         On

                       Bots

                                           and

                                                             Bacteria:

                                                                                                     Ontology

Independent

Embodiment

                 Tom Quick 1 , Kerstin Dautenhahn 2 , Chrystopher L. Nehaniv 3  and Graham Roberts 1

                 1  Department of Computer Science, University College London, Gower Street, London, UK

                                                                                       {T.Quick, G.Roberts}@cs.ucl.ac.uk

                               2  Department of Cybernetics, University of Reading, Whiteknights, Reading, UK

                                                                                                      kd@cyber.reading.ac.uk

                 3  Department of Interactive Systems Engineering, University of Hertfordshire, Hatfield, UK

                                                                                                      c.l.nehaniv@herts.ac.uk

                            Abstract.  A framework for understanding and exploiting embodiment is

                            presented which is not dependent on any specific ontological context. This

                            framework is founded on a new definition of embodiment, based on the

                            relational dynamics that exist between biological organisms and their

                            environments, and inspired by the structural dynamics of the Escherichia coli

                            bacteria. Recognition is given to the role played by physically instantiated

                            bodies, but in such a way that this can be meaningfully abstracted within the

                            constraints implied by the term `embodiment´, and applied in a variety of

                            operational contexts. This is supported by ongoing experimental work in which

                            the relational dynamics that exist between E. coli and its environment are

                            applied in a variety of software environments, using Cellular Automata (CA)

                            with artificial `sensory´ and `effector´ surfaces, producing qualitatively similar

                            `chemotaxic´ behaviours in a variety of operational domains.

        1   Introduction

        This paper is concerned with the nature of embodiment, offering a definition of the

        term that allows the concept to be extended to and exploited in non-material domains.

        The approach advocated here involves asking what is it that is special about the

        relationship between bodies and the world ? , and then putting that relationship to use

        in other ontological contexts.

                Robots, biological organisms and other physical  systems are held by proponents of

        embodiment to enjoy a special kind of relationship with the environments within

        which they exist [1] . Material embodiment conditions the nature of interaction

        between a system and its environment in a number of ways, which creates challenges

        for, and can be exploited by both biological organisms and the designers of artificial

        physical systems [2] .

                In the context of Artificial Life (ALife), advocacy of embodiment represents an

        uncomfortable position [3-5] . To the extent that ALife constitutes a digression from

        the tradition of symbol manipulation in Artificial Intelligence (AI) [6, 7] , the non-

        Cartesian European tradition within which advocates of embodiment often stand can

        represent a compelling theoretical grounding. However, if physical embodiment is a

        necessary condition for the emergence of at least some life-like behaviour, this bodes

Department of Computer Science

UCL, Gower Street  Technical Report Number: RN/99/14

London, WC1E 6BT  Submitted to ECAL 99 on 28/2/1999
ill for the synthesis of such behaviours in non-physical media ˙ a common theme in

ALife [8] .

        The framework presented here diffuses this tension. Whilst it abstracts from

physical embodiment by focusing on the relationship between physical systems and

their environments, it also recognises the part played by material structures.

        In the following section, we illustrate how embodiment is interpreted in current

research in a variety of operational contexts, before going on to articulate an explicit

definition of the term. The practicality of this definition is then illustrated in an

experimental context that draws inspiration from biological systems. Additional

benefits and possibilities are discussed, and an ongoing program of research is

described.

2   System ˘ Environment Dynamics

There exists a pervasive assumption that only materially endowed entities can be

`embodied.´ However, to insist on materiality as a necessary condition for

embodiment amounts to physical vitalism. Unless there is some mysterious quality

possessed by material things beyond those that follow from the way that being a

material thing in a material environment conditions and shapes interaction, there is no

need for embodiment to be ontologically constrained.

        It is revealing to see how in a number of research areas, ideas about embodiment

find expression in terms of dynamical systems and relationships that exist between

them, despite initial appearances to the contrary.

Sensorimotor Dynamics in Behavioural Robotics and Physical Autonomous

Agents.  Those who champion embodiment, even those who focus very specifically on

material embodiment in robots, often explain the deeper significance of their

approach through appeal to both the dynamics inherent in their systems´ physical

structures, and the way in which these structural dynamics reflexively relate to the

environments in which they are observed. Striking examples can be found in [1, 9-

12] , and particularly in Beer´s work where particular emphasis is placed on the role of

sensorimotor dynamics and structural coupling in autonomous behaviour in robotic

systems [13, 14] . Sensorimotor coordination also features in research emphasising the

evolution of neural control systems [15] .

Software Agents.  Applying ideas about embodiment in the domain of software

necessitates an ontological shift, simply because software is not based on the

manipulation of physical matter.

        Kushmerick offers a detailed discussion of embodiment in the context of software,

but emphasis is placed on transposing practical techniques for exploiting physical

embodiment into the domain of software [16] , rather than on addressing directly the

nature of embodiment.

        Franklin comes close to the perspective advocated here, referring to embodiment in

terms of ^autonomous agents structurally coupled with their environment~ [17] .

Etzioni takes a similar stance, arguing that ^real softbots in real software worlds~

offer a test-bed for the study of intelligent agents that is just as valid as robots in the

physical world ˙ softbots offer ^easy embodiment,~ based on the provision of

software sensors and actuators within a software environment [18] .

Phenomenology.  Dreyfus illustrates a significant point with regard to Merleau-

Ponty´s use of embodiment in his Phenomenology of Perception [19] , where little

emphasis is placed on the actual form of the human body, but rather on qualitative

features such as the capacity to act, the `I can´ ˙ the ability to ^respond to situational

solicitations~ [20] . The significance of the embodiment perspective is in terms of the

ongoing relationship between embodied actor and situational context.

        Relinquishing the insistence on materiality for embodiment also strikes a blow to

dualism. Where the significance of the body itself is seen as a dynamical system,

body and mind can be grounded in a single phenomenon ˙ coupling between

dynamical systems (cf. the Dynamical Hypothesis in Cognitive Science [21] ).

3 Embodiment as Structural Coupling between System and

Environment

Maturana and Varela´s influential [13, 14]  notion of structural coupling underlies the

definition of embodiment presented here. Structural coupling is an ontologically non-

specific concept, arising as a consequence of mutual perturbation over time between

structurally plastic systems. In their work, it is the basis of ontogenic variation and

adaptation in individual autonomous entities [22, 23] .

A Minimal Definition of Embodiment.  The following definition is proposed for

embodiment, establishing a basis for structural coupling by requiring the potential for

mutual perturbation between system and environment:

        A system X  is embodied in an environment E if perturbatory channels exist

        between the two. That is, X  is embodied in E  if for every time t  at which both X

        and E  exist, some subset of E ´s possible states with respect to X  have the

        capacity to perturb X ´s state, and some  subset of X ´s possible states with

        respect to E  have the capacity to perturb E ´s state.

        This definition is minimal, saying nothing about the way in which any particular

embodied system relates to its environment or vice-versa, simply that if such a

relationship exists, then system X  is embodied in environment E , whatever the

respective ontological status of X  and E , and whatever effect X  and E  happen to have

on each other.

        An important feature of this definition is that embodiment is identified as a

relational concept, rather than a fundamental property of `special´ kinds of objects

such as robots. Embodiment is only a feature of objects with respect to their

environments (cf. [13] ). It is as feasible for such a relationship to hold between a

softbot and its environment as between a robot and the material world.

Degrees of Embodiment. The mere fact that an object is embodied in an

environment is insufficient to guarantee that any interesting interaction will occur

between the two. Embodiment simply affords perturbatory exchange between system

and environment. A biological system bristling with active and sensitive sensory and

effector surfaces is likely to be much more tightly coupled to its environment than an

inanimate object. Highly complex structurally plastic systems such as organisms with

nervous systems are likely to exhibit a particularly complex range of behaviours as a

result of coupling between nervous system, body and environment [14, 22, 23] .

        Under this framework, `extent´ of embodiment 1  could be quantitatively measured,

for example, in terms of the total complexity (as defined in [25, 26] ) of the dynamical

relationship between system and environment over all possible interactions. Various

qualities of both system and environment might contribute to this, all of which may

vary over time, such as: