ocular
muscles. Each extra-ocular muscle has an insertion point on the sclera, and is connected
with the bottom of the orbit at the other end. Accordingly to the rationale proposed in
(Haslwanter, 2002; Koene & Erkelens, 2004), only the four rectii extra-ocular muscles play a
significant role during saccadic movements. In (Lockwood et al., 1989), a complete 3D model
of the eye plant including a non linear dynamics description of the extra-ocular muscles has
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been proposed. This model has been extended in (Polpitiya & Ghosh, 2002; Polpitiya &
Ghosh, 2003), including also a description of the soft pulleys as elastic suspensions (springs).
However, this model requires that the elastic suspensions perform particular movements in
order to ensure that Listing’s Law is fulfilled. The model proposed in (Cannata et al., 2006;
Cannata & Maggiali, 2006), and described in this section, is slightly simpler than the
previous ones. In fact, it does not include the dynamics of extra-ocular muscles, since it can
be shown that it has no role in implementing Listing’s Law, and models soft pulleys as fixed
pointwise pulleys. As it will be shown in the following, the proposed model, for its
simplicity, can also be used as a guideline for the design of humanoid tendon driven robot
eyes.

4.1 Geometric Model of the Eye

The eye-ball is assumed to be modeled as a homogeneous sphere of radius R, having 3
rotational degrees of freedom about its center. Extra-ocular muscles are modeled as non-
elastic thin wires (Koene & Erkelens, 2004), connected to pulling force generators (Polpitiya
& Ghosh, 2002). Starting from the insertion points placed on the eye-ball, the extra-ocular
muscles are routed through head fixed pointwise pulleys, emulating the soft-pulley tissue.
The pointwise pulleys are located on the rear of the eye-ball, and it will be shown that
appropriate placement of the pointwise pulleys and of the insertion points has a
fundamental role to implement the Listing’s Law on a purely mechanical basis.

Let O be the center of the eye-ball, then the position of the pointwise pulleys can be
described by vectors p;, while, at the primary position insertion points can be described by

vectors c;, obviously assuming that |c;| = R. When the eye is rotated about a generic axis v
by an angle §, the position of the insertion points can be expressed as:
r,=R@,0)c;, Vi=1.4 1)

where R(v, 0) is the rotation operator from the eye to the head coordinate systems.

Each extra-ocular muscle is assumed to follow the shortest path from each insertion point to
the corresponding pulley, (Demer et al., 1995); then, the path of the each extra-ocular
muscle, for any eye orientation, belongs to the plane defined by vectors r; and p;. Therefore,
the torque applied to the eye by the pulling action 7; 2 0, of each extra-ocular muscle, can be
expressed by the following formula:

m=7 P i) 4 )
1xp)|

Fig. 4. The relative position of pulleys and insertion points when the eye is in the primary position.



142 Humanoid Robots, New Developments

From expression (2), it is clear that |p;| does not affect the direction or the magnitude of m;
so we can assume in the following that |p;| = |¢;|. Instead, the orientation of the vectors p;,
called principal directions, are extremely important. In fact, it is assumed that p; and ¢; are
symmetric with respect to the plane .Z; this condition implies:

(vc)=(p) Vi=l.4,VYvel ®)
Finally, it is assumed that insertion points are symmetric with respect to the fixation axis:
(hy-¢;) = (hy-c;) Vij=1.4 4)
and
(c;-¢;)(¢-¢,)=0 Vi, j=1.4 )

4.2 Properties of the Eye Model

In this section we review the most relevant properties of the proposed model. First, it is
possible to show that, for any eye orientation compatible with Listing’s Law, all the torques
m; produced by the four rectii extra-ocular muscles belong to a common plane passing

through the finite rotation axis v € Z, see (Cannata et al., 2006) for proof.

Theorem 1: Let v € .Z be the finite rotation axis for a generic eye orientation, then there exists
a plane 7, passing through v such that:
meW Vi=1.4

A second important result is that, at any Listing compatible eye’s orientation, the relative
positions of the insertion points and pointwise pulleys form a set of parallel vectors, as
stated by the following theorem, see (Cannata et al., 2006) for proof.

Theorem 2: Let v € Zbe the finite rotation axis for a generic eye orientation, then:
(r;-p)x(;-p)=0 Vi j=1.4
Finally, it is possible to show that planes 7 and 77 are coincident, see (Cannata et al., 2006)
for proof.
Theorem 3: Let v € Z'be the finite rotation axis for a generic eye orientation, then:
me? Vi=1.4
Remark 1: Theorem (3) has in practice the following significant interpretation. For any

Listing compatible eye orientation any possible torque applied to the eye, and generated
using only the four rectii extra-ocular muscles, must lay on plane 77.

The problem now is to show, according to formula (2), when arbitrary torques m; € 7 can

be generated using only pulling forces. Theorem 2 and theorem 3 imply that m; are all
orthogonal to the vector #,, normal to plane 7. Therefore, formula (2) can be rewritten as:

e, 1) ©)

where:

y=— >0 Vi=l..4 @)
- x|

take into account the actual pulling forces generated by the extra-ocular muscles. From
formula (6), it is clear that 7 is orthogonal to a convex linear combination of vectors r;. Then,
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it is possible to generate any torque vector laying on plane 72, as long as 1, belongs to the
convex hull of vectors r; as shown in Fig. 5.

Fig. 5. When vector n, belongs to the convex hull of vectors r; then rectii extra-ocular
muscles can generate any admissible torque on P,,.

Remark 2: The discussion above shows that the placement of the insertion points affects the
range of admissible motions. According to the previous discussion when the eye is in its
primary position any torque belonging to plane .Z can be assigned. The angle § formed by
the insertion points with the optical axis determines the actual eye workspace. For an angle
[ =55 deg the eye can rotate of about 45 deg in all directions with respect to the direction of
fixation at the primary position.

Assume now that, under the assumptions made in section 3, a simplified dynamic model of
the eye could be expressed as:
lo=t (8)

where [ is a scalar describing the momentum of inertia of the eye-ball, while & is its angular
acceleration of the eye. Let us assume at time 0 the eye to be in the primary position, with
zero angular velocity (zero state). Then, the extra-ocular muscles can generate a resulting
torque of the form:

=0 0(t) )
where v € Zis a constant vector and 8(t) a scalar control signal. Therefore, ® and & are
parallel to v; then, it is possible to reach any Listing compatible orientation, and also, during
the rotation, the Half Angle Rule is satisfied. Similar reasoning can be applied to control the
eye orientation to the primary position starting from any Listing compatible orientation and
zero angular velocity.
The above analysis proves that saccadic motions from the primary position to arbitrary
secondary positions can be implemented on a mechanical basis. However, simulative
examples, discussed in (Cannata & Maggiali, 2006), show that also generic saccadic motions
can be implemented adopting the proposed model. Theoretical investigations on the model
properties are currently ongoing to obtain a formal proof of the evidence provided by the
simulative tests.
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5. Robot Eye Design

In this section we will give a short overview of a prototype of humanoid robot eye designed
following the guidelines provided by the model discussed in the previous section, while in
the next sections we will discuss the most relevant design details related to the various
modules or subsystems.

5.1 Characteristics of the Robot

Our goal has been the design of a prototype of a robot eye emulating the mechanical
structure of the human eye and with a comparable working range. Therefore, the first and
major requirement has been that of designing a spherical shape structure for the eye-ball
and to adopt a tendon based actuation mechanism to drive the ocular motions. The model
discussed in the previous sections allowed to establish the appropriate quantitative
specifications for the detailed mechanical design of the system.

At system level we tried to develop a fairly integrated device, keeping also into account the
possible miniaturization of the prototype to human scale. The current robot eye prototype
has a cylindrical shape with a diameter of about 50 mm and an overall length of about 100
mm, Fig. 6; the actual eye-ball has a diameter of 38.1 mm (i.e. about 50% more than the
human eye). These dimensions have been due to various trade-offs during the selection of
the components available off-the-shelf (e.g. the eye-ball, motors, on board camera etc.), and
budget constraints.

5.2 Components and Subsystems.

The eye robot prototype consists of various components and subsystems. The most relevant,
discussed in detail in the next sections, are: the eye-ball, the eye-ball support, the pointwise
pulleys implementation, the actuation and sensing system, and the control system architecture.

Fig. 6. Outline of the robot eye.

The design of the eye-ball and its support structure, has been inspired by existing ball
transfer units. To support the eye-ball it has been considered the possibility of using thrust-
bearings, however, this solution has been dropped since small and light components for a
miniature implementation (human sized eye), were not available. The final design has been
based on the implementation of a low friction (PTFE) slide bearing, which could be easily
scaled to smaller size.

The actuation is performed by tendons, i.e. thin stiff wires, pulled by force generators. The
actuators must provide a linear motion of the tendons with a fairly small stroke (about 30
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mm, in the current implementation, and less than 20 mm for an eye of human size), and
limited pulling force. In fact, a pulling force of 2.5 N would generate a nominal angular
acceleration of about 6250 rad sec2 , for an eye-ball with a mass 50 g and radius of 20 mm,
and about 58000 rad sec? in the case of an eye of human size with a mass of 9 ¢ and radius of
12 mm. The actuators used in the current design are standard miniature DC servo motors,
with integrated optical encoder, however, various alternative candidate solutions have been
taken into account including: shape memory alloys and artificial muscles. According to
recent advances, (Carpi et al., 2005; Cho & Asada, 2005), these technologies seem very
promising as alternative solutions to DC motors mostly in terms of size and mass (currently
the mass of the motors is about 160 g, i.e. over 50% of the total mass of the system, without
including electronics). However, presently both shape memory alloys and artificial muscles
require significant engineering to achieve operational devices, and therefore have not be
adopted for the first prototype implementation.

In the following the major components and subsystems developed are reviewed.

6. The Eye-Ball

The eye ball is a precision PTFE sphere having a diameter of 38.1 mm (1.5in). The sphere has
been CNC machined to host a commercial CMOS camera, a suspension spring, and to route
the power supply and video signal cables to the external electronics. A frontal flange is used
to allow the connection of the tendons at the specified insertion points, and to support
miniature screws required to calibrate the position of the camera within the eye ball. On the
flange it is eventually placed a spherical cover purely for aesthetical reasons. Fig. 7 and Fig.
8 show the exploded view and the actual eye-ball.

Fig. 7. Exploded view of the eye-ball.

Fig. 8. The machined eye-ball (left), and the assembled eye-ball (camera cables shown in
background).
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The insertion points form an angle of 55 deg, with respect to the (geometric) optical axis of
the eye, therefore the eye-ball can rotate of about 45 deg in all directions. The tendons used
are monofiber nylon coated wires having a nominal diameter of 0.25 mm, well
approximating the geometric model proposed for the extra-ocular muscles.

7. Supporting Structure

The structure designed to support the eye ball is formed by two distinct parts: a low friction
support, designed to hold the eye ball, Fig. 9, and a rigid flange used to implement the
pointwise pulleys, and providing appropriate routing of the actuation tendons) required to
ensure the correct mechanical implementation of Listing’s Law, Fig. 13.

Fig. 9. CAD model of the eye-ball support (first concept).

7.1 The Eye-Ball Support

The eye-ball support is made of two C-shaped PTFE parts mated together, Fig. 10. The rear
part of the support is drilled to allow the routing of the power supply and video signal
cables to and from the on board camera.

The eight bumps on the C-shaped parts are the actual points of contact with the eye-ball. The
placement of the contact points has been analysed by simulation in order to avoid interference
with the tendons. Fig. 11 shows the path of one insertion point when the eye is rotated along
the boundary of its workspace (i.e. the fixation axis is rotated to form a cone with amplitude of
45 deg). The red marker is the position of the insertion point at the primary position while the
green markers represent the position of two frontal contact points. The north pole in the figure
represents the direction of axis h3. The frontal bumps form an angle of 15 deg with respect to
the equatorial plane. The position of the rear bumps is constrained by the motion of the camera
cables coming out from the eye-ball. To avoid interferences the rear bumps form an angle of 35
deg with respect to equatorial plane of the eye.

7.2 The Pointwise Pulleys

The rigid flange, holding the eye-ball support, has the major function of implementing the
pointwise pulleys. The pulleys have the role of constraining the path of the tendons so that,
at every eye orientation, each tendon passes through a given head fixed point belonging to
the principal direction associated with the corresponding pointwise pulley.
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Let us assume the eye in a Listing compatible position A, then we may assume that a generic
tendon is routed as sketched in Fig. 12. The pulley shown in the figure is tangent to the
principal direction at point p;, and it allows the tendon to pass through p;. Assume now to
rotate the eye to another Listing compatible position B; if the pulley could tilt about the
principal axis, during the eye rotation, the tangential point p; would remain the same so that
the tendon is still routed through point p;. Therefore, the idea of the pulley tilting (about the
principal axis) and possibly rotating (about its center), fully meets the specifications of the
pointwise pulleys as defined for the eye model.

Fig. 10. The eye-ball support is formed by two PTFE parts mated together (final design).

Fig. 11. During Listing compatible eye motions, the insertion points move within the region
internal to the blue curve. The red marker represents the position of the insertion point at the
primary position, while the green markers are the positions of (two of) the frontal contact
points on the eye-ball support. The fixation axis at the primary position, k3, points upward.
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Fig. 12. Sketch of the tendon’s paths, showing the tilting of the routing pulley when the eye
is rotated from position A to position B (tendons and pulleys diameters not to scale).

Fig. 13. Detail of the flange implementing the pointwise pulleys. The tendon slides along a
section of a toroidal surface.

A component featuring these characteristics could be implemented, but its miniaturization
and integration has been considered too complex, so we decided to implement a virtual
pulley, to be intended as the surface formed by the envelope of all the tilting pulleys for all
the admissible eye orientations. Since the pulley tilts about the principal axis at point p;, then
the envelope is a section of a torus with inner diameter equal to the radius of the tendon,
and external radius equal to the radius selected for the pulley. Then, the implementation of
the virtual pulley has been obtained by machining a section of a torus on the supporting
flange as shown in Fig. 13.

The assembly of the eye-ball and its supporting structure is shown in Fig. 14.



Design of a Humanoid Robot Eye 149

8. Sensing and Actuation

The robot-eye is actuated by four DC servo-motors, producing a maximum output torque of
12 mNm, and pulling four independent tendons routed to the eye as discussed in the
previous section. The actuators are integrated within the structure supporting the eye, as
shown in Fig. 15 and Fig. 16.

Fig. 14. The eye-ball and its supporting parts.

I
Fig. 15. Four DC motor actuate the tendons; pulleys route the tendons towards the eye-ball

The servo-motors are equipped with optical encoders providing the main feedback for the
control of the ocular movements. A second set of sensors for measuring the mechanical
tension of the tendons is integrated in the robot. In fact, as the tendons can only apply
pulling forces, control of the ocular movements can be properly obtained only if slackness of
the tendons or their excessive loading is avoided. The tension sensors are custom made and
integrated within the supporting structure of the eye, Fig. 17.

Each sensor is formed by an infrared led/photodiode couple separated by a mobile shutter,
preloaded with a phosphore-bronze spring. As shown in Fig. 18, the tension of the tendon
counter-balances the pre-load force thus varying the amount of IR radiation received. The
sensor output is the current generated by the photodiode according to the following
equation:

Ip =k y(HEO (10)

where I, is the current generated by the photodiode, k; is the characteristic parameter of the
photodiode, EO is the IR radiation emitted by the led, and y(f) is a monotonic non-linear
function of the tendon’s tension depending on the system geometry. Each sensor is
calibrated and a look-up table is used to map its current to tension characteristic.
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Fig. 16. The body of the MAC-EYE robot. All the motors are integrated within the body;
furthermore, all the cables from and to the eye-ball and the embedded optical tension
sensors are routed inside of the structure.

Fig. 17. Implementation of the embedded sensors for measuring the mechanical tension of
the tendons. The picture shows the shutter and its preloading spring, cables and tendons.

9. Robot Control System

9.1 The control architecture
The control architecture is implemented as a two level hierarchical system. At low level are
implemented two control loops for each actuator. In the first loop a P-type control action

regulates the tension of the i-th tendon at some constant reference value fi*, while in the

second loop a PI-type action controls the motor velocity as specified by signal7; , see Fig.
19. The tension feedback control loop makes the eye-ball backdrivable, so the eye can be
positioned by hand. Both the reference signals 7; and fi* are generated by the higher level

control modules which implement a position based PI-type controller.
Currently, the major task implemented is that of controlling the eye position during

emulated saccadic movements. Therefore, coordinated signals q;-k and [];‘ must be generated

for all the actuators. In order to compute the appropriate motor commands a geometric and
a kinematic eye model are implemented as described below.
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Fig. 19. Robot eye control scheme. The picture shows the control loops related to a single
actuator.

Assume that a given reference trajectory for the eye is given and expressed by a rotation
matrix R"(t), and an angular velocity @ (t) . Then, an algebraic and a differential mapping,

relating the eye orientation to the displacement of the tendons, can be easily computed. In
fact, as shown in Fig. 20, for a given eye orientation the tendon starting from the insertion
point r; remains in contact with the eye-ball up to a point #; (point of tangency). From ¢; the
tendon reaches the pointwise pulley and then moves towards the motor which provides the
actuation force. For a given position of the eye there exists a set of displacements of the free
end of the tendons corresponding to the amount of rotation to be commanded to the motors.
According to Fig. 20, for each tendon this amount can be computed (with respect to a
reference eye position, e.g. the primary position), using the formula:

Xi=R(¢ - di) (11)
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Insertion point i

Fig. 20. The plane of tendon i for a generic eye orientation. Angle ¢; is constant for any eye
orientation.

where x; is the amount of displacement of the free end of the tendon, while ¢ and ¢y are the
angles (with positive sign), formed by vectors r; and #; at a generic eye orientation, and at the
primary position, respectively. Signs are chosen so that if x; < 0 then the corresponding

tendon must be pulled in order to orient the eye as specified by matrix R'(#) . In order to

compute x; the angle ¢ can be determined, as follows. According to Fig. 20, the angle o; must
be constant for any eye orientation and can be expressed as:

a; = cos_1[£] (12)
d;
If the eye orientation is known with respect to frame </i>, then r; is known, hence:
Rd, cos(a, + @) =, p, (13)

and finally, from equations (12) and (13), we obtain:

o = cos ! [%J —cos”! (%J (14)

The time derivative of ¢ can be computed by observing that #; =wxr;, where @ is the

angular velocity of the eye, then, the time derivative of equations (13) can be written as:

d . .
E(ri -pi)=—Rd;sin(e; +,); (15)
Therefore, we obtain the following equality:
(&x1;)-p; =—Rd; sin(e; +¢;)¢; (16)

Then, by observing that (&xr;)-p; = (r; Xp; )- @, we have:

¢ =- |("i><Pi)'fU 17)

|fi Xpi
Then, if R'(f) and @ (f) are the desired trajectory and angular velocity of the eye, the

reference motor angles and velocities can be computed using formulas (11), (14) and (17) as:
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* R — T*p _1[ R
qi (t):a COSs l[k—dil]—COS l(d—ij—¢i0

0 =—%m(@ xp;) o

where R, is the radius of the motor pulley.

(18)

9.2 The control architecture

The computer architecture of the robot eye is sketched in Fig. 23. A PC based host computer
implements the high level position based control loop and the motor planning algorithm
(18). Currently the high level control loop runs at a rate of 125 Hz.

The low level control algorithms are implemented on a multi-controller custom board, Fig.
21, featuring four slave micro-controllers (one for each motor), operating in parallel and
coordinated by a master one managing the communications through CAN bus with higher
level control modules or other sensing modules (e.g. artificial vestibular system). The master
and slave microcontrollers communicates using a multiplexed high speed (10 Mbits) serial
link and operate at a rate of 1.25KHz.

Fig. 21. The prototype custom embedded real-time controller. The board has dimensions of
69 x 85mm2.

Fig. 22. Complete stereoscopic robot system
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Fig. 23. Sketch of the computer control architecture.

10. Conclusions

This chapter has shown the feasibility of a tendon driven robot eye featuring the
implementation of Listing’s Law on a mechanical basis. The design of the robot is based on a
model which is strongly inspired on assumptions derived from physiological evidence.

The achievements discussed in this chapter represent the starting point for the
development of a more complex humanoid robot eye. From the mechanical point of
view the most important advancement is represented by the possibility of extending the
actuation to six tendons in order to enable the implementation of more complex ocular
motions as the vestibulo-ocular reflex. From a theoretical point of view a more complete
analysis of the properties of the proposed eye model could provide further
understanding of the dynamics of saccadic motions. Furthermore, other issues such as
eye miniaturization and embedding of image processing algorithms modules for direct
visual feedback represent important challenges for the development of fully operational
devices.
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1. Introduction

Humanoid robots, because of their similar structure with humans, are expected to operate in
hazardous and emergency environments. In order to operate in such environments, the
humanoid robot must be highly autonomous, have a long operation time and take decisions
based on the environment conditions. Therefore, algorithms for generating in real time the
humanoid robot gait are central for development of humanoid robot.

In the early works, the humanoid robot gait is generated based on the data taken from
human motion (Vukobratovic et al. 1990). Most of the recent works (Roussel 1998, Silva &
Machado 1998, Channon 1996) consider minimum consumed energy as a criterion for
humanoid robot gait generation. Roussel (1998) considered the minimum consumed energy
gait synthesis during walking. The body mass is concentrated on the hip of the biped robot.
Silva & Machado (1998) considered the body link restricted to the vertical position and the
body forward velocity to be constant. The consumed energy, related to the walking velocity
and step length, is analyzed by Channon (1996). The distribution functions of input torque
are obtained by minimizing the joint torques.

In our previous works, we considered the humanoid robot gait generation during walking
and going up-stairs (Capi et al. 2001) and a real time gait generation (Capi et al. 2003). In
addition of minimum consumed energy (MCE) criteria, minimum torque change (MTC)
(Uno et al. 1989, Nakano et al. 1999) was also considered. The results showed that MCE and
MTC gaits have different advantages. Humanoid robot motion generated based on MCE
criterion was very similar with that of humans. Another advantage of MCE criterion is the
long operation time when the robot is actuated by a battery. On the other hand, MTC
humanoid robot motion was more stable due to smooth change of torque and link
accelerations.

Motivated from these observations, it will be advantageous to generate the humanoid robot
motion such that different criteria are satisfied. This belongs to a multiobjective optimization
problem. In a multiobjective optimization problem there may not exist one solution that is
the best with respect to all objectives. Usually, the aim is to determine the tradeoff surface,
which is a set of nondominated solution points, known as Pareto-optimal or noninferior
solutions.

The multiobjective problem is almost always solved by combining the multiple objectives
into one scalar objective using the weighting coefficients. Therefore, to combine different
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objectives in a single fitness function, an a-priori decision is needed about the relative
importance of the objectives, emphasizing a particular type of solution. These techniques
often require some problem-specific information, such as total range each objective covers.
In complex problems, such as humanoid robot gait generation, this information is rarely
known in advance, making the selection of single objective weighting parameters difficult.
In addition, there is no rational basis of determining adequate weights and the objective
function so formed may lose significance due to combining non-commensurable objectives.
To avoid this difficulty, the e-constraint method for multiobjective optimization was
presented (Becerra & Coello). This method is based on optimization of the most preferred
objective and considering the other objectives as constraints bounded by some allowable
levels. These levels are then altered to generate the entire Pareto-optimat set. The most
obvious weaknesses of this approach are that it is time-consuming and tends to find weakly
nondominated solutions.

In this paper, we present a multiobjective evolutionary algorithm (MOEA) (Coello 1999,
Herrera et al. 1998) technique for humanoid robot gait synthesis. The main advantage of the
proposed algorithm is that in a single run of evolutionary algorithm, humanoid robot gaits
with completely different characteristics are generated. Therefore, the humanoid robot can
switch between different gaits based on the environment conditions. In out method, the
basic idea is to encode the humanoid robot gait parameters in the genome and take the
parameters of the non-dominated optimal gaits in the next generation. The specific
questions we ask in this study are: 1) whether MOEA can successfully generate the
humanoid robot gait that satisfies different objective functions in a certain degree, 2)
whether the humanoid robot gait optimized by MOEA in simulation can indeed be helpful
in hardware implementation.

In order to answer these questions, we considered the MCE and MTC cost functions as
criteria for “Bonten-Maru” humanoid robot gait synthesis. We employed a real number
MOEA. Simulation and experimental results show a good performance of the proposed
method. The non-dominated optimal Pareto optimal solutions have a good distribution and
humanoid robot gait varies from satisfying each of both considered objectives to satisfying
both of them. Therefore, as a specific contribution of proposed method is that in a single run
of MOEA are generated humanoid robot gaits with completely different characteristics,
making it possible to select the appropriate gait based on our preferences. In order to further
verify how the optimized gait will perform on real hardware, we implemented the optimal
gait using the “Bonten-Maru” humanoid robot. The results show that in addition of energy
consumption, the optimized gait was stable and with a small impact due to the smooth
change of the joint torques.

2. Multiobjective Evolutionary Algorithm

2.1 Multiobjective Optimization Problem

In multiobjective optimization problems there are many (possibly conflicting) objectives to be
optimized, simultaneously. Therefore, there is no longer a single optimal solution but rather a
whole set of possible solutions of equivalent quality. In contrast to fully ordered scalar search
spaces, multidimensional search spaces are only partially ordered, i.e. two different solutions
are related to each other in two possible ways: either one dominates the other or none of them
is dominated. Consider without loss of generality the following multiobjective maximization
problem with m decision variables x (parameters) and 7 objectives:
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where x =(x,.....x,,) € X, y=(¥},......,,) €Y and where x is called decision (parameter)

vector, X parameter space, i objective vector and Y objective space. A decision vector a €X
is said to dominate a decision vector b €X (also written as a >b) if and only if:

Vie{l,.., n}: fi(a) 2 fi(b) A )

3j € (Lo 0} 2 f;(a) > f(b)
The decision vector a is called Pareto-optimal if and only if a is nondominated regarding the
whole parameter space X. Pareto-optimal parameter vectors cannot be improved in any
objective without causing degradation in at least one of the other objectives. They represent
in that sense globally optimal solutions. Note that a Pareto-optimal set does not necessarily
contain all Pareto optimal solutions in X. The set of objective vectors corresponding to a set
of Pareto-optimal parameter vectors is called “Pareto-optimal front”.
In extending the ideas of SOEAs to multiobjective cases, two major problems must be
addressed: -- How to accomplish fitness assignment and selection in order to guide the
search towards the Pareto-optimal set? -- How to maintain a diverse population in order to
prevent premature convergence and achieve a well distributed, wide spread trade-off front?
Note that the objective function itself no longer qualifies as fitness function since it is a
vector valued and fitness has to be a scalar value. Different approaches to relate the fitness
function to the objective function can be classified with regard to the first issue. The second
problem is usually solved by introducing elitism and intermediate recombination. Elitism is
a way to ensure that good individuals do not get lost (by mutation or set reduction), simply
by storing them away in an external set, which only participates in selection. Intermediate
recombination, on the other hand, averages the parameter vectors of two parents in order to
generate one offspring.

2.2 Nondominated Sorting Genetic Algorithm

NSGA was employed to evolve the neural controller where the weight connections are
encoded as real numbers. Dias & Vasconcelos (2002) compared the NSGA with four others
multiobjective evolutionary algorithms using two test problems. The NSGA performed
better than the others did, showing that it can be successfully used to find multiple Pareto-
optimal solutions. In NSGA, before selection is performed, the population is ranked on the
basis of domination using Pareto ranking, as shown in Fig. 1. All nondominated individuals
are classified in one category with a dummy fitness value, which is proportional to the
population size (Srivinas, & Deb 1995). After this, the selection, crossover, and mutation
usual operators are performed.

In the ranking procedure, the nondominated individuals in the current population are first
identified. Then, these individuals are assumed to constitute the first nondominated front
with a large dummy fitness value (Srivinas, & Deb 1995). The same fitness value is assigned
to all of them. In order to maintain diversity in the population, a sharing method is then
applied. Afterwards, the individuals of the first front are ignored temporarily and the rest of
population is processed in the same way to identify individuals for the second
nondominated front. A dummy fitness value that is kept smaller than the minimum shared
dummy fitness of the previous front is assigned to all individuals belonging to the new
front. This process continues until the whole population is classified into nondominated
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fronts. Since the nondominated fronts are defined, the population is then reproduced
according to the dummy fitness values.
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Fig. 1. Flowchart of NSGA.

Fitness Sharing: In genetic algorithms, sharing techniques aim at encouraging the formation
and maintenance of stable subpopulations or niches (Zitzler et al. 2000). This is achieved by
degrading the fitness value of points belonging to a same niche in some space.
Consequently, points that are very close to, with respect to some space (decision space X in
this paper), will have their dummy fitness function value more degraded. The fitness value
degradation of near individuals can be executed using (3) and (4), where the parameter d;; is
the variable distance between two individuals i and j, and 0 is the maximum distance
allowed between any two individuals to become members of a same niche. In addition, df; is
the dummy fitness value assigned to individual i in the current front and df; is its
corresponding shared value. N,y is the number of individuals in the population. The
sharing function (Sh) measures the similarity level between two individuals. The effect of
this scheme is to encourage search in unexplored regions. For details about niching
techniques, see Sareni et al. (1998).
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3. Optimal Gait Generation

During motion, the arms of the humanoid robot will be fixed on the chest. Therefore, it
can be considered as a five-link biped robot in the saggital plane, as shown in Fig. 2.
The motion of the biped robot is considered to be composed from a single support
phase and an instantaneous double support phase. The friction force between the
robot’s feet and the ground is considered to be great enough to prevent sliding. During
the single support phase, the ZMP must be within the sole length, so the contact
between the foot and the ground will remain. In our work, we calculate the ZMP by
considering the link mass concentrated at one point. To have a stable periodic walking
motion, when the swing foot touches the ground, the ZMP must jump in its sole. This is
realized by accelerating the body link. To have an easier relative motion of the body, the
coordinate system from the ankle joint of the supporting leg is moved transitionally to
the waist of the robot (O1X1Z;). Referring to the new coordinate system, the ZMP
position is written as follows:

5 5

Zmi(%i +Zy g%~ Zmi&i +X )7 +2y)

= —

1 5 . l ’ (5)
Zmi(zi 7, +g,)

i=1

Xomp =

78

where m; is mass of the particle “i”, x, and z, are the coordinates of the waist with respect
to the coordinate system at the ankle joint of supporting leg, X; and Z, are the coordinates

i
1

of the mass particle with respect to the O1X1Z; coordinate system, ii and ;Z.i are the

w0
1

acceleration of the mass particle “i” with respect to the O1X1Z; coordinate system.

Based on the formula (3), if the position, X,,Z;, and acceleration, ;(_.i,ii, of the leg part
(i=1,2,4,5), the body angle, 0,, and body angular velocity, 93 , are known, then because

§3,.Z'3 are functions of 13,05, 93 ,63 , it is easy to calculate the body angular acceleration
based on the ZMP position. Let (0) and (f) be the indexes at the beginning and at the end of
the step, respectively. At the beginning of the step, 0 30 causes the ZMP to be in the position
ZMPjump. At the end of the step, the angular acceleration 0 5 is calculated in order to have

the ZMP at the position ZMP%, so that the difference between é3f and éao is minimal.
Therefore, the torque necessary to change the acceleration of the body link will also be
minimal.

3.1 Objective Functions

The gait synthesis problem, with respect to walking or going up-stairs, consists on finding
the joint angle trajectories, to connect the first and last posture of the biped robot for
which the consumed energy and torque change are minimal. For the MCE cost function, it
can be assumed that the energy to control the position of the robot is proportional to the
integration of the square of the torque with respect to time, because the joint torque is
proportional with current. Therefore, minimizing the joint torque can solve the MCE
problem (Capi 2002).
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Fig. 2. Five-link humanoid robot.
The cost function J, which is a quantity proportional to the energy required for the motion, is
defined as follows:

Jump

ty tr
] Z%(jﬂrdwm? At+ [cab, ©)
0 0

where: t; is the step time, 7 is the torque vector, At and At are the addition torque

jump
applied to the body link to cause the ZMP to jump and its duration time, and C is the
constraint function, given as follows:

0 -if the constraints are satisfied,

c; -if the constraints are not satisfied,

¢ denotes the penalty function vector. We consider the following constraints for our system.

1) The walking to be stable or the ZMP to be within the sole length.

2) The distance between the hip and ankle joint of the swing leg must not be longer then

the length of the extended leg.

3) The swing foot must not touch the ground prematurely.

The torque vector is calculated from the inverse dynamics of the five-link biped robot as :
JO)0 + X(0)0* +Y0 + Z(0) =t . @)

where J(0) is the mass matrix (5x5), X (6) is the matrix of centrifugal coefficients (5x5), Y

is the matrix of Coriolis coefficients (5x5), Z(6)is the vector of gravity terms (5x1), 7 is the

generalized torque vector (5x1), and 6, 0,0 are 5x1 vectors of joint variables, joint angular
velocities and joint angular accelerations, respectively.

The MTC model (Uno 1989, Nakano 1999) is based on smoothness at the torque level. The
cost is the integrated squared torque change summed over the joints and the movement. In
the MTC, the objective function to be minimized is expressed by:



Multicriteria Optimal Humanoid Robot Motion Generation 163

t T 2t
1 (fdt) (dt At
J =—(||— | |— [dt+]|— | + |Cdt). 8
torquechange 2((!(dtj (dt] (Atj 6'. ) ( )

4. Boundary Conditions and GA Variables

To have a continuous periodic motion, the humanoid robot posture has to be the same at the
beginning and at the end of the step. Therefore, the following relations must be satisfied:

010=05, 020=04; 01050, 02=040, 030 =03 )

In order to find the best posture, the optimum value of 6 19, 0 2 and 0 3 must be
determined by GA. For a given step length, it is easy to calculate 6 4 and 0 5. When
referring to Figure 2, it is clear that links 1, 2, 4 at the beginning of the step and links 2, 4, 5 at
the end of the step, change the direction of rotation. Therefore, we can write:

0 10=0 20= 0 40= 0 2= 0 4= 0 5=0. (10)
The angular velocity of link 1 at the end of the step and link 5 at the beginning of the step is
considered to be the same. In order to find the best value of angular velocity, we consider it
as one variable of GA, because the rotation direction of these links does not change. GA will
determine the optimal value of the angular velocity of the body link, which is considered to

be the same at the beginning and at the end of the step. The following relations are
considered for the angular acceleration:

010 =050,05 =0,,0,, =05,,0, =0, (1)
In this way, during the instantaneous double support phase, we don’t need to apply an
extra torque to change the angular acceleration of the links. To find the upper body angle
trajectory, an intermediate angle 0 3, and its passing time t; are considered as GA variables.
To determine the angle trajectories of the swing leg, the coordinates of an intermediate point
P(xp,zp) and their passing time t;,, are also considered as GA variables. The searching area
for this point is shown in Figure 2. Based on the number of constraints, the degree of the
time polynomial for 61,05, 03, 8 4and 0 sare 3, 3, 7,6 and 6, respectively.

Body Lower leg Upper leg Lower leg + foot
Mass [kg] 12 2.93 3.89 4.09
Inertia [kg m’] 0.19 0.014 0.002 0.017
Length [m] 0.3 0.2 0.204 0.284
CoM dist.[m] 0.3 0.09 0.1 0.136

Table 1. “Bonten-Maru” humanoid robot link parameters.

5. Results

5.1 “Bonten-Maru” Humanoid Robot

In the simulations and experiments, we use the the “Bonten-Maru” humanoid robot (Nasu
et al. 2002, Takeda et al. 2001). The parameter values are presented in Table 1 and the robot
is shown in Fig. 3(a). The “Bonten-Maru I” humanoid robot is 1.2 m high and weights 32 kg,
like an 8 years old child. The “Bonten-Maru I” is a research prototype, and as such has
undergone some refinement as different research direction are considered. During the
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design process, some predefined degree of stiffness, accuracy, repeatability, and other
design factors have been taken into consideration. The link dimensions are determined such
that to mimic as much as possible the humans. In the “Bonten-Maru” humanoid robot, a DC
motor actuates each joint. The rotation motion is transmitted by a timing belt and harmonic
drive reduction system. Under each foot are four force sensors, two at the toe and two across
the heel. These provide a good indication of both contact with the ground, and the ZMP
position. The head unit has two CCD cameras (542x492 pixels, Monochrome), which are
connected to the PC by video capture board. A Celeron based microcomputer (PC/AT
compatible) is used to control the system.

The dof are presented in Fig. 3(b). The high number of dof gives the “Bonten-Maru I”
humanoid robot the possibility to realize complex motions. The hip is a ball-joint, permitting
three dof; the knee joint one dof; the ankle is a double-axis design, permitting two. The
shoulder has two dof, the elbow and wrist one dof. The DC servomotors act across the three
joints of the head, where is mounted the eye system, enabling a total of three dof. The
distribution of dof is similar with the dof in human limbs.

g

Jaing i i

Rolling Pitching

(@) (b)

Fig. 3. “Bonten-Maru” humanoid robot.

5.2 Simulation and Experimental Results

Due to difficulties of binary representation when dealing with continuous search space with
large dimension, real coded GA (Herrera 1998) is used in this study. The decision variables
are represented by real numbers within their lower and upper limits. We employed a
standard crossover operator and the non-uniform mutation. In all optimization runs,
crossover and mutation probabilities were chosen as 0.9 and 0.3, respectively. On all
optimization runs, the population size was selected as 50 individuals and the optimization
terminated after 100 generations. The maximum size of the Pareto-optimal set was chosen as
50 solutions.
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Fig. 5. Pareto front of nondominated solutions after 100 generations.

Based on the parameters of the “Bonten-Maru” humanoid robot the step length used in the
simulations varies from 0.2m to 0.55m. The bounds, within which the solution is sought,
change according to the step length and step time. In the following, we present the results
for the step length 0.42m and step time 1.2s.

Fig. 4 shows the Pareto optimal front for generations 1, 50 and 100. During the first 50
generations there is a great improvement on the quality and distribution of Pareto optimal
solutions. From this figure, it can be deduced that the MOEA is equally capable of finding
the best solution for each objective when two conflicting objectives are considered

simultaneously.
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Fig. 5 shows the Pareto-optimal trade-off front after 100 generations. We can observe the
existence of a clear tradeoff between the two objectives. In addition, the obtained reference
solution set has a good distribution (similar to uniform distribution). One of the interesting
features of the resulting Pareto front is the almost exponential relation between the MCE
and MTC cost functions. Results in Box 1 and Box 5 are at the extreme ends of the Pareto
front. Box1 represents Pareto solutions with high value of MTC function, but low energy
consumption. Based on the Pareto-optimal solutions, we can choose whether to go for
minimal CE (Box 1 in Fig. 4) at the expense of a less smoothens in the torque or choose some
intermediate result. If we are interested for a low consumed energy humanoid robot gait,
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without neglecting the smoothness in the torque change, the results shown in Boxes 2, 3 are
the most important. The results in Box 2, show that by a small increase in the energy
consumption (2.2%), we can decrease the MTC fitness function by around 12.1%. Also, the
energy can be reduced by 14.5% for a small increase in the MTC cost function (Box 4).

-0.05¢ _ : : n : ]
0 0.2 0.4 0.6 0.8 1 1.2
Fig. 7. ZMP trajectory. Time [s]
1 2
3 4
5 6
7 8

Fig. 8. Video capture of robot motion.
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The torque vector (t;) and the optimal gaits for different results of Pareto front solutions are
shown in Fig. 6. The robot posture is straighter, similar to humans, for MCE cost function
(Fig.6(a)). Torque value is low for MCE gait and the torques change smoothly for MTC gait
(Fig. 6(b)). The optimal gait generated by Box 3 solutions satisfies both objective functions.
The energy consumption is increased by 9% but on the other hand the value of MTC cost
function is decreased by 19.2%.

The ZMP trajectory is presented in Fig. 7 for humanoid robot gait generated by Box 3
result. The ZMP is always between the dotted lines, which present the length of the foot.
At the end of the step, the ZMP is at the position ZMP;, as shown in Fig. 2. At the
beginning of the step, the ZMP is not exactly at the position ZMPjump because of the
foot’s mass. It should be noted that the mass of the lower leg is different when it is in
supporting leg or swing leg.

In order to investigate how the optimized gaits in simulation will perform in real hardware,
we transferred the optimal gaits that satisfy both objective functions on the “Bonten-Maru”
humanoid robot (Fig. 8). The experimental results show that in addition of reduction in
energy consumption, the humanoid robot gait generated by Box 3 solutions was stable. The
impact of the foot with the ground was small.

6. Conclusion

This paper proposed a new method for humanoid robot gait generation based on
several objective functions. The proposed method is based on multiobjective
evolutionary algorithm. In our work, we considered two competing objective
functions: MCE and MTC. Based on simulation and experimental results, we
conclude:
e  Multiobjective evolution is efficient because optimal humanoid robot gaits with
completely different characteristics can be found in one simulation run.
¢ The nondominated solutions in the obtained Pareto-optimal set are well distributed
and have satisfactory diversity characteristics.
e The optimal gaits generated by simulation gave good performance when they were
tested in the real hardware of “Bonten-Maru” humanoid robot.
e  The optimal gait reduces the energy consumption and increases the stability during
the robot motion.

In the future, it will be interesting to investigate if the robot can learn in real time to switch
between different gaits based on the environment conditions. In uneven terrains MTC gaits
will be more

7. References

Becerra, L. B., and Coello, C. A. (2006). Solving Hard Multiobjective Optimization Problems
Using e-Constraint with Cultured Differential Evolution, in Thomas Philip
Runarsson, Hans-Georg Beyer, Edmund Burke, Juan J. Merelo-Guervés, L. Darrell
Whitley and Xin Yao (editors), Parallel Problem Solving from Nature - PPSN IX,
9th International Conference, pp. 543--552, Springer. Lecture Notes in Computer
Science Vol. 4193.



Multicriteria Optimal Humanoid Robot Motion Generation 169

Capi, G., Nasu, Y., Barolli, L., Mitobe, K., and Takeda, K. (2001). Application of
genetic algorithms for biped robot gait synthesis optimization during
walking and going up-stairs, Advanced Robotics Journal, Vol. 15, No. 6, 675-
695.

Capi, G., Nasu, Y., Barolli, L., Mitobe, K., Yamano, .M., and Takeda, K. (2002) A new gait
optimization approach based on genetic algorithm for walking biped robots and a
neural network implementation, Information Processing Society of Japan (IPS]), Vol.
43, No. 4, 1039-1049.

Capi, G., Nasu, Y., Barolli, L., and Mitobe, K. (2003). Real time gait generation for
autonomous humanoid robots: a case study for walking, Robotics and Autonomous
Systems, Vol. 42, No. 2, 107-116.

Channon, P. H, Pham, D. T, and Hopkins, S. H. (1996). A variational approach to the
optimization of gait for a bipedal robot, Journal of Mechanical Engineering Science,
Vol. 210, 177-186.

Coello, C. A. C. (1999) A comprehensive survey of evolutionary based multiobjective
optimization techniques, Knowledge and Information Systems, Vol. 1, No. 3, pp. 269-
308.

Dias, A. H. F. & De Vasconcelos, J. A. (2002). Multiobjective genetic algorithms applied to
solve optimization problems, IEEE Transactions on Magnetic, Vol. 38, No. 2, 1133-
1136.

Herrera, F., Lozano, M. and Verdegay, J. L. (1998). Tackling real-coded genetic algorithms:
operators and tools for behavioral analysis, Artificial Intelligence Review, Vol. 12, No.
4, 265-319.

Nakano, E., Imamizu, H., Osu, R., Uno, Y. Gomi, H., Yoshioka, T., and Kawato, M. (1999)
Quantitative examinations of internal representations for arm trajectory planning:
minimum commanded torque change model, The Journal of Neurophysiology, Vol.
81, No. 5, 2140-2155.

Nasu, Y., Capi, G., Yamano, M. (2002). “Bonten-Maru I”: Development and Perspectives of a
Humanoid Robot Project, Proc. of Pacific Conference on Manufacturing (PCM2002), pp.
240-245.

Roussel, L., Canudas-de-Wit, C., and Goswami, A. (1998). Generation of energy optimal
complete gait cycles for biped robots, Proc. IEEE Int. Conf. on Robotics and
Automation, pp. 2036-2041.

Sareni, B., Krahenbiihl, L. and Nicolas, A. (1998). Niching genetic algorithms for
optimization in electromagnetics-I Fundamentals, IEEE Transactions on Magnetic,
Vol. 34, 2984-2987.

Silva, F. M. and Machado, J. A. T. (1999). Energy analysis during biped walking, Proc. IEEE
Int. Conf. On Robotics and Automation, pp. 59-64.

Srivinas, N. & Deb, K. (1995 ). Multiobjective optimization using non-dominated sorting in
genetic algorithms, Evolutionary Computation, Vol. 2, No. 3, 279-285.

Takeda, K., Nasu, Y., Capi, G., Yamano, M., Barolli, L., Mitobe, K. (2001). A CORBA-Based
approach for humanoid robot control, Industrial Robot-an International Journal,
Vol.28, No.3, 242-250.

Uno, Y., Kawato, M., and Suzuki, R. (1989). Formulation and control of optimal trajectory in
human multijoint arm movement, Biol. Cybernet. Vol. 61, pp. 89-101.



170 Humanoid Robots, New Developments

Vukobratovic, M., Borovac, B., Surla, D. and D. Stokic. (1990). Biped Locomotion, Dynamics,
Stability, Control and Application. Springer-Verlag Berlin.

Zitzler, E., Deb, K., and Thiele, L. (2000). Comparison of multiobjective
evolutionary algorithms: empirical results, Evolutionary Computation, Vol. 8,
No. 2, 173-195.



10

An Incremental Fuzzy Algorithm for
The Balance of Humanoid Robots

Erik Cuevas!?, Daniel Zaldivar!?, Ernesto Tapia? and Raul Rojas?
Universidad de Guadalajara, CUCEI 2Freie Universitit Berlin, Institut fiir Informatik
Mexico, Germany

1. Introduction

Humanoid robots base their appearance on the human body (Goddard et al., 1992; Kanehira
et al., 2002; Konno et al., 2000). Minimalist constructions have at least a torso with a head,
arms or legs, while more elaborated ones include devices that assemble, for example, human
face parts, such as eyes, mouth, and nose, or even include materials similar to skin.
Humanoid robots are systems with a very high complexity, because they aim to look like
humans and to behave as they do.

Mechanical control, sensing, and adaptive behaviour are the constituting logical parts
of the robot that allow it to “behave” like a human being. Normally, researchers
study these components by modelling only a mechanical part of the humanoid robot.
For example, artificial intelligence and cognitive science researches consider the
robot from the waist up, because its visual sensing is located in its head, and its
behavior with gestures normally uses its face or arms. Some engineers are mostly
interested in the autonomy of the robot and consider it from the waist down. They
develop mathematical models that control the balance of the robot and the
movement of its legs (Miller, 1994; Yamaguchi et al.,, 1999; Taga et al.,, 1991),
allowing the robot to walk, one of the fundamental behaviours that characterizes
human beings.

Examples of such mathematical models are static and dynamic walking. The static
walking model controls the robot to maintain its center of gravity (COG) inside a stable
support region, while the dynamic walking model maintains the zero moment point
(ZMP) inside the support region. Kajita et al. (1992) designed and developed an almost
ideal 2-D model of a biped robot. He supposed, for simplicity, that the robot's COG
moves horizontally and he developed a control law for initiation, continuation and
termination of the walking process. Zhen and Shen (1990) proposed a scheme to enable
robot climbing on inclined surfaces. Force sensors placed in the robot's feet detect
transitions of the terrain type, and motor movements correspondingly compensate the
inclination of robot.

The models mentioned above can be, however, computationally very expensive, and
prohibitive for its implementation in microcontrollers. Control algorithms for a
stable walking must be sufficiently robust and smooth, to accomplish a balance
correction without putting in risk the mechanical stability of the robot. This could be
resolved by using a controller that modifies its parameters according to a
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mathematical model, which considers certain performance degree required to offer
the enough smoothness.

Fuzzy Logic is especially advantageous for problems which cannot be easily represented
by a fully mathematical model, because the process is mathematically too complex and
computationally expensive, or some data is either unavailable or incomplete. The real-
world language used in Fuzzy Control also enables the incorporation of approximate
human logic into computers. It allows, for example, partial truths or multi-value truths
within the model. Using linguistic modeling, as opposed to mathematical modeling,
greatly simplifies system design and modification. It generally leads to quicker
development cycles, easy programming, and fairly accurate control. It is important,
however, to underline that fuzzy logic solutions are usually not aimed at achieving the
computational precision of traditional techniques, but aims at finding acceptable solutions
in shorter time.

The Incremental Fuzzy Control algorithm fulfils the robustness and smoothness
requirements mentioned above, even its implementation in microcontrollers. Such an
algorithm is relatively simple and computationally more efficient than other adaptive
control algorithms, because it consists of only four fuzzy rules. The algorithm demonstrates
a smooth balance control response between the walking algorithm and the lateral plane
control: one adaptive gain varies incrementally depending on the required performance
degree.

The objective of this chapter is to describe the incremental fuzzy algorithm, used to
control the balance of lateral plane movements of humanoid robots. This fuzzy control
algorithm is computationally economic and allows a condensed implementation. The
algorithm was implemented in a PICF873 microcontroller. We begin on the next section
with the analysis of the balance problem, and follow later with the description of the
controller structure. Afterwards, we explain important considerations about the
modification of its parameters. Finally, we present experimental results of algorithm, used
on a real humanoid robot, “Dany walker”, developed at the Institut fiir Informatik of the
Freie Universitdt Berlin.

2. Robot Structure

The humanoid robot “Dany Walker” used in our research was built only from the waist
down. It consists of 10 low-density aluminium links. They are rotational on the pitch axis at
the hip, knee and ankle. Each link consists of a modular structure. The links form a biped
robot with 10 degrees of freedom, see Fig. 1.

The robot structure and its mass distribution affect directly the dynamic of the
humanoid (Cuevas et al.,, 2004), therefore, the movement of the Center of Masses
(COM) has a significant influence on the robot stability. In order to achieve static
stability, we placed the COM as low as possible. To such purpose, our design uses
short legs, see Fig. 2

To compensate the disturbances during walking, our construction enables lateral
movements of the robot. Thus, it was possible to control the lateral balance of the robot by
swaying the waist using four motors in the lateral plane: two at the waist and two at the
ankles, see Fig. 3.
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Fig. 1 The biped robot “Dany Walker”

Fig. 2. Dany Walker’s COM location.
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Fig. 3. Lateral balance of the motors.
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3. Balance control criterion

We used the dynamic walking model to define our balance criterion. It consists of
maintaining the Zero Moment Point (ZMP) inside the support region (Vukobratovic & Juricic,
1969; Vukobratovic, 1973). We implemented a feedback-force system to calculate the ZMP,
and feed it in to the fuzzy PD incremental controller to calculate the ZMP error. Then, the
controller adjusts the lateral robot’s positions to maintain the ZMP point inside of the
support region.

To achieve stable dynamic walking, the change between simple supports phase and double
supports phase should be smooth. In the beginning of the double supports phase, the foot
returns from the air and impacts against the floor, generating strong forces that affect the
walking balance (Cuevas et al., 2005). The intensity of these forces is controlled by imposing
velocity and acceleration conditions on saggital motion trajectories. This is achieved by
using smooth cubic interpolation to describe the trajectories. In this chapter, we only discuss
the control of the lateral motion (balance).

3.1 Zero Moment Point (ZMP)
The ZMP is the point on the ground where the sum of all momentums is zero. Using this
principle, the ZMP is computed as follows:

Z mi(é+g)xx_2’mx‘kzz_2'liv 0;!/ (1)
Xpp == = —
Z,mi(z+ g)
zimi(é+ gyi— Zimz )“CZ:' - Z,Iix elv (2)
Youp = N P
Z,mi(z+ g)

where (xzmp, yzmp,0) are the ZMP coordinates, (x;,yi,zi) is the mass center of the link i in the
coordinate system, m; is the mass of the link i, and g is the gravitational acceleration. I;;y and
Iiy are the inertia moment components, Hiy and @, are the angular velocity around the axes

x and y, taken as a point from the mass center of the link i. The force sensor values are
directly used to calculate the ZM. For the lateral control, it is only necessary to know the
ZMP value for one axis. Thus, the ZMP calculus is simplified using the formula

3
2 fix
_ =1
Pyp == ’
2 f.
i=1
where f; represents the force at the i sensor, and r; represents the distance between the
coordinate origin and the point where the sensor is located. Figure 4 shows the distribution
of sensors (marked with tree circles) used for each robot’s foot.
The total ZMP is obtained by the difference between the ZMPs at each foot:

®)

Total _ P\ = Fppi = Ppppr » (4)
where Pzyp: is the ZMP for one footand P, ,, is the ZMP for the other.

Figure 5 shows the ZMP point (black point) for two robot’s standing cases, one before to
give a step (left), and other after give a step (right). The pointed line represents the support

polygon.
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Fig. 4. Sensors distribution at the robot’s foot.
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Fig. 5. The black point represents the Robot ZMP before giviﬁg a step (left), and after giving
a step (right).
4. The Fuzzy PD incremental algorithm.

We propose the fuzzy PD incremental control algorithm, as a variant for the fuzzy PD controller
(Sanchez et al., 1998), to implement the biped balance control. The fuzzy PD incremental control
algorithm consists of only four rules and has the structure illustrated in Fig. 6.

Set-point

A ut u y

1 1
1 1
1
T G Fuzzyfication :
+ - : € Control Rules G —’
\ e/t Defuzzyfication u :
)
: I
1
1
1

Tncremental gﬂin:
1
1

Fig. 6. Fuzzy PD incremental algorithm structure.

The gains G, G, and G, are determined by tuning and they correspond respectively to the
output gains, the error (ZMP error) and error rate (ZMP rate) gains. The value u* is the
defuzzyficated output or “crisp” output. The value u is
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G, *(u") ifle<@ (for t=0, G, =0
() ifle<6 (f ) -

G, +Inc  ifle>0
Where e is the error (error*G,), # is an error boundary selected by tuning, and G;, is the

incremental gain obtained adding the increment “Inc”.
Figure 7 shows the flow diagram for the incremental gain of u.

Abs(error)> 9

For t=0, Gi,. =0

Gine =Gine +Inc

no yes

Ginc =Gu

Fig. 7. Flow diagram for the incremental gain of G,.

Figure 8 shows the area where the absolute error is evaluated and the controller output is
incremental (u=G;j,.+Inc).

4.1 Fuzzyfication
As is shown in figure 9, there are two inputs to the controller: error and rate. The error is
defined as:

error = setpoint - y 6)
Rate it is defined as it follows:
rate = (ce - pe) / sp 7)

Where ce is the current error, pe is the previous error and sp is the sampling period. Current
and previous error, are referred to an error without gain. The fuzzy controller has a single
incremental output, which is used to control the process
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Fig. 8. Fuzzy PD incremental absolute error area.

0

The input an output membership functions for the fuzzy controller are shown in Fig. 9 and
Fig. 10, respectively. Fig. 9 shows that each input has two linguistic terms. For the error
input are: Ge* negative error (en) and Ge* positive error (ep) and for the rate input are:
Gr*negative rate (rn) and Gr * positive rate (rp), while the output fuzzy terms are shown in Fig.
10 and they are: Negative output (on), Zero output (oz) and Positive output (op).
As shown in Fig. 9, the same function is applied for error and rate but with different scaling

factors: Ge and Gr respectively.

H and L are two positive constants to be determined. For convenience we will take H=L to
reduce the number of control parameters to be determined. The membership functions for

the input variables, error and rate, are defined by:

_ L+(G, *error)

ep

2L

_ L—(G, *error)

en

2L

_ L+(Gr*rate)

»

2L

_ L—(Gr*rate)
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Fig. 9. Input membership functions.
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Fig. 10. Input membership functions.
4.2 Fuzzy rules and defuzzyfication.
There exist four rules to evaluate the fuzzy PD incremental controller (Miller 1994):
R1. If error is ep and rate is rp then output is op
R2. If error is ep and rate is rn then output is oz
R3. If error is en and rate is rp then output is oz
R4. If error is en and rate is rn then output is on

The determination of these rules can be accomplished easily if the system evolution is
analyzed in the different operation points. For example, when the error and the rate increase
(rule 1), it means that the system response decreases and moves away from the setpoint, for this
reason it is necessary to apply a positive stimulus that allows to increase the system output. The
figure 11 shows the determination of the different rules based on the system response.

A
R4 y
I - |
error<0 setpoint
rate<0 /
on | [T I N T
R2
error<0 error>0
rate>0 rate<0
error>0
oz oz
rate>0
op
| - t
L

Fig. 11. Determination of the different rules based on the system response (see Text).
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For the fuzzy condensed controller proposed, the input error and rate values ranges can be
represented in 20 input regions (IC), like is shown in Fig. 12. If the membership functions
are evaluated, the 4 control rules, the simplification H=L, and the defuzzyfication is applied
in each one of the 20 inputs combinations, then 9 equations can be obtained (Sanchez et al.,
1998), which can determine the control signal u that should be applied, depending on the
region it is located. In other words, to implement the fuzzy condensed controller, only will
be necessary to know the region in which the inputs variables are located and later evaluate
the corresponding equation for this region. For example, the first equation acts in regions
IC1, IC2, IC5, IC6. The figure 13 shows the control surface of the fuzzy condensed controller
considering H=L=1.

Finally, the defuzzyfication method used is the gravity center, in this case is represented by:

H(ﬂm(x)) + 0(:”R2(x)+:uR3(x) )+ H(tg1(0))
Hraey F (Hrogoys Mraio) Mgy

©)

5. Real time results

The first test applied to the balance controller was an x-direction impulse. The robot was
standing in balance and then a push in the lateral direction was applied to the biped robot.
Figure 14 shows the evolution of the ZMP value in centimeters during 10 seconds.

Figure 15 shows the error and rate evolution during the application of the x-direction
impulse. The incremental PD fuzzy controller’s parameters were: Ge=2, Gr=2, and Gu=1.

rate
A
I1C18 IC12 IC11 IC17
error<-L -L<error>0 O<error>L error>L
rate>L rate>L rate>L rate>L
L
(@]
error>-rate IC3 IC10
IC13 error<rate error>L
error>-L O<rate>L
O<rate>L IG5 12
error<-rate error>rate
L » error
1CE IC1
error>-rate 1C9
IC1<4 L error<rate error>L
error<-
L<rate>L 1C7 1C8 -L<rate>L
error>rate error<-rate
-L
1C19 1C15 IC16 1C20

error<-L -L<error<0 O<error<L error>L
rate<-L rate<-L rate<-L rate<-L

Fig. 12. Input regions.
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Fig. 13. Control surface of the fuzzy condensed controller considering H=L=1.
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Fig. 14. ZMP value evolution achieved by the controller, for a x-direction impulse.
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Fig. 15. Error and rate evolution for a x-direction impulse.
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Finally, a walking test balance was applied to the robot. The robot gave some steps in a flat
surface, while the balance controller compensated the ZMP value. Figure 16 shows the
evolution of the ZMP value (in centimeters) achieved by the controller during 15 seconds.

Figure 17 shows error and rate evolution during the robots walk. The incremental PD fuzzy

controller’s parameters were: Ge=2, Gr=2, and Gu =1.
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Fig. 16. ZMP value evolution achieved by the controller during the robot walk.
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Fig. 17. Error and rate evolution during the robot walk.

The motor’s position output was computed by the controller during the walk. It is showed
at Figure 18. This motor’s position value is only just for one waist motor.
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6. Conclusion

Figure 11 shows the controller’s performance and response for an x-direction impulse. The
response was fast, approximately 2 seconds, until the controller reached a ZMP value near
to zero. This feature allows the biped robot to gain stability even during walking (figure 13),
maintaining the ZMP always inside the support polygon.

Our experiments with the fuzzy PD incremental controller algorithm demonstrated that it is
computationally economic, all running in a PIC microcontroller, and appropriated for
balance control. The algorithm was successfully used in real-time with the biped robot
“Dany walker” (videos available at http:/ /www.inf.fu-berlin.de/~zaldivar).

The algorithm proposed in this chapter could be also used in other robots structures with a
different dynamic, and even with other degrees of freedom. It would be only necessary to
adjust the controller’s gain parameters to the particular structure.

We plan to use the information given by an inclinometer along with the ZMP value. In this
case, the goal of the bipedal balance robot control will be to achieve an inclination value of
cero and to maintain the ZMP at the center, or inside of the support polygon.

The bipedal robot used in this work is part of a project that is being developed at the Freie
Universitat Berlin.
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Spoken Language and Vision for Adaptive
Human-Robot Cooperation

Peter Ford Dominey
CNRS - University of Lyon
France

1. Introduction

In order for humans and robots to cooperate in an effective manner, it must be possible for
them to communicate. Spoken language is an obvious candidate for providing a means of
communication. In previous research, we developed an integrated platform that combined
visual scene interpretation with speech processing to provide input to a language learning
model. The system was demonstrated to learn a rich set of sentence-meaning mappings that
could allow it to construct the appropriate meanings for new sentences in a generalization
task. We subsequently extended the system not only to understand what it hears, but also to
describe what it sees and to interact with the human user. This is a natural extension of the
knowledge of sentence-to-meaning mappings that is now applied in the inverse scene-to-
sentence sense (Dominey & Boucher 2005). The current chapter extends this work to analyse
how the spoken language can be used by human users to communicate with a Khepera
navigator, a Lynxmotion 6DOF manipulator arm, and the Kawada Industries HRP-2
Humanoid, to program the robots” behavior in cooperative tasks, such as working together
to perform an object transportation task, or to assemble a piece of furniture. In this
framework, a system for Spoken Language Programming (SLP) is presented. The objectives
of the system are to 1. Allow the human to impart knowledge of how to accomplish a
cooperative task to the robot, in the form of a sensory-motor action plan. 2. To allow the user
to test and modify the learned plans. 3. To do this in a semi-natural and real-time manner
using spoken language and visual observation/demonstration. 4. When possible, to exploit
knowledge from studies of cognitive development in making implementation choices. With
respect to cognitive development, in addition to the construction grammar model, we also
exploit the concept of “shared intentions” from developmental cognition as goal-directed
action plans that will be shared by the human and robot during cooperative activities.
Results from several experiments with the SLP system employed on the different platforms
are presented. The SLP is evaluated in terms of the changes in efficiency as revealed by task
completion time and number of command operations required to accomplish the tasks.
Finally, in addition to language, we investingate how vision can be used by the robot as well
to observe human activity in order to able to take part in the observed activities. At the
interface of cognitive development and robotics, the results are interesting in that they (1)
provide concrete demonstration of how cognitive science can contribute to human-robot
interaction fidelity, and (2) they suggest how robots might be used to experiment with
theories on the implementation of cognition in the developing human.
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2. Language and Meaning

Crangle and Suppes (1994) stated: “(1) the user should not have to become a programmer, or
rely on a programmer, to alter the robot’s behavior, and (2) the user should not have to learn
specialized technical vocabularies to request action from a robot.” Spoken language
provides a very rich and direct means of communication between cooperating humans
(Pickering & Garrod 2004). Language essentially provides a vector for the transmission of
meaning between agents, and should thus be well adapted for allowing humans to transmit
meaning to robots. This raises technical issues of how to extract meaning from language.
Construction grammar (CxG) provides a linguistic formalism for achieving the required link
from language to meaning (Goldberg 2003). Indeed, grammatical constructions define the
direct mapping from sentences to meaning. Meaning of a sentence such as (1) is represented
in a predicate-argument (PA) structure as in (2), based on generalized abstract structures as
in (3). The power of these constructions is that they employ abstract argument “variables”
that can take an open set of values.

(1) John put the ball on the table.

(2) Transport(John, Ball, Table)

(3) Event(Agent, Object, Recipient)
We previously developed a system that generates PA representations (i.e. meanings) from
video event sequences. When humans performed events and described what they were
doing, the resulting <sentence, meaning> input pairs allowed a separate learning system to
acquire a set of grammatical constructions defining the sentences. The resulting system
could describe new events and answer questions with the resulting set of learned
grammatical constructions (Dominey & Boucher 2005).
PA representations can be applied to commanding actions as well as describing them.
Hence the CxG framework for mapping between sentences and their PA meaning can be
applied to action commands as well. In either case, the richness of the language employed
will be constrained by the richness of the perceptual and action PA representations of the
target robot system. In the current research we examine how simple commands and
grammatical constructions can be used for action command in HRI. Part of the challenge is
to define an intermediate layer of language-commanded robot actions that are well adapted
to a class of HRI cooperation tasks.
This is similar to the language-based task analysis in Lauria et al. (2002). An essential part of
the analysis we perform concerns examining a given task scenario and determining the set
of action/command primitives that satisfy two requirements. 1. They should allow a logical
decomposition of the set of tasks into units that are neither too small (i.e. move a single
joint) nor too large (perform the whole task). 2. They should be of general utility so that
different tasks can be performed with the same set of primitives.

3. Spoken Language Programming

For some tasks (e.g. navigating with a map) the sequence of human and robot actions
required to achieve the task can be easily determined before beginning execution. Other
tasks may require active exploration of the task space during execution in order to find a
solution. In the first case, the user can tell the robot what to do before beginning
execution, while in the second, instruction will take place during the actual execution of
the task.
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In this context, (Lauria et al. 2002) asked naive subjects to provide verbal instructions to a
robot in a miniature-town navigation task. Based on an analysis of the resulting speech
corpora, they identified a set of verbal action chunks that could map onto robot control
primitives. More recently, they demonstrated the effectiveness of navigation instructions
translated into these primitive procedures for actual robot navigation (Kyriacou et al. 2005).
This research indicates the importance of implementing the mapping between language and
behavioural primitives for high-level natural language instruction or programming. The
current study extends these results by introducing a conditional (e.g. if-then) component to
the programming.

; \.\\

Possible

A B O obstacle

Fig. 1. Khepera robot and object transportation scenario. A. Physical set up. B. Labeled
schematic representation.

Figure 1 illustrates a given scenario for HRI. In Figure 1A we see the Khepera robot on a
table top, and in Figure 1B a schematic of the robot (represented as the gray disc) in a two
arm maze. Consider a task in which Userl sends the Khepera robot to User2 who gives it an
object to transport back to Userl. Getting to User2 requires a conditional choice between two
paths based on the location of an obstacle that is not known in advance, at the locations
indicated by the dotted lines. Once the robot determines the location of the obstacle, it
should choose the path that is not blocked, and make its way to the end of the arm. There it
should turn around, and wait for User2, to place an object on its carrying surface. When
User?2 has performed this, Userl will say “continue” and the robot should then return to the
beginning of the maze arm where Userl will take the transported block, and the process
then continues.

On-Line Commanding: The simplest solution for controlling the robot in this task, which
involves no learning, is for Userl simply to tell the robot what to do, step by step.
Depending on whether the obstacle is at the left or right arm position, the human Userl
would decide whether to tell the robot to take the right or left pathway. Likewise, once at
the end point, Userl would wait until the User2 placed the object before commanding the
robot to turn around and come back.

Programming a Pre-Specified Problem: Again, in many cases, the problem is known to the
user in advance (possibly because the user has now “walked” the robot through the
problem as just described) and can be specified prior to execution.

The objective of SLP is to provide a framework in which non-specialist humans can
explain such a task to a robot, using simple spoken language. While the task
described above remains relatively simple, explaining it to the robot already levies
several interesting requirements on the system, and meeting these requirements will
provide a fairly general and robust capability for SLP. In particular, this task requires
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the following: (1) The user should be able to provide a sequence of primitive
commands that will be executed in a particular order. (2) The user should be able to
specify conditional execution, based on the values of robot sensors. (3) The user
should be able to tell the robot that at a certain point it should wait for some sensory
event to occur before proceeding with its sequence execution., as demonstrated
below.

In addition, for tasks that become increasingly long and complex, the user may make
mistakes in his/her initial specification of the task, so the SLP system should allow the user
to test, “debug” and modify programs. That is, once the user has specified the program, he
should be able to execute it and - if there is a problem - modify it in a simple and
straightforward manner.

On-line Commanding with Repetitive Sub-Tasks: On-line commanding allows the user to
be responsive to new situations, and to learn him/herself by taking the robot through a
given task or tasks. On the other hand, for tasks that are well defined, the user can program
the robot as defined above. In between these two conditions there may arise situations in
which during the course of solving a cooperative problem with the robot, the user comes to
see that despite the “open endedness” of a given problem set, there may repetitive subtasks
that occur in a larger context. In this type of situation, the human user may want to teach the
robot about the repetitive part so this can be executed as an autonomous subroutine or
“macro” while the user still remains in the execution loop for the components that require
his/her decision.

A B C

Fig. 2. Human-Robot cooperation in a furniture construction task. A. Robot takes a table leg
from User2. B. Robot hands the leg to Userl. C. Robot holds the table steady while Userl
attaches the leg.

Figure 2 illustrates such an HRI scenario that involves two humans and the HRP-2
cooperating in the construction of a small table. The construction task will involve fixing the
legs to the surface of the table with wood screws. Userl on the left interacts with the robot
and with User2 on the right via spoken language.

User1 will command the robot to prepare to receive one of the table legs that will be passed
to it by User2. The robot waits until it receives a “continue” signal from Userl, and will then
pass the leg to Userl who will take the leg, and then ask the robot to hold the table top
steady allowing User1 to attach the leg to the table. Userl then tells the robot to release the
table. At this point, the first leg has been fixed to the table, and the “get the leg and attach it”
sequence can be repeated. This task thus has a repeating subsequence that can be applied to
each of the four legs of the table. Experiments below address this task. These experiments
identify the utility of a more complex command structure based on grammatical
constructions.
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Fig. 3. Cooperative manipulation task scenario. User asks for screws from locations
identified by color. While robot holds the plastic “table” (as illustrated) the user can insert
the screws into the table (see inset).

Influence of Robot Command Structure on Language: Part of the central principal of
construction grammar (and the related domain of cognitive linguistics) is that human
language is made up of a structured inventory of grammatical constructions (Goldberg
2003). These constructions reflect the meaning of prototypical events that are basic to
human experience. Thus for example the “ditransitive” construction involves one agent
transferring an object to another, as in “John gave Mary the ball.” From a robotics
perspective, the action predicate-argument Move(Object, Location) can thus be considered
as a template for a motor program that allows the use of constructions of the form “Give
the X to Y”. This robot PA involves localizing X and Y, and then grasping X and
transporting the effector to Y to transfer X to Y. To the extent that such an action PA
(APA) is built into the repertoire of the robot (or to the extent that it can be built up from
primitives like localize(X), transport-to(X) etc.) rich grammatical constructions can be
used to generate and interpret sentences like “give me the red block,” or “put the blue
block next to the red block” for robot control.

Figure 3 illustrates a simplified version of the table construction scenario that uses the
Lynx6 arm for cooperative manipulation in a construction task. Experiments below
examine cooperative construction with the Lynx6 based on lessons learned from the
HRP-2 experiments, including more complex commands based on grammatical
constructions.

4. Implementation of Spoken Language Programming

Because of the potential influence that the robot itself will have on spoken language
interaction, we chose to develop a core SLP system, and then to adapt the system to three
different robot platforms the K-Team Khepera, the LynxMotion Lynx 6 DOF manipulator
arm, and the Kawada Industries HRP-2 Humanoid. This allows us to explore the navigation
vs. manipulation dimension, and within the manipulation dimension the Lynx allows for
rapid prototyping while the HRP-2 allows for a much more robust and human-scale human-
robot interaction.

Spoken Language Programming Core: The core SLP system is presented in Figures 4 and 5,
and Table 1. The core system provides the command, conditional control, and
programming/ teaching capabilities based on spoken language.
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Fig. 4. Spoken Language Programming Architecture. The fundamental unit of meaning is
the predicate-argument (PA) representation. APA - Action Predicate-Argument
representation. PPA - Perceptual Predicate-Argument representation. Spoken language
commands are interpreted as individual words or grammatical constructions, and the
command and possible arguments are extracted in Sentence to PA Meaning. The robot level
commands (CMD) are extracted by the PA manager. World Model includes specification of
object locations, and related state information. Robot commands are then issued to the
Controller to effect the commands. Conditional commands including IF CONDITION ..
OTHERWISE, and WAIT are implemented as part of the Conditional Execution. Learning-
related commands LEARN, OK/SAVE-MACRO, RUN MACRO are handled by the
Sequence Encoding and Retrieval function. Event perception and description, provided by
PA Meaning to Sentence are implemented in Dominey & Boucher (2005).

Dialog management and spoken language processing (voice recognition, and synthesis) is
provided by an “off the shelf” public domain product, the CSLU Rapid Appication
Development (RAD) Toolkit (http:/ /cslu.cse.ogi.edu/toolkit/). RAD provides a state-based
dialog system capability, in which the passage from one state to another occurs as a function
of recognition of spoken words or phrases; or evaluation of Boolean expressions. Figure 5

illustrates the major dialog states.
Select

N

Direct

Fig. 5. Major Dialog States

In Figure 5, when the system starts in the “Mode Select” state it asks the user “Shall we learn
by planning or by demonstration?”

Learning by Demonstration: If the user replies “demonstration” (note: In all dialogs,
human responses will be indicated by italics) then the system transitions to the
“Direct” state, and interrogates the subject with “Now what?” The user can reply with
one of the robot-specific motor commands, which the robot will execute and then
again prompt “Now what?” In the course of this direct interaction, if the user
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determines that there is a repetitive component in the task, as illustrated in the
discussion of Figure 2, above, the user can invoke the “Learn” command. This
indicates to the system to begin to store the subsequent commands. When the
repetitive subsequence has been performed, the user then issues the command “OK”
and the subsequence is stored, and can then be executed in-line with the command
“Macro”. This learning, in which the user “demonstrates” the performance by
directing the robot through the execution is illustrated in Exps 3-5.

Learning by Planning: In Figure 5, when the system starts in the “Mode Select” state it asks
the user “Shall we learn by planning or by demonstration?” If the user replies “planning” then
the system transitions to the “Plan” state, and interrogates the subject with “Shall we make a
new plan, run the old plan, edit it or quit ?”

If the user replies “New plan” then the system continuously interrogates the user with “now
what?,” with the user responding each time with the next motor command or conditional
command until the user replies “stop.” In this manner, command by command without
execution, the user specifies the planned program using spoken language. After “stop”, the
plan is stored, and the system returns to the Plan state. Here, the user can now run the plan
to see how it works. If the user detects that there is a problem with one of the elements in
the stored plan, at the “Plan” state, he has the option of saying that he wants to “edit” the
plan.

Editing Learned Programs: When the system enters the Edit state, it displays the plan
graphically as a list of commands and corresponding conditions, and then ask the user what
he wants to modify. The user can then respond with a two word phrase in which the first
word is “action” or “condition”, and the second word is the number of the action or
condition in question. The system then asks the user for the new value for that component,
and then again asks what the user wants to modify. When the editing is finished, the system
then returns to the Plan state where the user can either execute the modified plan, or do
something else.

Conditional Execution: In addition to the learning-related commands, we have also
identified the requirement for commands related to conditional behavior execution and
control. These commands are specified in Table 1. Perhaps the most obvious of these the “if
-then-else” construction.

Conditional Commands Effects / Correspondence

If condition Begin a conditional segment

Otherwise End a conditional segment

Wait condition Interrupt execution until condition is met

Continue User command to proceed when waiting This is one of

the conditions for wait.

Learning-Related Commands

Learn Begin macro learning
Ok/Stop End macro learning
Macro Run stored macro

Table 1. Conditional and Learning-Related Commands.

Indeed this is the first concrete example of the use of a multi-word construction. When the
“if condition” construciton is issued, the user specifies the “if” and the corresponding
condition in the same utternence (e.g. “if left clear”), and the “if” and the “left clear”
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condition are paired together in the stored sequence plan. The user then continues to
specify the succession of commands that should logically follow in case the “if” condition
is satisfied. When the user terminates that logical section, he indicates this with the
conditional command “otherwise”. The subsequent succession of commands corresponds
to those that should be executed in case the condition of the “if” fails. During sequence
execution in the Run state, when the system encounters an “if”, it tests the corresponding
condition. When the condition is true, the system executes up to the “otherwise”
statement. When false, it skips to the otherwise, and then resumes execution of the
subsequent commands.

The behavioral scenarios above also identified the need for a conditional wait, in which
the execution of a stored sequence waits for a sensory condition to become true. Like
the “if”, the “wait condition” construction uses the identifier “wait” followed by a
condition, which is paired with the wait command. Then, during execution of the plan
in the Run state, when the system encounters a “wait” action, it tests the corresponding
condition, and waits until that condition is true before proceeding. The “continue”
condition (indicated by the user saying “continue”) is the single robot-independent
condition.

Robot Specific Command: Given the robot-independent component of the SLP architecture,
we now explain how this is adapted to the specific robots. The final behavioral result of a
robot-specific action command that is issued either directly or as part of a learned plan is the
execution of the corresponding action on the robot. We new specify the specific commands
for each of the three robot platforms we used.

K-Team Khepera: The Khepera (K-Team) is a small two-wheeled robot equipped with
proximity sensors that has been extensively explored in sensory-motor robotics. Based on
the requirements for the cooperative task described above, a set of primitive actions, and
senor states was identified for the Khepera. These robot-specific sensory-motor functions are
identified in Table 2.

The Khepera is connected to the SLP system PC via the RS232 serial port. Commands are
issued to the Khepera via this connection, and the values of the forward, left and right
position sensors are read from this connection as well.

Motor Commands Resulting Actions

Explore Move forward until obstacle is encountered
Left Turn 90° left

Right Turn 90° right

Specifiable Conditions Corresponding check

Left clear Check left proximity sensor

Right clear Check right proximity sensor

Obstacle removed Check forward proximity sensor

Table 2. Khepera Action Commands and Sensory Conditions.

Kawada Industries HRP-2 Humanoid: Based on the preliminary analysis of the table-
building scenario above, a set of primitive actions was identified for the Kawada
Industries HRP-2 humanoid robot under the control of the OpenHRP controller (Dominey
et al. 2007). The HRP-2 has 30 controlled degrees of freedom, 8 of which are used in this
study. Each of the functions in Table 3 corresponds to a particular posture that is specified
as the angles for a subset of the 30 DOFs. These actions have been implemented by hand-
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written python scripts that specify final, hardcoded, joint angles and motion durations for
the given postures. The python script execution is triggered remotely by the CSLU toolkit,
and communicates directly with the low-level OpenHRP framework. The motion is
achieved by linearly interpolating joint angles between the starting and final
configurations, for each specific action. We have chosen these simple actions in order to
demonstrate the feasibility of the overall approach in the table-building scenario, and
more complex functions are currently under development.

Motor Command Resulting Actions

Prepare Move both arms to neutral position, rotate chest to center,
elevate left arm, avoiding contact with the work surface (5
DOF)

Left open Open left hand (1 DOF)

Left close Close left hand (1 DOF)

Give it to me Rotate hip to pass the object in left hand to user on the right
(1 DOF)

Hold Center hip, raise right arm preparing to hold table top (5
DOF)

Right open Open right hand (1 DOF)

Right close Close right hand (1 DOF)

Table 3. HRP-2 Action Commands.

Lynx 6 DOF Manipulator: We also performed SLP experiments with a 6DOF Lynx 6 robot
manipulator arm. The robot controller is connected to the Pentium PC running RAD via the
RS232 serial port, and provides access to the 6 joint angles which can be controlled
individually and in parallel with a time-to-completion parameter. Based on task
requirements for object manipulation and the miniature task building tasks, we pre-
localized 8 locations in the workspace along a fixed radius that correspond to the color and
number locations indicated in Fig. 3. We then manually determined the joint angles for
taking the manipulator to these regions, above the workspace, and for lowering the
manipulator to be able to grasp objects at these locations. These postures were then used to
create the action commands in Table 4.

Action Command Resulting Actions

Put the Color screw at|Move to location marked by color, pick up the screw, place

location number. it at location marked by number. Return to neutral
position.

Give me the color screw. Move to location marked by color, pick up the screw, place
it at location three. Return to neutral position.

Open gripper Open gripper

Close gripper Close gripper

Hold the table Move gripper to location 3, preparing to hold the table

Table 4. Lynx 6 Action Commands

Note that in Table 4 that the “put” and “give me” commands are multiword constructions
that take arguments. These constructions correspond to the ditransitive construction from
section ILB.
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5. Experimental Results Part 1

We now provide results from a series of experiments that were performed based on the
scenarios described in Section 3. These experiments were performed with human users who
were familiar with the system.

5.1 Programming Conditional Navigation with Khepera

The current experiment tests whether the user can use spoken language to explain a
complex conditional task to the robot, based on the scenario described in section 3 and Figl
in which Userl sends the Khepera robot to User2 who gives it an object to transport back to
Userl. Getting to User2 requires a conditional choice between two paths based on the
location of an obstacle that is not known in advance.

In the following dialog, robot language is specified in italics, and human responses in
normal text. Technical and explanatory annotation is in <>’s.

Dialog for Cooperative Navigation and Transportation:

Shall we learn by planning or by demonstration ? Planning. Shall we make a new plan, run the old
plan, edit it or quit ? New plan. Now what? <user begins to specify the plan>

Explore. Now what? If left clear. <the user specifies that if the left is clear, the following
should be performed >

Now what? Left. Now what? Explore Now what? Right Now what? Explore. Now what? Left.
Now what? Left. <the user has now specified the plan segment that takes the robot to
location L in Fig 1, and turns it around, ready for the return trip>

Now what? Wait until I say continue. <user specifies that before continuing execution of the
return trip the robot should wait for a verbal “continue” signal. During this period the
second human team member places the Lego block on the robot. Speech pattern match on
“wait *any continue” where *any matches anything.>

<The following plan segment takes the robot back to the starting location, where the
principal team member can decide where to place the block.>

Now what? Explore. Now what? Left. Now what? Explore. Now what? Right. Now what?
Explore. Now what? Left? Now what? Left. Now what?

< The planning for the conditional execution of the path to the left is finished. This plan
segment now specifies the “else” - what should happen if the left arm is blocked. It is similar
to what happens for the left arm case.>

Otherwise. Now what? Right. Now what? Explore. Now what? Left. Now what? Explore. Now
what? Left. Now what? Left. Now what? Wait until I say continue. <Robot now at the R, ready
to come back after User2 places the block.> Now what? Explore. Now what? Left. <This is an
error that will turn the robot into the wall> Now what? Explore. Now what? Right. Now what?
Explore. Now what? Left Now what? Left. Now what? Stop. <Stop indicates that the program
should be stored, and then executed>

When the stored plan executed we observed that when the obstacle was placed to the right,
the robot correctly detected that the left was clear, and proceeded along the left arm to the
location marked L. It then announced that a conditional wait was encountered, and that it
was waiting for the spoken command “continue”. This allowed Userl to verify that User2
had placed a Lego on the robot, so that he could then say “continue” and the robot
continued back to the starting location, where Userl could recover the block. We then
placed the obstacle at the left location. The conditional execution of the “if” determined that
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the test condition failed, and execution skipped to the “otherwise” section of the plan. In
execution of this plan segment, an error in the plan was detected. After the robot started to
return to Userl (after the “continue” command had been issued) the plan incorrectly
specified that the robot turn left (into the wall) rather than right (towards the center of the
maze).

That is, during the specification of a plan of this length, it is possible that the user makes an
error in a command, particularly in left vs. right distinctions when the robot is moving
towards the human, in which the human and robot reference frames are reversed. The
editing capability described above thus allowed the user to listen to the program and see it
on the screen and then modify the errors by indicating the number of the action in the
program, and what it should be changed to.

5.2 Programming Cooperative Manipulation with HRP-2

We now move from the navigation domain to object manipulation. The current experiment
exploits the bimanual manipulation capabilities of the HRP-2 humanoid for a human-robot
cooperation task that involves constructing a piece of furniture (Dominey et al. 2007).

In the following paragraphs we provide the literal transcription of the human-robot dialog,
annotated with explanation about the corresponding human and robot behavior and key
system functions in <> brackets. Again, robot language will be indicated in italics, and
human language in plain text.

Phase 1. Spoken language commanding.

Users 1 and 2 (Fig 3) begin their first interaction with the robot. Userl controls the task via
spoken language. Because the task is new to him, he proceeds for the moment only by
commanding the robot, with no programming.

Dialog: <Robot initiates the interaction with the prompt> I am ready. <the human responsd
with the command> Prepare. You said prepare? Yes. <Because of possible errors in speech
recognition, we choose to have an explicit validation on each command as illustrated here>.
Preparing to grasp. <Robot raises left hand > I am ready. Left open. Opening left hand. <Robot
opens left hand> I am ready. <User2 places the table leg in the robot’s left hand (See Fig 2)>
Left close. Closing left hand. <Robot closes left hand to grasp the table leg> I am ready. Give it
to me. Giving you the object. <Robot turns to the right, holding the table leg out to User1> I
am ready. Left open. Yes. Opening left hand. <As the Robot opens the hand, User1 reaches for
and grasps the table leg> I am ready. Hold. <the first of several primitives required for the
robot to hold the table while User1 attaches the leg.> You said give it to me? No. <This is an
example of a speech recognition error.> I am ready. Hold. Yes. Getting ready to hold. <The
robot orients to the work surface and raises its right hand. I am ready. Right open. Opening
right hand. <With the robot’s right hand open, User1 places the table top within the robot’s
grasp>. I am ready. Right close. Closing right hand. I am ready. Wait. Waiting for your signal
<During this wait period, User] attaches the leg to the table, and then gives the “continue”
command when ready.> Continue. I am ready. Right open. Opening right hand. <User1 takes
the table from the robot and prepares for the next leg.> I am ready.

Phase 2: Programming the Robot

At this point, User] has used spoken language tele-operation to enlist the robot’s assistance
in attaching the first leg to the table. Given the knowledge of the task User] has gained, he is
now ready to “program” the robot for the repetitive component of the task by using the
“learn” command.
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Dialog: Learn. You said learn? Yes. I'll start learning now. I am ready. Prepare. You said prepare?
Yes. Preparing to grasp....(same sequence as for the first leg) ... Right open. You said right open?
Yes. Opening right hand. <User] takes the table>. I am ready. OK. You said OK? Yes. OK we will
store this plan. I am ready.

Execution of Stored Program Macro

Now the stored program can be used via the “macro” command.

Dialog: Macro. You said macro? Yes. Running the macro. Preparing to grasp. Waiting for your
signal. Continue. Closing left hand. <Robot takes leg from User2> Giving you the object.
Opening left hand. <User1 takes leg>. Getting ready to hold. Waiting for your signal. <Userl
place table in robot’s right hand> Continue. Closing right hand. Waiting for your signal <User1
attaches the table leg>. Continue. Opening right hand. In line macro finished. I am ready. <Third
leg is now attached. User] takes the table. Same procedure with macro for attaching fourth
leg.>

Performance Analysis: During the assembly of the first two legs, Userl issued 10 distinct
commands for each of the two legs. Installing legs 1 and 2 took 3min 25sec and 3min 24sec.
Once the program was learned, for legs 3 and 4, a single command initiated the program,
and the user was only required to issue 3 “continue” commands in order to indicate to the
robot that he was ready to proceed. Execution time was reduced to 2:11 and 2:33
respectively. We performed a statistical analysis of the variance (ANOVA) in indivisual
action completion times examining the effects of Repetition (i.e. first and second leg in either
the CMD or PRG mode), and Programming condition (i.e. CMD vs PRG). Only the
Programming condition had a significant effect on the completion times (ANOVA,
Programming Effect: F(1,6) =109, p < 0.0001).

We performed a second experiment in which the same primitives were used, with
absolutely no change to the software, to disassemble the table. The use of the
programming capability for the third and fourth leg (executed in 2:51 and 2:51
respectively) yielded significant reductions in execution time as compared with the first
two legs (executed in 3:57 and 4:11 respectively). To compare performance in the two
experiments we performed a 3 way ANOVA with the factors Experiment (assembly,
disassembly), Programming (with vs. without, i.e. PRG vs CMD), and Repetition (First vs.
second repetition in each condition). For the completion times were elevated for the CMD
vs PRG conditions, i.e. action execution was slower when programming was not used.
The ANOVA reveled that only the Programming effect was significant (F(1,6) = 277, p <
0.0001).

5.3 Grammatical Constructions for Manipulation with Lynx6 Arm

The programming by command sequencing illustrated in the previous experiment clearly leads
to improvements in performance and facilitation of the task for the human. Further progress can
be made by the implementation of higher level action functions that respect the natural
interaction categories that can arise in these cooperative manipulation tasks. In particular, the
user who is building the table repeatedly interacts with the robot so that the robot will pass him
the next leg of the table. The action semantics can be captured in the construction “Give me X”, or
more generally “Move the object at location X to location Y” where X specifies a target object
location and Y a destination location where that object is to be placed.

We hypothesized that the availability of this kind of construction would simplify the task
for the user, and also speed up the execution process. We test this hypothesis with the Lynx
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6 robot, as a prototype platform before subsequent implementation on the HRP-2. The table
construction task with the Lynx employed a plastic table surface and four 3cm threaded
bolts with nuts (see insert Fig.3). These served as legs, and the robot was used to fetch the
legs and hold the table while the user fixed the legs to the table, as in the previous
experiment. As illustrated in Fig. 3 we designated 4 areas indicated by color for the four legs
to be placed initially, and four numbered locations where these legs could be placed using a
construction of the form: Put the X leg at location Y, where X was one of the four color
designations and Y one of the four numbered designations (see Fig 3). We also implemented
a construction of the form : Give me the X leg, which commanded the robot to fetch the leg
at location color, and place it at location 3 which was just in front of the user.

Dialog:

Command an action. Give me the red screw. You want the red screw? Yes. Giving the red screw
<robot takes screw at red location> to you <and passes it to the user>. Command an action.
Start learning. <this initiates memory of the subsequent command sequence> Command an
action. Hold. Preparing to hold. Command an action. Close gripper. Closing gripper. Command an
action. Wait. Waiting for your signal. <User insertes and tightens screw while robot holds the
grey plastic “table”. See Fig 3> Continue. Command an action. Open. Opening gripper.
Command an action. Save the macro. You said save the macro? Yes.

Command an action. Give me the blue screw. You want the blue screw? Yes. Giving the blue
screw... to you. Command an action. Run the macro. You said run the macro? Yes. Preparing to
hold. Closing gripper. Waiting for your signal. <User attaches screw while robot holds the table
steady>. Continue. Opening gripper.

Command an action. Give me the green screw. You want the green screw? Yes. Giving the green
screw... to you. Command an action. Run the macro. You said run the macro? Yes. Preparing to
hold. Closing gripper. Waiting for your signal. Continue. Opening gripper.

Command an action. Give me the yellow screw. You want the yellow screw? Yes. Giving the
yellow screw... to you. Command an action. Run the macro. You said run the macro? Yes.
Preparing to hold. Closing gripper. Waiting for your signal. Continue. Opening gripper.

The total execution time for the assembly was less than five minutes. With the macro use,
the user required five spoken commands per leg, and three of these were confirmations of
commands and the continue signal. The two main commands are “Give me..” and “run the
macro.” With respect to the HRP-2, the availability of the “Give me the X screw” PA
command eliminated the need to sequence a number of lower level postural commands into
the macro, which instead was limited to implementing the “hold the table” function.

6. Programming Shared Behavior by Observation and Imitation

If spoken language is one of the richest ways to transmit knowledge about what to do,
demonstration and imitation of observed behavior are clearly another. One of the current
open challenges in cognitive computational neuroscience is to understand the neural basis
of the human ability to observe and imitate action. The results from such an endeavor can
then be implemented and tested in robotic systems. Recent results from human and non-
human primate behavior, neuroanatomy and neurophysiology provide a rich set of
observations that allow us to constrain the problem of how imitation is achieved. The
current research identifies and exploits constraints in these three domains in order to
develop a system for goal directed action perception and imitation.
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One of the recurrent findings across studies of human imitation is that in the context of goal
directed action, it is the goal itself that tends to take precedence in defining what is to be
imitated, rather than the means (Bekkering et al. 2000, Tomasello et al. 2005). Of course in
some situations it is the details (e.g. kinematics) of the movement itself that are to be
imitated (see discussion inCarpetner and Call 2007, Cuijpers et al. 2006), but the current
research focuses on goal based imitation. This body of research helped to formulate
questions concerning what could be the neurophysiological substrates for goal based
imitation. In 1992 di Pellegrino (et al.) in the Rizzolatti lab published the first results on
“mirror” neurons, whose action potentials reflected both the production of specific goal-
directed action, and the perception of the same action being carried by the experimenter.
Since then, the premotor and parietal mirror system has been studied in detail in monkey
(by single unit recording) and in man (by PET and fMRI) reviewed in Rizzolatti & Craighero
(2004).

In the context of understanding imitation, the discovery of the mirror system had an
immense theoretical impact, as it provided justification for a common code for action
production and perception. In recent years a significant research activity has used
simulation and robotic platforms to attempt to link imitation behavior to the underlying
neurophysiology at different levels of detail (see Oztop et al. (2006) for a recent and
thorough review, edited volume (Nehaniv & Dautenhahn 2007), and a dedicated special
issue of Neural Networks (Billard & Schaal 2006)). Such research must directly address the
question of how to determine what to imitate. Carpenter and Call (2007) distinguish three
aspects of the demonstration to copy: the physical action, the resulting change in physical
state, and the inferred goal - the internal representation of the desired state. Here we
concentrate on imitation of the goal, with the advantage of eliminating the difficulties of
mapping detailed movement trajectories across the actor and imitator (Cuijpers et al. 2006).
Part of the novelty of the current research is that it will explore imitation in the context of
cooperative activity in which two agents act in a form of turn-taking sequence, with the
actions of each one folding into an interleaved and coordinated intentional action plan. With
respect to constraints derived from behavioral studies, we choose to examine child
development studies, because such studies provide well-specified protocols that test
behavior that is both relatively simple, and pertinent. The expectation is that a system that
can account for this behavior should extend readily to more complex behavior, as
demonstrated below.

Looking to the developmental data, Warneken, Chen and Tomasello (2006) engaged 18-24
month children goal-oriented tasks and social games which required cooperation. In one of
the social games, the experiment began with a demonstration where one participant sent a
wooden block sliding down an inclined tube and the other participant caught the block in a
tin cup that made a rattling sound. This can be considered more generally as a task in which
one participant moves an object so that the second participant can then in turn manipulate
the object. This represents a minimal case of a coordinated action sequence. After the
demonstration, in Trials 1 and 2 the experimenter sent the block down one of the tubes three
times, and then switched to the other, and the child was required to choose the same tube as
the partner. In Trials 3 and 4 during the game, the experimenter interrupted the behavior for
15 seconds and then resumed.

Behaviorally, children successfully participated in the game in Trials 1 and 2. In the
interruption Trials 3 and 4 they displayed two particularly interesting types of response that
were (a) to attempt to perform the role of the experimenter themselves, and/or (b) to
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reengage the experimenter with a communicative act. This indicates that the children had a
clear awareness both of their role and that of the adult in the shared coordinated activity.
This research thus identifies a set of behavioral objectives for robot behavior in the
perception and execution of cooperative intentional action. Such behavior could, however,
be achieved in a number of possible architectures.

Fig. 6. Cooperation System. In a shared work-space, human and robot manipulate objects
(green, yellow, read and blue circles corresponding to dog, horse, pig and duck), placing
them next to the fixed landmarks (light, turtle, hammer, etc.). Action: Spoken commands
interpreted as individual words or grammatical constructions, and the command and
possible arguments are extracted using grammatical constructions in Language Proc. The
resulting Action(Agent, Object, Recipient) representation is the Current Action. This is
converted into robot command primitives (Motor Command) and joint angles (Motor
Control) for the robot. Perception: Vision provides object location input, allowing action to be
perceived as changes in World State (State Comparator). Resulting Current Action used for
action description, imitation, and cooperative action sequences. Imitation: The user
performed action is perceived and encoded in Current Action, which is then used to control
the robot under the supervision of Executive Control. Cooperative Games. During
observations, individual actions are perceived, and attributed to the agent or the other
player (Me or You). The action sequence is stored in the We Intention structure, that can
then be used to separately represent self vs. other actions.

7. Implementing Shared Planning

In a comment on Tomasello et al (2005) on understanding and sharing intention, Dominey
(2005) analyses how a set of initial capabilities can be used to provide the basis for shared
intentions. This includes capabilities to : 1. perceive the physical states of objects, 2. perceive
(and perform) actions that change these states, 3. distinguish between self and other, 4.
perceive emotional/evaluation responses in others, and 5. learn sequences of predicate-
argument representations.

The goal is to demonstrate how these 5 properties can be implemented within the
constraints of the neurophysiology data reviewed above in order to provide the basis for
performing these cooperative tasks. In the current experiments the human and robot
cooperate by moving physical objects to different positions in a shared work-space as
illustrated in Figures 6 and 7. The 4 moveable objects are pieces of a wooden puzzle,
representing a dog, a pig, a duck and a cow. These pieces can be moved by the robot and the
user in the context of cooperative activity. Each has fixed to it a vertically protruding metal
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screw, which provides an easy grasping target both for the robot and for humans. In
addition there are 6 images that are fixed to the table and serve as landmarks for placing the
moveable objects, and correspond to a light, a turtle, a hammer, a rose, a lock and a lion, as
partially illustrated in Figures 6 & 7. In the interactions, human and robot are required to
place objects in zones next to the different landmarks, so that the robot can more easily
determine where objects are, and where to grasp them. Figure 6 provides an overview of the
architecture, and Figure 7, which corresponds to Experiment 6 provides an overview of how
the system operates.

Representation: The structure of the internal representations is a central factor determining
how the system will function, and how it will generalize to new conditions. Based on the
neurophysiology reviewed above, we use a common representation of action for both
perception and production. Actions are identified by the agent, the object, and the target
location to move that object to. As illustrated in Figure 6, by taking the short loop from
vision, via Current Action Representation, to Motor Command, the system is thus
configured for a form of goal-centered action imitation. This will be expanded upon below.
A central feature of the system is the World Model that represents the physical state of the
world, and can be accessed and updated by vision, motor control, and language, similar to
the Grounded Situation Model of Mavridis & Roy (2006). The World Model encodes the
physical locations of objects that is updated by vision and proprioception (i.e. robot action
updates World Model with new object location). Changes in the World Model in terms of an
object being moved allows the system to detect actions in terms these object movements.
Actions are represented in terms of the agent, the object and the goal of the action, in the
form MOVE(object, goal location, agent). These representations can be used for
commanding action, for describing recognized action, and thus for action imitation and
narration, as seen below. In order to allow for more elaborate cooperative activity, the
system must be able to store and retrieve actions in a sequential structure.

Fig. 7. Cooperative task of Exp 5-6. Robot arm, with 6 landmarks (Light, turtle, hammer,
rose, lock and lion from top to bottom). Moveable objects include Dog and Horse. In A-D,
human demonstrates a “horse chase the dog” game, and successively moves the Dog then
Horse, indicating that in the game, the user then the robot are agents, respectively. After
demonstration, human and robot “play the game”. In each of E - F user moves Dog, and
robot follows with Horse. In G robot moves horse, then in H robot detects that the user is
having trouble and so “helps” the user with the final move of the dog. See Exp 5 & 6.
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Visual perception: Visual perception is a challenging technical problem. To simplify,
standard lighting conditions and a small set (n = 10) of visual object to recognize are
employed (4 moveable objects and 6 location landmarks). A VGA webcam is positioned at
1.25 meters above the robot workspace. Vision processing is provided by the Spikenet
Vision System (http:/ /www.spikenet-technology.com/). Three recognition models for each
object at different orientations (see Fig. 8.I) were built with an offline model builder. During
real-time vision processing, the models are recognized, and their (x, y) location in camera
coordinates are provided. Our vision post-processing eliminates spurious detections and
returns the reliable (x, y) coordinates of each moveable object in a file. The nearest landmark
is then calculated.

Motor Control & Visual-Motor Coordination: While visual-motor coordination is not the
focus of the current work, it was necessary to provide some primitive functions to allow
goal directed action. All of the robot actions, whether generated in a context of imitation,
spoken command or cooperative interaction will be of the form move(x to y) where x is a
member of a set of visually perceivable objects, and y is a member of the set of fixed
locations on the work plan.

Robot motor control for transport and object manipulation with a two finger gripper is
provided by the 6DOF Lynx6 arm (www.lynxmotion.com). The 6 motors of the arm are
coordinated by a parallel controller connected to a PC computer that provides transmission
of robot commands over the R5232 serial port.

Human users (and the robot) are constrained when they move an object, to place it in one of
the zones designated next to each of the six landmarks (see Fig 3). This way, when the
nearest landmark for an object has been determined, this is sufficient for the robot to grasp
that object at the prespecified zone.
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Figure 8. I. Vision processing. Above: A. - D. Three templates each for the Dog, Duck, Horse
and Pig objects at three different orientations. Below, encompassing circles indicate template
recognition for the four different objects near different fixed landmarks, as seen from the
camera over the robot workspace. II. Dialog flow of Control

In a calibration phase, a target point is marked next to each of the 6 fixed landmark
locations, such that they are all on an arc that is equidistant to the center of rotation of the
robot arm base. For each, the rotation angle of Joint 0 (the rotating shoulder base) necessary
to align the arm with that point is then determined, along with a common set of joint angles
for Joints 1 - 5 that position the gripper to seize any of the objects. Angles for Joint 6 that
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controls the closing and opening of the gripper to grasp and release an object were then
identified. Finally a neutral position to which the arm could be returned in between
movements was defined. The system was thus equipped with a set of primitives that could
be combined to position the robot at any of the 6 grasping locations, grasp the
corresponding object, move to a new position, and place the object there.

Cooperation Control Architecture: The spoken language control architecture illustrated in
Fig 8II is implemented with the CSLU Rapid Application Development toolkit
(http:/ /cslu.cse.ogi.edu/toolkit/). This system provides a state-based dialog management
system that allows interaction with the robot (via the serial port controller) and with the
vision processing system (via file i/0). It also provides the spoken language interface that
allows the user to determine what mode of operation he and the robot will work in, and to
manage the interaction via spoken words and sentences.

Figure 8.11 illustrates the flow of control of the interaction management. In the Start state the
system first visually observes where all of the objects are currently located. From the start
state, the system allows the user to specify if he wants to ask the robot to perform actions
(Act), to imitate the user, or to play (Imitate/Play). In the Act state, the user can specify
actions of the form “Put the dog next to the rose” and a grammatical construction template
is used to extract the action that the robot then performs. In the Imitate state, the robot first
verifies the current state (Update World) and then invites the user to demonstrate an action
(Invite Action). The user shows the robot one action. The robot re-observes the world and
detects the action based on changes detected (Detect Action). This action is then saved and
transmitted (via Play the Plan with Robot as Agent) to execution (Execute action). A
predicate(argument) representation of the form Move(object, landmark) is used both for
action observation and execution.

Imitation is thus a minimal case of Playing in which the “game” is a single action executed
by the robot. In the more general case, the user can demonstrate multiple successive actions,
and indicate the agent (by saying “You/I do this”) for each action. The resulting intentional
plan specifies what is to be done by whom. When the user specifies that the plan is finished,
the system moves to the Save Plan, and then to the Play Plan states. For each action, the
system recalls whether it is to be executed by the robot or the user. Robot execution takes the
standard Execute Action pathway. User execution performs a check (based on user
response) concerning whether the action was correctly performed or not. If the user action is
not performed, then the robot communicates with the user, and performs the action itself.
Thus, “helping” was implemented by combining an evaluation of the user action, with the
existing capability to perform a stored action representation.

8. Experimental Results Part 2

For each of the 6 following experiments, equivalent variants were repeated at least ten times
to demonstrate the generalized capability and robustness of the system. In less than 5
percent of the trials, errors of two types were observed to occur. Speech errors resulted from
a failure in the voice recognition, and were recovered from by the command validation
check (Robot: “Did you say ...?”). Visual image recognition errors occurred when the objects
were rotated beyond 20° from their upright position. These errors were identified when the
user detected that an object that should be seen was not reported as visible by the system,
and were corrected by the user re-placing the object and asking the system to “look again”.
At the beginning of each trial the system first queries the vision system, and updates the
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World Model with the position of all visible objects. It then informs the user of the locations
of the different objects, for example “The dog is next to the lock, the horse is next to the
lion.” It then asks the user “Do you want me to act, imitate, play or look again?”, and the
user responds with one of the action-related options, or with “look again if the scene is not
described correctly.

Validation of Sensorimotor Control: In this experiment, the user says that he wants the
“Act” state (Fig 8.II), and then uses spoken commands such as “Put the horse next to the
hammer”. Recall that the horse is among the moveable objects, and hammer is among the
fixed landmarks. The robot requests confirmation and then extracts the predicate-argument
representation - Move(X to Y) - of the sentence based on grammatical construction templates.
In the Execute Action state, the action Move(X to Y) is decomposed into two components of
Get(X), and Place-At(Y). Get(X) queries the World Model in order to localize X with respect
to the different landmarks, and then performs a grasp at the corresponding landmark target
location. Likewise, Place-At(Y) simply performs a transport to target location Y and releases
the object. Decomposing the get and place functions allows the composition of all possible
combinations in the Move(X to Y) space. Ten trials were performed moving the four object to
and from different landmark locations. Experiment 1 thus demonstrates (1) the ability to
transform a spoken sentence into a Move(X to Y) command, (2) the ability to perform visual
localization of the target object, and (3) the sensory-motor ability to grasp the object and put
it at the specified location. In ten experimental runs, the system performed correctly.
Imitation: In this experiment the user chooses the “imitate” state. As stated above, imitation
is centered on the achieved ends - in terms of observed changes in state - rather than the
means towards these ends. Before the user performs the demonstration of the action to be
imitated, the robot queries the vision system, and updates the World Model (Update World
in Fig 8.II) and then invites the user to demonstrate an action. The robot pauses, and then
again queries the vision system and continues to query until it detects a difference between
the currently perceived world state and the previously stored World Model (in State
Comparator of Fig 1, and Detect Action in Fig 8.1I), corresponding to an object displacement.
Extracting the identity of the displaced object, and its new location (with respect to the
nearest landmark) allows the formation of an Move(object, location) action representation.
Before imitating, the robot operates on this representation with a meaning-to-sentence
construction in order to verify the action to the user, as in “Did you put the dog next to the
rose?” It then asks the user to put things back as they were so that it can perform the
imitation. At this point, the action is executed (Execute Action in Fig 8.I). In ten
experimental runs the system performed correctly. This demonstrates (1) the ability of the
system to detect the goals of user-generated actions based on visually perceived state
changes, and (2) the utility of a common representation of action for perception, description
and execution.

A Cooperative Game: The cooperative game is similar to imitation, except that there is a
sequence of actions (rather than just one), and the actions can be effected by either the user
or the robot in a cooperative manner. In this experiment, the user responds to the system
request and enters the “play” state. In what corresponds to the demonstration in Warneken
et al. (2006) the robot invites the user to start showing how the game works. The user then
begins to perform a sequence of actions. For each action, the user specifies who does the
action, i.e. either “you do this” or “I do this”. The intentional plan is thus stored as a
sequence of action-agent pairs, where each action is the movement of an object to a
particular target location. In Fig 6, the resulting interleaved sequence is stored as the “We
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intention”, i.e. an action sequence in which there are different agents for different actions.
When the user is finished he says “play the game”. The robot then begins to execute the
stored intentional plan. During the execution, the “We intention” is decomposed into the
components for the robot (Me Intention) and the human (You intention).

In one run, during the demonstration, the user said “I do this” and moved the horse from
the lock location to the rose location. He then said “you do this” and moved the horse back
to the lock location. After each move, the robot asks “Another move, or shall we play the
game?”. When the user is finished demonstrating the game, he replies “Play the game.”
During the playing of this game, the robot announced “Now user puts the horse by the
rose”. The user then performed this movement. The robot then asked the user “Is it OK?” to
which the user replied “Yes”. The robot then announced “Now robot puts the horse by the
lock” and performed the action. In two experimental runs of different demonstrations, and 5
runs each of the two demonstrated games, the system performed correctly. This
demonstrates that the system can learn a simple intentional plan as a stored action sequence
in which the human and the robot are agents in the respective actions.

Interrupting a Cooperative Game: In this experiment, everything proceeds as in the
previous experiment, except that after one correct repetition of the game, in the next
repetition, when the robot announced “Now user puts the horse by the rose” the user did
nothing. The robot asked “Is it OK” and during a 15 second delay, the user replied “no”.
The robot then said “Let me help you” and executed the move of the horse to the rose. Play
then continued for the remaining move of the robot. This illustrates how the robot’s stored
representation of the action that was to be performed by the user allowed the robot to
“help” the user.

A More Complex Game: In order to more explicitly test the intentional sequencing
capability of the system, this experiment replicates the Cooperative Game experiment but
with a more complex task, illustrated in Figure 7. In this game (Table 5), the user starts by
moving0 the dog, and after each move the robot “chases” the dog with the horse, till they
both return to their starting places.

Action | User User Demonstrates Action Ref in
identifies Figure 7
agent

1. I do this Move dog from the lock to the rose B

2. You do this | Move the horse from the lion to the lock B

3. I do this Move the dog from the rose to the hammer C

4, You do this | Move the horse from the lock to the rose C

5. You do this | Move the horse from the rose to the lion D

6. I do this Move the dog from the hammer to the lock D

Table 5. Cooperative “horse chase the dog” game specified by the user in terms of who does
the action (indicated by saying) and what the action is (indicated by demonstration).
Illustrated in Figure 7.

As in the simplified cooperative game, the successive actions are visually recognized and
stored in the shared “We Intention” representation. Once the user says “Play the game”, the
final sequence is stored, and then during the execution, the shared sequence is decomposed
into the robot and user components based on the agent associated with each action. When
the user is the agent, the system invites the user to make the next move, and verifies (by
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asking) if the move was ok. When the system is the agent, the robot executes the movement.
After each move the World Model is updated. As before two different complex games were
learned, and each one “played” 5 times. This illustrates the learning by demonstration
(Zollner et al. 2004) of a complex intentional plan in which the human and the robot are
agents in a coordinated and cooperative activity.

Interrupting the Complex Game: As in Experiment 4, the objective was to verify that the
robot would take over if the human had a problem. In the current experiment this capability
is verified in a more complex setting. Thus, when the user is making the final movement of
the dog back to the “lock” location, he fails to perform correctly, and indicates this to the
robot. When the robot detects failure, it reengages the user with spoken language, and then
offers to fill in for the user. This is illustrated in Figure 7H. This demonstrates the
generalized ability to help that can occur whenever the robot detects the user is in trouble.
These results were presented in Dominey (2007).

9. Discussion

This beginning of the 21st century marks a period where humanoid robot mechatronics and
the study of human and artificial cognitive systems come in parallel to a level of maturity
sufficient for significant progress to be made in making these robots more human-like in
there interactions. In this context, two domains of interaction that humans exploit with great
fidelity are spoken language, and the visual ability to observe and understand intentional
action. A good deal of research effort has been dedicated to the specification and
implementation of spoken language systems for human-robot interaction (Crangle &
Suppes 1994, Lauria et al. 2002, Severinson-Eklund 2003, Kyriacou et al. 2005, Mavrides &
Roy 2006). The research described in the current chapter extends these approaches with a
Spoken Language Programming system that allows a more detailed specification of
conditional execution, and by using language as a compliment to vision-based action
perception as a mechanism for indicating how things are to be done, in the context of
cooperative, turn-taking behavior.

The abilities to observe an action, determine its goal and attribute this to another agent are
all clearly important aspects of the human ability to cooperate with others. Recent research
in robot imitation (Oztop et al. 2006, Nehaniv & Dautenhahn 2007, Billard & Schaal 2006)
and programming by demonstration (Zollner et al. 2004) begins to address these issues.
Such research must directly address the question of how to determine what to imitate.
Carpenter and Call (2007) The current research demonstrates how these capabilities can
contribute to the “social” behavior of learning to play a cooperative game, playing the game,
and helping another player who has gotten stuck in the game, as displayed in 18-24 month
children (Werneken et al. 2006, Werneken & Tomasello 2006). While the primitive bases of
such behavior is visible in chimps, its full expression is uniquely human. As such, it can be
considered a crucial component of human-like behavior for robots (Carpenter & Call 2007).
The current research is part of an ongoing effort to understand aspects of human social
cognition by bridging the gap between cognitive neuroscience, simulation and robotics
(Dominey 2003, 2005, et al. 2004, 2006, 2007; Dominey & Boucher 2005), with a focus on the
role of language. The experiments presented here indicate that functional requirements
derived from human child behavior and neurophysiological constraints can be used to
define a system that displays some interesting capabilities for cooperative behavior in the
context of spoken language and imitation. Likewise, they indicate that evaluation of
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another’s progress, combined with a representation of his/her failed goal provides the basis
for the human characteristic of “helping.” This may be of interest to developmental
scientists, and the potential collaboration between these two fields of cognitive robotics and
human cognitive development is promising. The developmental cognition literature lays out
a virtual roadmap for robot cognitive development (Dominey 2005, Werneken et al. 2006). In
this context, we are currently investigating the development of hierarchical means-end
action sequences. At each step, the objective will be to identify the behavior characteristic
and to implement it in the most economic manner in this continuously developing system
for human-robot cooperation.

At least two natural extensions to the current system can be considered. The first involves
the possibility for changes in perspective. In the experiments of Warneken et al. the child
watched two adults perform a coordinated task (one adult launching the block down the
tube, and the other catching the block). At 24 months, the child can thus observe the two
roles being played out, and then step into either role. This indicates a “bird’s eye view”
representation of the cooperation, in which rather than assigning “me” and “other” agent
roles from the outset, the child represents the two distinct agents A and B for each action in
the cooperative sequence. Then, once the perspective shift is established (by the adult taking
one of the roles, or letting the child choose one) the roles A and B are assigned to me and
you (or vice versa) as appropriate.

This actually represents a minimal change to our current system. First, rather than assigning
the “you” “me” roles in the We Intention at the outset, these should be assigned as A and B.
Then, once the decision is made as to the mapping of A and B onto robot and user, these
agent values will then be assigned accordingly. Second, rather than having the user tell the
robot “you do this” and “I do this” the vision system can be modified to recognize different
agents who can be identified by saying their name as they act, or via visually identified cues
on their acting hands.

The second issue has to do with inferring intentions. The current research addresses one
cooperative activity at a time, but nothing prevents the system from storing multiple such
intentional plans in a repertory (IntRep in Fig 6). In this case, as the user begins to perform a
sequence of actions involving himself and the robot, the robot can compare this ongoing
sequence to the initial subsequences of all stored sequences in the IntRep. In case of a match,
the robot can retrieve the matching sequence, and infer that it is this that the user wants to
perform. This can be confirmed with the user and thus provides the basis for a potentially
useful form of learning for cooperative activity.

In conclusion, the current research has attempted to build and test a robotic system for
interaction with humans, based on behavioral and neurophysiological requirements derived
from the respective literatures. The interaction involves spoken language and the
performance and observation of actions in the context of cooperative action. The
experimental results demonstrate a rich set of capabilities for robot perception and
subsequent use of cooperative action plans in the context of human-robot cooperation. This
work thus extends the imitation paradigm into that of sequential behavior, in which the
learned intentional action sequences are made up of interlaced action sequences performed
in cooperative alternation by the human and robot. While many technical aspects of robotics
(including visuomotor coordination and vision) have been simplified, it is hoped that the
contribution to the study of imitation and cooperative activity is of some value.
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Collision-Free Humanoid Reaching: Past,
Present, and Future
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1. Abstract

Most recent humanoid research has focused on balance and locomotion. This concentration is
certainly important, but one of the great promises of humanoid robots is their potential for
effective interaction with human environments through manipulation. Such interaction has
received comparatively little attention, in part because of the difficulty of this task. One of the
greatest obstacles to autonomous manipulation by humanoids is the lack of efficient collision-
free methods for reaching. Though the problem of reaching and its relative, pick-and-place,
have been discussed frequently in the manipulator robotics literature- e.g., (Lozano-Pérez et
al., 1989); (Alami et al., 1989); (Burridge et al., 1995)- researchers in humanoid robotics have
made few forays into these domains. Numerous subproblems must be successfully addressed
to yield significant progress in humanoid reaching. In particular, there exist several open
problems in the areas of algorithms, perception for modeling, and control and execution. This
chapter discusses these problems, presents recent progress, and examines future prospects.

2. Introduction

Reaching is the one of the most important tasks for humanoid robots, endowing them with
the ability to manipulate objects in their environment. Unfortunately, getting humanoids to
reach efficiently and safely, without collision, is a complex problem that requires solving
open subproblems in the areas of algorithms, perception for modeling, and control and
execution. The algorithmic problem requires the synthesis of collision-free joint-space
trajectories in the presence of moving obstacles. The perceptual problem, with respect to
modeling, is comprised of acquiring sufficiently accurate information for constructing a
geometric model of the environment. Problems of control and execution are concerned with
correcting deviation from reference trajectories and dynamically modifying these
trajectories during execution to avoid unexpected obstacles. This chapter delves into the
relevant subproblems above in detail, describes the progress that has been made in solving
them, and outlines the work remaining to be done in order to enable humanoids to perform
safe reaching in dynamic environments.

3. Problem statement

The problem of reaching is formally cast as follows. Given:
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1. aworld =IR*

2. the current time f,; T is then defined as the interval [t,, ©]

3. arobot

4. asmooth manifold ~ R* called the state space of; let K —* be a function that

maps state-space to the robot’s configuration space
5. the state transition equation is ¥ = fix. u.t), where * £ and u : T — generates a
vector of control inputs (-~ fm) as a function of time

6. a nonstationary obstacle region (f) = ,%¥tEeT; plt).¥ite T is then the
projection of obstacles in the robot’s configuration space into state-space (i.e.,
x_:'-r e}z“ﬂ = |:'_=J'-r=,] and .r"'"":i:' = - “E'I:":I)’

7. < IR® is the reachable workspace! of

8. adirect kinematics function, F : — that transforms robot states to operational-space
configurations of one of the robot’s end effectors
9. aset of feasible operational-space goal functions of time, G such that Vg € G, g: T —
10. a feasible state-space Boolean function 5: Txgx — 0,1 whereg € G
11. X0 £ fe the state of the robot at fo
generate the control vector function u(.) from time t > fy such that x; ¢ free(t) Where x; =

J.'(]+ftz_.\"(t,u|ff], ty dt, for t > ty and there exists a time # for which ming.c F(x(f;))—g(t) <
e and d(t;, g(t;),x(t;)) = 1 for all ¢; > t;, or correctly report that such a function u(.) does not
exist.

Informally, the above states that to solve the reaching problem, the commands sent to the
robot must cause it to remain collision-free and, at some point in the future, cause both the
operational space distance from the end-effector to one of the goals to remain below a given
threshold € and the state-space of the robot to remain in an admissable region.

The implications of the above formal definition are:

+  The state transition function f{.) should accurately reflect the dynamics of the robot.
Unfortunately, due to limitations in mechanical modeling and the inherent
uncertainty of how the environment might affect the robot, f(.) will only
approximate the true dynamics. Section 4.3 discusses the ramifications of this
approximation.

*  The robot must have an accurate model of its environment. This assumption will
only be true if the environment is instrumented or stationary. The environments in
which humanoids are expected to operate are dynamic (see #6 above), and this
chapter will assume that the environment is not instrumented. Constructing an
accurate model of the environment will be discussed in Section 4.2.

*  The goals toward which the robot is reaching may change over time; for example,
the robot may refine its target as the robot moves nearer to it. Thus, even if the
target itself is stationary, the goals may change given additional information. It is
also possible that the target is moving (e.g., a part moving on an assembly line).
The issue of changing targets will be addressed in Section 4.1.

*  Manipulation is not explicitly considered. It is assumed that a separate process can
grasp or release an object, given the operational-space target for the hand and the
desired configuration for the fingers (the Boolean function &.) is used to ensure

1 The reachable workspace is defined by Sciavicco & Siciliano (2000) to be the region of operational-space
that the robot can reach with at least one orientation.
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that this latter condition is satisfied). This assumption is discussed further in the
next section.

3 Related work

A considerable body of work relates to the problem defined in the previous section yet does
not solve this problem. In some cases, researchers have investigated similar problems, such
as developing models of human reaching. In other cases, researchers have attempted to
address both reaching and manipulation. This section provides an overview of these
alternate lines of research, though exhaustive surveys of these areas are outside of the scope
of this chapter. Humanoids have yet to autonomously reach via locomotion to arbitrary
objects in known, static environments, much less reach to objects without collision in
dynamic environments. However, significant progress has been made toward solving this
problems recently. This section concludes with a brief survey of methods that are directly
applicable toward solving the reaching problem.

3.1 Models of reaching in neuroscience

A line of research in neuroscience has been devoted to developing models of human
reaching; efficient, human-like reaching for humanoids has been one of the motivations for
this research. Flash & Hogan (1985), Bullock et al. (1993), Flanagan et al. (1993), Crowe et al.
(1998) and Thor-oughman & Shadmehr (2000) represent a small sample of work in this
domain. The majority of neuroscience research into reaching has ignored obstacle
avoidance, so the applicability of this work toward safe humanoid reaching has not been
established. Additionally, neuroscience often considers the problem of pregrasping, defined
by Arbib et al. (1985) as a configuration of the fingers of a hand before grasping such that
the position and orientation of the fingers with respect to the palm’s coordinate system
satisfies a priori knowledge of the object and task requirements. In contrast to the
neuroscience approach, this chapter attempts to analyze the problem of humanoid reaching
from existing subfields in robotics and computer science. Recent results in the domains of
motion planning, robot mapping, and robot control architectures are used to identify
remaining work in getting humanoids to reach safely and efficiently. This chapter is
unconcerned with generating motion that is natural in appearance by using pregrasping
and human models of reaching, for example.

3.2 Manipulation planning

Alami et al. (1997), Gupta et al. (1998), Mason (2001), and Okada et al. (2004) have
considered the problem of manipulation planning, which entails planning the movement of a
workpiece to a specified location in the world without stipulating how the manipulator is to
accomplish the task. Manipulation planning requires reaching to be solved as a subproblem,
even if the dependence is not explicitly stated. As noted in LaValle (2006), existing research
in manipulation planning has focused on the geometric aspects of the task while greatly
simplifying the issues of grasping, stability, friction, mechanics, and uncertainty. The
reaching problem is unconcerned with grasping (and thereby friction) by presuming that
reaching and grasping can be performed independently. The definition provided in Section
2 allows for treatment of mechanics (via f{.), the state transition function) and stability and
uncertainty (by stating the solution to the problem in terms of the observed effects rather
than the desired commands). Additionally, the problem of reaching encompasses more
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tasks than those used in pick-and-place; for example, both pointing and touching can be
considered as instances of reaching.

A late development by Stilman & Kuffner, Jr. (2007) addresses manipulation planning
amongst movable obstacles. The reaching problem as defined in Section 2 permits the
obstacles to be movable by the humanoid. Many of the issues described in this chapter (e.g.,
constructing a model of the environment, monitoring execution, etc.) need to be resolved to
fully explore this avenue, but the ability to move obstacles as necessary will certainly admit
new solutions to some instances of the reaching problem.

3.3 Recent work directly applicable to humanoid reaching

Recent work in humanoid robotics and virtual humans is directly applicable toward
efficient, safe humanoid reaching. For example, work by Brock (2000) permits reaching in
dynamic environments by combining a planned path with an obstacle avoidance behavior.
More recent work by Kagami et al. (2003) uses stereo vision to construct a geometric model
of a static environment and motion planning and inverse kinematics to reach to and grasp a
bottle with a stationary humanoid robot. Liu & Badler (2003); Kallmann et al. (2003);
Bertram et al. (2006) and Drumwright & Ng-Thow-Hing (2006) focused on developing
algorithms for humanoid reaching; the algorithms in the latter two works are probabilistically
complete, while the algorithms in (Liu & Badler, 2003) and (Kallmann et al., 2003) are not
complete in any sense. All four works assumed static environments, perfect control and
holonomic constraints.

4. Outstanding issues

This section discusses the issues that remain to solve the reaching problem, as follows:

1. Constructing an accurate model of the environment

2. Planning collision-free motions in dynamic environments

3. Correcting deviation from the desired trajectory due to imperfect control

4. Avoiding both fixed and moving obstacles during trajectory execution
The first item has received the least research attention to date and therefore includes the
majority of open problems in collision-free humanoid reaching. Section 4.2 discusses
progress and prospects in this area. Planning collision-free motions, at least in static
environments, has received considerable attention; Section 4.1 discusses why this problem is
challenging from an algorithmic standpoint and addresses extensions to dynamic
environments. Finally, correcting deviation from the planned trajectory and avoiding
obstacles during trajectory execution are key to reach the target in a safe manner. Section 4.3
discusses these two issues.

4.1 Algorithmic issues

The best studied aspect of the reaching problem is the algorithmic component, which is an
extension to the general motion planning introduced below. Section 4.1.1 formally relates
the problem of reaching to the general motion planning problem, and analyzes the
complexity of the latter. Section 4.1.2 introduces sample-based motion planning, a paradigm
for circumventing the intractability of motion planning; the following section discusses the
extension of a popular sample-based motion planner to respect differential constraints.
Finally, Sections 4.1.4-4.1.8 discuss motion planning issues highly relevant to humanoid
reaching, namely planning under uncertainty, potential incompleteness resulting from
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multiple inverse kinematics solutions, planning to nonstationary goals, and planning in
dynamic environments.

Researchers have investigated ways for planning collision-free motions from one
configuration to another since the introduction of the Piano Mover’s Problem, also known as
the Static Mover’s Problem Reif (1979). The Piano Mover’s problem can be stated as follows
(excerpted from LaValle (2006)).

Given:
1. aworld ,where =IR2or =IR3
2. asemi-algebraic obstacle region <
3. acollection of m semi-algebraic links of arobot, 1, 2,... m
4. the configuration space  of the robot; s can then be defined as the subset of

configuration space which does not cause the robot’s geometry to intersect with
any obstacles
5.  the initial configuration of the robot, q;
6. the goal configuration of the robot, g
generate a continuous path 1 : [0,1] — f.. such that 7(0) = qr and t(1) = q¢ or correctly report
that such a path does not exist. The term semi-algebraic refers to a geometric representation
that is composed by Boolean operations on implicit functions.

4.1.1 Complexity of motion planning
The definition of the Piano Mover’s Problem is quite similar to the problem formulation for
reaching at the beginning of this chapter. Indeed, an instance of the reaching problem can be
transformed into an instance Piano Mover’s Problem given the following constraints:

e the obstacle region, is stationary (i.e., (t;) = (f;), 7. t; € T)

e = from which follows x(x) 2 x,vx ¢ and xo = q1

o =

e G consists of a single element, g, which is nonstationary, and there exists only one

robot configuration qc that results in g (i.e., F-1 (g) = qc)

. Jlr"l“ flx,u(t), t)dt =u(ty) — x(t;) (implies that the command is the new robot

state)

Reif (1979) showed that the Piano Mover’s Problem is PSPACE-complete, implying NP-
hardness. Additionally, the best known algorithm for solving the Piano Mover’s problem
(complexity-wise) is Canny’s Roadmap Algorithm (Canny, 1993), which exhibits running-
time exponential in the configuration space; aside from being intractable, the algorithm is
reportedly quite difficult to implement (LaValle, 2006). Later work by Reif & Sharir (1994)
proved that planning motions for a robot with fixed degrees-of-freedom and velocity
constraints in the presence of moving obstacles with known trajectories is PSPACE-hard;
thus, the constraints that were imposed transforming the reaching problem into the Piano
Mover’s Problem are unlikely to make the former problem easier.

4.1.2 Sample-based motion planning

The paradigm of sample-based motion planning was introduced with the advent of the
randomized potential field (Barraquand & Latombe, 1991). Sample-based algorithms trade
algorithmic completeness for excellent average-case performance and ease of
implementation. In fact, completeness was not cast aside; rather, it was relaxed to lesser
constraints, probabilistic completeness and resolution completeness. It is said that an algorithm is
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probabilistically complete if the probability of finding a solution, if it exists, tends to unity as
the number of samples increase. Similarly, a motion planning algorithm is resolution
complete if a solution, if it exists, will be found in finite time given sufficiently dense
sampling resolution over the domain of configuration space. Note that neither weaker form
of completeness permits this class of algorithm to definitively state that a path does not
exist. Finally, the underlying approach of sample-based planning is quite different from
adapting classical search algorithms (i.e., A* best-first, etc.) to a discretized grid; such an
approach is generally intractable due to the combinatorial explosion of configuration space.
The most popular sample-based algorithm is currently the rapidly-exploring random tree
(RRT) LaValle (1998). RRTs are popular due to their inherent bias toward the largest
Voronoi region of configuration space (i.e., the largest unexplored region) during
exploration. Efficient exploration is critical for sample-based algorithms because their
running times generally increase linearly with the number of samples.

4.1.3 Motion planning under differential constraints

In addition to the advantage of efficient exploration, RRTs allow for planning under
differential (e.g., nonholonomic) constraints, through kinodynamic planning. Kinodynamic
planning plans in the control space, rather than in configuration space, and is therefore able
to respect dynamic constraints. Kinodynamic planning theoretically permits motion to be
planned for hu-manoids, which generally use bipedal locomotion and are nonholonomically
constrained. As might be expected, kinodynamic planning is harder computationally than
in the unconstrained case; additionally, kinodynamic planning requires a model of the
system’s dynamics and a control method for solving a two-point boundary value problem?.
Planning directly in the state-actuator space of the humanoid is infeasible: the motion planner
would not only have to avoid obstacles but also balance the humanoid and provide locomotion.
An accurate model of the robot’s dynamics would be required as well. Alternatively, planning
could occur over the robot’s configuration space augmented with planar position and
orientation of the base. Constraints would be enforced kinematically rather than dynamically,
and a trajectory rescaling mechanism could be used to enforce the dynamic constraints after
planning. For example, kinematic constraints could be used to allow the base to translate or
rotate, but not translate and rotate simultaneously. Planning in this augmented configuration
space would require a locomotion controller that translates desired differential position and
orientation of the base into motor commands. Once a plan were constructed in the augmented
configuration space, the locomotion controller and joint-space controllers would generate the
proper motor commands for a given configuration space trajectory.

Finally, it should be noted that if humanoids moved on holonomic bases, simpler methods
could potentially be employed for humanoid reaching. For example, Maciejewski & Klein
(1985) combines inverse kinematics with obstacle avoidance for redundant manipulators
under holonomic constraints; some mobile manipulators fit into this category. Though the
method of Maciejewski and Klein can cause the robot to become trapped in local minima, it
presents minimal computational requirements.

2 In the context of this work, the two-point boundary problem can be considered to be the problem of
getting from a given state to a desired state under nonholonomic constraints. For example, the problem
of parallel parking a car can be considered a two-point boundary problem: a series of actions is required
to move the car into a parking space, even if only a simple translation is required (e.g., the car initially is
aligned laterally with the parking space).
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4.1.4 Motion planning for humanoid reaching
The RRT has been applied successfully to reaching for humanoids in virtual environments in
(Kuffner, Jr., 1998); (Liu & Badler, 2003); (Kallmann et al, 2003); (Bertram et al, 2006) and
(Drumwright & Ng-Thow-Hing, 2006), among others. Additionally, the RRT has been applied
to reaching for an embodied humanoid by Kagami et al. (2003), although, as stated in Section
2, the environment was considered to be stationary and locomotion was not utilized.
Unfortunately, several assumptions of current, effective motion planning algorithms are
unsuitable for humanoid reaching, as follows:

1. An accurate model of the environment and a precise mechanism for control are

required.

2. A single goal configuration is assumed.

3. Targets for reaching do not change over time.

4. The environment is static.
These issues are explored further in the remainder of this section.

4.1.5 Planning under uncertainty

This chapter generally assumes that a sufficiently accurate model of the environment can be
constructed and that the robot can be controlled with some degree of accuracy. However,
these assumptions are often unrealistic in real-world robotics. It would be advantageous to
construct plans that would maximize the distance from the robot to obstacles, for example,
to minimize deleterious effects of uncertainty. LaValle & Hutchinson (1998) have explored
the issue of planning under sensing and control uncertainty; however, their use of dynamic
programming (Bellman, 1957) has restricted applications to planar robots. As an alternative,
Lazanas & Latombe (1995) proposed an approach based on landmarks, regions of the state
space where sensing and control are accurate. The assumption that such regions exist is
significant. The limited application of these two methods illustrates the difficulty of
planning while maximizing objectives, which is known as optimal planning (LaValle, 2006).
Finally, Baumann (2001) proposes a planning method that iteratively modifies a trajectory; a
fitness function judges the quality of the modified trajectory versus the original, in part
based on distance to obstacles. However, this work has yet to be subjected to peer-review.

4.1.6 Incompleteness resulting from multiple IK solutions

A single operational-space goal generally corresponds to an infinite number of robot
configurations, given the hyper-redundant degrees-of-freedom of most humanoids?. It is possible
that collision-free paths exist only for a subset of the space of collision-free inverse kinematics
solutions. Drumwright & Ng-Thow-Hing (2006) addressed that problem by maintaining a list of
goal configurations that is continually grown using inverse kinematics; the motion planner
frequently attempts to reach arbitrary goals in the list. Thus, the motion planner can avoid
becoming stuck in planning to unreachable goals by not committing to any particular goal.

4.1.7 Motion planning to nonstationary goals
Planning trajectories to nonstationary goals has received little attention in the motion
planning community; however, two concerns are evident. The goals may change with

3 We assume that all available degrees-of-freedom are used for reaching, rather than for achieving
secondary tasks like singularity avoidance, e.g., (Tanner & Kyriakopoulos, 2000).
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increasing sensory data, leading to new estimates of the target’s position and orientation.
Additionally, the target itself may be moving, perhaps with a predictable trajectory.

The first issue is readily solvable using existing methods. If already in the process of
planning, the goal can be replaced without ill effects: the results from sample-based
planning methods will not be invalidated. If a plan has been determined, replanning can be
performed using the results already determined (i.e., the roadmap, tree, etc.) to speed
computation. Alternatively, inverse kinematics can be utilized to modify the generated plan
slightly, somewhat in the manner used for motion retargeting by Choi & Ko (2000).

Moving targets are far more difficult to manage. Current sample-based planning methods
have not focused on this problem, and the complexity of adapting existing methods to this
purpose is unknown. Again, it is imaginable that existing plans could be modified using
inverse kinematics, though replanning may be required if the target is moving quickly.
Alternatively, Brock’s method (discussed in Section 4.3) could potentially be utilized with
some modifications toward this purpose.

4.1.8 Motion planning in dynamic environments

A simple means to address motion planning in dynamic environments adds time as an extra
dimension of configuration-space. As LaValle (2006) notes, the planning process must
constrain this extra dimension to move forward only. This approach of augmenting the
configuration space with time can fail because the dynamics of the robot are not considered:
it may not be possible or advisable for a robot to generate sufficient forces to follow the
determined trajectory. An alternative to this approach is to use kinodynamic planning, as
described in Section 4.1.3 to plan in the control space of the robot. However, kinodynamic
planning does not appear to be applicable to configuration spaces above twelve dimensions,
in addition to the difficulties with this approach described in Section 4.1.3.

Dynamic replanning, which refers to fast replanning as needed, is an alternative to methods
which plan around dynamic obstacles. Dynamic replanning does not require the trajectories
of dynamic obstacles to be known (dynamic obstacles are treated as stationary), and thus
avoids the additional complexity of planning around these obstacles. Dynamic replanning
may be the best option for the high-dimensional configuration spaces of humanoids.
Kallmann & Mataric (2004) has explored online modification of existing sample-based
roadmaps for virtual humanoids; unfortunately, that work indicated that the modification is
likely no faster than generating a new plan. However, newer algorithms by Ferguson &
Stentz (2006) and Zucker et al. (2007), also based on RRTs, have proven adept at replanning
in nonstationary environments with large configuration spaces by modifying existing trees
dynamically. Additionally, Drumwright & Ng-Thow-Hing (2006) have indicated that even
planning anew in real-time for humanoids using a slightly modified RRT algorithm is
nearly performable using current computers.

Recent work by Jaillet & Siméon (2004) and van den Berg & Overmars (2005) has taken a
two-phase approach to motion planning in dynamic environments. The first phase entails
constructing a probabilistic roadmap (Kavraki et al., 1996) over the persistent parts of the
environment offline. In the online phase, a graph search algorithm finds a feasible path
around dynamic obstacles. These methods are compelling because the bulk of computation,
constructing the roadmap, is performed offline. Nevertheless, further research is required to
determine efficient ways to update the roadmap as the environment changes (e.g., doors are
opened, furniture is moved, etc.) before these methods can be used for humanoid reaching,
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Regardless of the method employed, a significant concern is that the process of planning can
itself cause possible solutions to disappear, because planning occurs in real-time. An
additional significant concern is the requirement of many methods that the trajectories of
the obstacles to be known a priori; filtering techniques- e.g., Kalman filters Kalman & Bucy
(1961)- might permit short-term predictions, but long-term predictions will be problematic
unless the obstacles follow balistic trajectories (which will prove difficult for the robot to
avoid anyhow).

4.1.9 Summary

Substantial progress has been made in motion planning in the past decade, leading to
tractable solutions of high-dimensional planning problems. Indeed, in the areas of planning
to nonstationary goals and planning in dynamic environments, researchers are on the cusp
of solutions that are viable for humanoid reaching. However, considerable work still
remains in the area of planning under uncertainty.

4.2 Perception for modeling issues

We ignore the problems of object recognition and object pose determination, which are
beyond the scope of this paperm, and focus on the perceptual issues related to modeling the
environment for purposes of collision detection?, assuming that the humanoid is equipped
with a directional range finder. The problem of simultaneous localization and mapping
(SLAM) is well studied in the mobile robotics community, where significant success has
been achieved at developing methods to construct maps of 23D environments; some success
has been achieved building three-dimensional maps as well. The natural inclination is to see
whether SLAM techniques for mobile robots can be adapted to the problem of environment
modeling toward humanoid reaching. Human environments are dynamic, humanoids
manipulate objects (thus changing the world), and environment modeling is conducted with
respect to planning; these challenges make current SLAM methods for mobile robotics
difficult to utilize for humanoid reaching. Indeed, significant obstacles remain before
humanoids can construct environment models suitable for motion planning. The remainder
of this section discusses the relevant issues toward this purpose, namely representation,
localization, exploration, and nonstationary environments.

4.2.1 Representation of environment model

There exist several possible representations for modeling the environment, including
volumetric point sets (Thrun et al, 2003); occupancy grids (Moravec & Elfes, 1985), (Elfes,
1989); 3D models (Teller, 1998), (Kagami et al., 2003) and feature-based maps (Kuipers et al,
1993). However, the application of reaching presents several requirements. First, the
representation must allow for fast intersection testing. Second, the representation must be
able to efficiently manage the prodigious amounts of data that 3D range scans generate.
These first two requirements exclude volumetric point sets. Fast updates of the
representation from sensory data are also required. This stipulation excludes the use of 3D
models, which require considerable post-processing including iso-surface extraction via the

4 Alfhough the goal functions for the reaching problem are given in the global coordinate frame, it is
quite natural to use ego-centric frames instead. As a result, localization is likely not required to perform
reaching, except for effectively constructing the environment model.
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Marching Cubes algorithm (Lorensen & Cline, 1987) or stitching (Turk & Levoy, 1994) and
aligning and registering (Mayer & Bajcsy 1993); (Pito, 1996). In addition to the requirements
listed above, the ability to readily extract high-level features from the representation for use
with localization, described in Section 4.2.2, would be advantageous.

Drumwright et al. (2006) used an octree, which may be considered as an extension of
occupancy grids, for modeling environments for reaching. The octree representation results
in efficient storage, permits fast updates to the representation from range data, and is
capable of performing fast intersection testing with the robot model. Drumwright et al.
(2006) assumed perfect localization, and we are unaware of work that extracts features from
octrees (or their two-dimensional equivalent, quadtrees) for the purpose of localization.
However, there is precedent for feature extraction from octrees, e.g., (Sung et al., 2002).

An alternative to the octree representation would use high-level features (e.g., landmarks,
objects, or shapes) as the base representation. Such features would serve well for input to
one of the popular methods for simultaneous localization and mapping (SLAM) such as
(Smith & Cheeseman, 1985); (Smith et al., 1990) or (Fox et al., 1999). Recognition of objects in
the context of mapping and localization has been limited generally to those objects which
are of interest to mobile robots, including doors (Avots et al., 2002), furniture (Héhnel et al.,
2003), and walls (Martin & Thrun, 2002). Additionally, representations used typically
involve geometric primitives, which fail to realize the potential benefit of using identified
objects to infer occluded features. The difficulty of performing object recognition in
unstructured environments makes the near-term realization of this benefit unlikely.

4.2.2 Localization

The humanoid must be able to localize itself (i.e., know its planar position and orientation)
with respect to the environment, if not globally. Recent work by Fox et al. (1999) indicates
that localization can be performed successfully with range data even in highly dynamic
environments. This work, as well as other probabilistic approaches, typically can provide
measures of certainty of their localization estimates. The estimated variance can be used to
filter updates of the environment model; the environment model will be updated only if the
certainty of the prediction is above a given threshold. Alternatively, localization accuracy
can be quite high, e.g., on the order of centimeters Yamamoto et al. (2005), if the
environment is modestly instrumented.

4.2.3 Nonstationary environments

Modeling nonstationary environments requires the management of three types of obstacles,
which we call dynamic, movable, and static. Dynamic obstacles are capable of moving on their
own (e.g., humans, cars, etc.), while movable obstacles (e.g., cups, furniture, books, etc.)
must be moved by a dynamic obstacle. Static obstacles, such as walls, are incapable of
movement. The three cases would ideally be managed separately, but a possible solution
could treat movable and static obstacles identically yet allow for gradual changes to the
environment.

Three recent approaches have made strides toward modeling nonstationary environments.
The first approach, introduced independently by Wang & Thorpe (2002) and Héhnel et al.
(2002), attempts to identify dynamic objects and filter them from the sensory data. The
second approach, (Hahnel et al., 2003), uses an expectation-maximization (Dempster et al.,
1977) based algorithm to repeatedly process the sensor readings and predict whether a
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given feature belongs to a dynamic obstacle; dynamic obstacles are not incorporated into the
constructed map. Finally, Biswas et al. (2002) attempt to model dynamic obstacles as
movable rigid bodies using an occupancy grid and an expectation-maximization based
algorithm. Unfortunately, the first two approaches described above are ill-suited for
movable obstacles, while the second approach is unable to handle dynamic obstacles.

4.2.4 Exploration

Exploration of the environment to facilitate reaching requires both directed locomotion and
directed/active sensing. Both exploration and active sensing have been studied extensively
in the context of mobile robot mapping, it is unlikely that this research is fully applicable
toward our problem. Exploration in the mapping context is conducted in a greedy manner:
movement is directed to build a complete map of the environment with respect to some
criterion, e.g., minimum time (Yamauchi, 1997), minimum energy expenditure (Mei et al.,
2006), maximum safety (Gonzalez-Bafios & Latombe, 2002), etc. In contrast, the reaching
problem requires a balance between exploration and exploitation: the environment must be
sufficiently explored, but not at the expense of finding a valid collision-free path. The
balance between exploration and exploitation precludes the use of active sensing
frameworks, such as that described by Mihaylova et al. (2002), to guide exploration. Finally,
moving obstacles must be avoided during exploration, perhaps by using reactive
approaches like VFH Borenstein & Koren (1989) or potential fields Khatib (1986).

Choset & Burdick (2000) refer to environmental exploration in the context of motion
planning sensor based motion planning, and introduced a new data structure, the hierarchical
generalized voronoi graph, to solve this problem. Unfortunately, their work was targeted
toward mobile robots, and it appears highly unlikely to scale to humanoid robots with high-
dimensional configuration spaces.

Researchers have yet to propose methods to perform directed exploration with respect to
motion planning for humanoid robots. One possibility is to adapt the concepts employed for
mobile robot exploration to humanoids. For example,frontier-based exploration Yamauchi (1997),
which directs the robot to move to the area between open space and uncharted territory (i.e.,
the frontier), could be combined with a heuristic to select frontiers nearest the target.

4.2.5 Summary

This section covered the relevant issues necessary to construct a model of the environment
for reaching. The issues of localization and selecting a proper representation for modeling
the environment seem manageable through existing research. However, considerable work
remains in the areas of modeling nonstationary environments and exploration for motion
planning.

4.3 Control and Execution issues

Ideally, kinematic commands could be issued to a humanoid, the robot would execute those
commands with perfect precision, and obstacles would not move. Those assumptions do not
hold in the real-world: humanoids are typically holonomically constrained, controllers are
imperfect, robots exhibit some degree of inaccuracy due to mechanical tolerances, the model
of the environment may be flawed, and obstacles can appear suddenly.

The process of getting a manipulator to reach to an operational space target generally
consists of the following sequence of steps:
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I. A motion planner generates kinematic commands; the environment is often
considered to be static for manipulators, so motion planning may consist of using
cubic or quinticsplines to form a trajectory with via points.

2. The kinematic commands are input to a mechanism for rescaling the trajectory. The
trajectory is rescaled to a longer duration, if necessary, to permit the robot to
execute the trajectory without deviating from the prescribed path and prevent
possible damage to the robot.

3. The commands are continually fed to a controller, which translates kinematic
commands into actuator commands.

This process runs counter to best practices in mobile robotics because it provides no means
to monitor the execution of the trajectory and react to exigent events, such as humans
getting in the way. For humanoids, the process above must provide a means to supervise
the robot’s execution of the plan to avoid obstacles and correct deviation from the plan.

This section discusses the causes, effects, and remedies for controller deviation and examines
execution monitoring, which attempts to avoid obstacles while driving the robot to its target.

4.3.1 Controller deviation

Robot controllers that minimize command error generally incorporate a model of the robot’s
dynamics; in particular, an inverse dynamics model of the robot is utilized to map desired
accelerations to actuator torques. Controllers that use inverse dynamics models will still
exhibit some deviation from the desired trajectory due to approximations of the robot’s true
dynamics (e.g., Coulombic friction, infinitely rigid links, etc.) Of far more concern, however,
is that an algorithm does not exist for computing the inverse dynamics for robots with
floating-bases experiencing contact constraints (e.g., for humanoids standing on a floor). As
a result, humanoids are frequently controlled using feedback controllers (e.g., PD, PID,
PIDD?, etc.) These controllers necessarily result in deviation from the commanded trajectory
because their generated motor commands are solely a function of command error.

For systems with holonomic differential constraints, deviation from the reference trajectory
is the primary concern. For systems that are nonholonomically constrained, such as bipeds,
deviation results in an additional difficulty: correcting deviation may require solving a two-
point boundary value problem. As Section 4.1.3 noted, determining a general solution to
this problem for humanoids is currently not practical. Thus, the question remains: given
that the robot has deviated from its trajectory and is not in danger of colliding with
obstacles, how is the deviation corrected? As in Section 4.1.3, we assume that the humanoid
has a locomotion controller with inputs of desired planar position and orientation
differentials for the base. We make no assumptions about the types of controllers employed
for motor control. If the robot deviates from its planned trajectory for either the base or one
of the joints, feedback is incorporated into the next commands sent to the controller. If the
locomotion controller is unable to accomodate the desired differentials due to kinematic
constraints’, it reports this problem, and a new path for the base is planned that respects
these constraints. The advantage of this approach is that the planning method can remain
ignorant of the robot’s dynamics model and controller internals. The most significant issue
remaining is to determine whether the humanoid is capable of becoming stuck in a
particular location due to kinematic constraints; however, this issue is entirely dependent
upon the robot’s mechanics and controllers and is thus robot-specific.

5 As in Section 4.1.3, we assume that the trajectory has been rescaled to respect dynamic constraints.
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4.3.2 Global methods for execution monitoring

The execution of the planned trajectory must be monitored to avoid both dynamic obstacles
and static obstacles that were circumlocuted during planning but, due to unintentional
deviation from the trajectory, that the robot is in imminent danger of contacting. Ideally, a
policy would exist that could issue avoidance commands to the robot with expediency. Such
a policy, denoted as u < n(49-4), would issue commands (i.e., u) as a function of the current
state of the robot (.4) and the current obstacle region, . This policy theoretically could be
constructed offline through reinforcement learning or dynamic programming; practically,
however, the high-dimensionality of the robot’s state-action spaces and the infinite number
of configurations of the environment make this approach intractable (Bellman, 1957).
Alternatively, it is conceivable that a policy could be determined nearly instantaneously
using reinforcement learning as the environmental model changes (i.e., n(.) would be a
function of the robot’s configuration only). Again, such an approach is currently infeasible
given the robot’s high-dimensional state-action spaces, and dynamic replanning would
likely prove to be a better alternative. Yang & LaValle (2000) provide a method for feedback
motion planning, which entails constructing motion plans that are viable from entire regions
of state-space. Perhaps because objective criteria, upon which dynamic programming is
based, do not have to be considered, their method seems to be slightly more tractable than
dynamic programming. However, this method has only been applied to five-dimensional
configuration spaces, and it appears unlikely to scale much further.

The methods described above are known as “global” methods, because good actions (i.e,
those that lead to the goal and away from obstacles) are always generated, regardless of the
configurations of the robot and environment. As noted above, the combined state-action
spaces are immense, thus generally preventing global methods from being used for
humanoids. “Local methods”, in contrast to global methods, are generally tractable, but
may result in failure to reach the goal; fortunately, these methods typically work well at
avoiding obstacles.

4.3.3 Local methods for execution monitoring

One local method, by Brock & Khatib (2002), currently permits reaching with fast obstacle
avoidance. This method is b