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Executive Summary

Research in Autonomous Mobile Manipulation (AMM) aims to create robotic agents capable
of performing physical work in unstructured and open environments. Such technology will im-
pact a variety of application areas with signi�cant economical, societal, and scienti�c importance.
Among them are assistive and elderly care, planetary exploration, manufacturing, and supply chain
management.

Many countries have initiated well-funded and focused research programs in Autonomous Mo-
bile Manipulation or closely related areas. In the United States, such a coordinated research initia-
tive is still lacking. This workshop gathered some of the leading researchers in robotics, computer
vision, and related �elds, to devise a set of recommendations towards the initiation of such a pro-
gram. These recommendations include:

� The speci�cation of a general research program that builds on the existing strengths of re-
search and technology in the United States and positions the academic community competi-
tively, relative to comparable initiatives in other countries.

� The creation of center-level funding opportunities for multi-disciplinary initiatives in AMM.
This is necessary to address the broad range of research problems that arise in this area in an
integrated manner. Furthermore, it is consistent with initiatives in other countries.

� A proposal for three concentrated research thrusts within the NSF Robotics and Computer
Vision programs. These thrusts focus on speci�c research topics that are viewed as elemen-
tary building blocks for an initiative in AMM. They include a program for the development
of basic skills (in particular dexterous manipulation skills), a program for the development
of integrated, multi-modal sensor strategies, and a third program for the development of in-
tegrative architectures to facilitate the robust and �exible operation of robotic agents in the
context of AMM.
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Preface

The Workshop on Autonomous Mobile Manipulation took place in Houston between March 10
and 11, 2005. Forty-two experts in robot design, control and representation, grasping and manip-
ulation, perception, teaching and learning were assembled to make recommendations about the
technical feasibility, scienti�c hurdles, and commercial potential of Autonomous Mobile Manipu-
lators (AMM).

The motivation for this workshop was the belief among participants and contributing funding
agents that AMM represents an important research area with signi�cant scienti�c, economical,
and societal impact. This report summarizes the discussions and �ndings of the workshop. It
attempts to capture diverse opinions and to translate them into recommendations for the academic
community as well as for funding agents and policy makers.

The AMM workshop was sponsored by the National Science Foundation (NSF) and by the Na-
tional Aeronautics and Space Administration (NASA). The organizers and participants gratefully
acknowledge this support.

1 Introduction

Planning for the Workshop on Autonomous Mobile Manipulation began in mid-2004, when sev-
eral roboticists started a discussion about the economic and commercial potential of autonomous
mobile manipulators. Such devices are capable of moving about and performing mechanical work
in unstructured environments without continuous intervention from human operators. It is antic-
ipated that integrated machines of this type will impact the health-care industry, the servicing of
orbiting spacecraft and satellites, security and disaster relief, exploration and interaction with haz-
ardous environments, military applications, and supply chain support and logistics. Appendix B
presents a summary of these discussions in the form of a white paper, endorsed by a signi�cant
subset of the workshop participants. This position statement eventually led to the organization of
a workshop in March of 2005. In this report, we outline the technical and scienti�c hurdles iden-
ti�ed by workshop participants that must be addressed before these systems can be deployed in
real-world applications.

One speci�cation of the target technologies in AMM is the creation of a family of automated
machines with the visual capacity of a two-year-old, the manual dexterity of a six-year-old, and
the ability to move about in human-scale environments. Different applications place different
relative emphasis on these functions. Some applications will require signi�cant collaboration with
human clients, necessitating new approaches to programming and the ability to engage in social
interactions. Comprehensive control knowledge regarding interactions with the world is necessary
including mobility and manual interactions with objects. When these interactions go awry, they
must be adapted at run-time to the perceived state of the world. The goal of the workshop was
to elaborate on the state-of-the-art and to review the dimensions of a research program that could
overcome the perceived technical barriers.

Autonomous Mobile Manipulation requires the creation of technologies that are capable of
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projecting mechanical work through communication networks to remote locations via robotic sur-
rogates. An integrated autonomous mobile manipulation system would successfully marry tech-
nologies that are often treated independently. Mobility concerns the mapping and traversal of
relatively large scale and variable terrain. It is generally agreed that many useful technologies exist
already to map and navigate in certain kinds of environments. Technologies for indoor environ-
ments are relatively mature, and large scale traverses of outdoor environments are the subject of
a recent DARPA Grand Challenge. In the context of AMM, mobility in large-scale environments
introduces a variety of objects, tasks, and environmental conditions for dexterous manipulation.
This variety and variability in the environment necessitates corresponding resourcefulness and
variability in the robot’s behavior. The robot must observe, learn, anticipate, and reason about
contingencies in order to execute manual skills in new situations.

Manipulation entails mechanical work to modify the arrangement of objects in the world. This
spans a range of tasks from relatively coarse earth moving tasks to dexterous assembly tasks. Spe-
ci�c AMM systems will address some portion of this range. Research in this area is relatively
mature in structured, industrial settings. The dexterous end of the manipulation continuum contin-
ues to be a challenge. A large body of literature exists for describing the mechanics of manipulating
known geometries, however, sensor-based approaches capable of accommodating the characteris-
tic variety in AMM remain on the horizon.

The term autonomous in AMM requires that many tasks can be performed without continuous
human intervention. In order to achieve this goal, mechanisms for extracting information from
the environment, recovering from failure, and modifying plans based on run-time feedback are
the central challenging issues. Moreover, autonomy extends into the processes of learning and
adaptation�AMM systems must perform sequences of activities based on a high-level task de-
scriptions and must have the capacity to learn and model new circumstances. Autonomy does not
denote �isolation,� however. To meet functional goals, AMM systems should co-exist and interact
with humans in human environments.

The report begins by surveying the state-of-the-art in important related technologies (Sec-
tion 2). Following this summary, Section 3 reviews enabling technologies. These pieces of the
integrated AMM are technologies that rely on established engineering practice, where new ap-
proaches could signi�cantly in�uence the performance and cost of AMM systems. Workshop
participants also identi�ed a number of critical research challenges, which are described in Sec-
tion 4. Based on these �ndings, Section 5 describes programmatic recommendations to funding
agents and policy makers. These recommendations aim to create a national research environment
to enable the United States to build on existing strengths in order to assume scienti�c leadership in
the area of Autonomous Mobile Manipulation.

2 State of the Art Worldwide

Experimental platforms are fundamental prerequisites to conducting research aimed at AMM. The
development of robust dexterous manipulation in unstructured environments cannot be advanced
using simulation alone. The number of existing platforms can therefore be viewed as a measure of
the potential for short term progress in this �eld.
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Countries in Asia and Europe are making signi�cant investments in humanoid robotics. This
area differs from AMM in the focus on anthropomorphic robots, but otherwise shares many of
the scienti�c challenges. In this section we brie�y review the initiatives underway outside of the
United States. The survey demonstrates that to maintain competitiveness with other nations, a
concerted research effort has to be initiated immediately. Such an effort should be focused on
expanding the competitive advantages of research in the US, before other countries have caught
up. For more information, the reader is referred to a presentation by Robert Ambrose, given at the
workshop [1].

In Japan and Korea about a dozen anthropomorphic, humanoid robots have been developed
and serve as experimental testbeds for ongoing research activities. In most cases these platforms
combine legged locomotion with robot hands and extensive sensor packages. Manipulation ca-
pabilities are generally achieved by simple grippers rather than dexterous hands. Experimental
platforms in the US, by way of contrast, have focused on bi-manual, humanoid upper bodies with
multi-�ngered hands. These domestic technology efforts include: Robonaut at the NASA Johnson
Space Center (Robonaut has demonstrated untethered mobility as well); Domo at MIT; and Dexter
at UMass Amherst.

In Asia and Europe governments and funding agencies are making signi�cant �nancial in-
vestments in research activities associated with humanoid robotics and mobile manipulation. For
example, Japan is investing $30 billion over the next �ve years, exceeding the anticipated to-
tal operating budget of the National Science Foundation for the same time span. In Germany, a
well-funded, multi-university research initiative on humanoid robotics has been ongoing for sev-
eral years. Foreign industry, such as Toyota, Honda, and Sony, have initiated substantial research
initiatives in the area of humanoid robotics. In the US, no comparable initiatives exist.

In spite of the lack of available experimental platforms and funded research initiatives, the US
can still maintain a scienti�c lead in several relevant areas [1]. This lead is particularly visible in
the areas of dexterous manipulation and perception for manipulation and navigation. This report
recommends the initiation of concentrated research efforts to maintain this lead and leverage it for
progress in Autonomous Mobile Manipulation.

3 Enabling Technologies

The successful deployment of autonomous robots in the context of AMM will require progress
in a variety of areas. At the workshop, participants differentiated between enabling technologies
and scienti�c challenges (Section 4). The former facilitate the development, packaging, and de-
ployment of AMM platforms, but fundamentally only improve on already existing capabilities.
Scienti�c challenges, on the other hand, describe areas in which novel capabilities have to be
created to enable aspects of AMM that cannot be addressed with existing technologies.
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3.1 Hardware

Participants at the workshop suggest that several parts of an integrated AMM system are avail-
able, others need to be modi�ed or improved, and still others required innovation. In the realm
of mobility, the availability of adequate sensors, such as laser range �nders and ladar, has resulted
in signi�cant scienti�c progress. Similar progress in sensory development for dexterous manip-
ulation is a prerequisite for AMM. Mechanical mechanisms of suf�cient sophistication to copy
the capabilities of the human hand have been designed. However, comprehensive behavior using
these mechanisms in response to environmental stimuli requires an adequate sensory ability. In the
context of dexterous manipulation, this entails a suite of sensors that can differentiate haptic events
that occur during the manipulation of objects in the environment. Current force sensors and tactile
arrays do not provide suf�cient sensory capabilities to achieve this goal.

Appropriate packaging of hardware represents another substantial challenge for Autonomous
Mobile Manipulation. Safety, reliability, power requirements, and adequate form factor are nec-
essary for the deployment of this technology in human environments. While research can be per-
formed in the absence of these attributes, successful adaptation of the technology will depend on
it.

3.2 Standardization of Sensors

The only sensor that is close to being cheap enough and standard enough for everybody to use
is vision. Force sensing, tactile sensing, acceleration and thermal sensing are all comparatively
non-standard and dif�cult to use, requiring effort to interface, amplify, �lter, interpret, and make
robust enough for robotic application. Because they are comparatively dif�cult to use, our robots
have very few of them and there are no good standards to employ. The companies that manufacture
these devices are either very small or see the robotics market as a very small part of their market.
The miniaturization and standardization of these sensors would facilitate the use of multi-modal
sensing in AMM.

3.3 Wiring

Wiring sounds prosaic but, as Steve Jacobsen said some years ago, it is perhaps the #1 problem
in making an advanced hand for manipulation. Bus structures help, but raise their own problems
regarding a lack of suitable standards for distributed processing and addressing many sensors with
very different bandwidth requirements (from ����� to ����� Hertz). As an example, today’s wireless
�motes� are well suited for monitoring temperatures but not well suited for monitoring accelera-
tions or transient forces.

Research on conductive polymers that can be integrated with 3D parts is promising and may
provide practical alternatives to wires and �ex circuits. Research on ways to fabricate sensors
in-situ, directly deposited on parts, with local multiplexing, communications will ultimately help.

Beyond the robotics community, automotive companies like GM are very interested in elimi-
nating the need for wiring harnesses. A particular challenge is to minimize the amount of power
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wiring, as well as signal wiring. Self-powered sensors and ways of turning the entire car body into
a power bus have been considered.

3.4 Embedded, Distributed Processing

Related to the wiring and sensing problems is the need for better, embedded processing environ-
ments. The solutions that exist today are not particularly easy to use. The software development
environments need further development. Standards and libraries of solutions (e.g. for obtaining
smooth force signals) should be developed.

3.5 Actuation

The leading technology in this sector still relies on DC motors and gear trains. It is dif�cult
to make something that is back-drivable (for force control, for having low impedance and for
being relatively robust with respect to unexpected external loads but that also has adequate torque
and power for manipulation. Too much energy is absorbed in �isometric work� and in providing
arti�cial damping via velocity feedback. Actuators need to be coupled with energy storage and
dissipation elements so that one can better manage work. Such novel actuation mechanisms may
also play an important role in the creation of inherently safe manipulators (see Section 4.7).

3.6 Power

Supplying suf�cient power is still a problem for impressive autonomous performance (e.g. fast
mobile robots), albeit progress over the last �ve years. Fuel cells are continuously improving and
may one day represent an important power source. For current use, lithium polymer batteries are
better than NiMH and lead acid batteries.

4 Scienti�c Challenges

To identify the principle dimensions of a research program aimed at deployable AMM systems,
workshop participants were asked to form detailed summaries of the state of the art and scienti�c
challenges facing the central dimensions of the overall task. These summaries assume strengths
in the US regarding information technologies, mobility, navigation, dexterous robot hand, and
manipulation planning and control technologies.

The break-out areas considered were:

1. Grasping and Manipulation

2. Control and Representation

3. Perception
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4. Embodiment

5. Teaching and Learning

The presentations in these areas are are available on-line at http://www-robotics.cs.umass.edu/amm/.

Discussions about these topics took place in the context of these break-out areas, plenary meet-
ings, and break-out meetings focusing on a particular subjects. During these discussions, the
participants identi�ed the following scienti�c and technological challenges for AMM.

4.1 Mobility

AMM systems must be capable to navigate indoor, outdoor, in micro-gravity, or underwater as
the case may be. Several approaches to mobility have been deployed and many common frame-
works and tools are emerging. Mobility is a relatively mature area that can be harvested for AMM
systems.

4.2 Representing Objects and Environments

Sharable and extendible representations that one can use for manipulating things in the world are
required. Low-level perceptual apparati are necessary for extracting attributes of the environment
that in�uence the control of manipulation. Sometimes, these properties are observable only in the
context of extended interaction, including geometrical information, object mass, friction, coef�-
cient of restitution, bulk material properties, etc. Representations could be explicit (declarative,
parametric) or implicit (procedural, behavioral). They should represent system dynamics in a nat-
ural way in order to facilitate coupled mobility and manipulation dynamics and provide a language
of manual tasks with formal semantics.

4.3 Grasping and Dexterous Manipulation

There are many interesting and elegant basic algorithms for grasping and dexterous manipulation
but they are hard to use and make too many assumptions regarding knowledge about the object.
Acquisition of an object and incorporation of immediate sensory information in dynamically re-
formulating the grasp is a particularly central challenge. To support manual dexterity in tasks
involving tool use and non-rigid bodies and to coordinate behavior for hands and eyes (preshape,
grasp, and manipulate using visual, force and tactile feedback) new methods for incorporating
environmental stimuli into hand control are necessary. A systems-level approach to representa-
tions for manipulation control, with shared libraries and languages to the extent possible, would
facilitate the deployment of such systems and accelerate new development.

In particular, basic research is needed to devise methods capable of:

� using tools designed for humans,
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� handling non-rigid bodies reliably,
� exploiting a visual sensor stream for the grasping approach phase and to pre-shape the hand,
� incorporating immediate sensory information to dynamically reformulate a grasp, and
� manipulating a grasped object robustly, while considering visual, force, and tactile feedback.

When performing grasping and manipulation tasks in an unstructured environment, a robotic
agent is exposed to a large amount of variability and uncertainty. The successful execution of
dexterous skills will depend on the agent’s ability to adapt its behavioral responses in accordance
with environmental stimuli. To achieve the above requirements for grasping and manipulation, it
will be necessary to develop methods to:

� represent generic skills that can be applied in a variety of circumstances,
� capture properties of objects in the environment that are relevant to performing these generic

skills, and
� use those properties to model skills well enough to predict their effects.

4.4 Perception

The term perception should be viewed to include not only computer vision, but also tactile and
force feedback, acoustic sensors, proprioceptive information, and any other sensor modality that
can help to identify and differentiate environmental stimuli [2]. The respective sensor streams can
be used to determine the relative location of a robotic agent, to identify objects in the vicinity
to interact or avoid, and they have to be used to generate adequate behavioral responses in the
presences of variability and uncertainty in the environment.

In spite of this necessary broader view of perception, the discussions at the workshop mainly
focused on computer vision as a means of perception. However, it is very likely that�in addition
to a working visual system�a multitude of sensor modalities is required to successfully achieve
the elementary skills mentioned in the previous section. A single sensor stream is subject to inter-
ruptions (occlusion in vision), to limitations in accuracy, and to restrictions on which aspects of the
state it can perceive. These shortcomings can only be compensated by integrating a wider range
of sensor modalities. It is therefore important to embark on research initiatives that investigate the
issues of perception in this broader sense.

In addition to taking a broader view of perception, it is also essential for perception research
to be performed in an application-speci�c context. The research community in computer vision
has developed a number of fundamental techniques that are able to address a variety of real-world
problems. Workshop participants believed that these fundamental techniques cannot fully address
the perceptual requirements of speci�c tasks within the domain of AMM. Instead, adequate sensory
strategies have to consider sensory streams in the context of the particular skill and the hardware
required to perform that skill. A consideration of these factors in conjunction seems to be necessary
to achieve suf�cient robustness in the presence of uncertainty or even hardware failure.

Note that the consideration of multiple sensor streams in the context of an application and
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a speci�c hardware platform goes beyond mere sensor fusion. The speci�c requirements of the
application and platform serve to identify relevant features in multi-modal sensor streams. In the
absence of this context, it would be dif�cult to identify a set of generic features that can address
a wide variety of applications and hardware platforms. Therefore, this integrated approach to
research in perception has to play an important role in AMM. It will permit signi�cant progress
towards the autonomous execution of speci�c tasks, such as grasping and dexterous manipulation,
without imposing the requirement of extracting a general-purpose model from the sensor streams.

4.5 Architectures

The term architecture has numerous connotations in the areas of computer science and in particular
in robotics. Here, when referring to an architecture, we refer to the manner in which the compo-
nents of an AMM system are organized, composed, and integrated. We consider architectures that
compose speci�c skills to achieve robust and more complex behavior; we also consider architec-
tures that compose these robust and complex behaviors in service of a higher-level objective or
task. The �rst type of architecture aims to generate dexterous skills of AMM systems, whereas the
second type uses these skills to achieve higher-level tasks in a robust fashion.

To implement robust, fault tolerant, and re-usable manual behavior, we have to develop archi-
tectures that exploit prior knowledge about interactions with the world. This knowledge can be
learned from experience or captures in procedural representations. An acceptable architecture that
exploits such knowledge will support complex, hierarchical organizations of control and percep-
tion, perhaps employing expensive (in terms of dollars and/or compute cycles) front end systems.
Architectural support for learning models and automatically modifying behaviors must identify
and exploit structure and the seamless relationship of planning and control is an important design
consideration.

An architecture to combine dexterous skills to achieve higher-level objectives has to combine�
in the broadest sense�three different aspects: an interface to permit programming or speci�cation
of tasks or high-level objectives, a set of basic motor and sensory skills, and a method to invoke
these skills in accordance with the communicated objective. Since such a method has to consider
the current state of the world and react to failures and unexpected situations, it must integrate
learning, control, planning, and techniques for automated reasoning.

Techniques from classical AI may provide the necessary capabilities to reason about actions in
the context of a task and the environment. Over the past decades, the �elds of classical AI planning
and robotics have progressed mostly independently. While initially the motivations where aligned,
both �elds have moved apart and today there is very little work at their intersection. Notable
exceptions are a number of reasoning architectures in the context of mobile robotics. However,
there architectures do not easily extend to AMM. New paradigms are needed that can leverage
the achievements of classical AI in the real-world context of AMM. These paradigms need to be
expressive and computationally tractable in an open and unstructured world. They have to represent
a plan, monitor its execution, and correct it, in the face of errors.
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4.6 Human-Robot Interaction

Autonomous mobile manipulators are intended to operate in human environments. Therefore,
the ability to interact with humans represents a critical component of AMM systems. Humans
communicate with gestures, language, or with implicit assumptions about how a particular task
has to be accomplished. If a robot is to serve as an equal partner in this context, it has to be able to
communicate at this level.

A variety of applications, such as planetary exploration, for example, may not require the
interaction with humans. Here, instead of relying on social communication skills, it is critical to
be able to specify tasks and objectives in an unambiguous and intuitive manner. Conventional
paradigms of programming do not apply any more, since the variability in the environment cannot
be anticipated exhaustively.

Assistive Robotics [4] aims to provide technologies for robotic systems that interact closely
with human clients. Applications include: automated assistance for rehabilitation from stroke, in-
jury, or disease; guidance and crowd control in disaster areas; therapy for the cognitively disabled
or people with developmental disorders; and assistance for people with special needs. These ap-
plications do not necessarily require physical contact with the environment. Some of the required
functionality can be performed by interacting with humans through voice and gestures. Assistive
Interactive Robotics can thus be viewed as a addressing aspects of human-robot interactions, while
avoiding the complexities of dexterous manipulation.

The subject of human-robot interaction was not one of the foci of this workshop, since it had
been addressed by a previous DARPA/NSF-funded workshop held in September 2001 [3].

4.7 Safe Manipulators

Today’s robots respond gracefully to anticipated forces routed through wrist force/torque sen-
sors, but their behavior may be unpredictable when unexpected or undetectable contact situations
arise. We need manipulators that respond appropriately to unexpected contacts and interactions�
manipulators that can generate high forces without presenting high impedance and high inertia at
all times. This problem needs to be addressed through novel mechanism and actuator designs.
These designs should minimize distal inertia while still having high load ability and partly a sensor
issue. For example, if it was possible to cover the robot with compliant skin that dissipates energy
and detects contacts anywhere, then unanticipated contact with the world could be accommodated.

4.8 Commodity Hands

The availability of multi-�ngered hands is an important prerequisite for research in dexterous ma-
nipulation. Several laboratory examples are available, but at large cost and setup time and with no
existing standardized frameworks for control. Provisions must be available for interactions with
the palm as well as the �ngers. Subsystems for providing and maintaining the safe operation of
these devices as they interact with non-stationary and uncertain environments become an important
consideration.
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5 Recommendations

5.1 Areas of Focus

There is consensus among the workshop participants that the research community should focus on
a common set of goals. To determine these goals, we should identify current strengths and build
on them, rather than compete with research groups that have a clear lead in a particular area.

With respect to anthropomorphic AMM hardware, many Asian research labs, in particular in
Japan and Korea, have a strong lead. Rob Ambrose, after completing a tour of approximately
25 leading research laboratories in Asia, suggests that an appropriate area of focus for US-lead
research would be the upper body, including bi-manual dexterity, but ignoring issues associated
with legged locomotion.

In other research sectors, US strengths were seen in the areas of information technologies for
mobility (as distinct from integrated systems), navigation, hands, manipulation planning, control
technologies, and computer vision. These strengths are consistent with the aforementioned focus
on upper bodies in the hardware sector: General research problems in mobility are addressed
without dependency on a particular mode of mobility and core strengths in manipulation can be
co-developed with the corresponding hardware platforms.

The research area of Autonomous Mobile Manipulation differs from most ongoing robotics re-
search efforts in that it requires a signi�cant level of system integration. The autonomous operation
of a dexterous, mobile robotic agent requires the coordination of perception, control, reasoning,
and interfaces as well as a well-integrated hardware platform. It is therefore of critical importance
to initiate multi-disciplinary, integrative research issues to address these requirements.

5.2 Cross-Fertilization

A signi�cant part of the discussion surrounded evidence that the contributing research communities
must �nd opportunities to cross current boundaries between research areas�particularly those
between robotics, computer vision, AI, and learning�to create constructive forums for integrated
AMM systems. Much of this goal lies in the hands of the research community. This workshop
was a useful �rst step, but the larger research community must respond as well, by continuing such
a dialog in the form of additional workshops, special tracks at conferences, and special issues of
journals.

Participants perceived the need for large, center-scale grants for integrated and cross-disciplinary
efforts. This was a strong opinion of the workshop participants to facilitate cross fertilization
among research groups and disciplines. These kinds of programs force the issue of integration and
software infrastructure and provides the opportunity for more researchers to get access to more
functional experimental platforms.

Some of the scienti�c challenges described above can be supported via existing programs and
relatively small, 1-2 PI efforts. A broad and integrated AMM initiative, however, cannot be sup-
ported exclusively by the existing Robotics and Computer Vision programs. To ensure success of
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such an initiative, CISE will have to provide broader programmatic support for research in AMM
and coordinate various NSF funding programs, potentially beyond the boundaries of CISE.

Overall, the research community has to initiate a concerted effort of raising awareness for
AMM among funding agents (NSF, DARPA, NIH, and others) as well as policy makers to elevate
AMM to the level of visibility and importance is has on other continents and in other countries. For
example, Korea has declared humanoid robotics to be one of its top ten national priorities. Further
discussion on how to achieve this goal is necessary.

As a positive outcome of this workshop, John Hollerbach and Jean Ponce began the planning of
a joint issue between the IJRR and the IJCV. Initiatives like this have the ability to bring attention
to particular research problems relevant to AMM.

5.3 Recommended Research Initiatives

Section 4 describes the most important challenges that were identi�ed by participants in the context
of AMM. Many of these challenges lie outside of the scope of the current NSF Robotics and
Computer Vision programs. Based on the participants’ discussions, we recommend three main
programmatic thrusts to be included in the current NSF programs:

� Skills: One of the de�ning characteristics of AMM is the variability in environmental situ-
ations. Robust dexterous manipulation skills are needed that represent general categories of
behavior, rather than specialized skills. A research program in this area should emphasize
robustness in real-world scenario’s, generalizablity of behavior, tight integration of multi-
modal sensory feedback, and the ability to compose elementary skills into higher-level be-
havioral units.

� Perception: A research program in the area of perception should address the integration of
a variety of sensor streams in a task-speci�c context. Sensory requirements differ from task
to task and adequate and robust closed-loop behavior can only be achieved in the presence
of appropriate sensory feedback.

� Architectures: A robotic agent has to be capable of performing a series of skills to ac-
complish a speci�ed tasks. This requires architectures for representing closed-loop behavior
in a fault-tolerant and robust fashion. Such an architecture should enable the organization
of these closed-loop controllers into higher-level skills. At a higher level of abstraction,
architectures are needed that generate a plan (chose appropriate sequences of skills) to ac-
complish tasks, given environmental circumstances. Such an architecture has to realize the
goals of planning in classical AI in the context of autonomous mobile manipulation in open
environments.

These programmatic recommendations are concerned with research directions that relate to
AMM and do not attempt to suggest an allocation of resources to other research areas.
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5.4 Infrastructure and Programmatic Recommendations

5.5 Hardware Infrastructure

The availability of an adequate hardware platform for AMM was widely considered as a necessary
prerequisite for scienti�c progress in this area. Just as the proliferation of personal computers
aided to jump start much progress in the area of computer science, such a hardware platform
would enable researchers to undertake directed research efforts. The availability of such platforms
to private people and pre-graduate educational institutions, it was argued, would create a new
generation of highly-motivated researchers and a more general awareness for the �eld.

An ideal hardware platform would be cheap to permit broad distribution among industrial,
research, and educational institutions, as well as private homes (comparable to the Sony AIBO).
Participants viewed it as a worthwhile endeavor to investigate a minimal set of capabilities such a
hardware platform has to exhibit to still permit useful research.

Centralized infrastructure and shared facilities were also considered as a model of making
AMM hardware platforms available to the reasearch community. This model looks more like
the �super computer� model than the distributed �personal computer.� Instead of or in addition to
creating a cheap platform and making it widely available, it may be possible to create experimental
centers that are equipped with a costly but capable experimental platform. This platform could be
shared remotely by several institutions or researchers, much like super-computers were time-shared
in the early days of computing. An important caveat, however, is the fact that robots�in contrast to
super computers�may break when interacting with the environment. Furthermore, teleoperation
of robots and live video feeds are subject to bandwidth constraints that make true experimentation
dif�cult.

Short of providing an entire AMM platform, the availability of new commodity hands would
boost research in manipulation and control. These hands should have provisions for interactions
with the palm as well as the �ngers, and intrinsic safety features. Autonomous manipulation repre-
sents an important domain of AMM in which much additional progress is needed. The availability
of commodity hands could therefore be viewed as a �rst step towards an integrated hardware plat-
form for AMM.

5.6 Software Infrastructure

Successful research in AMM has to combine techniques and components from different labora-
tories and across different scienti�c disciplines. Such an integration is beyond the scope of most
ongoing research efforts. It will therefore be necessary to develop a broad range of methods and
principles to support such integration, in particular in the context of research. This will involve
standards, protocols, shared architectures, common interfaces, representations and �le formats, li-
braries, data sets, and many additional means of facilitating integration and sharing of experiences
and resources.

The importance of software infrastructure and software architecture is generally underesti-
mated in the academic world, in spite of many �best practices� that have proven extremely suc-
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cessful in industry over the course of several decades. In this domain, researchers should turn to
these practices and adopt them to accommodate a level of integration among homogeneous systems
that is commonly performed among practitioners in industry.

5.7 Intermediate Goals

Participants discussed which intermediate goals would be most appropriate to guide ongoing re-
search activities. Doug Gage emphasized that DARPA is focused on speci�c capabilities that can
be delivered within a time-frame of 18 months. Such capabilities have to relate to applications of
interest to DARPA.

Potential intermediate (middle-term) goals�including some of interest to DARPA�include:

� logistics, supply chain applications, loading pallets/trucks, WalMart-scale distribution sys-
tems, re-fueling operations

� battle�eld support: deployment of sensors, handling explosive ordnance, rescue operations
� agriculture and construction
� exploration - assisting astronauts, taking samples, assembling, repairing, inspecting, rescu-

ing
� elder care - assistive/service robotics, cleaning, companion, gofer, medical interfaces, cog-

nitive and physical prosthesis

Certain technological milestones are necessary to meet these goals:

� navigate indoor, outdoor, in microgravity, or underwater
� robust motion capabilities for dexterous manipulation
� state estimation robust with respect to hardware failure, operating conditions, with obscura-

tion and uncertainty
� eye-hand coordination - preshape, grasp, and manipulate with visual, force and tactile feed-

back
� new commodity hands, with provisions for interactions with the palm as well as the �ngers,

and intrinsic safety features.
� tool use and non-rigid bodies
� mechanisms for actively modeling controlled environmental interactions
� human-machine communication
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B Whitepaper: Integrating Manual Dexterity with Mobility
for Human-ScaleServiceRobotics

B.1 Summary

This position paperarguesthat a concertednationaleffort to develop technologiesfor robotic
serviceapplicationsis critical andtimely—targetingresearchon integratedsystemsfor mobility
andmanualdexterity. This technologyprovidescritical supportfor several importantemerging
markets,including: healthcare;serviceandrepairof orbiting spacecraftandsatellites;planetary
exploration;military applications;logistics;andsupplychainsupport. Moreover, we arguethat
this researchwill contribute to basicsciencethat changesthe relationshipbetweenhumansand
computationalsystemsin general.

This is the right time to act. New scienceandkey technologiesfor creatingmanualskills in
robotsusingmachinelearningandhapticfeedback,coupledwith exciting new dexterousmachines
andactuatordesigns,andnew solutionsfor mobility andhumanoidrobotsarenow available. A
concentratedprogramof researchanddevelopmentengagingfederalresearchagencies,industry,
anduniversitiesis necessaryto capitalizeon thesetechnologiesandto capturethesemarkets.

Investmentin theUS lagsotherindustrializedcountriesin this areapartly becauseinitial mar-
ketswill probablyserve healthcareandwill likely appear�rst outsidethebordersof theUnited
States.It is theconsideredopinionof thesignatoriesof this documentthat this situationmustbe
reversed.To capitalizeon domesticresearchinvestmentover thepasttwo decades,andto realize
thiscommercialpotentialinsideof theUnitedStates,wemusttransformcritical intellectualcapital
into integratedtechnologynow. Ourgoalis to ensurethattheUS economyandscienti�c commu-
nitiesbene�t asthis nascentmarket blossomsandwe will outlinetheeconomicrisksof allowing
othernationsto continueto go it alone.
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