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Abstract

A novel way to model an agent interacting with an environment is introduced, called an Enac-
tive Markov Decision Process (EMDP). An EMDP keeps perception and action embedded within
sensorimotor schemes rather than dissociated, in compliance with theories of embodied cogni-
tion. Rather than seeking a goal associated with a reward, as in reinforcement learning, an
EMDP agent learns to master the sensorimotor contingencies offered by its coupling with the
environment. In doing so, the agent exhibits a form of intrinsic motivation related to the auto-
telic principle (Steels, 2004), and a value system attached to interactions called interactional
motivation. This modeling approach allows the design of agents capable of autonomous self-
programming, which provides rudimentary constitutive autonomy––a property that theoreti-
cians of enaction consider necessary for autonomous sense-making (e.g., Froese & Ziemke,
2009). A cognitive architecture is presented that allows the agent to discover, memorize,
and exploit spatio-sequential regularities of interaction, called Enactive Cognitive Architecture
(ECA). In our experiments, behavioral analysis shows that ECA agents develop active perception
and begin to construct their own ontological perspective on the environment.
ª 2013 Elsevier B.V. All rights reserved.

1. Introduction

In cognitive science, there has been a customary and tradi-
tional tripartite division of the mind between perception,
the control system, and motor action. This view has been
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nicely dubbed the ‘‘classic sandwich model’’ by Susan
Hurley (1998). Many control architectures are built in this
way. Since the 1980s there have been many attempts to
challenge this traditional picture particularly in the field
of robotics (e.g., Brooks, 1991) but also from a more psy-
chological and theoretical perspective (e.g., Hirose, 2002;
Shanahan, 2010; Ziemke, 2001). In particular, the idea
emerged that it might be a mistake to consider sensation
independently from action and that we should design cogni-
tive systems on the basis of low-level sensorimotor loops
that represent sensorimotor patterns of interaction. This
intuition gained momentum from other related views such
as embodied cognition (e.g., Anderson, 2003; Holland,
2004), ecological psychology (Chemero & Turvey, 2007; Gib-
son, 1979), sensorimotor theories (O’Regan & Noë, 2001;
O’Regan, 2012), morphological robotics (Paul, 2006; Pfeifer
& Bongard, 2006; Pfeifer, 1999), developmental robotics
(Lungarella, Metta, Pfeifer, & Sandini, 2003), and epige-
netic robotics (Berthouze & Ziemke, 2003; Zlatev, 2001).
Here, we introduce a modeling approach that goes a step
beyond the notion of low-level sensorimotor loops by simply
considering sensorimotor patterns––also called sensorimo-
tor schemes by Piaget (1951)––as the atomic elements
manipulated by our algorithms.

Varela, Thompson, and Rosch (1991) coined the term
enactive perception to suggest that organism and environ-
ment are coupled together. The features of the environment
to which an organism responds are singled out by the ongoing
activity in the organism. The domain that defines this cou-
pling has been called the relational domain (e.g., Froese &
Ziemke, 2009). The theory of enaction, initiated by Varela,
stresses that the relational domain evolves over the organ-
ism’s life in a manner that is codetermined by the organism
and the environment. The fact that the relational domain is
not predefined makes possible the organism’s constitutive
autonomy––the capacity of the organism to ‘‘self-constitute
its identity’’ (Froese & Ziemke, 2009). These authors argue
that constitutive autonomy is an important aspect of organ-
isms because it is a precondition of sense-making and intrinsic
teleology, and is thus a property that we should seek to ob-
tain in artificial agents.

Furthermore, the term enaction also incorporates the
idea that perception involves physical activity, or action.
A model of reference was offered by O’Regan and Noë’s
(2001) sensorimotor contingencies theory. To perceive the
world is to master the sensorimotor contingencies between
the body and the world. Every sensor modality is character-
ized by ‘‘the structure of the rules governing the sensory
changes produced by various motor actions, that is, what
we call the sensorimotor contingencies’’ (O’Regan & Noë,
2001, p. 941).

The enactivist approach suggests modeling a cognitive
agent on the basis of sensorimotor interactions with the
environment. This paper is an attempt in that direction. In
the next section, we introduce a new type of algorithm that
does not separate perception from action, called an Enac-
tive Markov Decision Process (EMDP). An EMDP provides a
useful conceptual framework for designing agents capable
of intrinsically-motivated self-programming as they interact
with their environment. We qualify such self-programming
as sensorimotor because it consists of learning a series of
sensorimotor schemes that are subsequently executed as

programs. We argue that sensorimotor self-programming
opens the way to constitutive autonomy.

While acknowledging that EMDP problems are intractable
in the general case, we present two instances in which the
coupling with the environment allows the agent to learn
to master sensorimotor contingencies within a reasonable
frame. The first is called a hierarchical sequential EMDP
problem. The second is called a Spatial Enactive Markov
Decision Process (SEMDP). A SEMDP is intended to model
an agent interacting with an environment that has a Euclid-
ian spatial structure, such as the real world. This work leads
us to propose a cognitive architecture dedicated to agents
confronted with SEMDP problems, called the Enactive Cog-
nitive Architecture (ECA).

2. Formalism for enactive learning problems

The philosophy of an EMDP is that the agent tries to enact an
intended sensorimotor scheme, and is informed by the envi-
ronment whether this intended scheme was indeed en-
acted, or whether another scheme was enacted instead.
In the former case, the intended scheme is considered suc-
cessfully enacted; in the latter case, the intended enaction
failed and another scheme was actually enacted instead.
While EMDP problems differ from reinforcement learning
problems, we present them using a similar formalism to al-
low for comparison.

2.1. Enactive Markov Decision Processes

Formally, we define an EMDP as a tuple (S, I, q, v) in which S
is the set of environment states; I is the set of primitive
interactions offered by the coupling between the agent
and the environment; q is a probability distribution such
that q(st+1Œst, it) gives the probability that the environment
transitions to state st+1 2 S when the agent chooses interac-
tion it 2 I in state st 2 S; and v is a probability distribution
such that v(etŒst, it) gives the probability that the agent re-
ceives the input et 2 I after choosing it in state st. We call it
the intended interaction because it represents the sensori-
motor scheme that the agent intends to enact at the begin-
ning of step t; it constitutes the agent’s output sent to the
environment. We call et the enacted interaction because it
represents the sensorimotor scheme that the agent records
as actually enacted at the end of step t; et constitutes the
agent’s input received from the environment. If the enacted
interaction equals the intended interaction (et = it) then the
attempted enaction of it is considered a success, otherwise,
it is considered a failure.

As an example, primitive interactions may represent tac-
tile sensorimotor schemes, which consist of the combina-
tion of a movement and the sensory stimulation generated
by the movement. When the agent tries to enact a tactile
interaction, this may result in a success if the agent indeed
touched something, or in a failure if the agent touched
nothing, in which case the actually enacted interaction rep-
resents the sensorimotor scheme of touching nothing. Fig. 1
shows the EMDP cycle and algorithm. A complete EMDP
example will be presented later in Fig. 7a and b.

There are four formal differences between an EMDP and
a Partially Observable Markov Decision Process (POMDP)

ECA: An enactivist cognitive architecture 47



https://isiarticles.com/article/29562

