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ABSTRACT 

This licentiate thesis argues that a key to understanding the embodiment of 
cognition is the “sharing” of neural mechanisms between sensorimotor 
processes and higher-level cognitive processes as described by simulation 
theories. Simulation theories explain higher-level cognition as (partial) 
simulations or emulations of sensorimotor processes through the re-
activation of neural circuitry also active in bodily perception, action, and 
emotion. This thesis develops the notion that simulation mechanisms have a 
particular representational function, as off-line representations, which 
contributes to the representation debate in embodied cognitive science. 
Based on empirical evidence from neuroscience, psychology and other 
disciplines as well as a review of existing simulation theories, the thesis 
describes three main mechanisms of simulation theories: re-activation, 
binding, and prediction. The possibility of using situated and embodied 
artificial agents to further understand and validate simulation as a 
mechanism of (higher-level) cognition is addressed through analysis and 
comparison of existing models. The thesis also presents some directions for 
further research on modeling simulation as well as the notion of embodied 
simulation as off-line representation. 
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1 Introduction 
 
During the last 20 years an increasing number of cognitive scientists have 
become convinced that cognition is embodied (e.g. Brooks, 1991; Varela, 
Thompson & Rosch, 1991; Clancey, 1997; Clark, 1997; Lakoff & Johnson, 
1999; Ziemke, 2002). Still, there is relatively little agreement on what exactly 
that entails. Notions of what it actually means for a cognizer to be embodied 
range from simplistic ones such as “being physical” or “interacting with an 
environment” to more demanding ones that consider a particular 
morphology or a living body prerequisites for (embodied) cognition (cf. e.g. 
Anderson, 2003; Chrisley & Ziemke, 2003; Rohrer, in press; Wilson, 2002; 
Ziemke, 2003). This lack of agreement or coherence, after two decades of 
research on embodied cognition1, has unfortunate consequences. Firstly, 
critics commonly argue that the only thing embodied cognition theories have 
in common is, in fact, the rejection of traditional, computationalist, and 
supposedly disembodied cognitive science. Secondly, there is a certain 
trivialization of embodiment, not least among many AI researchers who 
consider as embodied any physical system, or in fact any agent that 
interacts with some environment, such that the distinction between 
computationalist and embodied cognitive theories disappears since, in some 
sense, all systems are embodied, and thus cognitive science has always been 
about embodied cognition (Chrisley & Ziemke 2003; Ziemke 2004). Thirdly, 
there is the “misunderstanding” that perhaps embodiment is only relevant to 
sensorimotor processes directly involving the body in perception and action, 
while higher-level cognition might very well be computational in the 
traditional sense and only dependent on the body in that mental 
representations ultimately need to be grounded in sensorimotor interaction 
with the physical environment. 
 
This thesis argues that one of the keys to understand the embodiment of 
cognition is the “sharing” of neural mechanisms between sensorimotor 
processes and higher-level cognitive processes. In other words, a central 
mechanism of cognition is the simulation of bodily states or, more 
specifically, the re-activation of neural circuitry also active in bodily 
perception, action, and emotion (cf. e.g. Damasio, 2003, Hesslow, 2002). The 
theories, hypothesis and models that explain some aspect of cognition in 
such terms are in this thesis generally referred to as simulation theories, 
while the general proposal and view of simulation of this thesis will be 
referred to as embodied simulation. By arguing for the explanation of some 
parts of higher-level cognition in terms of embodied simulation it is possible 
to clarify some ways in which embodiment plays a clearly definable and non-
trivial role. 

                                                 
1 “Embodied cognition”, “embodied cognitive science”, and “situated and embodied cognition” are used 
synonymously in this thesis. For ease of exposition, these terms, as in much of the literature, are used in a broad 
sense covering several approaches that have come to question traditional cognitivist cognitive science. 



 

Furthermore, explanations in terms of embodied simulation are, in some 
respects, closely related to the idea of a mechanism that functions as a 
mental model. The basic idea is illustrated by the following quote from 
Rumelhart, Smolensky, McClelland, and Hinton (1986; cf. Grush; 2003; 
2004). 
 

… [a] relaxation network which takes as input some specification of the actions we 
intend to carry out and produces an interpretation of ‘what would happen if we did 
that.’ Part of this specification would be expected to be a specification of what the 
new stimulus conditions would be like. Thus, one network takes inputs from the 
world and produces actions; the other takes actions and predicts how the input 
would change in response. This second piece of the system could be considered a 
mental model or the world event. … Now, suppose that the world events did not 
happen. It would be possible to take the output of the mental model and replace 
the stimulus inputs from the world with inputs from our model of the world. … we 
could ‘run a mental simulation’ and imagine the events that would take place in 
the world when we performed a particular action. This mental model would allow 
us to perform actions entirely internally and to judge the consequences of our 
actions, interpret them, and draw conclusions about them. (pp. 41-42) 

 

In the terms of this thesis, this means that simulations of actions are 
coupled to simulations of perceptions and function as a kind of internal 
mental model. However, the use of mental models and mental 
representations in embodied cognitive science is somewhat controversial (e.g. 
Brooks, 1991; Beer, 1995). Recently, however, it has been argued that 
representations are necessary even in theories and models of embodied 
cognition (e.g. Clark & Grush, 1999; Dorffner, 1997; Grush, 2003). The 
argument developed in this thesis is that embodied simulations can be seen 
as representations, but only in a restricted, less controversial, sense. This 
restricted sense of representation will be referred to as off-line representation 
and can initially be defined in accordance with Webb’s (2006) definition of 
representation.  
 

… the ability to recreate internally something that has the same effect, or can be 
used in the same way, as an external situation, especially when that external 
situation does not currently pertain. (Webb, 2006, R185) 

 

For example, simulation processes can have the same effect as being in a 
particular situation, but can also have the same effect as internal situations, 
such as causing feelings of sadness or joy in the absence of their usual 
bodily cause (Damasio, 2003)2. Consequently, a particular idea of this thesis 
is that simulation processes function as off-line representations, abbreviated 
as the Representation-as-Simulation Hypothesis or RaSH. The following 
sections provide further motivation for the thesis topic and specify in more 
detail the objectives of this thesis, as well as the issues not addressed in the 
thesis. In brief, the objectives discussed in the following sections are: 
 

• Clarification and explication of the kind of mechanisms and processes 
of simulation theories.  

• A review the empirical evidence given in support for the existence of 
simulation processes. 

• Further development of the Representation-as-Simulation Hypothesis. 
                                                 
2 On the other hand, a simulated bullet will not kill you. 
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1.1 Simulation theories 
The starting point of the thesis is the claim that there is a class of theories 
and models of a wide variety of cognitive phenomena that explain those 
phenomena in terms of simulations of bodily states, namely:  
 

• Action planning and execution (e.g. Wolpert, Ghahramani, & Jordan, 
1995)  

• Motor imagery (e.g. Jeannerod, 1994; Decety, 1996, 2002),  
• Visual imagery (e.g. Finke, 1989; Kosslyn & Thomson, 2000),  
• Bodily imagery (e.g. Gibbs & Berg, 2002, Thomas, 1999)  
• Action understanding (e.g. Gallese, Keysers & Rizzolatti, 2004),  
• Perception (e.g. Möller, 1999)  
• Memory (e.g. Damasio, 1989)  
• Mental representation (e.g. Grush, 2003, 2004)  
• Social cognition (e.g. Barsalou, Niedenthal, Barbey & Ruppert, 2003; 

Gallese, 2003a; Nielsen, 2002) 
• Abstract thinking (e.g. Chapman & Agre, 1986; Barsalou, 1999; 

Gallese, 2003b) 
• Language (e.g. Glenberg & Kaschak, 2003; Zwaan, 2004) 
• Conscious thinking (e.g. Hesslow, 2002; Rumelhart, Smolensky, 

McClelland, & Hinton, 1986)  
• Religious knowledge (Barsalou, Barbey, Simmons & Santos, 2005). 

 
These theories and models are derived from cognitive science, neuroscience, 
and psychology. Some of the theories focus on a more restricted set of 
cognitive phenomena (e.g. Zwaan, 2004), whereas other are more general 
(e.g. Barsalou, 1999; Grush, 2004; Hesslow, 2002)3. Furthermore, some 
simulation theories, especially those focusing on a single cognitive 
phenomenon, explain the phenomena only partly in terms of simulation of 
bodily states (as off-line representations). The focus in this thesis is on 
(general) mechanisms of cognition. Thus, the aim of this thesis is not to 
investigate and explain an individual cognitive phenomenon and, therefore, 
does not determine whether the concept of embodied simulation can be 
extended to fully explain any of the above mentioned phenomena. Such an 
endeavor would require careful analysis of the phenomenon as well as a 
comprehensive review of associated effects. Instead, the issue pursued here 
is that that simulation processes are naturally occurring phenomena in 
brains, which could explain the postulation of simulation or simulation-like 
processes theories and models of cognition in many different areas of 
cognitive science. That is, the purpose is not to generate a theory that allows 
precise predictions of certain behavioral effects, but rather to investigate to 

                                                 
3 Some parallels can be drawn to the well known position in research on other minds, viz., Simulation Theory 
(ST) (cf. Carruthers & Smith, 1996), although ST and theory of mind are not actually the topic of this thesis. The 
simulation theories addressed here are usually at a different level of explanation than ST. Furthermore, the 
simulation theories addressed here are meant to explain other aspects of cognition than the understanding of 
other minds, with some exceptions (cf. Subsections 2.2.3 & 2.2.4). 
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what extent, if any, embodied simulation is a (set of) general and common 
mechanism(s) of cognition. It is not the claim that it is the only mechanism. 
It is likely that bodily simulation is but one of many tricks that natural 
organisms have acquired during evolution and that more than one such trick 
is involved in a particular cognitive phenomenon (cf. e.g. Grush, 2004). 
Hence, the first objective is to clarify and explicate the kinds of mechanisms 
and processes postulated by simulation theories.  
 
Besides comparing the models and theories, another objective is to review 
the grounds on which it is possible to claim that simulation processes are 
naturally occurring in humans and possibly other animals too. Thus, the 
second objective is to review the empirical evidence given in support for the 
existence of simulation processes. Although, many of the results have already 
been cited and incorporated by previous simulation theories, the compilation 
of the results does provide a more complete list (cf. Svensson, Lindblom & 
Ziemke, in press; Svensson & Ziemke, 2004). 
 
The next section discusses the possible role of embodied simulations and the 
Representation-as-Simulation Hypothesis in situated and embodied 
cognition, especially in connection with representational explanations of 
cognition. 
 

1.2 Representation in situated and embodied cognition 
Situated and embodied cognitive science can be viewed as a reaction – 
almost a (Kuhnian) revolution – against the cognitivist view of cognition as 
(inner) symbol manipulation, disembodied, and individual/personal (e.g. 
Brooks, 1991; Clancey, 1997; Clark, 1997; van Gelder, 1995; Lakoff & 
Johnson, 1999; Varela et al., 1991; Ziemke, 2002). Consequently, theories of 
situated and embodied cognition have provided alternative explanations of 
cognition, which  
 

a) do not involve the manipulation of (symbolic, internal) representations 
(e.g. Beer, 1995; Brooks, 1991),  

b) take into account how bodily aspects, such as morphology, affect 
behavior and the nature of cognitive processes (e.g. Chiel & Beer, 
1997; Scheier, Pfeifer & Kuniyoshi, 1998), and 

c) include the physical and social situation as important parts of 
cognition (e.g. Clark, 1997; Hutchins, 1995; Lindblom, 2007; Susi, 
2006).  

 
On the other hand, situated and embodied cognition does not seem to have 
settled into a state of normal science, as cognitivism, since a major topic in 
situated and embodied cognitive science is related to the question: “What is 
cognition?”. For example, as mentioned above, there is relatively little 
agreement on what it means for a cognizer to be embodied; views range from 
simplistic ones such as “being physical” or “interacting with an environment” 
to more demanding ones that consider a particular morphology or a living 
body prerequisites for embodied cognition (cf. e.g. Anderson, 2003; Chrisley 
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& Ziemke, 2003; Wilson, 2002; Ziemke, 2003), and there are quite many 
definitions of the term embodiment itself (Lindblom, 2007). Furthermore, 
there are many other areas of research and aspects of embodiment that are 
not mentioned in this brief description of the field of embodied cognition (cf. 
e.g. Anderson, 2003; Lindblom, 2007; Wilson, 2002 for more extensive 
discussions). Here, the focus is on the role of representations in embodied 
cognition.  
 
To simplify matters, there are two sides of the representation debate in 
embodied cognitive science where some reject their very existence or 
usefulness (e.g. Beer, 1995; van Gelder, 1995) and others argue that such a 
rejection would be to “throw out the baby with the bathwater” (Clark, 1997; 
cf. also for example Clark & Grush, 1999; Dorffner, 1999; Steels, 2003). The 
former is discussed in the following two subsections, while the latter position 
is discussed further in Section 1.3. 
 
Chemero (1999) differentiated between two kinds of anti-
representationalism: metaphysical and empirical. Metaphysical anti-
representationalism, in a nutshell, is a claim about the nature of the world, 
and borders on the debate about what representations are (Chemero, 1999). 
The claim is that the world is not the sort of thing to which anything inside 
an agent can stand in the correct relation. Instead, the cognitive agent (and 
its interaction with the environment) constructs its world, rather than 
represents it (e.g. Agre & Chapman, 1989; Smith, 1996; Varela, et al., 1991). 
These kinds of ideas have also strongly influenced the methods used in 
behavior-oriented AI and autonomous agent research (cf. e.g. Ziemke, 1998, 
2001). The overall argument of metaphysical anti-representationalism is that 
given the way evolution works we cannot think of the perceptual systems as 
ideal solutions to problems posed by the environment, they only work well 
enough. Since there is no reason to believe that the human conceptual 
system works any differently, the world as registered by the perceptual 
systems of humans cannot be fully independent of those perceptual systems. 
So, nothing in those animals can be a representation of that world because 
the animal itself plays an important part in constituting its world. Empirical 
anti-representationalism is a claim about cognitive architecture; that there is 
nothing in the brain that stands in the proper relation to objects in the (pre-
given) world to be called a representation (e.g. Brooks, 1991; Beer, 1995 van 
Gelder, 1995). According to Chemero (1999), arguments of empirical anti-
representationalism are of the following kind:  
 

Here is a model of some cognitive phenomenon. There are no representations in 
this model. If cognition in general works like this model does, there are no 
representations in cognition either.4 

 
The next subsections briefly summarize the main points of metaphysical and 
empirical anti-representationalism, respectively, as defined above. 
 

                                                 
4 ”Model” is used in the sense of a scientific model as opposed to mental model or mental representation. 



 

1.2.1 Metaphysical anti-representationalism 
Varela et al. (1991), Stewart (1996), and Lakoff and Johnson (1999), to name 
a few, have argued that cognitivism is based on an objectivist epistemology, 
and, subsequently, that this is a source for many problems of cognitivist 
representational theories. The objectivist epistemology has influenced how 
representations and other explanatory entities in traditional cognitive 
science are conceived and realized in artificial systems. Dorffner (1999) 
described the objectivist epistemology underlying cognitivist views of 
representation as follows: 
 

The underlying view is an objectively existent outside world which must be mapped 
onto a faithful image in the cognitive agent in order for the latter to act 
intelligently. (…) For instance, to say that a symbol ‘CHAIR’ represents the category 
of chairs, one must not only specify the symbol, but must also assume that a 
category chair exists in the world, independently from whether the observer or the 
agent to be modeled interacts with the world. (Dorffner, 1999, p. 24) 

 
This objectivist epistemology implies that the mental representations of 
humans are formed independently of the individual subject, and only 
establish a reference to something in the external world. This is particularly 
evident in Newell’s (1990) law of representation (cf. Figure 1). 
 

real 
world

internal
represen-
tation

X T T(X)

(block A) (block B)
(table Table)
(on AB) (on A Table)

(put B Table) (block A) (block B)
(table Table)
(on A Table) (on B Table)

Encode Encode Decode

AA
B

B
Table Table

action

 
Figure 1 Newell’s (1990) Law of representation: “decode[encode(T) encode(X)] = 
T(X), where X is the original external situation and T is the external 
transformation.” (p. 59) (based on Pfeifer & Scheier’s (1990, p. 45) drawing) 

 
Dorffner (1997) argued that this is a problem when using artificial systems 
as models of cognition. This problem stems from a conflation of the terms 
“symbol” and “concept”. According to Dorffner, symbol should refer to an 
arbitrary and discrete sign, used to refer to an object or state in the world, 
whereas a concept should refer to mental states. For example, the mental 
concept apple is not arbitrary and most importantly it does not refer to, or 
encode anything – it is only at best causally tied to stimuli or situations. For 
the agent, the mental concept apple is not a reference between a symbol and 
something in the world but is the object for the agent itself. Dorffner (1997) 
argued that it would take an external observer to identify this reference (cf. 
Bickhard & Terveen, 1995; Figure 2). The word apple, on the contrary, is 
arbitrary since we could use “CUP” or “Zog” to refer to the category of all 
apples. Thus, Dorffner concluded that symbols need only concern us when it 
comes to signs (e.g. language) not internal concepts of cognitive agents (cf. 
Bickhard & Terveen, 1995). To put it in general terms the tripartite model of 
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representation fails to differentiate (sufficiently) between internal and 
external representations (van Dartel, 2005; Slezak, 2002). Figure 2 
illustrates this by contrasting the situation in an artificial agent (a) and a 
natural agent (b). In the artificial system, the link between representations 
and objects in the world are established by the designer. In the natural 
system there is instead a system which is using representations. The 
problem arises when representations are depicted as some kind of external 
symbols, which require a user, an intelligent system or agent which is able 
to interpret the symbols (e.g. Bickhard & Terveen, 1995; Slezak, 2002). 
Others have argued this only means that the symbols need to be grounded 
(Harnad, 1990; cf. also Searle, 1980; 1990 for discussion). 
 

CHAIR

FURNITURE

TABLE

real world

designer

internal representation

?

is a

is a

Z
System using y 
to coordinate
actions with x

Y
representing

object

Y
represented

object
 

Figure 2 (a=Left) Dorffner’s view of traditional AI systems (redrawn from Ziemke, 2001). 
(b=Right) The tripartite scheme of representation (redrawn from Bechtel, 1998). 

 
A claim about the inability of correspondence to constitute epistemic 
representational relations should not be confused with a solipsistic position. 
Agent-environment interaction is an important aspect of several accounts of 
representation that do not amount to a correspondence based (objectivist) 
theory of representation (e.g. Anderson & Rosenberg, in press; Bickhard & 
Terveen, 1995; cf. Anderson, 2006). According to metaphysical anti-
representationalism, as defined here, representation cannot and should not 
consist of the grounding of meaningless symbols in an agent-independent 
objective reality. Instead, the radical constructivism framework (e.g. von 
Glasersfeld, 1995) and the enactive cognition framework (e.g. Maturana & 
Varela, 1987; Varela, et al., 1991) emphasize cognition and knowledge as the 
active construction of a subject, rather than passive representation of an 
external reality. Based on Piaget’s genetic or developmental epistemology, 
von Glasersfeld (2001) argued that the purpose of cognition was as “a tool in 
the organism’s adaptation to the world as it is experienced” (p. 39, emphasis 
added). From a radical constructivist point of view, the notion of 
representation as standing in of an objective or ontic reality is non-sensical 
because reality only “perturbs” (see, e.g., Maturana & Varela, 1987, p. 98-99) 



 

the semantically closed and self-organizing cognitive system (Peschl & 
Riegler, 1999). In this sense, there are no representations but only 
presentations (von Glasersfeld, 1995; cf. Dorffner, 1997) in that the 
ontological reality never enters into the representational function and gets to 
be replicated in the cognitive agent (cf. Peschl & Riegler, 1999). Still, 
perception, action, and interaction are crucial for the development of 
knowledge. 
 
On the other hand, this metaphysical anti-representationalism can be recast 
as a critique against a particular interpretation of the concept of 
representation. Von Glasersfeld (1990, 1999) argued that the refusal to 
accept representation is mainly related to the connotation of representation 
that is consistent with the German word Darstellung, which means that 
something is being replicated, such as a picture of something. Using 
representation in the sense of the German word Vorstellung is less 
problematic, since it refers to something like a conceptual construct (von 
Glasersfeld, 1990, 1999; cf. Dorffner, 1999).  
 

In contrast, re-presentations in Piaget's sense are repetitions or reconstructions of 
items that were distinguished in previous experience. As Maturana explained … 
such representations are possible also in the autopoietic model [e.g. Maturana & 
Varela, 1987]. Maturana spoke there of re-living an experience, and from my 
perspective this coincides with the concept of representation as Vorstellung, 
without which there could be no reflection. From that angle, then, it becomes clear 
that, in the autopoietic organism also, "expectations" are nothing but re-
presentations of experiences that are now projected into the direction of the not-
yet-experienced. (von Glasersfeld, 1990) 

 
The idea of embodied simulation as off-line representation comes close to 
this latter sense of representation.  
 
1.2.2 Empirical anti-representationalism 
Empirical anti-representationalism has to a large extent, at least recently, 
focused on the distinction between the reactive nature of the 
controller/control system, on the one hand, and the (externally observable) 
reactive behavior of the agent (e.g. Nolfi & Floreano, 2000). This distinction 
can be seen in Agre and Chapman’s (1989) two meanings of planning. 
Firstly, they argued that “to plan” can have the general meaning of reasoning 
about action without talking about the mechanism. As such, it relates to the 
phenomena of anticipation, pursuit of goals and the organization of activity 
in general; the kind of phenomena that is usually given a representational 
explanation. For example, a slime mold’s behavior might be described as 
goal-directed (cf. Anderson & Rosenberg, in press), even though the slime 
mold has no encoding or representation of its goal (cf. von Uexküll, 1934). 
Secondly, Agre and Chapman (1989) argued that planning can be used in a 
restricted sense, as it is often applied in (symbolic) AI. In this second, 
restricted sense, it refers to the process of constructing plans (or programs) 
to be executed, more or less verbatim. Planning in the restricted sense is 
independent of the general meaning of planning because there could be 
other means than constructing plans to achieve planning in the first sense, 
in fact one might not have to use anything like a representation. In other 
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words, anticipation does not have to involve anticipations, and 
representation does not have to imply representations. Thus, it is important 
not to confuse functions as derived from observed behaviors for mechanisms 
causing the behavior. Several experiments in behavior-oriented AI, using 
both connectionist and evolutionary learning algorithms, have investigated 
the means by which control by internal states or representations can be 
replaced by reactive mechanisms when coupled with a robot morphology 
situated in a (dynamic) environment (cf. e.g. van Dartel, 2005; Nolfi & 
Floreano, 2002; Scheier, Pfeifer, & Kuniyoshi, 1998; cf. Izquierdo-Torres & di 
Paolo, 20055; van Dartel, 2005). Of course, it is possible to include such 
coupled dynamics in the class of representational machines (van Dartel, 
2005), but it might be difficult to constrain that kind of notion of 
representation sufficiently (cf. Wheeler, 2005).  
 

… we discuss simple machine vision systems developed by artificial evolution 
rather than traditional engineering design techniques, and note that the task of 
identifying internal representations within such systems is made difficult by the 
lack of an operational definition of representation at the causal mechanistic level. 
Consequently, we question the nature and indeed the existence of representations 
posited to be used within natural vision systems (i.e. animals). We conclude that 
representations argued for on a priori grounds by external observers of a particular 
vision system may well be illusory, and are at best place-holders for yet-to-be-
identified causal mechanistic interactions. (Cliff & Noble, 1997, p. 1165) 

 
There is, thus, a possibility that representation becomes something like a 
piece of art which beauty lies in the eyes of the beholder, which was in fact 
recently illustrated in two articles by Beer (2003; with peer commentaries: 
Clark, 2003; Edelman, 2003) and Grush (2004; with peer commentaries: 
Stojanov & Bickhard 2004; Yang & Wang, 2004), where the same model was 
interpreted as both representational and non-representational. This lead 
Beer (2003) to argue that  
 

… despite the enormous explanatory weight that the notion of internal 
representation is required to bear in cognitive science, there seems to be very little 
agreement about what internal representations actually are (Beer, 2003, p. 304).  

 
The term representation is stretched as far as it can be, torn between the 
needs of continuous online interaction with the environment on the one 
hand, and representation hungry problems on the other (cf. Clark & Grush, 
1999). However, the concept of embodied simulation as off-line 
representations suggests a, possibly, less troublesome representational 
mechanism in situated and embodied models of cognition as discussed 
further in the next section.  
 

                                                 
5 More generally, the basic idea is that there are more determinants of behavior than those within the organism 
(for more extensive reviews see: Clark, 1997; Hutchins, 1995). This distinction was also described by Rumelhart 
et al. (1986). They argued that perceptrons and multilayer perceptrons can do something despite being reactive 
and data-driven because (1) the world is seldom really fixed but changes continuously, and (2) we are not 
passive but “act on the world”, where “the environmental change can then feed back into the system and lead to 
another interpretation and another action”. 
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1.3 Simulation processes as representations 
To preserve the notion of representation some have argued that it is 
necessary to restrict the domain to apply representational explanations. That 
is, some aspects of cognition cannot be explained without representation, or 
rather that there is no non-representational explanation of these aspects (cf. 
e.g. Clark & Grush, 1999; Dorffner, 1999; Steels, 2003; Vogt, 2002; Wilson, 
2002). For example, Vogt (2002) argued against Brooks’ critique of symbols. 
 

But is this true? Are symbols no longer necessary? Indeed much can be explained 
without using symbolic descriptions, but most of these explanations only dealt 
with low-level reactive behaviors such as obstacle avoidance, phototaxis, simple 
forms of categorization and the like. (Vogt, 2002, p. 430) 

 
The abilities that Vogt and others have argued to require embodied 
representations often concern to be engaged in “thought” through some kind 
of embodied off-line or detached representations without interaction with the 
environment6. For example, Wilson (2002) linked off-line representations to 
several cognitive abilities of human beings including mental imagery, 
working memory, episodic memory, implicit memory, problem-solving and 
reasoning, which is assumed to require lots of internal processing and little 
engagement with the external world (cf. Mel, 1995). However, the argument 
pursued here is not that there are two distinct classes of cognitive 
phenomena: off-line abilities and on-line abilities (cf. Wheeler, 2005). Rather, 
off-line representations in the form of simulation processes can play a role in 
activities that are characterized by responsiveness to environmental change, 
as well as activities that are more or less independent of the immediate 
happenings of the environment. Furthermore, off-line cognition is likely to 
involve many other mechanisms than bodily simulations (as off-line 
representations).  
 
It has been suggested that simulation processes amount to mechanisms for 
off-line representations (cf. Clark & Grush, 1999; Clark, 1997; Cruse, 2003; 
cf. also Mel, 1995; Webb, 2006; Wilson, 2002). A simulation process acts as 
a kind of representation of the environment by means of reactivations of the 
sensorimotor system because it fulfills the following requirements:  
 

1. A pretty clear case of a system of inner states and processes whose adaptive 
functional role is to stand in for specific extra-neural states of affairs. 

2. A type of system that allows the precise identification of component states 
and processes … 

3. A compelling demonstration of a case in which the provision of an inner 
model is not an impediment to real-time success but actually enhances 
fluent real-time action. (Clark & Grush, 1999, p. 7; emphasis added) 7 

                                                 
6 This kind of function is reminiscent of what Suddendorf (1999), referred to as one of the major transitions in 
the child’s development and is known as: “synchronous identities (Bischof, 1985), imagining other possible 
worlds (Byrne and Whiten, 1992), metarepresentation (Leslie, 1987), representation (Olson, 1993), secondary 
representation (Perner, 1991), and symbolic function (Piaget, 1951). However, the connection has not been 
investigated further.  
7 The following was omitted from the second requirement to fit the more restricted definition of representation 
mentioned above: “with representational roles (the units each model a specific physical parameter, and the 
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It remains to be seen, whether or not the above criteria are shared by 
theories of embodied simulation and to what extent the criteria can be 
demonstrated empirically. If that it is the case, embodied simulation as off-
line representation could provide a new perspective on the situated and 
embodied nature of cognition, which to a larger extent focuses on (complex) 
internal processing.  
 
1.3.1 Stand-in-for vs. stand-for 
A central aspect of the emergence of mental representations is that the 
organism is not controlled directly by a (single) physical force external to the 
agent, but that there is a (potential) decoupling (cf. e.g. Anderson & 
Rosenberg, in press; Gärdenfors, 1996; Smith, 1996). The decoupling in the 
sensorimotor coordination of agents with reactive controllers can only occur 
on a longer time scale than moment-to-moment interaction and cannot be 
said to generate its own internal knowledge according to the criteria of 
potential decoupling. However, such decoupling is mainly of interest to 
questions of how any cognitive organism is able to generate knowledge at all, 
that is, gain epistemic access to the world. This is not the property of 
representations or the definition of representation that is addressed in this 
thesis, which instead, mainly, pursues the idea that embodied simulations 
are off-line representations. However, this does not preclude that bodily 
simulations are about something (such as being a Vorstellung, cf. Section 
1.2), but this is surely not sufficient for the emergence of aboutness.  
 
A way of illustrating the difference between off-line representations and 
original or true representations is through Bickhard and Terveen’s (1995) 
concepts of representationally standing-for something and representationally 
standing–in-for something. 
 

There are several confusions that are conflated in this ‘rejoinder’ [i.e. stand in for 
things in the world]. First is an equivocation on the notion of ‘standing-in-for.’ The 
stand-in relationship of encodings is one in which a derivative encoding stands-in 
for a primary encoding in the sense that the derivative encoding represents the 
same thing as does the primary encoding. For example, the Morse code ‘• • •’ 
represents whatever it is that ’S’ represents. Therefore, this purported last iteration 
of the stand-in relationship is an equivocation on the notion of “stand-in”: the 
“thing” in the world isn’t being taken as representing anything — it is, instead, that 
which is to be represented — and, therefore, the thing in the world cannot be 
representationally stood-in-for. A supposed mental encoding of a cup, for example, 
does not represent the same thing that the cup represents — the cup is not a 
representation at all, and, therefore, the cup cannot be representationally stood-in-
for. The cup might be representationally stood-for, but it cannot be 
representationally stood-in-for. (Bickhard & Terveen, 1995) 

 
Representationally standing-in-for something requires that there is another 
representation which can be stood in for, that is, it is relation that only 
applies between representations. Representationally standing for something 
is the relationship between a mental representation and the world. The latter 

                                                                                                                                                         
connection weights track the physical interdependencies between parameters)”. Furthermore, Clark and Grush 
(1999) based their argument on a particular version of simulation theory (cf. Subsection 2.1.2).  
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relation is thus a requirement for the former. Off-line representation is a 
representation that only stands-in-for. That is, it does not purport to explain 
the emergence of knowledge or ability to gain access to the world, which is 
has traditionally been described as the intentional content of representations 
(cf. e.g. Clapin, 2002; Cummins, 1989). To use the example of bodily 
simulations causing feeling of sadness or joy, the claim of Representation-as-
Simulation Hypothesis (RaSH) is not that it can explain how you are able to 
have feelings about something, but how you are able to have these feelings 
in the absence of their normal cause or explanation. Off-line representation 
can, furthermore, be related to Dorffner’s (1999) “type 2” representations. 
Dorffner (1999) argued that there are “type 1”, “type 2” and “type 3” 
representations. Type 1 refers to the classical notion of representation “as a 
conceptual mirror of the world” (p. 24) already discussed in the previous 
section. Type 3 refers to the relationship between a stimulus and its effect, 
such as a retinal cell representing the received amount of light, which more 
or less amounts to reactive behaviors. Type 2, on the other hand, is 
consonant with off-line representation referring to “internal mental states 
that enable a cognitive agent to act even in the absence of immediate 
perception” (p. 25). As such, off-line representation goes beyond reactive 
coupling but still does not presuppose, as classical representation do, a pre-
structured external world. 
 
It is possible that some aspects of embodied simulation can be involved in 
other representational functions too (cf. Grush, 2004). However, for example, 
to explain the stand-for relationship amounts to no less than the 
construction of a theory of representation or representational content and 
that is not one of the objectives of this thesis. Grush (1995, 2003, 2004; 
Clark & Grush, 1999), however, has developed a theory of mental 
representation based on simulation processes (discussed in Section 2.1). 
Rather, the third objective of this thesis is to further explain how simulation 
processes can function as off-line representations. By developing the notion of 
embodied simulation as off-line representation (RaSH) it could be possible to 
addresses issues concerning internal processing and representational 
abilities without ending in a more or less conceptual or semantic debate over 
what is and what is not a representation (cf. Section 1.1). In particular, if 
embodied simulation meets the requirements of Clark and Grush (1999) or, 
at least, can be separated from other representational mechanisms it can be 
a more neutral concept, with less theoretical baggage, that can bridge the 
gap between on-line cognition and off-line cognition, perhaps to find that 
there was no gap to begin with. 
 
This thesis is the initial part of a PhD-dissertation to be finalized later. The 
main difference between the PhD-dissertation and this Licentiate thesis is 
that the current text does not contain any of the author’s own empirical 
work. Instead, it mainly paves the way for investigating embodied simulation 
and RaSH by using a synthetic methodology of neural networks and situated 
and embodied artificial agents. Consequently, the aim of this Licentiate 
thesis is to further develop the notion of embodied simulation and the 
Representation-as-Simulation Hypothesis. The aim is pursued by:  
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1. a review of to what extent different theories and models do posit their 

explanations in terms of embodied simulations, and especially to what 
extent there is an agreement on the mechanisms involved, leading to a 
more definite formulation of what a simulation process is,  

2. a review of the empirical evidence given in support for simulation 
processes, and  

3. an analysis of how simulation processes can function as off-line 
representations (and their relation to other aspects associated with 
representation) both by considering analytical and synthetic results.  

 
It is also useful to briefly clarify what this thesis is not about (1) The thesis 
does not provide predictive models of particular cognitive abilities that can 
be fitted to (human or animal) experimental data. (2) It does not explain all 
aspects of representation and intentionality. Neither is it the claim that 
embodied simulation is the explanation of cognition, in the sense of being a 
unified theory of cognition. (3) This thesis cannot take into account or 
explain all aspects of situatedness and embodiment. Since the focus is on 
internal processing and representational issues, the full impact of 
embodiment and situatedness in natural environments are often not 
accounted for due to the nature of the experiments considered. However, this 
does not mean to marginalize such effects; and where possible they are 
considered.  
 
 

1.4 Overview of the thesis 
Chapter 2 reviews different kinds of simulation theories, focusing on four 
particular theories: (1) the simulation hypothesis (Hesslow, 1994, 2002), (2) 
the emulation theory of representation (Grush, 1995, 2004), (3) perceptual 
symbol systems (Barsalou, 1999), and (4) as-if body loops (Damasio, 1994, 
2003). Based on the review, three different simulation mechanisms are 
specified: reactivation, binding, and prediction. Next, the empirical evidence 
for each mechanism is considered. The main part of the empirical evidence is 
derived from psychological experiments and various types of neuroscientific 
studies. Finally, the chapter discusses the relationship between, 
reactivation, binding, and prediction in light of still open issues concerning, 
among other things, the limits of the current empirical evidence. 
Furthermore, the possible misconception embodied cognition implies that 
cognitive deficits (always) follow from sensorimotor deficits, such as different 
forms of paralysis (cf. Anderson, 2003, Lindblom, 2007) is clarified in light of 
simulation theories. 
 
Chapter 3 addresses the use of situated and embodied computational agents 
as models of simulation processes. The chapter divides the models into two 
types: constrained and unconstrained models. In brief, the former type of 
model is setup so that the robots can only develop a particular type of 
simulation process, while in the latter type of setup other solutions may 
emerge. The results from both types of models are discussed and compared. 
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Furthermore, possible connections to Clark’s (2005) idea of surrogate 
situations are discussed. 
 
Chapter 4 provides a general discussion of the objectives of the licentiate 
thesis in relation to the previously cited and discussed material. Also, it 
further clarifies the difference between the representational mechanisms 
proposed by RaSH and the classical view of representation. The final part of 
the chapter outlines the directions for future research. 
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2 Embodied simulation, a cartography of ideas 
 
As can be said about many ideas in cognitive science, the idea of embodied 
simulation has a long past but a short history. Modern theories of 
simulation processes have emerged only recently (e.g. Barsalou, 1999; 
Grush, 1995, 2004; Hesslow, 2002), but the basic ideas dates back, at least, 
to the British empiricists and associationists, such as Alexander Bain (1868, 
in Hesslow, 2002; cf. also Stricker, 1885, cited in Sirigu & Duhamel, 2001). 
According to Hesslow (2002, p. 242),  
 

Alexander Bain suggested that thinking is essentially a covert or ‘weak’ form 
behaviour that does not activate the body and is therefore invisible to an external 
observer …‘Thinking’, he suggested, ‘is restrained speaking or acting’  

 
However, simulation processes as discussed in this thesis are not 
constrained to the covert speech or covert actions but can also include other 
modalities. Although the simulation theories discussed in this thesis may 
have some common roots, they have been developed, more or less, 
independently in various domains. 
 
The aim of this chapter is to review the existing theories and models of bodily 
simulations to identify the core mechanisms that are postulated, despite 
differences in terminology and the phenomena that the particular versions 
target. The chapter also compiles the empirical evidence. Concisely, the main 
questions addressed in this chapter are: (1) What are the mechanisms of 
simulation theories? (2) What is the empirical support for the existence of 
the various simulation processes postulated by simulation theories?  
 
The chapter is organized as follows: Section 2.1 reviews and discusses four 
simulation theories and identifies three possible simulation mechanisms: 
reactivation, binding and prediction. The sections to follow further describe 
and review, in turn, the empirical evidence for each mechanism.  
 

2.1 Simulation theories - different versions 
The first part of this chapter clarifies the relations between different 
simulation theories, and offers a refined view of the core ideas of embodied 
simulation. The first step towards this is to, in this section, depict the ideas 
of the most well-known and complete theories of simulation. These portray 
simulation in terms of simulation (Hesslow, 1994, 2002; Section 2.1.1), 
emulation (Grush, 1995, 2003, 2004; Section 2.1.2), perceptual symbol 
systems (Barsalou, 1999, 2005; Section 2.1.3), and as-if body loops 
(Damasio, 1994; 1999; 2003; Section 2.1.4).  
 
2.1.1 The simulation hypothesis 
According to Hesslow’s (1994, 2002) simulation hypothesis, our subjective 
inner world, for example talking to ourselves, can be explained by three 
basic mechanisms: the internal activation of structures responsible for 
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action generation, the internal activation of perceptual activity, and an 
anticipatory mechanism. Hesslow (2002) termed the three mechanisms, 
“simulation of actions”, “simulation of perception”, and “anticipation”, 
respectively: 
 

(1) Simulation of actions: we can activate motor structures of the brain in a way 
that resembles activity during a normal action but does not cause any overt 
movement. (2) Simulation of perception: imagining perceiving something is 
essentially the same as actually perceiving it, only the perceptual activity is 
generated by the brain itself rather than by external stimuli. (3) Anticipation: there 
exist associative mechanisms that enable both behavioral and perceptual activity 
to elicit perceptual activity in the sensory areas of the brain. (Hesslow, 2002, p. 
242, cf. Figure 3) 

 
Simulation of action means that it is possible, to mentally execute actions in 
the absence of any visible movement of the agent or organism, and 
simulation of perception means that it is possible to internally activate the 
perceptual system even in the absence of sensory input. The anticipatory 
mechanism makes it possible for the internally generated actions or 
perceptions to elicit other internally generated actions or perceptions. 
Especially, the preparatory stages of an action can elicit sensory activity that 
resembles the activity that would normally be caused by the completed overt 
action (Hesslow, 2002, cf. Figure 3). 
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Figure 3 An illustration of the simulation hypothesis. Arrows describe overt 
interaction, while dashed arrows describe simulated chains of perceptions and 
actions (based on Hesslow (2002)) 

 
According to Hesslow (2002), it is not necessary to posit some part of the 
brain or some autonomous agent or self performing the simulation, but the 
anticipation mechanism will ensure that most actions are accompanied by 
probable perceptual consequences. There is no need to posit an independent 
agent (i.e. homunculus) that evaluates the simulation, but the (simulated) 
sensory events will elicit previously learned emotional consequences that 
guide future behavior through reinforcing or punishing simulated actions. 
Hesslow (2002) also argued that internal simulation of perception and action 
together with the anticipation mechanism can construct chains of 
(simulated) behavior that range several time steps into the future. 
Essentially, simulating chains of behavior is the process where (simulated) 
perceptual activity generated by a simulated action can serve as a stimulus 
for a new response, either in the form of an overt action, a covert simulated 
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action or new perceptual activity (see also Balkenius, 1995, ch. 5 & 9). 
Consequently, during normal overt behavior cognitive agents will (always), in 
their thoughts, be a few steps ahead of the actual events8. 
 
According to the simulation hypothesis (1) the brain reactivates previous 
sensorimotor states in (a) modality specific cognitive abilities such as mental 
visual and motor imagery, or (b) as part of a more general anticipatory 
mechanism, (2) simulation processes affect behavioral choices through their 
effect on other systems, for example, emotional systems, and (3) there is no 
need to gloss cognition with mental terminology, such as mental 
representations or cognitive agents. The next theory does not agree with the 
latter conclusion, but view simulation or emulation processes as 
representations. 
 
2.1.2 The emulation theory of representation 
Grush (2003, 2004; Clark & Grush, 1999) proposed a general theory of 
representation based on simulation processes, the emulation theory of 
representation. Grush framed his theory in terms of the control theoretic 
concept emulation, or forward modeling, together with a mechanism, 
normally used for signal processing, namely the Kalman filter. A forward 
model is a mechanism that, based on the current state of the system to be 
controlled and a control signal, estimates the consequences of that control 
signal in terms of a new state of the system to be controlled. However, what 
is being predicted, and how, differs between models. The forward model itself 
is a model because it is able to mimic the input-output behavior of another 
system (cf. Holland & Goodman, 2003). Coupled with a Kalman filter the 
forward model based system can estimate the reliability of the predicted 
sensory signals (cf. e.g. Wolpert, Ghahramani, & Jordan, 1995)9. Although 
mostly used in models of motor control, Grush (2004) argued that forward 
models are a basic ingredient in other cognitive phenomena. 
 
To illustrate the general idea of forward model control, Grush used the 
following analogy. A system (a ship’s crew, a brain) is interacting with 
another system (a ship, a body or an environment) such that the general 
principles of how this system (the ship, body or environment) functions are 
known (for example speed, elbow angles, the existence of a particular object), 
but this system’s state is not entirely predictable because of process noise 
(unpredictable currents, bodily or environmental perturbations, or imperfect 
sensors). The solution is to maintain a model of the process (e.g. a navigation 
team or specialized emulator circuits in the brain), which can provide 
predictions about what the system’s state will be in the future. In the context 
of motor imagery – imagining performing an action from a first person 
perspective – the emulator is driven by a copy of the motor command sent to 
the musculoskeletal system (efference copy), whereby the emulator 
calculates the resulting feedback that the musculoskeletal system would 

                                                 
8 Expressed in the control theoretic framework of Grush (2004), discussed in the next subsection, the controller 
controls the forward model instead of the system to be controlled.  
9 The Kalman filter part is left out of the description for a more accessible description of the theory (for details 
see Grush, 2004). 
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generate if the motor command would be executed, that is, the resulting 
kinesthetic and proprioceptive feedback. Consequently, it must be possible 
to generate the motor copy internally, a simulated action, without causing 
movement and to do this repeatedly.  
 
Grush (2004) also speculated about the particular ways in which the 
emulator manages to implement the forward mapping, that is, how it 
implements the prediction. His answer is that it could possibly be done by “a 
large associative memory implementing a lookup table whose entries are 
previously observed musculoskeletal input-output sequences” (p. 379). 
Another solution, suggested (and favored) by Grush (2004), is to implement 
the forward model as an articulated model, which he explained as follows:  
 

… an articulated emulator is a functional organization of components (articulants) 
such that for each significant variable of the MSS[musculoskeletal system], there is 
a corresponding articulant, and these articulants’ interaction is analogous to the 
interaction between the variables of the MSS. For example, there would be a group 
of neurons whose firing frequency corresponds to elbow angle; and this group 
makes excitatory connections on another group that corresponds to arm angular 
inertia, such that, just as an increase in elbow angle results in an increase in arm 
angular inertia, an increase in the firing rate of the first group of neurons 
instigates an increase in the firing rate of the second. … And just as the real MSS 
is subject to a measurement that provides proprioceptive information, the 
articulated emulator can have a ‘measurement’ taken, of the same variables, and 
thus yield a mock sensory signal. (Grush, 2004, pp. 379-380) 

 
According to Grush (2004), how an emulator implements the forward 
mapping is not important for his purpose of outlining a theory of 
representation, but is a matter for further empirical research. Thus, the 
theory can, somewhat simplified, be said to specify what is going on, not how 
it is done.  
 
The reader might already have noticed the parallels with Hesslow’s (2002) 
claim that the preparatory stages of an action can elicit the sensory 
consequences of the action, which might be framed as a forward model that 
takes the preparatory actions as input and outputs a sensory consequence. 
However, while the emulation theory is not fixed to any particular 
implementation, the simulation hypothesis maintains that associations 
between the sensory and motor areas of the brain mediated by cerebellar 
and basal ganglia systems are sufficient. A possible advantage of a theory 
based on simple associations between stimuli and responses is that it 
prevents us from ascribing or attributing observer-dependent concepts to the 
mechanisms, which need to be cashed out in terms of other mechanisms on 
pain of circularity. The downside is, however, that it might be insufficient to 
generate correct behavior. But as noted by Grush (2004), this is a matter for 
further empirical research (Chapter 3).  
 
Although the description of emulation largely ties to the sensory and motor 
structures of the brain, Grush (2004) does not restrict emulator circuitry to 
the sensorimotor system but argued that emulators can be found at many 
different levels of the brain/mind such that more abstract properties, than 
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the details of sensorimotor system, can be emulated. For example, he 
proposed an environment emulator in which the agent’s (not the 
musculoskeletal system’s) interaction with an environment is made up of 
objects and situations, rather than mere sensations (discussed further in 
Subsection 2.5.3). 
 
Simulation theory as emulation argues (1) that biological brains construct 
models of the input-output behavior of different systems, foremost the 
sensorimotor system but are not necessarily restricted to the sensorimotor 
system, (2) for example by means of an articulated model that track 
important variables. Reactivation of action and perception (i.e. simulation of 
action and perception), which is central to Hesslow’s (2002) simulation 
hypothesis, is also part of Grush’s emulation theory but is perhaps not a 
necessary component.  
 
2.1.3 Perceptual symbol systems 
Barsalou’s (1999, 2005; cf. Barsalou, Simmons et al. 2003) theory of 
perceptual symbol systems consists of three parts: (1) perceptual symbols or 
re-enactment of modality specific states (2) simulators and associated 
simulations, and (3) situated conceptualizations (cf. also Zwaan, 2004). 
According to Barsalou (1999), perceptual symbols are records of the neural 
states that underlie perception. For example, during visual perception, the 
whole distributed activation of the brain that represents or constitutes what 
is currently being perceived such as an object or event is recorded, possibly 
by conjunctive neurons in convergence zones (Damasio, 1989; 1994; 
described in Section 2.3). It is only a small schematic aspect of the entire 
activation that becomes the perceptual symbol (Barsalou, 1999). Thus, as it 
seems Barsalou does not adopt the same argument as Hesslow (2002) 
according to whom simulations are reactivations of perception and action. 
Rather, it appears to be more accurate to speak of the reactivation of modal 
states, or partial reactivations of perception and action. On the other hand, 
Barsalou (1999) does seem to share the basic idea of reactivation as he 
explicitly argued that “[t]he structure of a perceptual symbol corresponds, at 
least somewhat, to the perceptual state that produced it” (p. 578) and, in the 
accompanying endnote, argued that “[t]his is not a claim about 
correspondence between perceptual symbols and the physical world” (p. 
608).  
 
An aspect of perceptual symbols, explicitly pointed out by Barsalou (1999), is 
that they are not symbols in the sense that they by themselves stand for 
something in the world, but can only be construed as representations in that 
sense when used by a mechanism called a simulator. The simulator enables 
modality specific information to be connected enabling the agent to interpret 
situations correctly. “[T]he designation of a perceptual symbol determines 
whether it represents a specific individual or a kind – the resemblance of a 
symbol to its referent is not critical.” (Barsalou, 1999, p. 584). According to 
Barsalou (1999), a perceptual symbol is much like a node in a (superposed) 
distributed representation of an artificial neural network. It takes part in the 
representation of many different concepts and it does not by itself represent 
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any particular context, but is dependent on other mechanisms to function in 
the representation.  
 
There is thus a strong emphasis that perceptual symbols are like an 
undifferentiated bitmap which cannot realize the functions of a conceptual 
system (Barsalou, 1999; Barsalou, Simmons et al., 2003). A perceptual 
symbol or a re-enactment “simply implements a recording system that 
partially reproduces experienced states” (Barsalou, Simmons et al., 2003, p. 
88). Conceptualization and other cognitive processes require an additional 
mechanism, namely, a simulator, which is a distributed collection of 
modality-specific memories captured across a category’s instances. Thus, the 
individuals of a category consistently causes similar activation patterns in 
the modality specific areas which can be monitored and captured by higher 
so called convergence zones (Damasio, 1989). Thus, a simulator acts as a 
type or amounts to the specific category (cf. Subsection 2.3.2).  
 
The patterns in the simulator or convergence zones are used to construct 
specific simulations that reactivate specific patterns of modality-specific 
states (perceptual symbols). The simulator is a mechanism that allows the 
cognitive system to experience something as a zebra, whether it is caused by 
your copy of national geographic (stimulus driven or bottom up) or 
remembering a trip to a zoological garden (memory driven or top-down). 
Furthermore, Barsalou (2005b) argued that a particular type of simulation is 
the situated conceptualization in which the conceptualizer is placed “directly 
in the respective situations, creating the experience of ‘being there’ …” 
(Barsalou, 2005b, p. 627; cf. Zwaan, 2004). Barsalou illustrates it as follows:  
 

Consider a situated conceptualization for interacting with a purring house cat. 
This conceptualization is likely to simulate how the cat might appear perceptually. 
When cats are purring, their bodies take particular shapes, they execute certain 
actions, and they make distinctive sounds. All these perceptual aspects can be 
represented as modal simulations in the situated conceptualization. Rather than 
amodal redescriptions representing these perceptions, simulations represent them 
in the relevant modality-specific systems. (Barsalou, 2005b, pp. 626-627) 

 
In this case, it is not obvious that similar conceptualizations cannot be 
achieved by the reactivation mechanisms proposed by Hesslow (2002), since 
what is experienced here is the way the cat was perceived in a particular 
situation and it is not clear why a reactivation of an entire visual experience 
would not enable this experience. However, Barsalou’s perceptual symbol 
system theory does highlight an aspect that is not mentioned explicitly in the 
two accounts of simulation above, namely binding. In the top-down 
situation, the simulations through convergence zone activation that 
Barsalou proposed achieve a binding of states of different modality, that is, 
simultaneous reactivation of previous modal states.  
 
Simulation theory in terms of perceptual symbol systems means that (1) 
convergence zones have the ability to (2) construct partial reenactments or 
bindings of previously stored modality specific states (perceptual symbols) (3) 
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which provide conceptual content by organizing these states into meaningful 
wholes. 
 
2.1.4 As-if body loops 
A fourth type of simulation theory casts simulation processes in terms of as-
if body loops (Damasio, 1994, 1999, 2003). As-if body loops are models of the 
bodily processes that are normally involved in the production of feelings. 
Normally the body is used as a theater for emotions, as argued by William 
James, where emotions are constituted through the reciprocal exchange of 
signals between the body and brain10 (Damasio, 1994). However it is also 
possible to bypass this exchange through the as-if body loop, which Damasio 
(1994) explained in the following way. 
 

I believe also that in numerous instances the brain learns to concoct the fainter 
image of an ‘emotional’ body state, without having to reenact the body proper. 
Moreover, as we have previously discussed, the activation of neurotransmitter 
nuclei in brain stem and their responses bypass the body, although, in a most 
curious way, the neurotransmitter nuclei are part and parcel of the brain 
representation of the body regulation. There are thus neural devices that help us 
feel ‘as if’ we were having an emotional state, as if the body were being activated 
and modified. Such devices permit us to bypass the body and avoid a slow and 
energy-consuming process. We conjure up some semblance of a feeling within the 
brain alone. I doubt, however, that those feelings feel the same as the feelings 
freshly minted in a body state. (pp. 155-156) 

 
A difference from the other accounts (i.e. simulation, emulation, and 
perceptual symbol systems) is that the target of a simulation is not 
sensorimotor processes but the processes that create feelings. That means, 
the as-if body loop is able to not only reactivate sensory and motor states but 
also feelings. However, there is no difference regarding their status as 
epistemic states, perceptions and actions, as well as, emotions are part of 
the mental or cognitive system and play similar roles – “feelings are just as 
cognitive as any other perceptual image” (p. 159). Damasio noted that they 
are about something else, but what they are about is no less or no more real 
than perceptions and actions.  
 
Furthermore, as pointed out by Damasio, emotions are interwoven with 
other experiences of life.  
 

The association between a certain mental image and the surrogate of a body state 
would have been acquired by repeatedly associating the images of given entities or 
situations with the images of freshly enacted body states. To have a particular 
image trigger the ‘bypass device,’ it was first necessary to run the process through 
the body theater, to loop it through the body, as it were. (p. 160) 

 
Thus, in this respect simulation processes do not only involve reactivations 
of sensorimotor processes, and the different kinds of reactivations are often 
tightly associated. As seen above, Hesslow (2002) also argued for such 
association between (simulated) sensory events and previously learned 
emotional consequences.  

                                                 
10 While the brain is obviously part of the body, the term body here refers to the body minus the brain 

 21



 

 
Just as mental visual images do not lead to hallucinations and “feel” 
different from visual perceptions, do these as-if feelings feel different from 
feelings involving the “body loop” (Damasio, 1994). Damasio (1994) argued 
that the reason for this is that the brain cannot predict the way a particular 
image will normally activate the bodily processes because this depends  
 

… on local biochemical contexts and on numerous variables within the body itself 
which are not fully represented neurally. What is played out in the body is 
constructed anew, moment by moment, and is not an exact replica of anything 
that happened before. I suspect that the body states are not algorithmically 
predictable by the brain, but rather that the brain waits for the body to report what 
actually has transpired. (Damasio, 1994, p. 157-158) 

 
To what extent this is true in other types of simulation processes is a matter 
of further discussion. For example, there are different views on the extent to 
which such predictions are possible in motor control. Roughly speaking, the 
debate concerns to what extent knowledge is in the brain and to what extent 
it is in the body (cf. e.g. Hinder and Milner, 2003).  
 
Simulation in terms of as-if body loops means that it is possible to bypass 
the body-loop to construct a kind of “false” feeling that does not arise from 
bodily states, but from the brain itself. 
 
2.1.5 Embodied simulation – the mechanisms and function 
So far a number of assumptions of the existing simulation theories have 
been described, which can be divided into three major aspects, each 
specifying a particular class of mechanisms.  
 

• Reactivation of perception, action, and emotion: sensory and motor 
areas of the brain are reactivated to support cognition. There are, 
however, different views on whether this reactivation should be 
considered as reactivated perceptions and actions (Hesslow), inputs 
and outputs of emulators (Grush), or perceptual symbols (Barsalou). 
Moreover, the reactivation might include other brain processes, such 
as those associated with feeling (Damasio, 2003) and more abstract 
processing (Grush, 2004). The reactivation of perception and action is 
the topic of the next section (2.2).  

• Binding: reactivation involves the simultaneous activation of different 
modalities or modal states through a binding mechanism. The notion 
of binding is discussed further in Section 2.3.  

• Prediction: prediction mechanisms establish associations between 
sensory and motor areas to construct simulated chains of behavior. 
Prediction might also imply an ability to mimic the input-output 
behavior of other systems, either through the agent’s own interaction 
or through more agent-independent simulations. However, the views 
differ on the degree of involvement of the sensorimotor system, the 
nature of the mechanism that enables the modeling (although the 
description of the implementation is often very brief), and how this 
affects behavior. Prediction is discussed further in Section 2.4.  
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2.2 The reactivation hypothesis 
As discussed above, a central assumption of embodied simulation is the 
brain’s ability to reactivate itself as-if a particular external or internal 
situation was present (e.g. Barsalou, 1999; Damasio, 1989, 1994; 2003; 
Gallese & Lakoff, 2005; Gibbs & Berg, 2002; Jeannerod, 1994; Möller, 1999). 
The main part of this section, however, concerns the reactivation of sensory 
and motor states, roughly stated, covert actions and perceptions (cf. 
Hesslow, 2002; Jeannerod, 2001). Covert action refers to the brain’s ability 
to reactivate several of the neural processes and structures used to produce 
an overt action, but without any movement of the body, that is, any, at least 
to the naked eye, observable movements of arms, legs, or other through 
muscular action movable body part. Covert perception means reactivating 
several of the neural processes that create percepts without any external 
stimulation to the sense organs. The reactivations are said to occur as in 
previous experiences. For example, Möller (1999) argued that “in a neural 
system the same neurons will be involved in the representation of ‘real’ 
sensory and motor signals as well as in the generation of hypotheses [or 
simulations]” (p. 173) (cf. Subsection 2.4.6). The general idea of reactivation 
is henceforth referred to as the reactivation hypothesis.  
 
The aim of this section is to investigate some sources of empirical evidence in 
favor of this claim. The section focuses on four different domains of inquiry: 
memory (Subsection 2.2.1), imagery (Subsection, 2.2.2), mirror neurons 
(Subsection 2.2.3), social cognition (Subsection 2.2.4) and language 
(Subsection 2.2.5).  
 
2.2.1 Memory 
A long standing hypothesis in memory research, which dates back to William 
James (1893), is that sensory and motor brain regions active during 
encoding are reactivated during retrieval of these memories (Gandhi, 2001; 
Nyberg, Habib, McIntosh & Tulving, 2000; Nyberg, Petersson, Nilsson, 
Sandblom, Åberg & Ingvar, 2001; Wheeler, Petersen & Buckner, 2000). One 
of the first neuroscientists to adopt this reactivation hypothesis was 
Damasio (1989) who explained procedural and declarative memory as “time-
locked multiregional retroactivation”. According to Damasio (1989),  
 

perceptual experience depends on neural activity in multiple regions activated 
simultaneously … during free recall or recall generated by perception in a 
recognition task, the multiple region activity necessary for experience occurs near 
the sensory portals and motor output sites of the system rather than at the end of 
an integrative processing cascade removed from inputs and outputs (p. 26) 

 
Both behavioral and, recent neuroimaging experiments have provided 
further support for the reactivation hypothesis. Nyberg et al. (2000) 
summarized the behavioral evidence for the interdependence of encoding and 
retrieval, as follows:  
 



 

For example, although semantic analysis of the study material benefits 
performance on most episodic tests (1), phonemic analysis can be more effective 
under certain retrieval conditions (2). Similarly, the kind of cues that will be 
effective at the retrieval stage depends on the extent to which the cue information 
overlaps the encoded information (3). In addition, major shifts between encoding 
and retrieval of the internal (4) and external (5) context impairs memory 
performance. (Nyberg et al., 2000, p. 11120) 

 
One of the most spectacular demonstrations of the importance of the overlap 
of encoding and retrieval context is Godden and Baddeley’s (1975, cited in 
Baddeley, 1999) memory context experiment with divers. Using a free recall 
methodology, Baddeley and Gooden had divers learn lists of words either on 
land or submerged, and to recall the words either in the same context as 
during encoding or in the other context. When encoding and retrieval context 
matched memory performance was enhanced compared to non-matching 
contexts. These results indicating an interdependence of encoding and 
retrieval is consistent with the hypothesis that similar neural mechanisms 
are being used. 
 
Recent neuroimaging experiments of memory have further supported the 
reactivation hypothesis and the assumption that the behavioral effects are 
due to the activation of the sensory and motor areas used to process the 
percept or associated action (cf. Gandhi, 2001). Using the brain imaging 
technique of Positron Emission Tomography (PET), Nyberg et al. (2001) 
found that remembering visual words that had been presented together with 
sounds at the encoding stage activated some of the auditory brain regions 
that were active during encoding. Moreover, this effect was present even 
when the subjects did not have to explicitly remember the sound, but only 
determine whether the word was part of the original list. Encoding-retrieval 
overlaps have also been found using other types of information, such as 
spatial location (Persson & Nyberg, 2000, cited in Nyberg et al., 2001), and 
vivid visual information (Wheeler et al., 2000). Furthermore, Nyberg et al. 
(2001) found that the overt enactment effect – the finding that performing 
the item to be remembered at the encoding stage is associated with better 
memory performance – is accompanied by encoding-retrieval overlaps, in 
terms of brain activity observed by PET. However, it should be noted that the 
studies also show that encoding and retrieval are associated with different 
activity patterns (Nyberg et al., 2001), and that the magnitude of overlap 
differs between studies (Slotnick, 2004). However, they do show that sensory 
and motor regions participate in some cognitive processes that do not involve 
perception and action (cf. Nyberg et al., 2001).  
 
2.2.2 Imagery 
Imagination and perception are sometimes hard to distinguish. Consider the 
experiment performed by Cheves Perky in 1910 described by Cotteril (1998, 
pp. 19-20).  
 

Perky placed a subject in front of a translucent screen, onto which pictures could 
be projected from the rear, the brightness of projection being controlled by a 
rheostat (a voltage-control device). A favored example was a picture of a tomato, 
and the subject was periodically asked to report whether it had become visible, as 
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the intensity was gradually increased from an initially zero value. Ultimately, of 
course, the subject indicated that the tomato had indeed appeared. Perky then 
switched off the projector and asked the subject, while staring intently at the 
screen, to try imagining the tomato at the location its image had previously 
occupied. Without divulging the fact, she switched the projector on again and 
gradually increased its brightness, taking note of the point at which the subject 
realized what was happening. In all cases, the intensity had achieved a value well 
above that at which the image had previously been reported as becoming visible. In 
other words, the subjects experienced great difficulty in distinguishing between an 
imagined picture and the real thing. 

 
This, so called Perky effect, is a striking example of the close resemblance of 
imagery and perception. While imagery and imagination11 are, as in the 
Perky experiment, often associated with the visual modality, imagery can 
and often involves, especially in everyday life, other modalities (cf. Gibbs & 
Berg, 2002). For example, there has been extensive research in the last 
couple of decades into the relation between motor imagery and the 
preparation, planning (and execution12) of actions (Jeannerod, 2001; 
Johnson 2000, Gibbs & Berg, 2002). A large number of behavioral and 
neurophysiological experiments have shown that motor imagery and the 
mechanisms involved in the planning and production of overt actions share 
a large number of properties (e.g. Decety, Jeannerod, & Prablanc, 1989; 
Jeannerod & Decety, 1995; Jeannerod & Frak, 1999; for reviews see Decety 
1996, 2002; Jeannerod, 1994, 1997, 2001). 
 
The empirical evidence cited in support for the (partial) equivalence of overt 
action/perception and imagery comes mainly from (1) mental chronometry, 
(2) physiological responses, and (3) measurements of brain activity. Each of 
these categories will be discussed in some detail below. 
 
Motor imagery is usually defined as the recreation of an experience of 
actually performing an action, for example, the person should feel as if he or 
she was actually walking (Decety 1996; Jeannerod 1994). It is difficult to 
entirely distinguish or separate motor imagery from other kinds of imagery, 
since actions can involve, for example, visual aspects too (cf. e.g. Jeannerod, 
1994; see also Dechent, Merboldt & Frahm, 2004). However, a motor image 
differs from a visual image in that it is based mainly on 
kinesthetic/proprioceptive information about the action, that is, the subject 
feels as if performing the action, not necessarily involving a visual iconic 
representation of the action or the external visual surroundings. To 
distinguish motor imagery from other more well known phenomena of 
mental imagery, such as visually imagining a vase of flowers standing on a 
table, Jeannerod (1994) used the sport psychology terms of external and 
internal imagery. In external imagery the subject takes on a third person 
perspective watching him- or herself performing an action from the outside, 
In internal imagery he or she takes on a first person perspective “feeling” 

                                                 
11 In this section, the focus will be on imagery, which could be seen as a less creative and more controlled form 
of imagination (cf. Thomas, 1999).  
12 According to Iacoboni (2006, p. 2694), “[t]he dichotomy between planning and control in visuo-motor 
behavior is an old one (Woodworth, 1899), and has generated, and still generates, much debate (Glover, 2004)”.  
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him- or herself performing the action, which includes using a kinesthetic 
representation of the action.  
 

…motor imagery is a representation of the self in action and it therefore requires a 
representation of the body as the generator of action forces, rather than just the 
effects of those forces on the external world. (Jeannerod, 1994) 

 
This kind of first person motor image could involve among other things 
imitating somebody’s movements, anticipating the (proximate) effects of an 
action, and having kinesthetic or bodily sensations (e.g., muscle 
contractions, heart beats) (Jeannerod, 1994). The hypothesis Jeannerod 
(1994) put forward was that the representing neurons that are used for 
motor imagery are the same as those active during preparation for actual 
action. However, motor images and preparing (and executing/controlling 
actions) for action have different subjective contents (Jeannerod, 1994; cf. 
Grush, 2004). Motor preparation is an entirely non-conscious process and 
only the final result is open to the subject’s judgment (Jeannerod, 1994). By 
contrast, motor images can be accessed consciously. Jeannerod proposed 
that the difference of the two is one of degree, rather than of kind. If motor 
preparation would be prolonged the intention to act (sometimes associated 
with the efference copy concept further discussed in Section 2.3) would 
progressively become a motor image of the same action, that is, “motor 
imagery seems to result from a massive activation of motor representations, 
with the consequence that the motoneurons would be, at the same time, very 
close from firing and held under partial inhibition” (Jeannerod, 1999, p. 14). 
According to Johnson (2000), from this perspective motor imagery is 
experienced when execution of a fully formed premotor plan is inhibited. 
Grush (2004) emphasized that such a plan must, in the context of motor 
imagery, also involve proprioceptive and sensory aspects (cf. also Jeannerod, 
1997; Johnson, 2000), which is discussed further in Subsection 2.4.4. Since 
the term “image” (and “picture”) is fraught with a multitude of problems in 
cognitive science, it needs to be pointed out that it here implies no relation to 
an actual image, such as a photograph, but is nothing more than a 
convenient label. 
 
Mental chronometry experiments, which measure the duration of behavioral 
and mental responses, have found that the time needed to mentally execute 
actions in several conditions closely correspond to the time it takes to 
actually perform them (Jeannerod & Frak, 1999; Papaxanthis, Pozzo et al., 
2002; Papaxanthis, Shieppati et al., 2002; for a review see Guillot & Collet, 
2005). For example, Decety and Jeannerod (1996) found that Fitt’s law (that 
is, the finding that execution times increase with task difficulty) also holds 
for motor imagery. Decety et al. (1989) compared the durations of walking 
towards targets (with blindfolds) placed at different distances and mental 
simulation of walking to the same targets. In both conditions times were 
found to increase with the distance covered. Similarly, isochrony13 is 

                                                 
13 “[G]lobal isochrony’ refers to the observation that the average velocity of movements increase with the 
movement distance thereby maintaining movement duration nearly constant, ‘local’ isochrony refers to the 
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preserved in motor imagery (Grush, 2004). Isochrony goes beyond what 
normal subjects would have explicit (propositional or conceptual) knowledge 
of since it is an intrinsic property of the motor system which might not be 
easy to spot given the small difference in time and that it often goes against 
what is true in other cases, such as the walking experiment. Furthermore, 
Johnson (2000) found that motor imagery preserves “the path dictated by 
biomechanical constraints on joint rotation” (p. 64), although it should be 
noted that the study did not explicitly concern motor imagery but 
prospective action judgments, which might not qualify as motor imagery 
under the above description on the point of consciously feeling as if. 
 
Similar findings have been reported in visual imagery research (Farah, 1988; 
Finke, 1989). For example, in a seminal study by Shepard and Metzler 
(1971), subjects had to determine whether two three-dimensional forms had 
the same shape or not. The results showed that reaction times increased 
linearly with the angular difference, indicating that the imagined rotations 
were performed at a constant rate, as if a physical object were rotated (cf. 
Finke, 1989). Furthermore, they found reaction times not to be longer for 
depth rotations than for rotations in the picture plane. These two findings 
suggest that imagined rotations in some aspects correspond to actual 
physical rotations of objects (Finke, 1989). Moreover, the subjects reported 
that they solved the task by mentally forming and rotating three-dimensional 
forms to “see” if they were the same, which might also be taken as support 
for the involvement of perceptual processes in mental imagery (cf. 
Subsection 2.4.6). 
 
A related finding is that there is a considerable overlap between the 
mechanisms of spatial attention and spatial working memory (Awh & 
Jonides, 2001; cf. Baddeley, 1999; Wilson, 2001). Furthermore, Lauwereyns 
et al. (2006) found that their finding generalizes to non-spatial visual 
dimensions, such as color and shape.  
 
Besides producing similar reaction times motor imagery has been shown to 
produce similar, although smaller, physiological effects as overt actions. 
Sport psychological experiments have revealed that mentally practicing a 
specific action can enhance the performance when subsequently actually 
performing the previously mentally imagined action (Jeannerod, 1994). For 
example, Yue and Cole (1992; cf. Ranganathan, Siemionow, Liu, Sahgal & 
Yue, 2004) showed that mentally simulating oneself contracting a muscle 
could significantly (by 22%) increase muscle strength (actual training 
produced an increase of 30%). Jeannerod (1994) pointed out that there have 
been several interpretations of these results, for example, that motivational 
factors increase the physiological arousal and as result of this performance 
is increased. Another explanation is that if motor imagery, at least in part, 
involves the same neural structures responsible for overt action it is 
probable that motor imagery could “train” the neural structures used in 
subsequent execution of the previously imagined action (Jeannerod, 2001; 
                                                                                                                                                         
subunits of movement. For example, if subjects trace out a figure eight in which the two loops are of unequal 
size, the time to traverse each loop is approximately equal” (Jordan & Wolpert, 1999) 
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Ranganathan et al., 2004; Yue & Cole, 1992). Besides strength increases, 
autonomic responses, such as the adaptation of heart and respiratory rates, 
which are beyond voluntary control, have been shown to be activated by 
motor imagery to an extent proportional to that of actually performing the 
action, and as a function of mental and actual physical effort (Decety 1996; 
Decety, Jeannerod, Germain & Pastene, 1991; Jeannerod, 1994; Jeannerod 
& Decety, 1995). For example, Decety et al. (1993) showed that when 
subjects imagined performing a leg exercise their heart and respiratory rates 
increased. 
 
More direct evidence for the sharing of neural mechanisms between action 
and motor imagery comes from studies using various types of neuroimaging 
methods. Since the first study that investigated motor imagery using 
regional cerebral blood flow (rCBF) to indicate active brain areas (Ingvar & 
Philipson, 1977), there have been many neuroimaging experiments that 
confirm the first study’s indication that similar brain areas are activated in 
overt actions and motor imagery. Together with results from studies on 
neurological disorders (e.g. Jeannerod & Decety, 1995), these experiments 
have, with some discrepancies, found motor imagery to involve structures 
primarily associated with the execution of actions, such as primary motor 
cortex, premotor cortex, supplementary motor area, lateral cerebellum and 
the basal ganglia. Further, motor imagery also involves areas primarily 
associated with action planning, such as, the dorso-lateral prefrontal cortex, 
inferior frontal cortex, and posterior parietal cortex (for reviews and 
references to particular experiments see Grèzes & Decety, 2001; Jeannerod, 
2001; Jeannerod & Frak, 1999; Johnson, 2002). 
 
Even though there is a strong similarity between overt action and simulation 
of action, the actual degree of overlap is not yet fully understood. For 
example, subjects in mental chronometry experiments tend to over- or 
underestimate durations of actions in some conditions (Guillot & Collet, 
2005) and activation of the primary motor cortex is not found in every 
neuroimaging study on motor imagery (Dechent, Merboldt & Frahm, 2004; 
Grèzes & Decety, 2001)14. Neuropsychological and neuroimaging studies 
offer similar findings, with respect to the involvement of similar areas of the 
brain in mental visual imagery and visual perception (Farah, 1988, 2000; 
Hesslow, 2002; Kosslyn & Thompson, 2000). However, as in the case of 
motor imagery, the overlap is neither complete nor uniform across 
experiments, which to some extent might be explained by differences 
between types of imagery, and resolution of mental images (Ganis, 
Thompson & Kosslyn, 2004; Kosslyn & Thompson, 2000; Trojano et al., 
2004; see also Mazard et al., 2004).  
                                                 
14 However, Anderson (in press) also noted that several brain areas converge in the execution of a particular 
cognitive phenomenon. Keeping with that assumption one should interpret the brain imaging evidence of 
overlaps with some care, since it might be that some additional mechanisms are necessary for the various kinds 
of cognitive phenomena that involve reactivations of sensorimotor states. Thus, a cognitive phenomenon may 
encompass a network of brain areas that are more complex than the activation of for example premotor areas 
during motor imagery. (cf. Anderson, in press). However, complementary evidence from various 
neurophysiological disorders can further strengthen the conclusions from brain imaging studies (cf. Jeannerod, 
1997, 2001). 
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A less common finding, but worth to mention, is evidence suggesting that 
motor imagery also activates the spinal cord and some of the organs of 
proprioception. Lethin (2005; cf. Schwoebel, Boronat & Coslett, 2002) 
reviewed a number of electrophysiological experiments and concluded: 
 

There is evidence that the specifications for covert action include changes in the 
body itself and not just in the brain. The nature of the changes varies depending 
on the nature of the activity. There are changes in the spinal cord – in the alpha 
motoneurons and in the peripheral loop from the gamma motoneurons through 
muscle spindles and proprioceptive afferents to the alpha motoneurons. … An 
important question is whether these changes are sensed by the network of origin. 
To experience the ownership of covert actions in the body requires feedback to the 
owner as their spatially perspectival source. The covert efferent arm [signal, 
pathway] to the body may include stimulation of the gamma as well as the alpha 
motoneurons. There is evidence that an ascending pathway from the muscle 
spindles to the brain carries such feedback during simulation and probably during 
preparation. The spinal interneurons modulate the afferent input from the sensory 
neurons, integrating this with the proprioceptive afference before transmitting it to 
supraspinal levels. … All this bodily activity is an important component of the 
content of awareness of covert action. …The feedback from the bodily activity 
carries information about the other and the world, in how we can interact to find 
the intentional object. (pp. 111-112). 

 
As such, this could indicate a difference from the forward models used in 
motor control (cf. Subsection 2.1.2 and Section 2.4) since they rely on fast 
feedback that does not have to rely on input from outside the cerebrum/ 
cerebellum and could explain why motor imagery to such an extent respect 
bodily constraints and time constraints.  
 
To summarize, there is a substantial amount of research, which suggests 
there are strong similarities between overt actions and motor imagery at 
three different levels of investigation: psychological, physiological, and 
neurophysiological. This suggests that the brain and cognitive mechanisms 
involved in the production (and control) of action are to a large extent reused 
in mental motor imagery. However, it might be that, at least, in the case of 
imagery not only are the brain reactivated in similar ways (cf. Anderson, in 
press), it can play similar functions, meaning that what has happened is a 
more or less complete internalization of previous experiences. This does not 
mean they are equivalent, though. For example, a well-known phenomenon 
is the difficulty and, often, inability to reinterpret mental images, while this 
can be done (although not without effort) in external pictures (cf. Figure 4). It 
should be noted that sometimes it seems to be possible in imagery too (Mast 
& Kosslyn, 2002), but, in general, mental imagery often cannot replicate 
every aspect of agent-environment interactions.  
 

 29



 

 
Figure 4 Illustration of the duck-rabbit illusion (from Jastrow, J. (1899). The mind's 
eye. Popular Science Monthly, 54, 299-312) 

The difficulty of re-interpreting a mental image is consistent with the idea of 
reactivation of perception and action, and RaSH, at least if the simulations 
are implemented as “remembered” sensorimotor couplings. Since the 
reactivation mechanism is not the mechanism that establishes aboutness, 
the particular meaning of the reactivated state/experience is repeated. 
Reactivation of perceptions as they occurred in experience would result in 
the same perception. That is, the way the mental image is regenerated is 
similar to, or at least affected by, the original interpretation of the external 
image. However, mental imagery is sometimes linked to creative thinking in 
which mental imagery can be used to remember aspects not explicitly 
committed to memory and the formation of new images (Finke, 1996). On the 
other hand, Barsalou’s simulators are less constrained by particular 
associations, which suggest that mental images could also be reinterpreted, 
but perhaps it could also be the case that such conceptualization skills 
cannot always override the reactivation mechanism involved in mental 
imagery.  
 
Obviously, in normal subjects motor imagery and motor control can be 
dissociated as motor imagery does not lead to overt actions, nor does it lead 
to hallucinations. Neither does paralysis necessarily imply loss of mental 
imagery abilities. However, there are patients that cannot think of an action 
without executing it (Schwoebel, Boronat & Coslett, 2002) and the loss of 
mental imagery ability does seem to depend on a number of factors such as 
the cause of paralysis. There is also diverging evidence for the extent of the 
overlap, often depending on the type of task used. A particularly difficult 
question is to what degree actions and mental simulations of actions engage 
executive motor structures (such as, the primary motor cortex) (cf. e.g. 
Decety, 2002; Jeannerod & Frak, 1999), and how the overt movement is 
“hindered” (Jeannerod, 2001; Hesslow, 2002). Although there is no complete 
overlap between the neural structures involved in real and mentally 
simulated action, the evidence suggests that the processes are not different 
in nature, but only in degree. 
 
On a final note, the empirical data that is reported should not be seen as 
reinforcing the picture theory in the so-called mental imagery debate in 
cognitive science between those arguing for a picture theory (e.g. Kosslyn 
1994) and those arguing for a description theory (e.g. Pylyshyn 1981), which 
has recently reemerged (Kosslyn, Ganis & Thompson, 2003; Pylyshyn, 2003; 
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cf. also Thomas, 1999). The experiments cannot be used to support either 
camp because both perception and imagery can be said to use the same 
format. That is, even though there are strong similarities between properties 
of imagery and of perception both may be explained using either theory 
(Block 1983; cf. also Pylyshyn, 2003). Furthermore, the finding that visual 
imagery reactivates perceptual areas of the brain does not have to rely on the 
computer metaphor and traditional types of representation (cf. Lindblom & 
Ziemke, in press). 
 
2.2.3 Mirror neurons  
The discovery of so called mirror neurons and canonical neurons in the 
macaque monkey (di Pellegrino, Fadiga, Fogassi, Gallese & Rizzolatti, 1992; 
Murata et al., 1997; Rizzolatti et al., 1996) has resulted in a number of 
different theories about their role in non-human primates and humans, 
especially their role in social cognition including the development of 
language (cf. Johnson & Rohrer, in press; Gallagher, in press; Lindblom & 
Ziemke, in press). While their role in social cognition is important, the focus 
in this section lies elsewhere. Mirror neurons and canonical neurons are 
here proposed as another type of simulation processes. They are simulation 
processes because they are neurons which are involved in action production 
but also become re-activated internally (i.e. with no overt movement), in 
social cognition.  
 
Mirror neurons and canonical neurons have been found in the rostral region 
of the inferior premotor cortex (area F5) of the monkey brain which contains 
neurons that are known to discharge during goal directed hand movements, 
such as grasping, holding, tearing, or manipulating (Rizzolatti, et al., 1988). 
However, they are not responsive to similar movements, but only to actions 
that have the same “meaning” (di Pellegrino et al. 1992; Rizzolatti et al. 
1996; Rizzolatti et al. 2002), which is why they are often interpreted as 
internal representations of actions, rather than motor or movement 
commands (Jeannerod, 1994; Rizzolatti et al., 1996; Rizzolatti et al., 2002). 
Gallese (2003b) emphasized seeing them as coding not physical parameters 
of movement, but a relationship between agent and object. So far it has not 
been possible to investigate the existence of mirror neurons and canonical 
neurons at the single neuron level in humans, because single neuron 
recording is an invasive technique which is rarely used on (healthy) human 
subjects. On the other hand, many researchers have presented strong 
arguments for the existence of a similar system in humans (e.g. Fadiga et al., 
1995; Grafton et al., 1996; Rizzolatti, & Arbib, 1998; Rizzolatti et al., 1996) 
 
The special property of mirror neurons is that they become activated both 
when performing a specific action and when observing the same goal-
directed hand (and mouth) movements of an experimenter (di Pellegrino et 
al., 1992; Rizzolatti et al., 1996; Rizzolatti et al., 2002). Canonical neurons 
are usually defined as F5 neurons that are activated by objects that afford a 
particular action and during the execution of that action (e.g. Murata et al., 
1997), but the classification of the F5 visuomotor cells is still an open issue 
(India Morrison, PhD, pers. comm.). Mirror neurons provide a key example of 
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the reactivation of sensorimotor brain structures in cognitive processes, in 
this case social cognition.  
 
Many of the theories of the function of mirror neurons emphasize their role 
in social cognition (e.g. Gallese & Goldman, 1998; Gallese, Keysers & 
Rizzolatti, 2004; Rizzolatti & Arbib, 1998; Rizzolatti et al., 2002; for an 
overview of mirror neuron research see Stamenov & Gallese, 2002). These 
researchers acknowledge that area F5 and mirror neurons are a kind of 
observation-execution mechanism or resonance mechanism, which links the 
observed actions to actual actions of the subject’s own behavioral repertoire 
(cf. Rizzolatti, 2005). That is, it enables the agent to understand something 
about the observed action through its own sensorimotor processes. Thus, 
mirror neurons have been interpreted as a kind of action representation 
used for both performing and understanding actions (e.g. Rizzolatti & Arbib, 
1998; Rizzolatti et al., 1996). 
 
Gallese and Goldman (1998) hypothesized that this kind of mechanism 
might be one of the basic mechanisms for “mind-reading” – attributing 
mental states to others. In particular, they argued that mirror neurons can 
explain how an agent determines what mental states of another agent have 
already occurred. According to them, when mirror neurons are externally 
activated by observing a target agent executing an action (allowing the 
subject to evaluate the meaning of the other’s action), the subject knows 
(visually) that the observed target is currently performing this very action 
and thereby “tags” the “experienced” action as belonging to the target. 
Tagging of some sort seems to be necessary to differentiate the observer’s 
own actions from those of the target, since the brain processes responsible 
for action planning and execution and those used for interpreting the actions 
of others are the same. How such tagging can be explained is unclear. In 
other domains, the use of forward models (cf. Section 2.4) has been proposed 
as a possible explanation for similar tagging functions (e.g. Jones & 
Fernyhough, in press). However, whether the concept of forward models can 
be applied to mind-reading is not discussed here any further. 
 
Brain imaging experiments with human subjects sitting still observing others 
moving have indicated that the mirror system seems to distinguish between 
biological and non-biological actions (Blakemore, Winston & Frith, 2004). It 
is commonly argued that another person’s action can influence one’s own 
actions, and Sebanz et al. (2003) showed that when a subject carried out a 
spatial compatibility task, the presence of another person altered the timing 
of the response time. Moreover, observation of another person’s actions has 
an impact on one’s own actions, and interference effects occur when there is 
a mismatch between one’s own actions and the observed ones (Blakemore, 
Winston & Frith, 2004). However, these interference effects seem to occur 
only for observed human actions and not while observing a robot making 
interfering actions (Kilner, Paulignan & Blakemore, 2003). Interference 
effects have also been found in behavioral studies on social cognition, 
described in the next section. 
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In this context of social cognition and mind reading, simulation theories as 
portrayed in this thesis and the notion of embodied simulation as off-line 
representation intersect with the well-known Simulation Theory (ST) of other 
minds, or rather, various versions of ST (cf. Carruthers & Smith, 1996). 
However, embodied simulation is not suggested as an explanation of mind 
reading or social cognition in general. Rather, observed phenomena of social 
cognition are taken as evidence for the reactivation hypothesis. Furthermore, 
objections against implicit and explicit versions of the Simulation Theory of 
mind reading (cf. Gallagher, 2007) do not necessarily affect the “embodied 
simulations” discussed in this thesis, because they do not aim to explain the 
same phenomena and the concept of simulation is used quite differently. 
However, it is perhaps possible that embodied simulation as discussed in 
this thesis could be used to clarify limitations to the concept of simulation in 
explanations of mind reading and possible misunderstandings regarding the 
meaning of “simulation”. 
 
2.2.4 Embodiment effects in social cognition 
Barsalou, Niedenthal et al. (2003; see also Niedenthal, Barsalou, 
Winkielman, Krauth-Gruber & Ric, 2005) noted that there are at least four 
types of wellknown phenomena in social psychology experiments, which 
support the reactivation hypothesis (cf. Lindblom & Ziemke, in press; 
Nielsen, 2002). Firstly, perceived social stimuli can produce bodily states (for 
example, a more slumped posture in response to negative feedback). 
Secondly, social stimuli can induce bodily mimicry (for example, a smile in 
response to a smile). Thirdly, bodily states can produce and effect emotional 
states (for example, an upright posture tends to have a positive effect). 
Finally, compatibility between bodily states and emotional states leads to 
increased cognitive performance (for example, it is easier to pull a lever 
towards you in response to “positive” stimuli than in response to “negative” 
ones; cf. also Section 3.7). These phenomena have in common that states of 
the body, such as postures, arm movements and facial expressions, change 
automatically without any conscious mediating knowledge structures in 
specific instances of social interaction (cf. Nielsen, 2002).  
 
Roughly speaking, these phenomena imply that bodily states are involved in 
social cognition and that they might constitute the very foundations of the 
particular social cognitive phenomena in question. Thus, mirror mechanisms 
seem to be a key to understand the close relationship between perception, 
action and social cognition (cf. Decety & Sommerville, 2003). There are also 
indications that mirror mechanisms are also involved in understanding the 
emotions of others (Wicker, Keysers, Plailly, Royet, Gallese & Rizzolatti, 
2003)  
 
To summarize, simulation processes in social cognition plays the function of 
enabling the observer to interpret stimuli in terms of actions (canonical 
neurons) or matching the state of the observed individual (mirror neurons 
and mirror systems), where reactivation of sensorimotor structures, or more 
generally bodily processes, is a basic mechanism. As such this reactivation 
process differs in one important respect to the reactivation in mental 
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imagery. The bodily reactivation is not evoked internally, but is driven by 
external social or physical stimuli. However, even though this distinction is 
important it does not necessarily imply that the basic reactivation 
mechanism is different, but only that there are likely to be other 
mechanisms in addition to the reactivation mechanisms in imagery. The 
manner in which reactivations become activated will be discussed further in 
Section 2.3 and 2.4.  
 
2.2.5 Reactivation in language and conceptualization 
Lakoff and Johnson (1999) developed a theory that in part is consistent with 
Barsalou’s (1999) theory of simulation, but which is formed around 
embodied metaphors. They argued against the notion of a “faculty” of reason 
that is separate from and independent of our bodies, especially perception 
and bodily movement. Their hypothesis was that reason instead arises from 
the nature of brains, bodies, and bodily experience. Reason does not only 
require a body in which it can reside, but the very properties of concepts 
depend on the way the brain and body are structured and the way they 
interact with other humans and the environment. They used the 
embodiment of color concepts to illustrate this point (cf. Maturana & Varela, 
1987; Varela et al., 1991; Section, 1.2), which is briefly recapitulated here. 
Color is for the most of us a very obvious fact of life, the sky is blue and 
roses are red. But this view is false; color does not reside in the world it 
arises from four different interacting factors: the color cones on the retina, 
the neural circuitry, the reflective properties of objects and electromagnetic 
radiation. Color becomes a result of the world and our biology interacting. 
Therefore, thinking of color as merely the internal representation of the 
external reality of surface reflectance is not merely inaccurate; it misses 
most of the function of color in our lives. The meaning of the word “red” 
cannot be just the relation between the world and something in the world.  
 
Thus, according to Lakoff and Johnsson (1999), knowledge is not only a 
reflection of the world. Since reason is embodied and arises from our 
sensorimotor functions, reason does not separate us from other animals but 
puts us on a continuum with them. For instance, even the simple amoeba 
categorizes things as food or nonfood, that is, what it moves away from or 
towards. Since categories and concepts are formed through the organism’s 
embodiment they are therefore not a purely intellectual matter of experiential 
level but most categorization is automatic and unconscious and it is part of 
what makes up our conscious experience. Concepts, such as color concepts, 
are neural structures that allow us to mentally characterize categories and 
reason about them. Thus every conceptual structure is realized as a neural 
structure. The very structure of reason, the way it is encoded in the neural 
circuitry, comes from the properties of the embodiment of humans.  
 

Our abilities to move in the ways we do and to track the motion of other things give 
motion a major role in our conceptual system. The fact that we have muscles and 
use them to apply force in certain ways leads to the structure of our system of 
causal concepts (Lakoff & Johnson, 1999, p. 19). 
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Lakoff and Johnson (1999) argued there is no strong neurophysiological 
evidence (e.g. from brain imaging) that neural circuitry responsible for motor 
action can be used in abstract reasoning. There are now various kinds of 
experiments that at least partly show that bodily states are crucial for 
reasoning.  
 
The reactivation of action and perception has been observed in language in 
various ways. Iverson and Thelen (1999) examined the role of embodiment in 
language, noting that gesture is a pan-human ability in communication, and 
that gestures are tightly connected and synchronized with speech. 
Furthermore, they pointed out that gestures provide important 
communicative information to the listener and even blind people gesture 
while talking to others, even when talking to blind listeners (cf. Goldin-
Meadow, 2003; Iverson & Goldin-Meadow, 1998). Iverson and Thelen (1999) 
linked gestures and language together from the perspective of embodiment, 
and presented three types of empirical evidence (see also Section 3.7). 
Firstly, some language and motor functions share the same underlying brain 
mechanisms. Ojemann (1984), for example, demonstrated that there seems 
to be a common brain mechanism for sequential movement and speech 
production located in the same area in the brain. Moreover, Fried et al. 
(1991) pointed out that there are indications that the vocal tract, and the 
hands and arms are represented in closely related sites in certain brain 
areas. Secondly, some of the brain regions normally associated with motor 
functions have been shown to be involved in language tasks (cf. Pulvermüller 
et al. 1996). Furthermore, classical “language areas” become activated 
during motor tasks (e.g. Bonda et al., 1994; Krams et al., 1998). Finally, 
there seems to be a close link between patterns of collapse and recovery in 
certain motor and language functions in some types of patients. For 
instance, language breakdowns in patients suffering from aphasia show a 
parallel dysfunction in gesturing (cf. e.g. Hill, 1998). Moreover, there are 
close connections between the oral and manual systems in the infant at 
birth, for example, the Babkin reflex which makes newborn babies open 
their mouth if pressure is applied to their palm. Furthermore, gesturing has 
been shown to have positive effects on language development in infants (cf. 
Goodwyn & Acredolo, 1998). Taken together, there exists converging 
empirical evidence that the systems of hand and mouth movements are not 
separate systems; rather they should be viewed as intimately linked in 
language production. Thus, from the perspective of embodied cognition, this 
kind of simulation mechanism might function as the glue that binds hand, 
mouth and language together (discussed further in the next section).  
 
A similar pattern of results can be found between perception/action and 
language understanding and conceptualization (Barsalou, Simmons et al., 
2003; Glenberg & Kaschak, 2002, 2003; Solomon & Barsalou, 2004; Zwaan, 
2004). Zwaan (2004) summarized the evidence according to four types of 
results (1) words activate brain areas that overlap with areas that are active 
when their referent is experienced (e.g. Chao & Martin, 2000; Hauk et al., 
2004), (2) action representations are activated during comprehension (e.g. 
Glenberg & Kaschak, 2002, 2003), (3) perceptual representations are 
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routinely activated during comprehension (e.g. Solomon & Barsalou, 2004), 
(4) comprehenders respond as if “in” the narrated situation (e.g. Barsalou, 
2005b) (see also Johnson and Rohrer, in press; Rohrer, in press; Zlatev, in 
press).  
 
Barsalou, Simmons et al. (2003) argued there are mainly two lines of 
evidence that support the prediction that naïve and imagery participants 
perform similarly: (1) both groups produce the same complex distribution of 
features as when listing features of a concept verbally, and (2) perceptual 
variables affect conceptual processing. For example:  
 

in feature listing a feature is produced less often when occluded than when 
unoccluded (for example, participants produce roots less often for “lawn” than for 
“rolled up lawn”). Participants simulate a referent of the target concept with 
features visible in the initial stimulus easier to report than occluded features. In 
property verification, perceptual variables capture a large amount of unique 
variance in RTs [reaction times] and errors. (p. 86) 

 
Another example of the coupling between language understanding and 
action is the “action-sentence compatibility effect” (Glenberg & Kaschak, 
2002, 2003), which is particularly illustrative. Glenberg and Kaschak found 
that the sensibility of a sentence is modified by physical actions. Reaction 
times increased when subjects read “toward sentences” that implied action 
toward the reader, such as “Open the drawer” and had to give the answer 
through an incongruent action, that is, moving the hand away from the 
body. Conversely, when subjects answered through an action congruent with 
the sentence, reaction times decreased. It might be worth noting that 
Glenberg and Kaschak (2002) included not only sentences describing 
concrete, physical transfers, but also sentences describing cases of abstract 
transfer, such as "Liz told you the story" (p. 560). The action-sentence 
compatibility effect was also present when reading these more abstract 
sentences. 
 
On the other hand, Markman and Brendl (2005), for example, showed that 
the type of embodiment effects presented by Barsalou, Niedenthal et al. 
(2003) are not always tied to the subject’s body, but sometimes the actions 
and corresponding effects are performed in relation to a non-physical 
instantiation of the self (moved away from the subject’s physical body). In 
such cases the mere simulation of actions, according to Markman and 
Brendl, is not sufficient for explaining the phenomena, since actions are 
usually tied to the subject’s body and egocentric perspective. Thus, a further 
question is to what extent reactivations of sensorimotor states can be used 
for such cognitive phenomena (cf. discussion in Section 2.5).  
 
2.2.6 Summary: Reactivation 
Although there are open issues such as to what extent mechanisms, 
processes, and brain areas overlap, the overall picture suggests that 
reactivation is a common phenomenon in cognition. The fact that results 
from many different types of methods point in the same direction further 
strengthens the validity of the conclusion – the tendency for cognitive 
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abilities to reuse existing mechanisms15. While the reactivation hypothesis is 
only one aspect of simulation theories it is crucial for the idea of embodied 
simulation as off-line representation (cf. Section 1.3) as it likely that 
reactivations can have “the same effect, or can be used in the same way as, 
an external situation” (Section, 1.3). It should also be noted that although 
the reviewed empirical evidence mostly focused on sensory and motor 
processes, it is also possible to formulate the idea of reactivation in a more 
general form, including for example the simulation of emotion. In the general 
case, reactivation refers to the hypothesis that the brain has the ability to 
reactivate itself so that the same or at least sufficiently similar patterns of 
activity can emerge without the original cause(s), external to the brain, being 
present.  
 
An important aspect, which might not have been given enough space so far, 
is that the reactivation patterns rarely constitute a complete overlap between 
for example, vision and visual mental imagery. This raises a number of 
issues, such as to what extent other mechanisms are necessary to explain 
the particular cognitive ability. For example, in memory it has been shown 
that the neural systems for encoding and retrieval are distinct, even though 
retrieval does involve reactivation (Nyberg et al., 2001). A related issue 
concerns the precise nature of the reactivations. Although the hypothesis is 
framed in terms of reactivation of sensory and motor processes (or 
perception and action), it should be stressed that the sensorimotor system 
consists of a number of more or less independent processes which 
complexity should not be underestimated (cf. Anderson, 2006). Thus, it is 
possible that reactivations occur on many different levels. This particularly 
evident in the fact that some reactivations reach conscious awareness while 
others do not. For example, the behavior where the action-sentence 
compatibility effect is observed (cf. Glenberg & Kaschak, 2002; Section 2.2.5) 
does not necessarily involve a conscious simulation of the actions involved in 
the sentence, while motor imagery is in part defined as conscious 
simulations of actions.  
 
The reactivation hypothesis is in many ways consistent with Anderson’s (in 
press) Massive Redeployment Hypothesis (MRH). In particular, MRH, similar 
to the reactivation hypothesis, suggests that particular brain areas (1) are 
constantly redeployed or reactivated to partake in more than one cognitive 
function, but (2) always do the same every time they are activated. Anderson 
further argued that this means that as new functions develop the brain 
reuses existing functional components, which can easily be part of a new 
system of components supporting the new function.  

2.3 Binding  
The previous chapter focused on the empirical evidence that suggests that a 
common mechanism in cognition is the reactivation of previous experiences 
and interactions. However, little was said about how the reactivations come 

                                                 
15 It almost amounts to a so called triangulation of data (cf. e.g. Kaulio & Karlsson, 1998). 
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about. In this section, binding is proposed as a possible mechanism involved 
in reactivation.  
 
 
2.3.1 Convergence zones 
According to Damasio (1989), reactivation of sensory and motor states is 
achieved through convergence zones, which are located at various levels 
throughout the forebrain (telencephalon). The convergence zones are not 
integrative areas in the sense that they are some kind of storehouse, but the 
reactivation processes are made up by a number of feed-forward and feed-
back connections between sensory and motor areas and convergence zones. 
As such, Damasio (1989) argued that the concept of convergence zones 
opposes the traditional view of a unidirectional flow of signals/information 
from caudal (back) to rostral (front) areas of the brain (Damasio, 1989). 
Instead, reactivation occurs as follows:  
 

The concerted reactivation of physical structure fragments, on which recall of 
experiences depends, requires the firing of convergence zones and the concomitant 
firing of the feedback projections arising from them. … Convergence zones bind 
neural activity patterns corrseponding [sic!] to topographically organized fragment 
descriptions of physical structure, which were pertinently associated in previous 
experience on the basis of similarity, spatial placement, temporal sequence, 
temporal coincidence, or any combination of the above. …The geographic location 
of convergence zones varies among individuals but is not random. … Convergence 
zones provide integration, and although the convergence zones that realize more 
encompassing integration are more rostrally placed, the activities that all levels of 
convergence zone end up promoting, and on the basis of which representations are 
reconstituted and evoked, actually take place in caudal rather than rostral 
cortices. And because convergence zones return the chain of processing to earlier 
cortices where the chain can start again towards another convergence zone, there 
is no need to postulate an ultimate integration area. (pp. 39-40).  

 
According to Damasio (1989), (type 1) convergence zones achieve the 
recreation of an experienced situation or event at some level of abstraction, 
that is, they “… inscribe temporal coincidences and aim at replicating them 
through simultaneous activation of several (caudal) brain areas”. Thus, the 
type 1 convergence zones can be compared to the concept of declarative 
memories as they consist of experiences or facts tied to a particular or more 
abstracted situation. According to Damasio (1989), the observed differences 
between semantic memories and episodic memories arise as a consequence 
of the level of processing in the brain where more anterior systems are able 
to collect more contextual detail providing more uniqueness to each 
remembered experience (which is supposed to give rise to an auto-
biographical story) (see Damasio, 1989, pp. 50-52). While the existence of 
convergence zones is an empirical hypothesis in it self, it does provide a 
possible mechanism that could cause some of the reactivations seen in the 
previous section. This idea of convergence zone has been further elaborated 
by Barsalou’s perceptual symbol system theory (cf. Section 2.1.3) in the 
context of conceptualization, which is discussed in the next subsection.  
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2.3.2 Conceptualization 
Barsalou (1999) differentiated perceptual symbols from simulators, where 
simulators contain the basic mechanisms to bind several perceptual symbols 
into a coherent whole. Binding is the central function of simulations or 
simulators in Barsalou’s (e.g. 1999, 2003, 2005a; Solomon & Barsalou, 
2004) theories about conceptualization. Barsalou developed Damasio’s idea 
of type 1 convergence zones into the notion of simulators. Simulators are, 
mainly, meant to explain human conceptual abilities, especially abstraction. 
This means that the type of convergence zones that Barsalou suggests has a 
quite different function than that proposed by Damasio (1989).  
 
According to Barsalou (2003, 2005a), there are many uses of the term 
abstraction in cognitive science, either as descriptions of our abilities to form 
categories or explanatory constructs. In the latter sense, however, 
abstraction refers to the entities thought to explain cognition, where one 
particularly important concept in cognitive science has been summary 
representations. Summary representations have been associated with, 
among other things, interpretation (Barsalou, 2003). Interpretation refers to 
the supposed ability of summary representations to explain interpretations 
of experiences. That is, summary representations have been considered 
essential for giving experience meaning, as opposed to being just recordings 
of meaningless images or undifferentiated bitmaps. For example, Pylyshyn 
(1973) argued that interpretations are produced when concepts in memory 
type the components of sensorimotor experience, such that object69 is typed 
by the concept SOFA into SOFA(obejct69) (Barsalou, 2003). Thus, according 
to this view, “a representation of a [SOFA] is not a holistic recording of it, but 
a set of propositions that interpret it” (Barsalou, 2003, p. 1178). More 
generally, however, the notion of interpretation is basically the idea that a 
representation brings something more to the object of interest or the sensory 
input that impinges on the agent at a particular time (e.g. Gärdenfors, 1996).  
 
Barsalou argued that earlier theories of summary representations are 
fraught with a number of unsolved problems, which relate to the difficulty of 
identifying the information that a summary representation embodies, 
verifying the information, and handling exceptions (see Barsalou, 2003, for 
details). Barsalou (2003) took these three problems to indicate that “there 
may be no correct abstractions [summary representations] to discover.” 
Instead, he argued concepts and abstractions are generated on a moment-to-
moment basis, much like hammering, playing tennis, or any other skill that 
must be sensitive to the whole situation. 
 

Abstraction is simply a skill that supports goal achievement in particular 
situations. It does not construct summary representations that fix category 
membership…. no such underlying abstraction exists. Instead, participants 
construct a holistic simulation of the target category (for example a particular 
chair), and then interpret this simulation using property and relation simulators 
(for example, property simulators for seat, back, and legs)…. Because of the 
dynamical nature of feature listing, considerable variability arises both between 
and within individual people in the features they produce. (p. 1184) 
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This means, the conceptual system functions not by merely statically 
mirroring the environment, but should be considered a constructive task in 
which many different kinds of variables interact to come up with an 
interpretation of the situation. 
 
As described in Section 2.1, Barsalou (2005b) also described a more 
encompassing type of simulations which he called situated 
conceptualizations. This type of simulation has a parallel in Zwaan’s 
Immersed Experiencer Framework (IEP). IEP postulates a mechanism that 
situates the language understander in a particular previously experienced 
context, that is, recreating experienced situations (Barsalou, 2005b; Zwaan, 
2004, cf. also Glenberg & Kaschak, 2002; Glenberg, 1997). As such, 
simulation can be seen as a kind of declarative memory structure (Damasio, 
1989), that lets the person travel back in time, for example, when trying to 
understand a sentence (Zwaan, 2004). Zwaan (2004) argued, in a similar 
way as Damasio (1989), that the brain tries to capture a whole situation or a 
whole experience. Consequently, “the typical goal of language comprehension 
is the construction of a mental representation of the referential situation – a 
situation model” (Zwaan, 2004, p. 37). For example, a sentence like “The 
ranger saw the eagle in the sky” would activate the same functional webs – 
experiential traces to their referents – that were activated when we actually 
saw an eagle (Zwaan, 2004). Thus, to some degree Zwaan’s proposal is also 
based on the reactivation hypothesis (cf. Section 2.2).  
 
2.3.3 Low-level or sensorimotor binding 
Gallese and Lakoff (2005) argued that the associations or bindings are not 
done through pure association areas, such as convergence zones, but this 
integration is already present in the sensorimotor system which is inherently 
multimodal. The evidence they cite in support comes from research on the 
premotor cortex of the macaque monkey including canonical and mirror 
neurons (cf. Subsection 2.2.3). In particular, Gallese and Lakoff (2005) 
argued that multimodality is realized by functional clusters in the brain, for 
example, parallel parietal-premotor networks. Functional clusters form the 
basic structure necessary for concepts. According to them, the sensorimotor 
system is inherently multimodal given that a large part of the neurons of 
such networks responds to almost all modalities (cf. Subsection 2.2.5). 
Neurons in premotor area F4 (in the macaque brain) respond to motor, 
visual, and somatosensory modalities with the purpose of controlling actions 
in space and perceiving peri-personal space. Mirror neurons have been 
shown to respond to visual as well as auditory examples of the action they 
code for (Keysers, Kohler, Umiltá, Nanetti, Fogassi, & Gallese, 2003). This 
indicates that much of the multimodal integration is not achieved by higher-
level associative areas, but within the sensorimotor system itself (see Fogassi 
& Gallese, 2004 for a review). In respect to reactivation of perception and 
action (cf. Hesslow, 2002) it might also imply that reactivations are not 
necessarily tied to a single modality but that the reactivation could be more 
encompassing.  
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Gallese (2003a) argued, based on Meltzoff and Borton (1979), Meltzoff and 
Moore (1977), and Meltzoff (2002), that this kind of binding can also be seen 
in infants. According to Gallese, Meltzoff’s studies showed that three week 
old infants are able to integrate different modalities mapping apparently 
unrelated sensory sources of information, and this well before the 
development and mastery of language. This means the infants have the 
ability to perform some forms of abstraction without the aid of language and 
are also capable of sophisticated forms of interaction. For example, Meltzoff 
and Borton (1979) discovered that three week old infants are able to visually 
identify a pacifier that they had previously sucked on when blindfolded 
(Gallese, 2003a, p. 518). Thus there seems to be some kind of transfer from 
haptic to visual modalities. However, this ability disappears after the third 
month or so of life, while similar but more complex abilities of imitation will 
develop later on (Gallese, 2003a). For example, the capacity to fully grasp the 
meaning and relevance of what is to be imitated (see Wohlschläger et al., 
2003). According to Gallese, the early type of ability to transfer “information” 
between different modalities and the later more developed imitation shares 
the following feature:  
 

Both instances of imitative behavior are made possible only by the capacity to solve 
the computational difficulties inherent in any type of interpersonal mapping, due 
to the different perspectives of demonstrator and imitator (see Shall et al. 2003). (p. 
519.)  

 
That is, it is always necessary for the observer to transfer his or hers 
observer perspective into his or hers own egocentric bodily perspective. 
According to Gallese (2003), this problem can be overcome by observer and 
demonstrator sharing a common neural format enabled by embodied 
simulations achieved through mirror neuron systems (cf. Prinz, 1997).  
 
2.3.4 Imagery and binding 
The notion of binding in terms of cross-modal associations is, at least 
partially, consistent with imagery research. Even though many studies of 
mental imagery investigate imagery in one modality at a time, this might be a 
contrived situation, which rarely occurs outside the laboratory. Gibbs and 
Berg (2002) argued that imagery involves the whole person including 
emotional (or somatic), visual, auditory, tactile, and kinesthetic aspects. 
Thus, according to them imagery preserves several aspects of the real 
interaction with objects in which all senses and body are simultaneously 
involved in the interaction with an object. For example, Kosslyn (1994, cited 
in Gibbs and Berg, 2002) showed that mental rotation of an object is similar 
to physically turning it in our hands, which implies that this is not a purely 
visual process but the entire feel of turning the object is employed. Similarly, 
Thomas (1999) argued that “mental imagery consists of covertly going 
through the motions of the equivalent perceptual process” (p. 229). That is, 
imagery arises through simulation of the perceptual process, which includes 
the reactivation of both sensory and motor aspects (Thomas, 1999). 
According to Thomas’s (1999) perceptual activity theory, during imagery the 
schema guiding perception is active in the same way as it is during 
perception. It still sends out at least some of its orders to the perceptual 
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instrument and selects procedural branches to follow. It cannot and seems 
not to be exactly the same though, as the stimuli themselves have no 
possible way of signaling their presence, nor do they pass through all bodily 
processes as during perception (cf. O’Regan, Myin & Noë, 2005). 
 
Thomas (1999) argued – just as Barsalou denied the need for a summary 
representation in conceptualization – there is not a percept or image, but 
perceptual experience 
 

… consists in the ongoing activity of schema-guided perceptual exploration of the 
environment. Imagery is experienced when a schema that is not directly relevant to 
the exploration of the current environment is allowed at least partial control of the 
exploratory apparatus. We imagine, say a cat, by going through (some of) the 
motions examining something and finding that it is a cat. (Thomas, 1999, p. 218)  

 
Mental images are formed through the covert activation of the perceptual, 
motor, and perhaps other bodily, processes that would have been active 
during the perception of the same thing rather than the activation of some 
stored structures or formats. As apparent of his perceptual activity theory, 
Thomas emphasized that there is a need for mechanisms that involve the 
motor system (cf. Grush, 2004; Hesslow, 2002; Wexler et al., 1998), which 
are discussed further in Section 2.4. 
 
2.3.5 Binding and off-line representations 
Binding can be seen as a process that simultaneously activates several 
modality specific areas, which could also constitute different 
conceptualizations when the mechanisms responsible for the reactivation are 
sufficiently formed by experience (cf. Barsalou, 1999). However, this 
mechanism seems to be important for two different functions. The first 
function is to aid conceptualization; that is, to enable us to think about a 
chair as a chair, and also to see the world in terms of relations, such as 
“over”, “under”, or “love”. The other function is to preserve previous patterns 
of activation as they occurred during prior experience, for example in 
imagery or a memory. Furthermore, it might be that bindings occur at 
different levels. Early binding in the sensorimotor systems are responsible 
for some aspects of binding while more complex forms of cognition such as 
conceptualization or reading requires binding of more diverse and complex 
systems through convergence zone activity. 
 
According to the Representation-as-simulation Hypothesis (RaSH), 
simulation processes can function as off-line representations, in the 
following sense: 
 

…the ability to recreate internally something that has the same effect, or can be 
used in the same way, as an external situation, especially when that external 
situation does not currently pertain. (Webb, 2006, R185) 

 
However, cross-modal concepts such as those argued to require some form 
of binding have been argued to be crucial for the transition from mere 
transduction to representation in the sense that it adds something to the 
causal sensorimotor impression (cf. Brinck & Gärdenfors, 1999; Gärdenfors, 

 42



 

1996) and can replace the role played by summary representations 
(Barsalou, 2003). That is they provide an interpretation of a situation, as 
opposed to be mere “meaningless” images in a recording of the situation. 
Thus, according to such a view, simulation processes (e.g. Barsalou, 1999) 
are not only off-line representations (cf. Section 1.3).  
 
According to Smith (1996), in simple organisms like the slime mold there is a 
more or less continuous physical coupling between organism and 
environment (cf. Anderson & Rosenberg, in press). In such cases there are 
no objects, merely proto-objects and proto-subjects, since the subject and 
object is not sufficiently differentiated. A possible crucial aspect of 
differentiating subject and object might be the emergence of somewhat stable 
cross-modal associations that amount to objects or concepts. Gärdenfors 
(1996; Brinck & Gärdenfors, 1999) argued that with the transition from mere 
transduction to representation comes cross modality (cf. Sjölander, 1995). 
Among other things, cross-modal objects can enable the agent to respond in 
similar fashion to several different types of stimuli (cf. Anderson & 
Rosenberg, in press). Take the following illustrative example from Sjölander 
(1995; also cited by Gärdenfors, 1996) about the difference between a dog 
and a snake.  
 

Once the prey is struck, the snake uses its sense of smell to localize it, and it relies 
solely on this sensory channel for this purpose. The behavior is thus hardwired to 
this modality and to no other. (…) Despite the fact that the snake must have ample 
proprioceptory information about the location of the prey it holds, it searches 
stochastically for it all around only with the help of the olfactory sense organs. 
When the prey is located, its head must be found to enable the snake to swallow it. 
The prey’s mouth could obviously be found by smell or even sight, but this process 
is governed by touch only – yet another instance of a single-modality connection 
between stimulus and behavior. Consequently, the snake seems to have a multi-
channel system, where the striking of the prey is governed by sight (or temperature 
sense organs), where the location of the struck prey is detected by smell and where 
the swallowing procedure is governed by touch. Thus, there is no true 
intermodality in the snake but just a number of separate systems, involving 
specific sensory input. Consequently, it is hard to imagine that the snake can 
harbour some form of a concept of a mouse in its brain, (…) allowing the snake to 
hunt a mouse by integrating the input from the sense organs, sometimes using 
sight, sometimes smell … (Sjölander, 1995)  

 
This means, the snake lacks the ability to hunt by integrating inputs from 
several sensory inputs at once, which would have allowed its behavior to be 
guided by several different senses simultaneously and interchangeably. 
Instead, the snake has only a multi-channel system, which lacks the ability 
to form concepts (Sjölander, 1995; Gärdenfors, 1996). The difference 
between snakes and dogs is that dogs have the ability to bind together the 
different sensory modalities into something more enduring. It should also be 
noted that Sjölander (1995) also linked this to anticipations (discussed in the 
next section). Consequently, it might be possible that the development of this 
the capacity to form such concepts might involve reactivations of 
sensorimotor states through binding, however, it is unclear whether these 
would be able to fully explain the difference in (cognitive) ability of the snake 
and dog discussed above. 
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2.4 Prediction  
This section presents the idea that reactivations are caused by prediction 
mechanisms by reviewing the role of prediction mechanisms in a number of 
different fields. The section brings together behavioral studies, 
computational models of motor control, imagery research and the theory of 
perception as anticipation arguing that they posit similar predictive 
mechanisms, which could cause reactivations of the type observed in Section 
2.2 and perhaps also play a role in cognitive phenomena, such as problem 
solving, in the form of simulated chains of behavior (cf. Hesslow, 2002).  
 
Prediction involves the causal and temporal relationships between actions 
and behaviors, and the tracking of the future consequences of action 
sequences in particular contexts. The notion of prediction can however refer 
to many things and is often used synonymously with anticipation. Here, 
following Rosen (1985, in Butz et al., 2003), prediction is distinguished from 
anticipation.  
 
According to Rosen (1985), an anticipatory system is “[…] a system 
containing a predictive model of itself and/or of its environment, which 
allows it to change state at an instant in accord with the model’s prediction 
pertaining to a later instant.” (p. 339, cited in Butz et al., 2003, p.2). Thus, 
anticipation is not the same as prediction and expectation, but refers to a 
process that has the ability to modify behavior based on predictions, 
expectations, or beliefs about the future (Butz, et al., 2003). The behavior 
affecting aspect of predictions is, however, also crucial for the adaptive 
advantage of internal simulation (cf. Chapter 3).  
 
Butz et al. (2003) argued that is possible to define anticipation without the 
presumption of a model (whatever that might mean), making it more 
parsimonious: “A process, or behavior, that does not only depend on past 
and present but also on predictions, expectations, or beliefs about the 
future” (p. 3). This does not specify beforehand what the predictions are and 
why they come about and more specifically it neither presupposes nor 
excludes model based predictions. Anticipatory behaviors as identified by an 
outside observer do not need to involve the prediction of future states 
internally (Agre & Chapman, 1989; Subsection, 1.2.2). This distinction is 
partly captured by the distinction between implicit and explicit anticipation. 
The former refers to any intelligent process that by its mere existence 
predicts it will work well in the future for example a stimuli-response 
connection. The latter means that explicit knowledge of the future affects 
current behavior. However, there is some confusion about what explicit is 
supposed to mean in cognitive science (Dennett, 1987). For example Riegler 
(2003) argued that Butz (2002) sense of implicit refers to unconscious 
processes, but it is likely (at least in some cases) that having an explicit 
prediction does not mean the same thing as being consciously aware of the 
prediction. Grush (2004) argued that predictions or forward models can, for 
example, be based on an articulated model, which contains a number of 
important variables of the system which it models. While it is clear that the 
agent has no or very little conscious awareness of these variables or of the 
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predictions the model produces (in some cases), the variables and 
predictions can be said to be explicit (cf. Dennett, 1987). 
 
A simulation mechanism that might be labeled as an implicit prediction is 
Damasio’s (1989) type of convergence zone (type 2), which “have inscribed 
temporal sequences and aim at replicating them” by firing “back in 
sequence, producing closely ordered activations in the target cortices”. 
According to Damasio, this ability to preserve temporal sequences is a 
necessary component of any skill (cf. Lashley, 1951) and is thus coupled to 
phenomena associated with procedural memories. However, while this 
should certainly be important for thinking about the skill and rehearsing it 
mentally, the actual execution of a skill might rely less on this type of 
preformed plan (Cisek, 2005; discussed further in Chapter 3). Damasio 
(1989) pointed out that in normal operation the two types of convergence 
zones (cf. Subsection 2.3.1) are cooperating as they interlock at multiple 
levels, but the main use of type 2 convergence zones is then to underlie the 
ability to perform different types of skills including tool-use. 
 
2.4.1 Prediction of effects  
A basic aspect of the theories of both Hesslow (2002) and Grush (2004) is the 
prediction of the sensory consequences of an action, or stated more 
generally, the prediction of effects (cf. Jordan, 2004). The prediction of effects 
has been a central tenet of William James’s Ideo-Motor Principle (IMP) that 
is, the idea that every action is preceded by a prediction of its effect. 
 

An anticipatory image, then, of the sensorial consequences of a movement, plus 
(on certain occasions) the fiat that these consequences shall become actual, is the 
only psychic state which introspection lets us discern as the forerunner of 
voluntary acts. (James, 1890/1981, p. 1112, quoted in Hoffmann, 2003, p. 45) 

 
According to Hoffmann, “…[t]he additional assumption, that anticipations of 
sensory effects do not only precede but also determine voluntary movements 
was the basic tenet of the Ideo-Motor Principle” (p. 45), which is also known 
as the action-effect principle (see also for example Prinz, 1997).   
 
The idea of embodied simulation, however, extends the action-effect principle 
to internal simulations that project further into the future and to more distal 
aspects by also allowing (wholly) covert actions (cf. Grush, 2004). Hesslow 
(2002) illustrated this in terms of Tolman’s experiments on latent learning 
(e.g. Tolman, 1948, Tolman & Gleitman, 1949; an accessible overview of 
(related) behavioral studies are found in Balkenius, 1995). The next two 
paragraphs accounts for one of the experiments described in Tolman (1948) 
following Hesslow (2002).  
 



 

Start box

Goal box

 
Figure 5 Simplified drawing of the Y-maze used in Spence and Lippitt’s experiments 
(modified from Tolman, 1948). 

 
Tolman (1948) described an experiment performed by Spence and Lippitt, in 
which a simple Y-maze and rats were used (see Figure 5). In the right hand 
corridor of the maze there was a goal box with water and in the left hand 
corridor there was a goal box with food. In the experiment, during the four 
day training phase the rats were given sufficient amounts of food and water 
so they where neither hungry nor thirsty. During the training phase, when a 
rat had arrived to either of the goal boxes it was placed in its usual cage. In 
the following test phase, the rats were either deprived of food or water. The 
result showed that significantly many of the food-deprived rats went to the 
goal box with food and significantly many of the water-deprived rats went to 
the goal box with water. Since the rats were not able to see the goal boxes 
Tolman interpreted this and other experiments as the rats having some kind 
of cognitive map of the maze, that is, the rats knew where the food and water 
were located in the maze. Consequently, he concluded that the rats’ behavior 
is not merely a stimulus-response behavior (a reactive behavior). That is, 
there must be some internal structures which guide the behavior of the rat. 
 
The simulation hypothesis explains the behavior of the food-deprived rat as 
follows (Hesslow, 2002). As the Y-junction becomes visible to the rat, (1) the 
activation of action-preparatory neural structures (simulation of action) that 
would cause a left-turn (in this context) (2) elicits through a predictive 
mechanism (3) the activation of the same areas that were active when the rat 
actually perceived the goal box with food (simulation of perception). The rat 
executes the left turn because the food is a positive stimulus for the food-
deprived rat. Thus, this explanation is consistent with the action-effect 
principle as the anticipated effect (in this example, the food per se or being 
satiated) determines the action. However, it is able to determine the effect 
because of previous associations between a stimulus and its effect, even 
though what is predicted might be a sensory stimulus or value. However, it 
remains to be determined to what extent this type of processing can be 
extended to longer sequences of internal simulations, including long-term 
planning (cf. Gulz, 1991). Hesslow (2002) further argued that this could be 
generalized to human problem solving and planning of the type tested in the 
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Tower of London task16 (cf. Dagher, Owen, Boeker & Brooks, 1999) or when 
we are talking to ourselves internally. Gulz (1991) argued that planned 
behavior cannot simply be behavior directed by a goal representation, 
instead there must be internal generating and testing of actions as well.  
 

Planning involves internal generating and testing of potential actions [simulated 
actions]. It is representations of actions and their consequences that are generated 
and tested, relative to one another and in relation to an overall goal. In brief, there 
is a testing of actions without acting. (Gulz, 1991, p. 51) 

 
Simulation through prediction also shares a number of assumptions with 
Hoffmann’s anticipatory behavioral control (ABC) framework, which further 
points to the ubiquity of this kind of mechanism in theories of cognition (cf. 
also Prinz, 1997). Hoffmann (2003; Butz & Hoffmann, 2002; cf. Prinz, 1997) 
cites several experiments that does provide further evidence for the existence 
of simulation processes that form the basis of prediction. Furthermore, the 
Ideo-Motor Principle (IMP) as refined by Hoffmann are to some degree 
compatible with research on motor control, especially internal models. There 
are some differences between these two fields of research. Internal models 
have mostly been used for the control movements in ongoing action, whereas 
the action-effect principle relates to the selection and initiation of voluntary 
actions (Hoffmann, 2003). However, for the purpose of this thesis the two are 
discussed under the same heading. 
 
Hoffmann clarified and supported a number of different aspects of the IMP, 
which can be summarized as follows: (1) a voluntary act is preceded by the 
anticipated effect of the action  (2) the situation can become part of and help 
determine the anticipated effect, (3) the response-effect17 coupling occurs 
either through latent learning or reinforcement learning when the 
anticipated effect correctly anticipates the desired effect, and (4) stimulus-
response relations also exist, but response-effect association is the primary 
process of action determination. These aspects are discussed further in the 
subsections to follow. 
 
2.4.2 Prediction and the selection and execution/control of an action  
Hoffmann (2003) argued there is evidence that a voluntary action is preceded 
by a prediction of the outcome: 

 
A voluntary action (Avolunt) is defined as performing an act to attain some desired 
outcome or effect. Thus, a desired outcome, as general and imprecise as it might 
be specified in the first place, has to be represented in some way before a voluntary 
action can be performed. Consequently, it is supposed that any voluntary act is 
preceded by an anticipation of a to-be-attained effect (Eant). (Hoffmann, 2003, p. 53) 

 
According to Hoffmann, it is primarily reinforced R-E associations that can 
account for goal-directed behavior rather than S-R associations and this has 
also been shown in animal behavior and cognitive psychology studies. For 
example, Colwill and Rescorla (1985) showed that rats do not only learn S-R 

                                                 
16 The Tower of London task is described in Subsection 3.2.4, 
17 “Action-effect” and “response-effect” are used synonymously. 
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relationships, but their behavior is determined by the response reinforcer 
association by devaluation of one of two previously learned response-
reinforcement association. 
  

Consider, for example, a study by Colwill and Rescorla … Rats were first separately 
reinforced with food pellets after performing R1 and with a sucrose solution after 
R2. Once instrumental training had occurred, one of the two reinforces 
(outcomes/effects) was devalued by associating it with a mild nausea. Finally, the 
rats were given the choice between the two responses, but with all outcomes 
omitted. In this test-phase rats showed a clear suppression of performing the 
response the outcome of which had been devalued. Obviously, the rats had not 
only associated the two responses with a situation wherein these were reinforced 
(S-R1 and S-R2), but they had also learned which response leads to which outcome 
(R1-food pellets, R2-sucrose solution). Consequently, the rats avoided in each 
situation respectively that response that they know to be followed in this context 
by the devalued outcome. (Hoffmann, 2003, p. 47) 

 
That is, the rats’ behavior is guided by the effect associated with the 
response. Although, the influence on action selection is more complex, the 
importance of action associated effects has been a central hypothesis in 
several theories of motor control based on forward and inverse models (e.g. 
Frith et al., 2000; Kalaska et al., 1997; Kawato, 1999; Wolpert et al. 1995), 
with the difference that motor control research often divides the action-effect 
relationship into two parts, the forward and inverse model (cf. Ziessler et al., 
2004). Motor control research deals with the problems of generating correct 
movements to achieve a desired state, which involve problems associated 
with learning, planning, and execution of these actions, as well as the 
evaluation of the consequences (Jordan & Rumelhart, 1992). It centers on 
the sensorimotor loop consisting of both transformations from sensory to 
motor and motor to sensory signals, where a central mechanism might be 
the internalization of these loops into internal inverse and forward models, 
respectively. One might also say that the inverse model is a controller while 
the forward model is a predictor (Frith et al., 2000). In terms of Hoffmann’s 
framework, the response is the controller and the effect is the predictor. 
Basically and historically, the forward model concept has been associated 
with the efference copy or corollary discharge – a copy of the motor command 
that is to be executed – leading to a prediction of the consequences of that 
action. However, the interpretation and format, as well as the terminology, of 
the concepts efference copy and corollary discharge are not always clear 
(Webb, 2004). Webb (2004) argued that the notion of forward models should 
be restricted to mechanisms that involve connections from motor areas to 
sensory areas and which involve non-trivial predictions of future sensory 
information; however, acknowledging that there is considerable space in the 
types of sensory and motor processes as well as types of predictions.  
 
A result that supports the idea that the execution of an action is preceded by 
the consequences of that action is that the initiation of a movement reaches 
our awareness 50-80msec before the movement has actually started (Frith et 
al., 2000)18. Since the movement has not begun, the awareness cannot be 
                                                 
18 A related but more controversial and criticized experiment, although replicated, is Libet’s experiment 
concerning the “urge” or intention to move, which showed that brain activation precedes the conscious 

 48



 

generated by proprioceptive or sensory feedback but must be generated by 
other means, for example, predictions based on the efference copy. This 
might only be the top of the iceberg, though. The awareness of the action 
could be the result of the selection of an action, or at least, an action near 
execution, but this might have been preceded by multiple-forward models 
being active at the same time, but not reaching conscious awareness. Cisek 
and Kalaska (2002, 2005, described in Cisek, 2005) found that “when a 
monkey is presented with two mutually-exclusive directions for a reaching 
movement, directional signals corresponding to both of these actions are 
simultaneously represented in PMd [dorsal premotor cortex]” (p. 19). 
Furthermore, when a selective cue was presented the signals associated with 
the non-indicated action decreased rapidly. This indicates that multiple 
possible actions-effect couplings can be simultaneously active before the 
decision, to execute a particular action, is actually made. This is also 
consistent with the modular selection and identification for control (MOSAIC) 
model of movement generation, which consists of multiple predictor-
controller pairs (Haruno, Wolpert, Kawato, 2001; Wolpert, Doya, Kawato, 
2003; Wolpert & Kawato, 1998). According to the MOSAIC model each 
predictor is tied to a controller, which is consistent with the action-effect 
principle in which the action is tied to the (sensory) consequence of that 
action. 
 
There is also a possible connection to canonical and mirror neurons (cf. 
Subsection 2.2.3). For example canonical neurons can be seen as 
implementing an implicit prediction. Canonical neurons are usually defined 
as those F5 neurons whose response properties are somewhat more specific 
to particular visual (interaction) properties of objects (action affordances) 
rather than the action-object conjunction typical of mirror neurons (India 
Morrison, PhD, pers. comm.). Canonical neurons could be seen as 
implementing an implicit prediction of the consequence of an action since 
they seem to be important for the execution particular object interactions, as 
well as, for affordances (seeing or feeling what action is appropriate in 
relation to a particular object). Similarly, Miall (2003) argued that forward 
and inverse models can be implemented by mirror neuron related circuits. 
Miall reviewed Iacoboni’s idea that mirror neurons form the interface 
between forward and inverse models. According to Iacoboni, superior 
temporal sulcus (STS) represents observed actions visually, which through 
area PF of the posterior parietal cortex projects onto mirror cells in area F5, 
which converts the “visual representation into a motor plan“. Thus, it 
implements the inverse model. The forward model is implemented by 
reversing the projections from area F5 of the ventral premotor cortex, 
through area PF, and back to STS, “converting the motor plan back into a 
predicted visual representation (a sensory outcome of the action)”. However, 
Miall (2003) argued that similar transformations might be implemented by 
pathways incorporating the cerebellum, which has often been associated 
with the forward model concept in motor control. Moreover, Miall pointed out 
that a possibly important difference is that mirror neuron activity reflects 
                                                                                                                                                         
intentions, i.e., showing that it is the physical that causes the mental and not the other way around (Haggard, 
2005). 
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more general aspects of actions, whereas forward models in motor control 
which have to estimate movement outcomes must be more detailed (cf. 
Haruno, Wolpert & Kawato, 2003; Wohlschläger et al., 2003; Wolpert et al., 
2003).  
 
To summarize, predictions (based on forward models), either conscious or 
unconscious, precedes the execution of an action and is possibly involved in 
the selection of a particular action. Furthermore, the action is constantly 
modified to account for sensory feedback delays, and other perturbations. 
The similarity between the internal model approach and Hesslow’s (2002) 
simulation hypothesis becomes even more apparent. The inverse model is a 
simulation of action, which in Hesslow’s model is what happens in the 
premotor areas, which during simulated chains of behavior is elicited by 
forward model predictions generated in the sensory areas of the brain.  
 
2.4.3 Learning the sensorimotor relations 
The second idea of Hoffmann’s ABC framework to be addressed is the 
learning of the response-effect associations.  
 

The actual effect is compared with the anticipated effect. If there is sufficient 
coincidence between what was desired and what really happened, representations 
of the just-performed action and of the experienced effect become interlinked, or an 
already existing link is strengthened. If there is no sufficient coincidence, no link is 
formed, or an already existing link is weakened. This formation of integrated 
action-effect representations is considered as being the primary learning process in 
the acquisition of behavioral competence. (Hoffmann, 2003, p. 53) 

 
This means learning the forward model is a supervised learning process, 
where the actual effects are used to modify the predicted effect (cf. Doya, 
1999). The first aspect of this view of learning the action-effect 
representations concerns the need for a prediction in the first place. If the 
learning of forward models or action-effect representations is supposed to 
occur based on the correspondence between predicted and actual 
consequences, logically, there must be mechanisms that are capable of 
generating predictions that can be used as a comparison. There is also the 
issue of how the desired state was specified, such as a prediction of motor 
states, sensory states, a sensorimotor neutral state, or a particular feeling; a 
reward signal. 
 
In motor control and in Grush’s (2004) simulation account the comparison is 
not only used to update the forward model. Actual sensory feedback is not 
privileged, but there is also an estimate of which information is the best, the 
predicted or actual sensory data. The reason the feedback from 
proprioception can be replaced by predictions even when the sensory 
information is available is among other things that it can be altered by noise 
(Grush, 2004). 
 
2.4.4 Affordances and environmental control of action 
Another aspect of Hoffmann’s ABC framework is the connection to the 
environment. The forward model/simulation approach focus on the 
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predictive or internal mechanisms but it is equally important to take into 
consideration the way the environment affects the action-effect principle.  
 

It is assumed that situational contexts (S) become integrated into action-effect 
representations, either if a particular action-effect episode is repeatedly 
experienced in an invariant context or if the context systematically modifies the 
contingencies between actions and effects. This conditionalization of action-effect 
relations is considered as being a secondary learning process. 

 
This reminds us that an important aspect of motor control and action 
selection is determining the kind of situation the organism/agent finds itself 
in. However, this is partially addressed by the MOSAIC model’s use of 
multiple predictors which are used to determine the situational context 
through the accuracy of the predictions (cf. Haruno et al., 2001). The role of 
simulation processes in that kind of function could be investigated further 
using situated and embodied artificial agents as models. Such models move 
around in an environment so that the agent finds itself in a number of 
different situations, where each situation has its particular requirement on 
the agent. Thus, such models incorporating simulation mechanisms could 
more or less implicitly provide the constraints of different contexts. The use 
of situated and embodied artificial agents to understand embodied 
simulation is discussed further in Chapter 3. 
 
Given the strong evidence for response-effect associations it is possible to 
conclude this association is a central part of the representations formed by 
animals in instrumental learning (Hoffmann, 2003). There are also a number 
of studies on humans that support this view. However, Hoffmann is critical 
to many of the studies on instrumental behavior in humans because the 
experimental settings differ too much from “the conditions of ordinary goal 
oriented behavior”, since (1) there is only one response and one effect, 
whereas in real life they are multiple, and (2) subjects are explicitly 
instructed to pay attention to the contingencies, rather than having a goal-
oriented task.  
 
Hoffmann (2003) argued that although the R-E is primary, a stimulus can 
often also elicit an action as apparent in action slips, such as when a bus 
driver on his way home in his car stops at a bus stop (Heckhausen and 
Beckman, cited by Hoffmann, 2003). He also related this to affordances (e.g. 
Gibson, 1977). The impact of affordances is especially apparent in patients 
with the anarchic/alien hand sign or utilization behavior. Frith et al. (2000), 
in a review, cited a case where a patient, suffering from utilization behavior, 
visiting his doctor’s apartment gets undressed and into bed, when shown the 
bedroom. Similarly but on a smaller scale, patients showing the anarchic 
hand sign have lost control of one arm, such that the arm may, when 
confronted with a bottle of water and a glass, start to poor the glass, without 
the patient being aware of the action. Thus, it is quite possible to perform 
actions without conscious control. Stimulus situations can also be 
incorporated in the R-E scheme by having the stimulus situation condition 
the produced effects. For example, Colwill and Rescorla (1990) found that 
rats can couple the stimulus context to different effects given the same 
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response, that is, the response “means” different things during different 
contexts. A comparable study with humans, by Hoffmann and Sebald, 
showed that humans also do the same thing (Hoffmann, 2003).  
 
Hoffmann (2003) mentioned several open issues that are of interest to both 
the selection and initiation of action, specifically, the formation of 
predictions. Firstly, how long can the delay between response and effect be? 
More generally, this is the problem of how effects are tied to responses, 
When there is a prediction of an effect then this could establish the 
association, but when there are multiple possibilities, it is less obvious what 
effects are associated with the response. Are all effects associated with the 
action or only attended ones? This (temporal) credit assignment problem has 
been addressed further in the machine learning literature, especially 
concerning the use of reinforcement learning (e.g. Sutton, 1984). Secondly, 
which conditions provoke an actor to consider the situational context as 
behaviorally relevant? That is, how can the agent discover what aspects 
determine that an action sometimes works and sometimes does not? Thirdly, 
the processes by which anticipations are transformed are not yet 
appropriately understood. For example, not all anticipations lead to actions, 
but as William James argued there need also “to be a ‘fiat’ that the 
anticipated consequences shall become actual in order to bring the body into 
move.” (James, cited in Hoffmann, 2003, p. 62). Perhaps emotion and affect 
can play an important role.  
 
Finally, Hoffmann argued that the studies discussed above do not address 
the nature of the anticipations; for example, whether they are proprioceptive 
or exteroceptively specified and at what level of the motor hierarchy they are 
specified. To some extent, this argument applies to the empirical evidence for 
embodied simulation in general, and many other models of motor control for 
that matter (cf. Bastian, 2006; Webb, 2004). It is possible that the 
mechanisms for forward models as used in motor control and as used in 
other cognitive phenomena differ to some extent in the neural machinery 
applied. Stated briefly: (1) Forward models in motor control are driven by a 
copy of the motor command about to be executed, while cognition involves 
prediction of the consequences of future actions. (2) The motor copy in motor 
control probably specifies detailed movements (at least during execution), 
while cognition could involve more general actions and intentions. (3) The 
predicted sensory feedback mainly concerns the location of limbs and joints, 
cognition (also) involve external objects and situations. Thus, there is a need 
in at least some cases for the cognitive agent to broaden its initially quite 
narrow and internally centered control loop and start incorporating several 
other aspects to control its behavior (cf. Porr & Wörgötter, 2005). The agent 
needs to model more than its immediate bodily interaction, including 
rewards, such happenings in the world more or less unaffected by egocentric 
interaction and predictions that reach further into the future. However, to 
what extent these possible differences are reflected in the neural 
mechanisms in terms of simulation theory is still an open issue. However, 
extending the concept of forward models as applied in motor control 
research to other cognitive phenomena by covertly chaining forward and 
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inverse models to generate different kinds of mental simulations (of 
behavioral situations) has also been suggested as a possibility by some of the 
researchers of motor control (Doya, 1999; Wolpert & Flanagan, 2001). Thus, 
research on the details of sensorimotor behavior and (higher-level) cognition 
are not really independent but complementary.  
 
2.4.5 Sensorimotor imagery  
Several aspects of imagery seem to also require forward models, that is, 
some form of prediction of sensory effects (Grush, 2004; Jeannerod, 1997; 
Wexler et al., 1998; Rosenbaum, 1991, cited in Gibbs & Berg, 2002). One 
aspect of this is that the content of motor imagery cannot merely be the 
reactivation of motor areas of the brain, because the feeling of action and 
movement is generated to a large extent by proprioception and perception 
(Gibbs & Berg, 2002; Grush, 2004; cf. also Jordan, 1998). Grush (2004) 
argued that motor imagery cannot be based on motor aspects alone, since 
that concerns transformations of forces and kinematics, whereas the 
imagery aspect also needs to include the afferent and reafferent (that is, 
sensory consequences of self-movement) aspects of performing an action (cf. 
Jeannerod, 1997; Jordan, 1998). Furthermore some of the empirical results 
on motor imagery are better explained in terms of forward models (Gentili et 
al., 2004, 2006). However, it is not entirely clear how the sensory effects are 
produced in the brain, although cerebellar activity might be a possible 
source of the sensory prediction. As noted in Section 2.2, some studies 
indicate that the proprioceptive organs are also involved in motor imagery 
even though no overt action is observed, which does support the involvement 
of sensory aspects in motor imagery. It is further supported by introspective 
reports, for example, that motor imagery actually feels as if performing an 
action, which would involve proprioception (and perception) (cf. Grush, 
2004). The prediction aspect of motor imagery is also supported by motor 
control theories which postulate forward models enabled by the efference 
copy. If this is the case in motor control, the similar neural activation of the 
motor system in motor imagery and overt action suggests the efference copy 
would also be present in motor imagery (Section 2.2). The finding that our 
awareness of initializing an action precedes the actual movement seems also 
consistent with the involvement of forward models in motor imagery. 
However, imagery also involves a certain amount of voluntary control of the 
actions and images that are formed, which can perhaps be explained in 
similar terms as overt voluntary actions, as discussed above.  
 
Wexler, Kosslyn and Berthoz (1998, p. 92) suggested that at least visual 
(dynamic) mental imagery in the form of mental rotation is achieved by a 
planned but not executed motor action that predicts the perceptual result 
(cf. Grush, 2004; Hesslow, 2002).  
 

Instead of overtly performing a rotation, with the hand or the head, and seeing its 
results (thereby letting the external world do our computation), in mental rotation 
we plan the action but do not execute it overtly; instead of seeing the outcome 
(which we cannot do, because the action is not physically carried out), we simulate 
the perceptual result of our planned action, effectively short-circuiting the action–
perception cycle. (Wexler et al., 1998, p. 79) 
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This view has been supported by neuroimaging studies (Lamm et al. 2001; 
Vingerhoets et al., 2002). Vingerhoets et al.’s study is a more direct result 
supporting the view of mental imagery as a prediction (of action effects) 
realized through the involvement of the motor system. While Lamm et al.’s 
experiment also found motor area activation in a mental imagery task, 
Lamm et al. provided an alternative interpretation of this activation. The two 
studies are here briefly discussed beginning with Lamm et al.’s study. Lamm 
et al. (2001) investigated whether the premotor cortex was activated during a 
mental rotation task using 3-D cubes as stimuli. The subjects in the study 
reported that the objects rotated autonomously, which means that they did 
not experience the mental rotations as involving a physical interaction 
between them and the objects. Given that the subjects did not experience 
egocentric imagery, including experiences of bodily action, despite activation 
of several higher-level motor areas, Lamm et al. raised the issue of the 
function of the premotor cortex activity in this type of imagery. Their 
suggestion was the interdependence of motion and space (cf. e.g. Held and 
Hein, 1963).  
 

The close relationship between motion and space becomes especially evident in the 
ontogenetic development of mammals. There, action and spatial perception are 
coupled inseparably since there is no perception of space without movement and 
no movement without feedback about the spatial aspects of the movement. (Lamm 
et al., 2001, p. 280) 

 
Vingerhoets et al. (2002) used images of hands and tools as stimuli for the 
mental rotation task as opposed to Lamm et al’s cubes. The interesting 
finding was that images of two hands activated the premotor cortex 
bilaterally, while images of tools only activated the left hemisphere (which 
controls actions of the right hand). Since all subjects were right-handed it is 
likely that they would use the right hand when using the depicted tools. 
Such lateralization was also found in a study where subjects viewed and 
named pictures of tools (Chao & Martin, 2000). This lead Vingerhoets et al. 
to suggest that “covert actions of motor imagery appear to mimic the ‘natural 
way’ in which a person would manipulate the object in reality” (p. 1623).  
 
To summarize, Vingerhoets et al.’s (2002) findings support an interpretation 
of the activation in terms of reactivated or simulated actions, while Lamm et 
al.’s (2001) study could suggest that the activation of the motor areas reflects 
a more implicit kind of covert action. An alternative interpretation is that the 
motor activity in Lamm et al.’s (2001) experiment still reflects a simulation of 
action but its participation in this particular cognitive function does not 
allow it to be seen as a bodily action (cf. Anderson, in press). These 
experiments also illustrate some of the difficulties of interpreting the 
activation of a particular brain area in a particular setting and task.  
 
As discussed in Section 2.3, Gibbs and Berg (2002) suggested that imagery, 
especially in a normal setting, involves the whole person’s embodied 
interaction, which at least includes all senses, emotional processes, and 
movements. That is, reactivations do not only occur within a single modality 
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nor is the sensorimotor or musculoskeletal system the only way in which we 
gain knowledge of the world, but emotional and other bodily processes might 
be simultaneously reactivated for example through convergence zone 
activity. However, in experimental settings it might be possible to target a 
single modality to a larger extent as there for example seems to be little 
involvement of visual sensory areas in many studies of motor imagery 
(Grezes & Decety, 2001).  
 
As shown in research on mental training (cf. Jeannerod, 1994) motor 
imagery can affect future behavior, and similar functions has been proposed 
for dreaming, which to some extent can be considered similar to mental 
imagery and imagination, albeit with some phenomenal, psychological and 
neurophysiological differences (cf. Revonsuo, 2000). It is still unclear how 
this could occur, and whether, motor imagery is sufficient to alter the 
forward models, by for example leading to inconsistencies in the simulated 
behavior or whether this requires actual feedback. Other types of knowledge, 
such as knowledge of mass distribution, do not seem sufficient for updating 
a forward model in motor control (Davidson & Wolpert, 2005). Nowak and 
Hermsdorfer (2003, described in Davidson and Wolpert, 2005) found that 
subjects do not modify their grip force of lifting a cup of water even though 
they are consciously aware of the cup being lighter. Although it is difficult to 
draw any far reaching conclusions there seem to be some limitations on the 
type of processes that are able to modify the forward model. Of course there 
is a possibility there are some essential differences that makes motor 
imagery more cognitively penetrable (Pylyshyn, 1981). Even if forward 
models require experience(s) to be modified it does not affect the claim that 
other mechanisms may tap into the predictions generated by the forward 
model (Grush, 2004). 
 
Although it was argued in the preceding section that several aspects of 
cognition require models of the environment, that is, the relations between 
external objects, this distinction is present in imagery too. Tomasino, 
Toraldo, and Rumiati (2003) found there is a double dissociation between 
mentally rotating body parts and mentally rotating external objects. Patients 
with lesions to the left hemisphere were unable to complete a task associated 
with the rotation of the hand, while patients with right hemispheric lesions 
had trouble with mental rotation of external objects. Thus, to some extent 
there might be a difference between brain structures responsible for 
proximal or bodily interactions and interactions with distal objects and 
situations. This is also consistent with Markman and Brendl’s (2005) study 
(cf. Subsection 2.2.5)  
 
2.4.6 Perception as anticipation 
There are also several theories that depict perception and consciousness as 
based on anticipatory simulations (e.g. Gross et al., 1999; Hoffmann & 
Möller, 2004; Jordan, 1998; Möller, 1999; cf. also the discussion of the 
perceptual activity theory of imagery in Subsection 2.3.4). Perception and the 
generation of behavior are suggested to be two aspects of one and the same 
(neural) process, rather than making the traditional division of perception, 



 

cognition, and action (Gross et al., 1999; Möller, 1999 Stephan & Gross, 
2003). Perception is not merely a passive transformation of information but 
an active effort to control the inputs or stimuli of the agent (cf. e.g. Varela et 
al., 1991). A possible mechanism for such control is the use of anticipatory 
schemes.  
 
Jordan (1998) developed an account of anticipatory consciousness (at least 
the body-in-space/environment) based on Dewey’s critique of the reflex-arc. 
According to Jordan (1998), Dewey (1896) insisted that the stimulus (in the 
environment) is not the cause of perception, which means, according to 
Jordan, that perception (and other aspects of cognition) is not caused by the 
environment, nor does it lag behind the environment, but it is caused by 
anticipations. Jordan (1998) argued that particularly illustrative examples 
that this is the case come from the phenomena of phantom limbs and 
phantom arrays. Actually, many of the findings of the use of forward models 
and inverse models in motor control can be seen as supporting this kind of 
view of perception. 
 
Another line of research does, at least implicitly, explain perception and 
goal-directed behavior in terms of forward and internal models (Möller 1999; 
Gross et al. 1999, Gross, Stephan & Seiler, 1998; Hoffmann, 2007; 
Hoffmann & Möller, 2004; Stephan & Gross, 2001, 2003). For example, 
Gross et al., (1999) argued that two re-entrant loops, the cortico-cerebellar 
and cortico-basal ganglia loop, plays major roles in perception and action (cf. 
Baldassarre, 2002a,b). The former implements a sensory prediction based on 
current sensory input and motor “representations”, which qualifies as a 
forward model. The latter learns sensorimotor contingencies, which means 
that it can function as an action selection mechanism.  
 
According to this view of perception as anticipation, perception is supposed 
to be a process that generates sequences of sensorimotor hypotheses. The 
sensorimotor hypotheses themselves are internal simulations that anticipate 
future situations that would result from the execution of different motor 
commands, without actually executing these actions (Möller, 1999). From 
the set of internally generated sensorimotor sequences the action associated 
with a favorable outcome is selected (Möller, 1999; Gross et al., 1999 
Furthermore, and in line with the reactivation hypothesis (Section 2.2), in a 
real neural system, the same neurons will be involved in the representation 
of real sensory and motor signals and the sequences of sensorimotor 
hypotheses (Gross, et al., 1999; Möller, 1999.). Möller, thus, summarized the 
main points of perception through anticipation as follows:  
 

Perception of space and shape is based on the anticipation of the sensory 
consequences of actions that could be performed by the agent, starting from the 
current sensory situation. Perception and the generation of behaviour are two 
aspects of one and the same (neural) process. (Möller, 1999, p. 171) 

 
Hence, only a small part of an agent’s control system can be characterized as 
“purely sensory” or “purely motoric” (Möller, 1999; cf. also Jordan, 2004). 
Instead, the main part of the system integrates information from different 
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sensory modalities and motor information (cf. also Section 2.2). From the 
perspective of perception as simulation it is obvious that motor “information” 
is not only the output of the system, but is as much input to the system as 
perception is since it is an essential part of the simulation process.  
 
Möller (1999) pointed out that perception through anticipation, although 
describable as planning, departs in important ways from traditional AI: 
 

[T]he ‘planning’ process operates on a sensory representation at a much lower 
level, i.e., on relatively simple features of the image. There is no ‘recognition’ 
preceding the planning, but the planning itself is the process of perception or 
recognition as well as the process generating the behaviour. (p. 174)  

 
This means, instead of using preformed objects and categories as basis for 
planning, perception of objects and categories emerges from the anticipation 
process.  
 
According to Gross et al. (1999), it is possible by means of sensorimotor 
anticipation to characterize the visual scenery immediately in categories of 
behavior. Each category is represented by a set of actions, which describe 
possible methods of interaction, with the objects in the environment. Thus, 
the competence to perceive a complex situation can be understood as the 
capability to anticipate the course of events caused by different action 
sequences. This leads us back to the notion of simulation as binding and 
Barsalou’s theory of simulation, but with an important difference. Barsalou’s 
simulators are not dependent on a particular sequences or ways of 
interactions with objects as sensorimotor anticipations. Instead, his 
simulators are even more detached from particular situations and are able to 
integrate more aspects of experiences with objects and situations. It might 
be necessary to somehow transcend this gap and the difference should 
perhaps be seen as occurring on a continuous scale, where the first objects 
that forms in the mind of cognitive agents are more characterized by 
sensorimotor schemas only to be transformed into more and more abstract 
concepts. However, at least given the current knowledge of simulation as a 
cognitive mechanism there seems to be no explanation of how this shift can 
occur.  
 
To summarize, the idea of perception as anticipation means firstly, that all 
hypothetical actions and their sensory consequences constitute the cognitive 
system’s current sensory situation. That is, perception is a process of 
interpreting the current situation by means of the possible (simulated) 
actions and their predicted sensory consequences. Secondly, from the set of 
hypothetical interactions, actions that result in a positive effect can be 
selected. 
 

2.5 Discussion 
Although many (open) issues already have been addressed above, the final 
section of this chapter provides a discussion of the more general issues of 
simulation theories and the postulated mechanisms.  
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The section is organized as follows. Subsection 2.5.1 discusses the notion of 
off-line representations in relation to reactivation, binding and prediction. 
The following subsection further discusses to what extent simulation 
processes can account for the aboutness of representations (2.5.2). Next, the 
level of granularity problem is discussed in relation to simulation theories 
(2.5.3). Subsection 2.5.4 briefly discusses how simulation processes might 
be implemented (discussed further in Chapter 3). The final two subsections 
discuss different types of processing. Subsection 2.5.5 addresses conscious 
vs. unconscious processing, while Subsection 2.5.6 addresses top-down vs. 
bottom-up processing.  
 
2.5.1 Bodily simulations as off-line representations 
The starting point of this thesis was that bodily simulations could be 
considered as off-line representations. As described, off-line representation 
refers approximately to (cf. Section 1.3):  
 

… the ability to recreate internally something that has the same effect, or can be 
used in the same way, as an external situation [here defined as external to the 
brain], especially when that external situation does not currently pertain. (Webb, 
2006, R185) 

 
To what extent do the different aspects of simulation processes adhere to the 
hypothesis that simulations function as off-line representations? Simulation 
through prediction is arguably off-line representations because predictions 
fulfill the role of off-line representations. This can be illustrated by the 
following quote from Smith (1996), where he described prediction as a kind 
of decoupling of the agent from its external environment.  
 

Thus consider a simple case of prediction. In order to know, at time t1, what is 
likely to happen in the future, at time t2, it is not possible to be effectively 
(causally) driven by the relevant t2 state of affairs. To do that would either require 
waiting until t2, which by hypothesis would be too late, or else depend on some 
form of backward-in-time causation, contrary to physical law. Instead, one must 
predict, which involves the same sort of retraction described in the text: a 
shouldering of effective responsibility by the s-region [subject] in order to develop 
or construct local and current (i.e. present) structures standing in coordinated 
relation to the phenomena that are still temporally remote. (Smith, 1996, p. 221) 

 
Thus, simulation as prediction can function as off-line representation – it 
has the function of internally producing the same effect as would have 
occurred if acting in the environment. Similarly, reactivation through 
binding can function as off-line representations, since the activation of a 
convergence zone leads to the activation of prior bodily states, which can be 
experienced as a concept (Barsalou, 1999) or a memory (Damasio, 1989). 
Again Smith (1996) will be used for illustration, this time through his view of 
memory 
 

The same holds for memory. A memory can be created in virtue of effective 
coupling, but it cannot be sustained—‘held-up’—by relying on that coupling, 
because the driving situation will soon go away. In order to make a memory more 
durable than a shadow, an s-region or subject must first allow or arrange for an 
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appropriate impression to be formed by the event in question, but must then take 
responsibility for storing it in such a way as to ensure that it will continue to be 
effective after the event it records has dissipated. (Smith, 1996, p. 221) 

 
The general hypothesis is that if the reactivations are sufficiently similar to 
the activation caused by prior situations it has causal means of producing 
the same effects, including affecting new behavioral choices, especially 
through prediction. The reactivations of sensorimotor states as observed in 
the experiments reviewed in Section 2.2 do suggest that reactivations have 
the ability to be “effective” even after the “effective coupling” is no longer 
present because of the reuse of the same areas and mechanisms as present 
in the effective coupling. Since, quite simply, when a similar situation is 
created in the brain as during prior situations similar effects should occur 
(cf. Anderson, in press). So far, prediction and reactivation should be 
immune to metaphysical anti-representational claims, since their status as 
off-line representations do not depend on the relationship between the agent 
and the world (but rather on the situations in the brain at different 
occasions). 
 
However, this leads to a difficult and still open issue. To what degree must 
the brain areas or brain mechanisms overlap for them to be able to generate 
“the same effects”? Motor imagery, which causes the closest overlap in terms 
of brain activity, has very similar effects as actions, even producing similar 
physiological effects. A possible hypothesis is that the more the reactivation 
corresponds to the prior reactivation the more similar are the effects. Still, 
the validity of such a hypothesis needs a more detailed analysis of the 
available evidence and more empirical research. Related phenomenological 
issues are discussed further below. 
 
2.5.2 Aboutness 
Several discussions in cognitive science, especially with the introduction of 
situated and embodied cognition concern the distinction of different levels of 
explanation. Simulation theories are no exception. Dennett and Viger (1999), 
in response to Barsalou’s (1999) perceptual symbol systems, argued that if 
simulation processes are not personal level thoughts but sub-personal 
mechanisms they must not presuppose personal level contents. This is not 
the conscious/non-conscious distinction, but means that if simulation 
processes are to explain the emergence of intentional contents, it cannot 
presuppose that same content. This is similar to the possible doubt, raised 
by Stojanov and Bickhard (2004) in response to Grush’s (2004) Kalman-filter 
model of simulation, about the possibility of this type of process to account 
for the normativity of mental representations. The question of whether 
simulation processes are able to provide such content is an open issue not 
discussed in this thesis, but the claim of both Barsalou (1999) and Grush 
(2004) is that their simulation theories are explanations of conception and 
representation, respectively. Consequently, while RaSH was formulated as 
being about off-line representation, some of the individual simulation 
theories must go beyond embodied simulation as off-line representation, 
since they aim to explain specific cognitive phenomena. For example Grush 
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(2004) aimed to explain, among other things the aboutness of mental 
representation: 
 

We need an account of how something purely physical can be about something, 
can carry a content. How can some neural state in my head be about the water in 
the glass, or about the Eiffel Tower (especially when I am nowhere near the Eiffel 
Tower, or the glass is actually empty, though I believe it to be full)? ...  something 
is a representation if and only if it is used by some system to stand for something 
else, and the “stand for” is explained in terms of use. (Grush, 2004, p. 428)” 
(Grush, 2004, p. 428) 

 
According to Grush’s view, simulation processes are about the things which 
they represent. The representational relation, the aboutness or intentionality 
is cashed out in terms of being used as representations (cf. Anderson & 
Rosenberg, in press). However, aboutness is a troublesome property and it 
could refer to the ability to stand-in-for other things which do have true 
representational properties, but it could also imply intentionality, the ability 
to construct knowledge of the world (not necessarily implying a cognitivist 
view of knowledge, though). Furthermore, Barsalou’s (1999, 2003) theory of 
conceptualization also necessarily goes beyond being mere off-line 
representations (cf. discussion in Section 2.1.3). 
 
2.5.3 Level of granularity 
An open issue related to several aspects of simulation is what has been 
called the level of granularity problem or the problem of abstraction (cf. 
Damasio, 1989; Prinz & Meltzoff, 2002; Svensson, Lindblom, & Ziemke, in 
press). Prinz & Meltzoff (2002) illustrated the level of granularity problem, 
with respect to action perception and imitation, with an example from 
Wegner and Vallacher (1986):  
 

… what is one actually doing while brushing one’s teeth? Is one preventing 
cavities? Is one moving one’s hand in a particular way, or is one just brushing 
one’s teeth? (Prinz & Meltzoff, 2002, p. 5).   

 
The question that needs to be answered by simulation theories is whether 
there is a privileged level at which simulation occurs or if there are in fact, as 
in the case of brushing one’s teeth, several equally true answers.  
 
The mechanisms of binding, especially simulators/convergence zones, and 
prediction do provide some clarification on the issue. In light of the level of 
granularity problems, binding and prediction can be seen as complementary 
mechanisms rather than opposing mechanisms. Binding (specifically 
simulators) suggests that “conceptualizations” always involve the activation 
of sensory and motor areas of the brain or modal states. Prediction implies 
as discussed in Section 2.4 that predictions of future consequences/effects 
are associated with actions/responses. However, it is still an open issue at 
what level the motor and sensory aspects of the prediction processes occur 
as well as their detailed nature. Thus, it is possible to assume that 
predictions might also be seen as operating on sensorimotor concepts 
(higher-level perceptions and actions) rather than sensorimotor states. 
Grush’s (2004) distinction between modal and amodal emulation are 



 

reminiscent of these two kinds of simulation/emulation processes. The 
combination of these two mechanisms means that the prediction can occur 
at a higher-level which could be more effective in time and cognitive (or 
computational) effort, but at the same time always be grounded in the 
sensorimotor processes used for agent-environment interaction through the 
binding mechanism. This difference is to some degree reflected in Grush’s 
(2004) and Hesslow’s (2002), partly different, views of how the simulation 
processes are implemented. Thus, to what extent are predictions based on 
convergence zone activity possible and can this occur without the top-down 
reactivation of (early) sensorimotor processes. 
 
2.5.4 Implementation of simulation mechanisms 
Grush (2004), as described above, suggested forward models could perhaps 
be implemented as articulated models, where each important variable such 
as rotation speed is tracked by a particular state in the model, such that the 
articulated model corresponds to the external world. Such a model would 
possibly be useful for the identifying specific states as representational 
states in the mechanism (cf. discussion of representational criteria in 
Wheeler, 2005). Hesslow (2002), on the other hand, argued that predictions 
are implemented as associations between sensory and motor areas in the 
brain, however, mediated through other brain structures. However, since one 
of the suggestions at the level of functional organization of state variables 
(Grush, 2004) and the other at the level of neural organization they are not 
necessarily incompatible. On the other hand, they are clearly different and 
the implementation of state variables in neural terms might or might not 
correspond to sensorimotor associations. The suggestions of 
implementations are however quite preliminary and there is a need for 
further empirical research to determine how prediction and binding can be 
implemented (Barsalou, 1999; Grush, 2004). The implementational details 
are quite important though. If the forward model is realized as an articulated 
model, with clearly definable internal states, it might not be necessary to 
reactivate previous sensorimotor states or modal states, but the states in the 
model can be used directly (assuming that the neural states that are the 
model are not the sensorimotor states themselves). Another possibility is 
that a mechanism that is able to re-activate previous sensorimotor states 
could be taken to indicate that it actually represents the important variables, 
but that these are not directly accessible to an external observer.  
 
2.5.5 Phenomenology and consciousness  
The cognitive phenomena discussed above, also differs with respect to the 
level of consciousness. For example, motor imagery requires, by definition, 
conscious awareness whereas other abilities, such as prospective action 
judgments and verb understanding do not seem to rely on consciously 
attending to a simulated action (cf., Frak, Paulignan & Jeannerod, 2001; 
Jeannerod & Frak, 1999; see Jeannerod, 2001, cf. Table 1). Another 
difference, closely related to the issue of conscious awareness, is the extent 
to which they respect the time constraints of the actual interactions. Motor  
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       Table 1 Degree of awareness (Jeannerod, 2001, p. S104) 

Type of S-state Degree of awareness 
Intended action  Conscious/nonconscious 
Imagined action Conscious 
Prospective action judgements  Nonconscious 
Perceptually based decisions  Nonconscious 
Observation of graspable objects  Nonconscious 
Observation of actions performed by 
others  Conscious/nonconscious 
Action in dreams  Conscious 

 
imagery, and to some extent mental dynamic imagery (cf. Finke, 1989), 
mimics the time it takes to actually perform the task, which has been 
interpreted as that motor imagery and motor preparation and execution use 
similar mechanisms. The observation of graspable objects and motor control 
in general, are, as argued in Section 2.3, explained by simulation processes 
that provide the sensory or bodily consequences ahead of time, and 
consequently, do not respect the time constraints of actually executing the 
action. Similarly, Damasio (2003) argued that simulating feelings through a 
connection between the prefrontal cortex and the somatosensory cortex, 
especially the insula, which are very short, means that the signaling can 
occur in hundreds of milliseconds as opposed to the actual body loop that 
takes up to 1 second to complete due to the long, often unmyelinated, axons. 
In these latter cases, the simulations of perception and action do not mimic 
the time constraints of the actual action, but only the consequences of the 
action. However, there are some reasons to believe that these phenomena 
also do involve some kind of time constraints, since (1) actions are 
dependent on correct timing, and (2) several models of motor control or 
sensorimotor integration, in particular, have argued that the predicted 
consequences of an action can be delayed so that it can be matched to the 
proprioceptive and sensory feedback (e.g. Wolpert, Miall & Kawato, 1998; cf. 
also Grush, 2004). 
 
Furthermore, if simulation processes did always constitute themselves in 
consciousness they would in on-line interaction have to occupy the same 
conscious “space” as the stimulus-driven processes. However, this is not 
seen as a problem for the view of simulation as prediction, especially as it is 
described in motor control and the perception as anticipation approach (cf. 
Section 2.4). In these approaches, the predicted sensory states sometimes 
replace or complement the stimulus-driven sensory processes, and since it 
operates ahead of the current external situation it does not have to occupy 
exactly the same resources as the reactive/stimulus-driven mechanisms. 
Thus, simulation processes leading to conscious awareness does not have to 
be an impediment to agent-environment interaction but rather the opposite. 
However, the empirical evidence also suggests that many aspects of 
simulation processes do not concern conscious processing. Consequently, it 
is likely that embodied simulation does not account for the transition from 
non-conscious to conscious processing but the level of consciousness is 
preserved in reactivations and dependent on the level of reactivation, which 
is further discussed in the next section. Although not discussed to any 
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extent in this thesis, Jeannerod (1994) argued that a possible explanation of 
why some simulation processes are conscious while others are not is that 
only those neural states that are activated for some time become active, 
while ephemeral activity do not. His idea is consistent with the different 
time-constraints on on-line vs. off-line behaviors.  
 
 
2.5.6 Top-down or bottom-up simulation 
It was emphasized in the introductory chapter that it is necessary to 
distinguish between descriptions of behavior and descriptions of 
mechanisms. In the context of simulation theories, this means that the 
Representation-as-Simulation Hypothesis is not restricted to off-line 
behaviors and conversely, but of less relevance here, off-line behaviors are 
not restricted to simulation processes. This being clarified, it is possible to 
distinguish between stimulus-driven simulation processes and top-down 
simulation processes. Imagery is to a large degree defined as the top-down 
generation of mental images (Farah, 2000), while social cognition involves 
simulation processes that are stimulus-driven (e.g. Barsalou, Niedenthal et 
al., 2003). The latter can be illustrated by mirror neuron activity which is 
generated by stimulus-driven sensory processing. The difference is also 
apparent in the two types of memory retrieval: recognition and 
recollection/remembering. 
 
This distinction does not suggest differences in the simulation mechanisms. 
Reactivation, binding, and prediction are likely to be ingredients in both 
stimulus-driven and top-down processing. But it does allow us to explain 
some of the effects of brain damage, which would otherwise question the use 
of simulation processes in mental imagery. More generally, this can be 
related to the objections sometimes and in various contexts voiced against 
embodied cognition. The critique is based on the premise that a (complete) 
loss cognitive function do not automatically follow perceptual and motor 
disabilities (cf. Anderson, 2003; Lindblom, 2007), such as finding a 
dissociation between mental visual imagery and visual perception. By 
viewing mental imagery in terms of simulation processes it is however 
possible to clarify this mistaken assumption further.  
 
Farah (2000) argued that even though the effects of brain damage to the 
sensory areas of the brain is consistent with the hypothesis that mental 
imagery involves the early visual system there are a number of cases of 
visual imagery impairment which leaves perception intact and, the converse 
effect, impaired perception with preserved imagery. These effects can be 
explained by viewing mental imagery as a top-down process and perception 
as a bottom-up process (Farah, 2000)19. For example, consider damage to 
the relatively early levels of cortical visual processing (Farah, 2000):  
 

Assume the damaged parts are among those shared by imagery and perception, 
not purely perceptual afferents, and consider the impact of interrupting processing 

                                                 
19 Although, acknowledging that perception is not exclusively bottom-up but involve higher-level recurrent 
connections (Farah, 1995; cf. Section 2.4.6) 
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at this stage: When the flow of processing is bottom-up or afferent, as in 
perception, the impact will be large because the majority of visual representations 
cannot be accessed. In contrast, when the flow of processing is top down or 
efferent, as in imagery, the impact will be smaller because just a minority of the 
representations normally activated in imagery is unavailable. (Farah, 2000, p. 968) 

 
The involvement of simulation processes in motor imagery could also be 
questioned by results from patients with hemiplegia due to cortico-spinal 
damage who are able to form motor images of their affected limb (Jeannerod, 
2001). This can also be explained by referring to the flow of processing in the 
brain or there being different levels of processing in the brain. Since the 
motor imagery process is initiated at higher level of processing the 
phenomenal aspect of motor imagery is less affected by damage to the motor 
cortices. Jeannerod (2001) speculated that lesions higher-up in the motor 
hierarchy including the supplementary motor area (SMA) and premotor 
cortex would cause more impairment to the imagery process. This is 
consistent with brain imaging experiments of motor imagery which do not 
always find activations of the primary motor cortex (cf. Section 2.2).  
 
Besides the lesion studies discussed above one should also consider that 
congenitally blind subjects perform well on many visual imagery tasks and 
can draw images with good accuracy, also involving visual cortex activation, 
without ever having (or having very little) experience of visual mental images 
(Bértolo, 2005). Although these results affect the claim that processes of 
visual perception is necessary for the ability to perform some mental imagery 
tasks, they do not question the hypothesis that normal subjects do rely on 
simulation processes that reactivates such perceptual mechanisms. Neither 
do they necessarily question the presence of simulation processes in 
congenitally blind subjects, because reactivations of the visual cortex (if 
intact) and other associated areas could occur, but the reactivated 
information may not be the same as that of seeing subjects, while still 
sufficient to solve the mental imagery tasks. It does illustrate the plasticity 
and complexity of the brain, as well as that imagery is not limited to visual 
experiences. For a more extensive discussion of the means by which 
congenitally blind subjects perform imagery tests see Bértolo (2005).  
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3 Simulations of simulation 
 
The previous chapter addressed the mechanisms of simulation theories from 
both a theoretical and empirical perspective based on analytic 
methodologies, which means that the results were derived from observations 
of natural systems. This chapter addresses embodied simulation from a 
synthetic perspective20. That means, the empirical results and theoretical 
discussion is drawn from the construction and observation of artificial 
systems, such as computer programs and robots. The main questions of the 
chapter will be: (1) to what extent it is possible and useful to investigate 
embodied simulation through a synthetic methodology grounded in 
autonomous agent research and (2) if embodied simulation and the 
Representation-as-Simulation Hypothesis (RaSH), in particular, provide a 
way to scale up autonomous agent research in the sense that it can 
investigate issues that have been associated with higher-level cognition and 
complex internal mental models.  
 
Cognitive scientists have for a long time considered some kind of internal 
model a conditio sine qua non for (higher-level) cognition. The possible 
advantage of having internal models was described early on by Kenneth 
Craik (1943): 
 

If the organism carries a “small scale model” of external reality and of its own 
possible actions within its head, it is able to try out various alternatives, conclude 
which is the best of them, react to future situations before they arise, utilize the 
knowledge of past events in dealing with the present and future, and in every way 
to react in a much fuller, safer, and more competent manner to the emergencies 
which face it. (Craik, 1943, p. 61).  

 
Traditional AI research, sometimes known as Good Old Fashioned Artificial 
Intelligence (GOFAI) (cf. Haugeland, 1997), read this quite literally and 
equipped robots with internal maps which explicitly labeled the topology and 
content of the world with conceptual/semantic descriptions (Brooks, 1991; 
Rylatt, Czarnecki & Routen, 1998). Based on both theoretical grounds, 
attacking the possibility of descriptive internal models corresponding to the 
external environment, and empirical grounds, attacking the lack of progress 
in the field and the problems with fast, real world, real time interaction, 
Brooks (1988; 1991) and others argued that intelligence cannot be the 
manipulation of internal symbols, but intelligence is essentially situated and 
embodied, meaning roughly: 
 

[Situatedness] The robots are situated in the world –they do not deal with abstract 
description, but with the here and now of the world directly influencing the 
behavior of the system. 
 

                                                 
20 To avoid that the reader gets the wrong impression of the content of this chapter because of the, perhaps to 
some readers, peculiar heading – simulations of simulation – a brief explanation is offered. In the heading, 
“Simulations” refers to experiments in Artificial Intelligence (AI) and cognitive modeling, which are sometimes 
referred to as simulations, and “simulation” stands for the idea of embodied simulation. 

 65



 

[Embodiment] The robots have bodies and experience the world directly – their 
actions are part of a dynamic with the world and have immediate feedback on their 
own sensations. (Brooks, 1991, p. 111; cf. also e.g. Chrisley & Ziemke, 2003) 

 
However, since then voices have been raised that these models will not scale 
up to more complex cognition, but are, in fact, restricted by the use of 
reactive mechanisms and too rigid structures often determined in the 
design-phase (Rylatt, Czarnecki, & Routen, 1998). For example, Mataric 
(1998, p. 85) raised the issue: “How well will behavior-based systems scale-
up to increasingly more cognitive problems, such as those involving symbolic 
reasoning?”.  This is where the Representation-as-Simulation Hypothesis 
(RaSH) might prove valuable. For example, van Dartel (2005) constructed an 
agent-model based on simulation processes of a task thought to require 
“symbolic” processing and planning ahead (discussed further in Section 
3.2.4). 
 
In van Dartel’s case the notion of an internal model or a “small scale model” 
is not read literally, but can be cashed out in other terms (cf. Chapter 1). The 
general problem of describing and explaining the correspondence between 
internal models and the external world could perhaps be side stepped by the 
control theoretic notion of internal model, which Holland and Goodman 
(2003) formulated as follows:  
 

The basic characteristic of any model, internal or external, might seem to be that it 
is some sort of process or structure that in some way resembles [corresponds to] 
whatever it purports to model. However, when the model is to be used for some 
purpose by the control system of a robot, the model will be represented within 
some internal information processing system, and the sole requirement is that 
information processing operations involving the model should yield appropriate 
outputs in relation to the aspects of the situation being modelled (Minsky, 1968). 
There is no intrinsic requirement for the model itself to correspond to reality in any 
other way. (Of course, this does not preclude the use of models which do have a 
clear resemblance to whatever is being modelled.) (Holland & Goodman, 2003, pp. 
78-79)  

 
However, this kind of definition of an internal model risk being subject to the 
same criticism as some representational definitions based only on the notion 
that they are things that causally contribute to the agent’s behavior (cf. 
Wheeler, 2005). That means, if causal effect on behavior was a sufficient 
condition almost everything would be a representation (Wheeler, 2005). The 
trouble as Wheeler saw it was that if we are not careful in identifying the 
information carrying roles and standing in of those non-neural states 
representation would be “susceptible to an anti-representational offensive 
based on parity considerations” (p. 221). The parity argument goes 
something like this. If a neural system makes a contribution to behavior of 
the system it must go beyond the contribution made by the non-neural 
factors. Otherwise, it would be more parsimonious to explain the 
contribution of the neural factors in the same language as that which 
explains the non-neural factors (Wheeler, 2005). That might, however, be 
what Holland and Goodman intended all along, but still the above 
description of an internal model provides little explanatory value, since any 
mechanism that cause adaptive behavior is to be considered a model.  

 66



 

 
RaSH, on the other hand, specifies in more detail the mechanisms that 
provide internal models in the sense of Holland and Goodman and as such it 
is an example of a mechanisms that can act as internal models, without 
necessarily being based on resemblance or, more generally, correspondence. 
Further, it provides criteria for identifying internal models through the 
reactivation hypothesis. Consequently, this chapter reviews some of the 
models in behavior oriented AI which tries to construct internal worlds 
through various kinds of simulation processes. As will be seen below, the 
methods of achieving and the nature of the resulting inner models are quite 
different from the GOFAI approach. 
 
Although many models do not address simulation theories nor RaSH per se, 
or are only loosely inspired by some of the ideas compatible with simulation 
theories or RaSH, it is still possible to see them as implementations of 
simulation processes based on the explication of simulation processes in 
Chapter 2. Some models do explicitly investigate a particular aspect of 
embodied simulation or RaSH.  
 
To facilitate the discussion of the models two different types are identified: 
constrained and unconstrained models. Constrained models use learning 
mechanisms that explicitly ensure the internally generated states to be 
similar to the externally generated states, if the mapping is learnable (e.g. 
Baldassarre, 2002a,b; Hoffmann & Möller, 2004; Tani & Nolfi, 1999; 
Jirenhed et al., 2001). Unconstrained models use learning mechanisms that 
do not ensure such similarity (e.g. van Dartel, 2004, Ziemke, et al. 2005). 
However, unconstrained models can develop the same solutions as 
constrained models, but can also develop other solutions. The theoretical 
assumption of the constrained models is that to (1) be a model of simulation 
or (2) develop internal or forward models there needs to be a mechanism that 
produces sensory predictions that are similar to the actual sensory input. 
The use of unconstrained models has, however, resulted in some unexpected 
results which raises the question of what kind of mechanism can be 
considered as a simulation mechanism and how simulation processes are to 
be identified in this type of model.  
 
The chapter is organized as follows: Constrained models are discussed in 
Section 3.1 and unconstrained models in Section 3.2. In the following 
sections general issues are discussed. Section 3.3 deals with the level of 
granularity issue. Section 3.4 compares and discusses the pros and cons of 
constrained and unconstrained models. The last section (Section 3.5) relates 
the models of simulation discussed in this chapter to Clark’s (2005) proposal 
of surrogate situations – the importance of external models for the 
development of internal models. 

3.1 Constrained models 
Constrained models, as here defined, are based on the forward model 
concept and simulation as prediction (Section 2.3). Despite some 
implementational differences in terms of type of network and training 
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methods, these models are constrained by the following criteria: (1) current 
(sensory) state + motor state (or context21) are used as input and the output 
is the sensory state in the next time step, and (2) the predictions are learnt 
by comparing the expected sensory state to the actual sensory state (which 
amounts to supervised learning of the predictions). The assumption is that if 
you are able to acquire good one-step predictions (forward models), they can 
be used to generate mental simulations by allowing the predicted sensory 
state to be used to generate a new covert (not executed) motor 
state/action22, which generates a new predicted sensory state and so on. 
Figure 6 illustrates the three basic ways in which this can be implemented. 
Although it is difficult to draw any general conclusions from this type of 
models due to the implementational differences in terms of networks and 
environments used, constrained models of simulation have shown that (1) 
they are able to produce accurate predictions, and (2) they outperform 
reactive models. 
 

 

sensory input motor 
command sensory 

prediction 
context

sensory input 

sensory 
prediction 

context

sensory input motor 
command 

sensory 
prediction 

(a) 

(b) 

(c) 

Figure 6 Schematic drawings of three ways to implement simulation processes using 
neural networks (hidden layers omitted and dashed lines indicate a 1:1 copy). (a) 
Feed-forward neural network. (b) Recurrent neural network. (c) Recurrent neural 
network, but only implicit motor/action information is used. NB: It is only the 
simulation related aspects of the ANN’s that are depicted here. 

The implicit task in all models is to construct some kind of internal model or 
cognitive map of the environment. Two early models using artificial neural 
networks implementing forward models to allow a robot to construct a 
cognitive map was Chrisley’s (1990) “Connectionist Navigational Map (CNM)” 
and Mel’s (1991) robot (arm) Murphy, which also represent the two general 
types of tasks performed23. Chrisley was mainly interested in acquiring 
                                                 
21 In one set up, only implicit information is given about the motor state, since the prediction is only based on a 
copy of the hidden layer at the previous time-step (cf. Jirenhed et al., 2001).  
22 In the reviewed constrained models, the motor state or motor program is either supplied from the outside (e.g. 
Hoffmann & Möller, 2004; Tani, 1996) or learned by the controller (e.g. Jirenhed et al., 2001; Tani & Nolfi, 
1999). While it is more (biologically) realistic that the sensorimotor mapping is self-organized rather than 
supplied it produced no obvious differences in terms of the observed behavior (between experiments). 
23 See also Mataric (1992) and Stein (1994). 
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knowledge of the topological structure of the environment that could be used 
for tasks such as navigation. Mel’s experiment also addressed how internal 
models could be used for planning future actions, or more generally, goal-
directed actions. The constrained models reviewed here address the following 
types of behaviors: 
 

a) learning the topological structure of a maze like environment, 
identified as successful navigation, either physically or mentally 
(Hoffmann & Möller, 2004; Jirenhed et al. 2001; Jirenhed, 2001; Nolfi 
& Tani, 1999; Tani & Nolfi, 1998), 

b) goal-directed navigation: the robots are given a goal-configuration and 
should find the goal by using the cognitive map as internal/planning 
resource (Baldassarre, 2002a; Hoffmann & Möller, 2004; Tani, 1996), 

c) obstacle avoidance (Gross et al., 1999), and 
d) development of allocentric spatial knowledge (Hiraki, et al., 1998). 

 
Obviously, task (a) is also part of task (b) and (c). The neural network 
architectures that were used consisted of both multilayered feed-forward 
neural networks and recurrent neural networks, sometimes incorporated in 
a mixture of experts (cf. Jacobs, Jordan, Nowlan & Hinton, 1991) 
architecture. Some of the experiments were performed in (physically realistic) 
simulations and some where performed with physical robots, but there 
seemed to be no significant difference that could be traced to a particular 
type of artificial neural network or the use of real robots. The environments 
were relatively simple consisting of corridors and some simple obstacles (cf. 
Figure 7). The sensorimotor mapping is either chosen by the experimenter 
(Hoffmann & Möller, 2004; Tani, 1996) or learned.  
 

a b c d

 
Figure 7 Simplified illustrations of the environments used in the experiments. (a) H-
environment used in Jirenhed et al. (2001). (b) Squared environment used in Ziemke 
et al. (2005). (c) A circular arena used in Hoffmann & Möller, 2004 (2004). (d) Open 
arena with landmarks used in Baldassarre (2002a).  

 
3.1.1 Type examples 
Instead of describing each experiment, the experiments of Jirenhed, Hesslow 
and Ziemke (2001; Jirenhed, 2001) and Hoffmann and Möller (2004) are 
used as type examples to illustrate the basic methodology and experimental 
set up.  
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Jirenhed et al. (2001) applied a “minimalist” approach using robots24 with 
(relatively) simple neural networks, learning techniques and environments 
for easy and comprehensible analysis. Some of the models use considerably 
more complex neural networks (e.g. Tani & Nolfi, 1998; Gross et al., 1999). 
Jirenhed et al. used a controller consisting of a simple recurrent net (Elman, 
1990; Meeden, McGraw & Blank, 1993), which was trained by a genetic 
algorithm (Holland, 1975, cited in Nolfi & Floreano, 2000). 
 
Jirenhed et al. performed three types of experiments. Experiment 1 was 
performed to validate the ability of the approach in the current task and 
environment upon which the experiment was based. It was shown that 
robots equipped with a simple recurrent net (Elman, 1990) and trained with 
a simple genetic algorithm were able to successfully navigate in a T- and h-
shaped environment (cf. Figure 7a), respectively. Based on that setup, the 
second experiment tested one-step prediction ability. To implement the 
simulation mechanism, the simple recurrent network was equipped with an 
additional output module with similar type and size as the input layer. The 
prediction was learnt by “using a prediction fitness function which compared 
the predicted sensor activation vector with the actual activation vector (at 
the following time step) and produced a fitness value (reward) according to 
similarity” (Jirenhed et al., 2001). A two stage selection routine was 
introduced to achieve both prediction and behavioral ability, which first 
evaluated behavioral fitness and thereafter prediction fitness. The robot in 
experiment 2 was able to achieve one-step prediction of sensors that were 
frequently activated but failed to predict sensors that were seldom active. 
 
The final experiment tested mental simulation by using the best predicting 
individuals from experiment 2. The simulation mechanism was implemented 
by letting the activation of the additional output layer to be used as input in 
the next time step (Figure 6c). After context initialization, which means that 
the context nodes become activated by overt navigation (cf. Tani & Nolfi, 
1999; also discussion in Baldassarre, 2002a), the robot was cut of from 
environmental input, which “… is supposed to roughly correspond to 
temporarily moving blindly in a previously seen environment”.  
 
The modifier “roughly” does however seem to underestimate the use of cues 
derived from self-movement such as proprioceptive information from joints 
and muscles, as well as vestibular information about acceleration et cetera 
(cf. Etienne & Jeffery, 2004; Mittelstaedt & Mittelstaedt, 2001). Thus, in this 
respect, the task of the robot is more like motor imagery of navigation rather 
than actual blind navigation. 
 
Hoffmann and Möller’s (2004) robot performed goal-directed planning and 
mental transformation by chaining forward models. The set up consisted of a 
four wheeled, real, mobile robot located within a circle of 15 red obstacles 
(with a diameter of 180 ± 2 cm). The tasks of the robot were (1) to find an 
action sequence that lead to a desired goal state described by a sensor value 
                                                 
24 The experiments were performed using a Khepera simulator (YAKS), which is based on data from a real 
Khepera robot (Carlson & Ziemke, 2001) 
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(cf. Baldassarre, 2002a) and (2) determine if it was in the centre of a circular 
arena (cf. Figure 7c). The forward model was implemented by a multi-layered 
perceptron (MLP) with one hidden layer (cf. Jordan & Rumelhart, 1992). The 
inputs to the hidden layer were 10 sensor values and the velocity of the right 
and left wheel (motor values) and the output layer similar to the 10 sensor 
values at the input layer. The actions of the robot were determined by the 
experimenter, which means that the motor commands are given and used 
only to drive the sensory predictions.  
 
The first task was achieved by using an optimization procedure with the 
distance between the desired sensory state and the predicted sensory state 
as the optimization criteria. The optimization procedure starts by trying to 
solve the problem using only one link (i.e. one MLP) increasing the number 
by 1 until a solution is found. The second task was achieved by simulating a 
left and right turn around its rotational axis. If the simulated turn generates 
images with similar distances it is possible to determine that the robot is in 
the middle, since the only point in which the distance in the different 
directions is the same is in the center of the arena. 
 
3.1.2 Predictive ability 
The basic question of the constrained models is whether they can develop 
accurate predictions, that is, capture the relationship between actions and 
their effects, given the context. All of the reviewed models, except Jirenhed et 
al. (2001) were able to develop predictions that could be used to solve the 
task at hand. Hoffmann and Möller (2004) showed that in externally guided 
goal-directed navigation their robot found an exact match in 15% to 18% of 
the trials (depending on the optimization procedure used), 41% to 46% of the 
trials missed the goal within one pixel, and the majority of the trials ended 
closer to the goal than the initial state (Hoffmann & Möller, 2004). 
Furthermore, the robot generated sufficiently accurate mental images25 to 
determine whether it was centered in the middle of a circular arena or not 
(cf. Figure 7c). Furthermore, Tani and Nolfi (1999), and Nolfi and Tani (1999) 
achieved almost perfect prediction performance using a recurrent version of 
the adaptive mixture of local experts approach (cf. Jacobs, Jordan & Barto, 
1991), where a number of neural networks compete to become the expert at 
some type of prediction (cf. also Hiraki, et al., 1998). Baldassarre’s (2002a) 
model of planning based on learned forward and inverse models26 produced 
higher prediction errors, but was still able to perform well. According to 
Baldassarre (2002a),  
 

[t]he success of planning may strongly depend on the accuracy of the world model 
… [but] recall that in the simulations presented here the residual quadratic error 
per unit after the predictor’s training is quite high, 0.24, but the whole system can 
still function properly. 

                                                 
25 This was made possible by comparing the difference between images from different viewpoints generated by 
turning five steps to the right and five steps to the left covering 142 degrees of the arena. In such a setup, if the 
images does not differ (more than one pixel) it is possible to conclude that the robot is in the middle, since the 
only place in which the distance is the same in all directions is in the middle of the circle (Hoffmann & Möller, 
2004). 
26 Baldassarre (2002) did not frame his model in control theoretic terms.  
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On the other hand, whether a high prediction error can still solve the task 
seems to be dependent on the nature of the prediction errors. Jirenhed et al. 
(2001) found that their robot was able to achieve one-step prediction of 
sensors that were frequently activated but failed to predict sensors that were 
seldom active (cf. Linåker & Niklasson, 2000a). However, the robot could not 
perform blind navigation, which is roughly equivalent to the mental walks in 
Baldassarre’s model, based on those predictions, which meant that the 
robot’s “prediction capacity [was] not sufficiently developed to rely on during 
extended periods of time” (Jirenhed et al., 2001). It must also be 
acknowledged that the differences can be due to the particular 
implementation, which includes the type of “brain”, “body” and 
“environment” that was used. Baldassarre used an animat living in a square-
shaped open arena, while Jirenhed’s simulated robot had to traverse a 
relatively complex maze-like environment with many turns and walls. Also, 
the models differ in the extent to which they filter out or handle noise. 
 
Some of the experiments also compared the simulation based robots to 
reactive ones and found that simulation mechanisms do seem to provide 
some adaptive advantage over reactive controllers. Baldassarre (2002a) 
showed that using the predictor to construct several sequences of “mental 
images” improved the animat’s performance compared to a completely 
reactive animat. Baldassarre’s simulations showed that a reactive animat, 
after training, reaches the goal after 2000 time steps (which with experience 
decreases to 50), whereas the planning animat already at the first try finds 
the goal in only 200 time steps, which means that it can “reach any goal 
from any start position with satisfying efficiency from the first time the goal 
is pursued.” (Baldassarre, 2002a). The planning animat can be said to be an 
example of Dennett’s (1996) notion of a “Popperian creature”, that is, “a 
creature capable of ‘one-shot learning’; they can figure some things out 
without having to endure the arduous process of trial-and-error in the harsh 
world…” (p. 88). Baldassarre’s model does however require previous 
experiences to generate the internal knowledge that can be used to plan 
ahead and have a better chance to get it right the first time. Furthermore, 
Gross et al. (1999; cf. also Heinze & Gross, 2001; Stephan & Gross, 2001a,b) 
compared the ability to avoid obstacles between reactive robots and robots 
with internal simulation. Their experiments showed that simulating robots 
are able to perform a much smoother and earlier turn, because of the ability 
to anticipate an approaching obstacle. Furthermore, van Dartel (2005) found 
that a simulation based agent also could outperform a non-reactive 
controller (discussed further in the next section). 
 
Thus, there are some performance benefits from internal processing in the 
form of forward model based simulations. While traditional AI (or GOFAI) 
also emphasized the benefit of internal planning, or even limited their notion 
of intelligence to this ability, the mechanisms reviewed here differ in several 
respects. The simulation mechanisms are grounded in the actual 
sensorimotor behavior of the robot, such that the internal processing is 
directly derived from interactive properties. Furthermore, for example, 



 

Baldassarre’s (2002a) planning mechanism did not construct plans that 
were executed step by step, but the internal planning was used as a teacher 
for the behavior generating system and therefore can respond as quickly to 
the environment as a reactive mechanism. However, he did point out that 
one of the obvious downsides with the use of planning is that there do have 
to be periods of planning and consequently it takes time (cf. also van Dartel, 
2005 in the next section.  
 
3.1.3 Noise 
The performance of forward models implementing simulation processes is 
subject to different constraints than forward models in motor control. Motor 
control constantly relies on proprioceptive and sensory feedback, as well as 
predictions. Simulation processes are argued to be able to function on much 
longer time scales without proprioceptive and sensory processing. This 
means that “constrained” simulation processes are much more sensitive to 
noise. If noise accumulates the predictions will drift and become more and 
more imprecise. This is a problem if the simulation processes are to be used 
for planning future actions or some other task depending on a close 
correspondence between the simulated perceptions and actions, and the 
original ones. The constrained models showed somewhat different results 
concerning noise, but again it is difficult to compare the models directly due 
to different types of sensors, and sensor representations. Gross et al.’s 
(1999) experiments showed that the system had some trouble with real noisy 
data, but when noise was reduced their model was successful at prediction 
and that the anticipation based robot outperformed a reactive robot. 
Furthermore, Hoffmann and Möller (2004) found that there is an 
accumulation of error as the chains of predictions increase in length, but 
that the errors are still very small, that is, there is a close correspondence 
between the previously experienced images and the predicted ones. The 
other experiments reported no such accumulation of error over time.  
 
3.1.4 Body growth 
In all, but one, of the reviewed models of simulation do the robot’s bodies 
stay the same. However, developmental or epigenetic robotics (e.g. 
Lungarella, Metta, Pfeifer, & Sandini, 2003; Zlatev & Balkenius, 2001; Metta 
& Berthouze, 2006) emphasize the interplay between neural development, 
body growth and the development of cognitive abilities (cf. Chiel & Beer, 
1997; Smith & Gasser, 2005). Hiraki et al. (1998) found that body growth 
can affect the development of simulation processes. The cognitive 
phenomenon that Hiraki et al. modeled was the transition from egocentric to 
allocentric behavior with respect to spatial environments. Egocentric spatial 
behavior refers in this case to the inability for infants at a certain age to 
compensate for viewpoint changes, which means that an object observed to 
the left will not be seen as the same object if the infant’s viewpoint is 
changed. The difference becomes more apparent in Hiraki et al.’s (1998) 
descriptions of one of the experiments normally used to investigate this 
phenomenon (also illustrated in Figure 8).  
 

A doll (price) was put inside one of three cups, in this case the middle one, and 
then the infant was carried around the table. The doll’s relative position, from the 
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infant’s point of view, changed from the center to the right side of the field of view. 
Thus, the infant now should look for the doll under the right cup. However, early 
infants fail to compensate for the changes in their own spatial position. They 
continue to turn in the direction that previously led them toward the target (middle 
cup) (Hiraki et al., 1998, p. 373) 

 
Thus, as illustrated in Figure 8, an infant who has not developed an 
allocentric spatial behavior will continue to use the direction of gaze as a cue 
and search in the wrong place. The task of the robot is a rough equivalent of 
this experiment. The robot had to (1) learn to keep a particular object in the 
center of its visual field (the inverse model), and (2) learn to predict the 
location of the target in the visual image based on its movements (the 
forward model). The assumption was that if the robot can learn to track the 
target object during overt movements, it can use mental simulations, 
achieved through the coupling of inverse and forward models, to determine 
the location of the price/object even after a perspective shift similar to one in 
the original experiment. Mainly, two questions were investigated through 
this setup: “First, how does locomotion experience promote spatial 
development? Second, what is the relationship between body growth and 
spatial development?” (Hiraki et al., 1998, p. 379). The aspect of body growth 
focused on was changes in the degrees of freedom (DoF) of the robot. To 
model this change there were three stages of development: (1) head 
movements only, (2) body and head rotations, and (3) body and head 
rotations, and translational self-movement. By contrasting this kind of 
stepwise learning with learning that starts at stage three, Hiraki et al. (1998) 
found that “spatial knowledge gained from the previous stages was preserved 
for stage 3 and facilitated the task of learning to track an object mentally 
with all three types of movement” (p. 385). Thus, in this case, the stage-wise 
learning and step-wise introduction of more DoF facilitates the development 
of the internal simulations.  
 

target object
(doll in cup)

objects
(cups)

table
infant

 
Figure 8 Spatial egocentric behavior (Figure based on Hiraki et al., 1998) 

 
Furthermore, Hiraki et al. (1998) pointed out that this support the evidence 
found in developmental research of “the importance of self-locomotion” (cf. 
e.g. Lindblom, 2007). This conclusion was supported by the fact that only in 
stage three did the robot develop a mental simulation that could be argued 
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to achieve allocentric behavior, while the results from stage 1 and 2 were 
more consistent with egocentric behaviors.  

3.2 Unconstrained models 
As noted above, unconstrained models are, here, used as a label for those 
models of simulation that do not explicitly constrain the simulation 
mechanism to produce sensory predictions (at the input level) that 
correspond to the actual sensory input. While the assumption of these 
models was that such predictions could emerge, the analysis of the resulting 
behavior of the controllers found that this was not the case, but, 
importantly, the controllers still solved their tasks.  
 
3.2.1 Problems with identifying simulation 
In follow-up studies of Jirenhed et al. (2001; cf. previous Section), Ziemke et 
al. (2002, 2005) used simulated Khepera robots with a rod sensor instead of 
the infrared sensors used in the previous experiments, since that was 
predicted to be more successful. The rod sensor has a sensor range of 31 
cm, while the infrared proximity sensor has a range of only 5.5 cm. The 
robots task was again blind navigation – navigating without any inputs from 
the external environment. The environment was somewhat simpler than the 
T- and h-environments used in Jirenhed et al. and consisted of four equally 
long corridors with a rod placed at each corner, which could be detected by 
the rod sensor. An evolutionary algorithm was used to train the robots. 
However, to achieve successful blind navigation, the fitness function did not 
reward prediction, as in the constrained models, but only successful 
behavior. Although several different ANN architectures were used, feed-
forward controllers produced the best behaviors and consequently were the 
ones subjected to further analysis. The feed-forward architecture consisted 
of two modules, the sensorimotor module (trained first) and the prediction 
module. The sensorimotor module consisted of a three layer network, with 
10 inputs, 5 hidden nodes, and 2 output or motor nodes. The prediction 
module was also a three layered network with 10 + 2 input nodes, 10 hidden 
nodes, and 10 output nodes. The architecture (for simulation) is as described 
in Figure 6a, with the addition that the previous sensory input/or prediction 
is also used to generate the sensory prediction together with the motor 
output. 
 
Ziemke et al. (2002, 2005) found that the inputs generated through the 
prediction module, after training, were not similar to the corresponding 
(actual) sensory inputs (Ziemke et al., 2002; 2005). For example, Ziemke et 
al (2005) noted that “the turning behaviors are actually not the same [in 
terms of the behavior of the controller], although they are functionally 
equivalent in the sense … that they lead to very similar motion trajectories.” 
(p. 98). That is, although the observed behavior of the robot was similar in 
both regular navigation and blind navigation, the behavior generating 
mechanisms were different. Although, some of the constrained models 
produce sensory predictions that are not perfectly accurate, they do not 
suggest qualitatively different “images” as was the case in the unconstrained 
experiment. Ziemke et al. (2002), commenting on the possibility of 
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interpreting the self-generated input patterns as simulations of perceptions, 
straightforwardly argued that “the [self-generated and actual] input patterns 
are simply too dissimilar”. Consequently the robot does not construct a 
chain of sensory inputs corresponding to that experienced during the actual 
walk. Similarly, van Dartel (2005) found that in his unconstrained, 
simulation based model of the ToL problem most of the simulated states 
were not predictions of future states. Van Dartel’s (2005) experiment is 
discussed in the following section. 
 
Thus, it seems that we have a model which cannot be considered to 
implement simulations of perceptions but nevertheless is able to solve the 
blind navigation task. This result, however, leads us to consider the ways of 
identifying simulation processes in this kind of model.  
 
The first issue to be addressed is which criteria can be used to identify a 
model as implementing a simulation mechanism. The specific idea of 
simulation that was modeled by Ziemke et al. (2005) was Hesslow’s 
simulation hypothesis, which is basically a forward model based theory 
(Section 2.4). The obvious way to characterize the model as based on 
simulation processes, and consistent with RaSH, is that the model 
constructs self-generated predictions that are similar to the activation 
patterns during overt navigation. However, this might not be the only way to 
identify or define simulation processing. To see this it is important to 
elucidate the use of similarity/correspondence in these models. As described 
in Figure 9, simulation processes can be said to be present if there is a 
similarity between the reactivated sensorimotor/bodily states and the 
activations that would have occurred during interactions without a 
simulation or reactivation mechanism. Furthermore, the model (in terms of 
Holland & Goodman, 2003) is not the reactivation per se, but the binding or 
prediction causing the reactivations to occur. This means that the presence 
of a model is identified by the similarity between the reactivation and the 
activation. However, it should be noted that this identification is for the 
researcher/observer of the system. 
 

prediction

binding

worldreactivation

world

activationreactivation

 
Figure 9 Overview of possible correspondences. Similarity or correspondence is in 
RaSH only postulated to occur between brain states or mechanisms in “as if loops” 
and “body loops”.  

 
That is, even if Ziemke et al.’s model had produced correct predictions or 
reactivations it could not have known that it had produced the correct ones, 
they could just as well be hallucinations. For this similarity to become part 
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of the epistemic properties of the robot agent, it has to be able to have 
mechanisms that are able to compare the reactivations with input from the 
world without being informed by an omniscient observer/researcher or 
oracle (cf. Anderson, 2006; Bickhard & Terveen, 1995; Stojanov & Bickhard, 
2004).  
 
However, another possibility to identify simulation processing in these 
computational models consistent with the reactivation hypothesis is 
according to reuse of the same mechanisms or the same resources. Here this 
means that the nodes and connections used for generating overt interactions 
are reused in blind navigation. In the case of Ziemke et al., the simulation 
mechanism is implemented in a separate module which could imply that the 
only re-use of prior interactions by the simulation mechanism is the activity 
of the motor nodes, which is used as input to the simulation mechanism. On 
the other hand, it does re-use some of the resources. That is, the behavioral 
module is used in both overt and blind navigation. This means, that the 
simulated/self-generated perceptions are able to re-use some of the behavior 
generating mechanisms. It can elicit the behaviors as if the original cause is 
present (Hesslow & Jirenhed, in press, cf. also the next subsections). From 
this perspective the robot not (only) developed simulated perceptions, as 
intended at the outset, but also simulated actions. That is, at least, the 
motor output layer activation is reactivated as in overt navigation. 
Furthermore, the covertly elicited motor activity is able to cause a new self-
generated input. The fact that the behavior is also overtly executed here is of 
little importance since the robot is not getting any feedback from the world. 
Consequently, it is equivalent to performing them covertly.  
 
Another way of defining simulation mechanisms was proposed by Clark and 
Grush (1999):  
 

…the requirements for being an emulator are rather strict. First, there must be a 
control loop of some sort, such that one part of the loop is usefully identified as the 
controller, and the rest identified as the controlled system. Examples of such 
control loops are thermostat/room systems, car/driver systems, and even 
brain/body systems. Then, there must be some additional system which can 
accept a copy of the control signal produced by the controller and on that basis 
produce a mock version of the feedback signal that the controlled system would 
produce if it were to process that same control signal. These requirements are far 
from trivial. Not everything is a flight simulator, exactly because not everything is 
so constructed so as to take typical pilot control signals (joystick movements, etc.) 
and produce mock versions of the feedback that a real aircraft would provide 
(instrument readings, visual scene, etc.). (p. 11) 

 
The architecture of Ziemke et al.’s (2005) model does comply with this 
definition of a simulation process. There is a controller: the behavioral 
module, an additional system that accepts a copy of the control signal: the 
prediction module. A possible discrepancy can be found in the part which 
states that the additional system must “produce a mock version of the 
feedback signal that the controlled system would produce if it were to 
process that same control signal”, which could imply that the feedback 
should be similar to sensory activation. However, little is known about the 
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nature of the mock feedback produced in motor control (Bashtin, 2006; 
Webb, 2004). Thus, it is possible to argue that the mock feedback does not 
have to be similar to the sensory activation, but only sufficient to guide 
behavior accordingly. Furthermore, efference copies, copies of the motor 
commands, can possibly appear at many different levels of the motor system 
(cf. Grush, 2004; Webb, 2004). However, since we are using a model agent 
we know that the only feedback the agent is able to use in this case is the 
sensory activation at the sensory input layer. However, due to the 
uncertainty of what kind of (predicted) feedback that is used in motor control 
and motor imagery it might be fruitful to try other sources of feedback. 
 
To conclude, it is possible to use several different criteria to determine 
whether the robot is implementing simulation processes. However, it seems 
possible to at least argue that the robot is able to produce covert information 
that can be used to reactivate actions, which can elicit further covert 
information. As discussed in the next subsection there are some possible 
limitations to this kind of minimal models which makes the interpretation of 
the results more difficult.  
 
3.2.2 Natural vs. artificial neural networks 
It should be noted that the above discussion is dependent on a particular 
interpretation of the robot model’s structure. The assumption is that the 
input layer of the artificial neural network corresponds to the sensory areas 
of the brain that are causing other activations of the brain. As noted below, 
Ziemke et al. (2005) also briefly mentioned that it is possible to interpret the 
robot model differently. The above interpretation is a logical one to make 
given that the predicted sensory layer has the same size as the input layer, 
and in the constrained models predictions are constrained to this level.  
 
However, another way of viewing the robot model(s) is that the input layer 
corresponds to such an early stage of perceptual processing as the retina. 
For example, the fact that the input representations will suffer from 
perceptual aliasing, such that objects requiring different responses are more 
similar than objects requiring similar responses (cf. Hesslow & Jirenhed, in 
press). From this perspective, there should be no similarities at all between 
activations of the sensory input layer and the self-generated/predicted 
sensory input, since the claim is not that simulation processes should 
resemble the retinal activation but only later stages in the perceptual 
process, starting at the early sensory cortices. From this point of view, 
Ziemke et al.’s robot can certainly be said to use simulated perceptions. 
However, it is less clear what should be considered to be the corresponding 
perceptions in the case of navigating with input from the environment. 
Ziemke et al. (2005) did point out that the activations at the hidden layer 
were more similar than the predicted sensory level activations and thus it 
could be possible that simulation of perception occurred at the hidden layer 
instead. This could be the case since the behavioral module was trained 
before the simulation module and thus fixed, which could allow a simulation 
mechanism to emerge which produced self-generated activations at the input 
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layer that leads to similar activations at the hidden layer, which then 
generates the correct behavior, because of the reactivation. 
 
3.2.3 Simulation and reactive controllers 
While it is debatable to what degree Ziemke et al.’s robot can be described as 
implementing simulation processes, it is clear that it produced self-generated 
input that was clearly different from the activations at the input layer during 
overt navigation. This subsection discusses why this was the case. 
 
The lack of correspondence between the predicted and actual sensory states 
could partially be attributed to the use of a reactive controller (Ziemke, et al. 
2005). According to Ziemke et al. (2005), when the robot approaches a turn 
the robot depends on detecting a rod which can be used as a cue to initiate 
turning behaviors. However, the rod is not visible during several time steps 
causing low or zero sensory activation of the rod sensors, which means that 
it is not possible for a reactive controller to implement such a mapping 
through simulation of perception. Ziemke et al. (2005) described the 
situation as follows: 
 

Another, more crucial difference that explains why self generated and real sensory 
input are not more similar, and to some degree cannot be, is that while using real 
sensory input the robot’s behavior is purely reactive, controlled by the feed-forward 
sensorimotor module alone … . When using self-generated input, on the other 
hand, the robot cannot just react to the environment, but has to time its turns 
very accurately, and to do that it has to ‘count’ the number of steps between turns. 
To some degree, the sensory inputs can play the role of a counter due to the fact 
that they increase monotonically as long as they are active. However, for several 
time steps during the ‘seeing’ robot’s turn, when none of the rods is in sight, all 
sensory activations remain at the same (low) level until suddenly the sensors 
become active again, one by one, when they detect the next rod. Obviously for the 
‘blindfolded’ robot this transition (from not sensing any rod for several time steps 
to sensing a rod again) would not be possible to simulate with a purely reactive 
input–output mapping. The self-generated input therefore has to act as some kind 
of short-term memory that keeps track of how many of the required steps the robot 
has already carried out. This is reflected in self-generated inputs i2, i3, i5 and i9 
which exhibit continuous changes in activation, rather than the abrupt changes 
that can be observed in the real sensory inputs. (pp. 98-99) 

 
In order for simulation processes to be implemented on reactive control 
structures it is necessary that the overt perceptions are differentiated so that 
the controller can generate differentiated responses, such as the inputs 
changing gradually towards and during the turn. This was not the case 
because the rod was invisible during several time steps. This was not a 
problem in normal navigation since the rod eventually became visible, which 
means that the robot could just keep producing similar motor commands 
waiting for a trigger stimulus. The internal simulation is different since the 
robot must by itself produce the rod stimulus internally, but this is not 
possible through copying the sensorimotor relationships when using a 
reactive controller. The reactive controller would get stuck in an endless 
loop, since it cannot count the number of times the same sensory prediction 
has been produced (cf. Ziemke, et al., 2005). The network has to constantly 
produce diversified sensory predictions to avoid getting stuck in an end-less 
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loop27. A robot using a recurrent architecture might not have to rely on such 
a solution (cf. e.g. Tani, 1996, Tani & Nolfi, 1999).  
 
Consequently, even though the model did not seem to develop simulation 
processes as in the constrained models, it provides valuable information 
about the circumstances under which it is possible or not to develop 
particular types of simulation based solutions.  
 
The fact that the robot can navigate blindly, to some extent, allows the 
controller to be regarded as an internal model according to the definition of 
Holland and Goodman (2003). However, if it was determined that it could not 
count as an internal model based on simulation processes it raises the 
question of what kind of internal model it is and to what extent it can be 
generalized and connected to properties of biological neural network.  
 
3.2.4 Disambiguation by simulation 
Van Dartel’s (2005) simulation based model of the Tower of London (ToL) 
problem – a well known neurophysiological test (cf. Shallice, 1982; Figure 
10) – also produced predicted outputs that did not correspond to predictions 
of the next sensory state. However, his representation of inputs and outputs, 
as well as, implementation of the simulation mechanism was quite different. 
In Ziemke et al.’s model the task of the robot is to learn some type of internal 
map of the environment, which means that it only has to be able to 
memorize previous interactions.  
 

a b

 
Figure 10 Illustrations of (a) the Tower of Hanoi puzzle and (b) the Tower of 
London problem as implemented by van Dartel (2005) 

 
The ToL task is assumed to be a test of problem solving ability where the 
task is not only to memorize a path taken in the problem space but to use 
knowledge of such paths to solve the problem with as few moves as possible. 
Put simply, in problem solving it is often not sufficient to only mentally 
simulate a single path (cf. also Gross et al., 1999). Consequently, van Dartel 
(2005) chose not to separate the behavior generating mechanism from the 
simulation mechanism to similar extent as Ziemke et al. which used 
separate modules that were trained separately. The drawback in van Dartel’s 
(2005) model is that there is no differentiation between the prediction of the 
sensory input and the predicted motor command. That is, the forward model 
                                                 
27 A strikingly similar phenomenon is that the perceptual image fades away if the retinal image does not change 
– which can be induced by, for example, altering the image according to the eye-movements (Pritchard, 1961, 
cited in Jacob, 1995). 
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is then to some extent hardcoded rather than learned. Van Dartel’s (2005) 
model of simulation is limited to solving the task of the Tower of London 
(ToL), since the sensors and actuators are defined in terms of the states and 
moves of the task.  
 
The ToL task is essentially the same as the, perhaps more commonly known 
Tower of Hanoi problem (cf. Figure 10a), except for the constraints on which 
item can be placed on top of another is removed in ToL and the rings are 
replaced with colored balls (Shallice, 1982; cf. Figure 10b). Van Dartel used 
a simple recurrent network with an additional output layer, similar to the 
regular one that represents a move in the ToL problem, except that its 
activation does not lead to overt movements of ToL balls. Instead, the 
additional output layer is used to generate new “sensory states” by being 
connected to the input layer (as in Figure 6a). The input layer (besides the 
context layer) is composed of three superimposed states: the current state of 
the ToL problem, the goal state, and the self-generated state generated by 
the additional output layer (or simulated action). The controller is trained by 
an evolutionary algorithm, where the fitness function is based on the 
number of moves, not prediction ability. According to van Dartel (2005), 
 

[t]his expected state is generated in three steps. First, the additional output is 
interpreted as an action, determining which ball will be moved to which peg. 
Second, when the action meets the constraints of the ToL task, the action is 
applied [to the current state] to [generate] the expected state. If the action does not 
meet the constraints of the ToL task, no action is applied. Third, the updated 
expected state is superimposed on the activation caused by the ToL state and the 
goal state in the sensor array, to form a single sensory state (pp. 50-51; additions 
are van Dartel’s (pers. comm.)). 

 
The last step of the implementation means that the mapping between the 
simulated action and the simulated perception is hard coded rather than 
learned. The internal loop continues until the actual/overt output layer 
produces an action that satisfies the constraint of the ToL problem. That is, 
the problem of when to be off-line and on-line is left to the controller. 
Furthermore, it should be noted that the neurocontroller does not come up 
with an entire movement plan, but observes the result of each action as it is 
executed and can result in a new simulation process (van Dartel, 2005). This 
means that the controller could choose not to simulate a movement and 
directly execute an action, but it could also end up simulating a move 
forever.  
 
As already noted, the solutions that emerged did not use predictions of 
future states based on simulated actions.  
 

Apparently, the internal simulation mechanism does not just feed back previous 
ToL states or predict future ToL states … Although the expected state that is 
internally generated by the agent may occur as a future ToL state, it is debatable 
whether the optimized agent with neurocontroller B exploits its ability to internally 
simulate moves to predict future states in order to plan ahead in time. This is 
debatable for two reasons. The first reason is that the expected state only 
occasionally matches a future ToL state, but mostly matches the currently visited 
ToL state or never occurs as a ToL state at all. The second reason is that when the 
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goal expected state does match a future state, the agent continues to internally 
generate expected states before it actually produces the move to change the ToL into 
the future state. This suggests that the internal simulation mechanism may serve 
the function of building up sufficient activation in the neurocontroller to produce a 
certain move rather than to simulate a future move. (pp. 61-62; emphasis added). 

 
This means that the controller does not solve the planning problem by 
covertly executing simulated chains of possible routes through the problem 
space and then execute the one that reaches the goal. It is possible to 
interpret the self-generated states as reactivations since they are internally 
reactivated ToL states, which in some cases even correspond to the current 
state. However, they do not seem to be based on simulations as predictions 
(cf. Section 2.4), but play a different role. The simulation mechanism seems 
to function as a disambiguation mechanism somehow, implicitly, indicating 
the best move in that particular situation. 
 
The choice of input and output representation does, however, make it more 
difficult to interpret the results in terms of predictions based on simulation 
of perception and action, because a simulated movement automatically 
results in the expected sensory consequence. That is, the problem here is to 
generate a covert action that generates a particular consequence. In a sense, 
both the motor and sensory effects are generated simultaneously; the 
connections between the hidden layer and the simulated action layer 
produce simultaneously a simulated action and a simulated sensory state. 
This makes it difficult to interpret whether it is really the motor action or the 
ToL state that is being predicted by the controller, but perhaps it is not a 
crucial distinction to make. Whether it is interpreted as a simulation of 
perception or simulation of actions or simulations of ToL states, it still does 
not generate sequences that correspond to routes taken in the problem 
space. The implementation also implies that it is constrained in one respect. 
Only valid actions are allowed to generate expected states, which means that 
if a valid action is generated the self-generated state will be a ToL state, and 
consequently can be seen as a reactivation. This is different from, for 
example, Ziemke’s et al. (2005) setup, described in the previous subsection, 
where the controller could generate internal states that had no 
correspondence in the overt condition. 
 
In conclusion, the internalized interaction does not necessarily generate 
representations of what will happen, but they produce sensory situations 
which are unambiguous and lead to adaptive behavior. Thus, the 
internalized interaction contributes to the process of active perception in 
creating unambiguous patterns in some of the states where a non-reactive 
agent would have had to perform some more complex environmental 
interaction or even been unable to differentiate (cf. Gross et al. 1999; 
Hoffmann & Möller, 2004; cf. also Section 2.4.6). 
 

3.3 Abstraction and the level of granularity 
Another issue is the abstraction/granularity problem often discussed in 
relation to simulation processes (discussed in Section 2.5.6). This has also to 
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some extent been adopted in this type of models. However, the notion of 
abstraction has been around in AI research for some while now (Baldassarre, 
2002b). 
 

The benefits of abstraction are well known in the classic artificial intelligence 
literature: fast exploration of alternatives, creation of large plans without incurring 
in combinatorial costs, possibility of planning on the basis of a model of the 
environment that ignores the details (cf. Sacerdoti, 1974, and several works in 
Allen et al., 1990). 

 
Abstraction implies that there is a mechanism that can capture knowledge 
that goes beyond sensorimotor associations. However, the question of the 
level of granularity in the context of simulation theories is whether 
reactivations occur on a low level including every aspect of the previous 
interactions or on a higher more abstract level. If they occur on both higher 
and lower levels, how could transitions to higher levels occur?  
 
Abstraction can imply that it occurs through a mechanisms that transforms 
actual sensorimotor patterns into concepts (Holland & Goodman, 2003; Nolfi 
& Tani, 1999; Stening et al., 2005; Tani & Nolfi, 1998) or it can imply some 
kind of binding mechanism that does not preserve the actual sensorimotor 
patterns but still use some of them (e.g. Baldassarre, 2001; Barsalou, 1999). 
Another aspect of abstraction concerns the choice of the input and output 
representations. In van Dartel’s model these are at a relatively high level of 
abstraction. The output represents moves in the ToL problem, rather than 
coding for movements or intermediate action goals. The input represents the 
configuration of the balls in the ToL problem rather than the features of the 
objects. The choice of representation might be appropriate for the ToL 
problem but it should be remembered that it does involve an abstraction 
from the immediate situation of a situated and embodied agent.  
 
However, addressing the issue of how to construct abstractions, several 
models use some kind of learning technique, where some mechanism 
observes the sensorimotor sequence and segments the inputs into concepts 
that are used to describe situations that extends beyond a single time step. 
The results from this type of experiments (Holland & Goodman, 2003; Nolfi 
& Tani, 1999; Tani & Nolfi, 1998; Stening, et al., 2005; see also Linåker & 
Niklasson, 2000a,b) can be illustrated by the following example. A 
robot/agent is moving along a corridor, turns 90 degrees into another 
corridor, and continues moving along the new corridor. Moving along a 
corridor often implies executing the same actions a number of times and 
having similar sensor readings, except when the farther wall becomes visible 
and the distance to it starts to decrease (if some kind of distance sensitive 
sensor is used). Instead of having a simulation mechanism that consists of 
each single sensation and action at every time step, the robot can segment 
the sensorimotor patterns into two different concepts, corridor and turn (e.g. 
Nolfi & Tani, 1999; Tani & Nolfi, 1998; Stening et al., 2005). However, it 
should be noted that Nolfi and Tani (1999; Tani & Nolfi, 1998) used a 
different technique from that of Stening et al. (2005) and Holland and 
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Goodman (2003). Linåker and Niklasson (2000a) described the difference in 
some detail. 
 
Holland and Goodman (2003) found that this type of concepts can be used to 
enable and improve control by using the motor command associated with the 
context. They showed that using the concepts for control achieved more 
accurate behaviors than the original sensorimotor programs. The concepts 
could also be used to process novel and incomplete sensory input by 
selecting the concept that is most similar to the input. Although more 
speculative, Holland and Goodman argued that it can also be used to detect 
anomalies because of its ability to create new concepts if the current 
situation is not similar to any of its concepts, and that it can also be used to 
inform decisions in goal-directed behaviors. Although not easily comparable, 
the model of Holland and Goodman (2003) does seem to provide a partial 
implementation of Barsalou’s simulators or Grush’s amodal emulators.  
 
Gross et al. (1999) achieved similar performance enhancement in motor 
control, as Holland and Goodman (2003), without segmenting the 
sensorimotor patterns, but instead allowing predictions of consequences 
more than one time step ahead to influence the behavior, which could be 
characterized as abstraction through modal simulation/emulation (cf. 
Subsection 2.5.3). As such, the robots could detect an obstacle early through 
simulation and start to act in response to this prediction. The general 
tendency was that, for the lengths they tested, longer sequences of 
predictions produced more accurate behaviors.  
 
However, only Stening et al. (2005) used segmentations of sensorimotor 
patterns to test whether these could be used entirely off-line. Holland and 
Goodman (2003) only tested the idea that an internal model can be 
constructed by the networks implementing the segmentations. This meant 
that they only tested the internal model’s ability to generate behavior in 
response to sensory inputs. Nolfi and Tani (1999) did test one-step 
prediction based on their achieved segmentations, but did not construct 
entire sequences of internal simulations based on the abstract “concepts”. 
Stening et al. (2005) were able to train an additional simulation network to 
predict the next concept. Besides tracking the sequence in which concepts 
occurred, the network could also track the duration of each concept. By 
repeatedly using the predicted concept as input to the trained prediction 
network, Stening et al. (2005) were able to show, by means of a technique 
called inversion (Linåker & Niklasson, 2000a) that the robot’s covert 
concepts was very similar to the concepts develop during a overt run, which 
was also indicated by the fact that the prediction of the sequence of concepts 
was 100% accurate.  
 
Baldassarre’s coarse planning approach (2001, 2002b) is somewhere in 
between the two mentioned solutions: segmentation and prediction of longer 
sequences. Baldassarre’s approach implements abstraction by learning 
predictions of “macro-actions” instead of simple action that takes the agent 
one step ahead. Baldassarre (2001) explained it as follows 
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In this context, coarse planning is implemented in a very simple way. The key point 
is that when the predictor is trained, it is trained on the basis of the effects of the 
execution of macro-actions, instead of the effects of the execution of primitive 
actions. A macroaction is made of a certain number (say 2, 4, 8) of identical 
primitive-actions (e.g. "north-north", or "east-east-east-east"). This means that the 
teaching output used to train the predictor is the one at the end of the execution of 
the whole macro-action. This training has the effect that when the controller is in 
planning mode and the actor makes its selection (e.g. "north"), the predictor yields 
the effects of the corresponding macroaction (e.g. "north-north") as prediction. 
When the controller is in acting mode and the actor makes its selection (e.g. 
"north"), the robot's effectors execute the corresponding primitive action. 

 
This means that the simulation process, as in Stening et al. (2005), occurred 
on a different temporal scale or level of granularity than the behavior that it 
is supposed to guide. Baldassarre was able to show that the coarse planner 
was successful. In the environment, tested by Baldassarre (2001), the coarse 
planning approach outperformed the planning based on one-step 
predictions. However, as noted by Baldassarre (2001), the macro-action 
approach might be difficult to generalize, for example, due to the kind of 
open environments he used, where the direction of the optimal action is the 
same as the direction of the macro-action at most of the locations in the 
environment. It might be difficult for a coarse planner of this type to provide 
sufficient guidance in a maze like environment or an environment with many 
obstacles. Furthermore, given that both abstracted and non-abstracted 
simulation mechanisms are able to solve their particular tasks it is 
necessary to further investigate their effect on behavior. 

3.4 Constrained vs. unconstrained  
In this chapter, two major types of models of simulation processes were 
identified, compared, and discussed, but is there any reason to prefer one 
over the other? There are several perspectives to this question: (1) Do the 
models provide existence proofs? That is, are they able to solve the problem 
through the use of simulation processes? (2) Methodological issues, such as 
repeatability, validity, transparency. (3) Theoretical issues, such as the 
possibility to compare results to real organisms. 
 
Existence proofs: From the above discussion it is clear that constrained 
models have so far been more successful in providing models of simulation 
processes as described in Section 2.4 “simulation as prediction”. They have 
shown that it is possible to use reactivations of sensory and motor states for 
internal (cognitive) processing. However, van Dartel’s (2005) model can also 
be seen as a model of simulation processes, but it was not simulation as 
prediction. Rather he was able to show that reactivations can be used as a 
kind of disambiguation mechanism that, at least in part, is responsible for 
the agent’s problem solving process. Furthermore, the study of Ziemke et al. 
(2005) did provide insights to the constraints on the development of 
simulation processes, despite the ambiguity concerning what kind of 
simulation processes it developed.  
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Methodological and theoretical issues: According to van Dartel (2005), a 
model of situated cognition should address the following five criteria: (1) 
situatedness, (2) embodiment, (3) cognition, (4), parsimony, and (5) 
transparency. The first two criteria have been extensively discussed in 
situated and embodied cognition and while the robots and animats used in 
the discussed models are not situated nor embodied in many important 
respects, they can be said to be at least minimally situated and embodied. 
They have sensors and effectors and their actions feed back into the system. 
Although the lack of some aspects of situatedness and embodiment or the 
lack of consideration of these aspects is an important issue, the other three 
criteria are more relevant to the discussion of models of simulation 
processes. However, Hiraki et al. (1998) do provide an example where 
embodiment aspects are explicitly tested rather than as in the other models 
only being a basic background criterion. The third criterion of cognition is a 
particularly difficult one, which van Dartel (2005) defined as “…the 
acquisition, storage, retrieval, and use of knowledge” (pp. 6-7) or that which 
involve representation. However, as discussed in Chapter 1, situated and 
embodied cognition extends the view of what is to be considered cognition, 
and is argued not to necessarily involve representation (e.g. Brooks, 1991; 
Keijzer, 2006; Maturana & Varela, 1987; Varela et al., 1991). Instead, the 
criterion of cognition refers to the claim that there are some cognitive 
phenomena that are likely to require off-line representations in the form of 
simulation mechanism (Section 1.3)28. Van Dartel (2005) argued that 
parsimony relates to the approach of minimally cognitive behavior, which 
means that one should keep the model as simple as possible given certain 
constraints (cf. e.g. Beer, 1996). This makes it, for example, much easier to 
analyze. Another commonly argued reason for parsimony is to avoid 
anthropomorphic biases, such as the implementation of mechanisms that 
are biased by the designers (mis)conceptions and limitations (e.g. Dorffner, 
1997; Nolfi & Floreano, 2000; cf. also Keijzer, 2002). Thus, there is a tension 
between the simplicity of the model and the possible complexity of the 
phenomena to be modeled. However, the use of unconstrained models based 
on neural networks and evolutionary methods do have the advantage of 
developing solutions that are less influenced by designer bias. On the other 
hand, these models are not always easy to analyze or interpret as seen in the 
discussion of the unconstrained models (cf. also Cliff & Noble, 1997; 
Haselager et al., 2003). This last remark is also related to the last criterion of 
transparency which according to van Dartel (2005) means that “parameters 
and changes in a system and environment of a model … should be available 
for analysis” (p. 7). The use of neural networks, especially complex ones 
using hidden layer activations and recurrent connections, could make such 
an analysis more difficult. This was a possible problem in some of the above 
models. 
 
The choice of recurrent neural networks could make the identification of 
simulation processes difficult and uncertain, at least, in the case of 
unconstrained models. The possible problems are most evident in van 
                                                 
28 It should perhaps be noted that van Dartel (2005) seems to use a broad definition of knowledge that is more 
consistent with situated and embodied cognition than cognitivist notions of knowledge. 
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Dartel’s (2005) model, since it consisted of both a standard Elman 
(recurrent) net and a simulation mechanism, and was unconstrained. The 
analysis is possibly more complex since (1) the cause of behavior can be 
attributed to both the recurrent connection and the simulation mechanisms, 
and (2) the recurrent connections could introduce additional 
prediction/simulation processes. As van Dartel (2005, Appendix B.3) noted 
any kind of recurrency can provide some kind of prediction or proxy for 
missing sensory input. Further, he noted that simulation of perception is 
only useful when employing a non-recurrent net. However, this claim 
contradicts his earlier conclusion of the simulation based model of the ToL 
problem, which results in better solutions to the ToL problem than a 
recurrent neural network without the simulation mechanism. Furthermore, 
other studies have shown that recurrent architectures implementing forward 
models do perform well in a number of different settings (e.g. Tani & Nolfi, 
1999; Stephan & Gross, 2003). It might not be possible to rule out that the 
recurrent aspects of the networks allow some kind of predictions to emerge 
in recurrent parts of these unconstrained structures too. That means, even if 
the models are constrained at the input level to produce predictions, it might 
be possible for the network to find solutions in which some kind of 
predictions develop based on context information, which might lead to the 
interpretation that these are a necessary part of the simulation mechanism. 
In fact, Jirenhed et al.’s (2001) model does use the context as part of the 
input to the simulation process, but it is important to acknowledge this and 
investigate its influence on the simulation process itself. 
 
The difficulty in attributing the cause of the behavior to either the simulation 
based or recurrent connection is illustrated in one of the results. According 
to van Dartel (2005), closer analysis of the behavior found that the simulated 
model associated multiple moves with single ToL states. The agent was able 
to produce a different move each time it visited ToL state 55 because the 
agent was able to use the temporal context of a visit 
 

The activation generated in the context layer of the neurocontroller provides 
temporal context to the current situation on the basis of previously received 
sensory information (Elman, 1990; Bakker, 2004). The feedback connection from 
the additional output layer to the input layer of neurocontroller B enables the robot 
to respond with a different move to the same sensory information by generating an 
expected state (which is superimposed on the activity in the sensor array) that 
provides temporal context to the current situation on the basis of previously 
received sensory information. (van Dartel, 2005, pp. 59-60) 

 
Consequently, both the context information from the recurrent connection 
and the simulation mechanism affect behavior, but it is not so clear to what 
extent both are necessary or if one of these mechanisms is more important 
than the other. It should, however, be noted that this type of behavior was 
the exception (van Dartel, 2005). In most situations, the agent maps a ToL-
plus-goal state to moves in a one-to-one fashion (van Dartel, 2005), which 
indicates that the superimposition of ToL state and goal state generates 
unique states that often are mapped to single moves such that it might be 
possible for a reactive controller to have solved the task by generating chains 
of forward models. In models of simulation processes that use recurrent 
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connections it might be necessary to use a set up where it is possible to 
inspect more closely the particular contribution of different parts of the 
architecture.  
 
However, this problem can to some extent also be said to apply to 
unconstrained models, generally. Since the models are unconstrained there 
is nothing to prevent the networks to develop predictions by other means. In 
fact, Ziemke et al. (2005) argued that since the activations at the hidden 
layer were more similar than the predicted sensory level activations it is 
possible that simulation of perception occurred at the hidden layer instead. 
However, this should not discourage the use of such unconstrained models 
but rather indicates that one must be careful and open minded when 
analyzing the results.  
 
It is also uncertain if it is possible to analyze a neural network in terms of 
the variables of an articulated model (cf. Grush, 2004). This means that 
such explanations cannot be investigated using neural networks, except for 
ruling out that the variables are explicitly represented by the neural 
network. 
 

3.5 Surrogate situations  
Clark (2005) recently proposed that mental representation has emerged from 
the use of surrogate situations – pertaining to the relation between external 
and internal symbols – which he argued to be in need of detailed 
conceptualizations. He suggested that surrogate situations include such 
situations as  
 

…when we use real-world models, diagrams, and other concrete external symbols 
to create conditions of (what I shall call) surrogate situatedness…external 
structures that stand in for absent states of affairs … (p. 234). 

 
By the use of surrogate situations as an intermediate between on-line and 
off-line cognition, disengaged cognition is often local and contextualized 
through the use of external objects that stand in for absent, distal, non-
existent/unavailable, future states of affairs (Clark, 2005).  
 
A possible interpretation of Ziemke et al’s robot is that it, in a minimal sense, 
is a model of surrogate situations. The rod could be seen as representing 
distal content, which is internalized in the control structure of the robot. 
Since the rod is the only available stimulus that can indicate a turn this 
external object is essential for structuring the behavior of the robot, which 
means that it represents the turn so far as it guides the behavior and is a 
stable structure which stands for something else (at least to the robot, which 
does not represent it as a rod). The rod acts during overt behavior as a 
surrogate situation, which enables the robot to internalize the turning 
behavior. However, since this was not part of the hypothesis under 
investigation it is not possible to determine how it happened. There seem to 
be two alternatives: the internal simulation could contain some kind of 
representation of the rod which becomes activated at the appropriate 
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moment or the internal simulation internalizes the dynamics of the 
sensorimotor patterns without representing the rod. 
 
Furthermore, Clark (2005) mentioned the finding that children and adults 
treat objects symbolically more easily as the realism or degree of detail 
decrease, whereas highly realistic models are harder to be seen as symbols 
or extracting the symbolic properties.  
 

One important lesson is thus that surrogate situations should be purpose-built to 
serve specific cognitive needs, and that any pretheoretical commitment to maximal 
detail and realism is premature and may prove counterproductive…the one thing 
that the agent cannot do is to ‘use the world as its own best model’. A nonexistent 
building cannot act as its own best model, nor can a (merely) proposed route for a 
new road. Instead, in such cases, the agent must ‘let a model serve as its own best 
microworld’. In so doing, she creates an arena in which many basic perceptuo-
motor strategies (such as just-in-time sensing and binding) can be redeployed, 
while at the same time constraining the kind of thing that can and cannot be done 
and relaxing some of the most potent temporal constraints on normal world-
engaged thought and action. … this temporal relaxation [through surrogate 
situations] allowed us to begin deploy a phylogenetically more recent set of neural 
cognitive strategies: ones that make richer contact with episodic memory systems 
and explicit stored knowledge, and are known to be major players in time-delayed 
as well as imagination-based responses….Surrogate situations may thus provide a 
kind of evolutionary and developmental halfway house between fully offline 
imaginative modes of thought and reason and the more time-constrained domains of 
normal real-world response …The newer circuitry, though slower in actual 
execution, would be capable of supporting effortful responses to novel incoming 
information, perhaps by the construction of temporary action-guiding 
representations. This circuitry would also be in contact with episodic and short-
term memory.” (Clark, 2005, pp. 237-238, emphasis added) 

 
Clark argued that “the way such stand-ins alter and relax the temporal 
constraints on ordinary performance” have been neglected and is harder to 
study. The kind of robot experiment just mentioned can perhaps be further 
extended to investigate the possible relationship between more complex 
external models/surrogate situations and simulation processes. In case of 
the simulating robot, the rod acts as a guide through the actual path that 
needs to be traversed through the maze, and the way this is being 
internalized by the agent could be perhaps be analyzed further in similar 
experiments. Of course, this situation is much less complex than using a 
map or demonstrating a car crash in a court-case reenactment by means of 
toy cars, but that might be a necessary step, to begin with, to understand 
the relation between these external models and internally generated models 
(cf. Chandrasekharan & Stewart, 2004, in press). 
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4 Discussion and future work 
The philosopher Daniel Dennett (1996) has proposed a hierarchy of 
increasingly representationally complex creatures called the Tower of 
Generate-and-Test (cf. Cruse, 2003; Gärdenfors, 1996; Mel, 1995). Dennett’s 
hierarchy consists of four types of creatures, the Darwinian, Skinnerian, 
Popperian, and Gregorian creature. The Darwinian creature is controlled 
only by its innate reflexes and can only change these reflexes through 
evolutionary forces. The Skinnerian creature may change how it reacts to a 
specific class of stimuli during its lifetime through a mechanism that can 
either strengthen or weaken stimuli-response associations. The Popperian 
creature can vary its responses to a class of stimuli depending on other 
sources of information than those given in the immediate surroundings 
through some kind of inner model. Gregorian creatures are able to extend 
their inner environments and cognitive abilities by using tools and artifacts.  
 
The Representation-as-Simulation Hypothesis (RaSH) provides further 
knowledge of the internal properties of Popperian creatures and what it is 
that allows them to rise above the Skinnerian creatures. However, as argued 
throughout this thesis it is by reactivating the processes central to the 
Skinnerian creature’s interaction with its environment that the Popperian 
creature emerges. Through the use of situated and embodied artificial agents 
it has been possible to provide existence proofs of these kinds of 
reactivations, but it also raises new questions to be addressed. Furthermore, 
the Tower of Generate-and-Test also tells us that the focus in this thesis has 
been on the two intermediate creatures and less on the first and last 
creature. The last creature seems the most interesting as it opens up for new 
types of investigations using situated and embodied artificial agents. That is, 
given Dennett’s hierarchy it seems that the emergence of Gregorian 
creatures can be made possible through modifications of the Popperian 
creature, which have not yet been a common topic in behaviour-oriented AI 
(cf. Chandrasekharan & Stewart, 2004, in press; Ziemke, Bergfeldt, Buason, 
Susi & Svensson, 2004).  
 

4.1 The objectives 
In the introductory chapter three specific objectives were identified for this 
licentiate thesis, which are addressed, consecutively, in the three following 
subsections. The objectives were: 
 

• to clarify and explicate the kind of mechanisms and processes of 
simulation theories.  

• to review the empirical evidence given in support for the existence of 
simulation processes.  

• to further explain how simulation processes can function as off-line 
representations 
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4.1.1 Mechanisms of embodied simulation 
Three different mechanisms were identified and analyzed in light of the 
existent empirical evidence. The mechanisms were described under the 
labels of reactivation, binding and prediction. Reactivation is the most basic 
mechanism and refers to the ability of the brain to reactivate itself in various 
ways. In particular, the brain reactivates sensory and motor areas in various 
cognitive phenomena as illustrated in Section 2.2. However, it was also 
argued that it can reactivate emotion systems in various ways, without the 
guidance of bodily processes. A possible problem or critique against the 
concept of reactivation is that it is not really a mechanism per se, but merely 
a description of the empirical evidence and it is really only binding and 
prediction that are the mechanisms. However, it is argued that reactivation 
is a mechanism in itself, since it is the reactivation of the brain areas that 
enable it to function as an off-line representation, independently of whether 
it occurs as a consequence of binding or prediction. The discussion is 
continued and further clarified in two following subsections. 
 
Reactivations are argued to be guided by, at least, two further mechanisms: 
binding and prediction. Binding refers to mechanisms that simultaneously 
reactivate several modality-specific sensory and motor areas. However, 
whether the binding occurs as a consequence of the organization of the 
sensorimotor systems (Gallese & Lakoff, 2005) or higher-level convergence 
zones (Barsalou, 2003; Damasio, 1989, 1994) is an open issue. To speculate, 
low-level and high-level binding might be variedly activated depending on 
whether the processing is mainly top-down or bottom-up. In bottom-up or 
sensory-driven processing stimuli from one modality first activate several 
other associated modalities, which then propagate further to the higher-level 
convergence zones. Convergence zones, then, might reactivate parts of the 
sensorimotor system in a top-down manner. As a result, the sensorimotor 
system reactivates itself further, as in bottom-up processing, and later 
activity is propagated back to the convergence zones. Reactivations can also 
occur through predictive associations between sensory and motor areas of 
the brain, at various levels (cf. Section 2.4). Such predictions were shown to 
be crucial to various kinds of cognitive behavior ranging from motor control 
to imagery and problem solving.  
 
The thesis identified a number of open issues important for future research. 
Firstly, the relationships between each of the three postulated mechanisms 
are not entirely specified. It is, for example, not clear whether binding and 
prediction are complementary mechanism or whether to a large extent they 
can play similar functions. Neither are the physiological correlates of binding 
and prediction specified to the same degree as it is regarding reactivation. 
The level of granularity discussed in Subsection 2.5.3 also adds to the 
complexity of the relations.  
 
It should also be noted that the computational models of simulation more or 
less exclusively focus on reactivation through prediction, which means 
implementing simulation processes as associations between sensory and 
motor nodes/activity. This is a natural consequence of the embodiment of 
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the robots used, where often a single type of sensor and effector is used. 
However, many of the available robots do come equipped with various types 
of sensors and effectors to use, but these are often not used to test the idea 
of simulation through binding. 
  
4.1.2 Empirical evidence for embodied simulation 
The empirical evidence for reactivation consisted of experimental studies – 
using various kinds of techniques and methods – of various cognitive 
phenomena including memory, imagery, social cognition, and language and 
reasoning. The general conclusion is that there is strong evidence for 
reactivation, but that reactivation might not be sufficient by it self to support 
specific cognitive functions (cf. Anderson, in press). Some may argue that 
this means that reactivation is merely epiphenomenal and that the real 
processing is achieved by these other mechanisms. Such critiques may be 
countered on the basis of the ubiquity of reactivation consistent results, but 
it can also be refuted by viewing the effects on brain damage (e.g. Damasio, 
1989; Farah, 2000; Subsection 2.5.6). Although discussed further in the 
next section, there are several computational models that show the 
possibility and “abilities” of reactivations.  
 
The evidence of binding and prediction is more complex to trace out in the 
brain since it involves more complex temporal and spatial correlations. 
However, some neuroimaging experiments on imagery show that both 
sensory and motor areas are activated, but it is less clear whether they 
should be seen as biding and prediction. However, in the specific cases 
discussed here it seems that prediction is the most likely candidate (cf. 
Subsection 2.4.5). Furthermore, behavioral evidence has shown to be 
consistent with predictions derived from simulation through binding and 
simulation through prediction, respectively. The possibility of reactivation 
through prediction was also shown to be possible through computational 
models.  
 
Still, there is a need to get better and more detailed neuroscientific evidence 
concerning the function of and participation of specific areas and specific 
brain systems. Furthermore, a possible problem with, or at least a limitation 
of, the evidence presented in Chapter 2 is that it mainly consist of results 
from controlled experiments. This means that the use of simulation 
processes in natural settings have not been demonstrated. The obvious 
reason for this is the difficulty of finding a method that can identify bodily 
simulations in such settings. However, situated and embodied 
computational models might be able to incorporate some aspects of natural 
settings.  
 
4.1.3 Off-line representation and embodied simulation 
The representation as simulation hypothesis argues that simulation 
processes can be seen as off-line representations. RaSH explains the 
representational function of standing-in-for something. Representationally 
standing-in-for something requires that there is another “representation” 
which can be stood in for (cf. Section 1.3.1). In the case of embodied 



 

simulation, the stand in relation is established through reactivations of 
various kinds. For example, in imagery perceptual and motor processes are 
reactivated internally as if they had been produced by stimuli in the 
environment.  
 
However, there are still a number of open issues concerning the usefulness 
and validity of this formulation of simulation as off-line representation.  
 
Meta-physical anti-representationalism: The problem with representation 
according to this critique is not so much in the use of representations per se, 
but the claim that the mental world is a mirror-image of an observer-
independent external world (cf. Section 1.2). In contrast, a notion of 
representation as “repetitions or reconstructions of items that were 
distinguished in previous experience” (von Glasersfeld, 1990) is not 
problematic. Off-line representations in terms of simulation processes are to 
a large extent such representations since they are dependent on previous 
distinctions that have emerged through various kinds of interactions (cf. 
discussion in Subsection 1.3.1). This means that the concept of embodied 
simulation as off-line representation is less likely to fall into the trap of 
trying to construct representations out of correspondences between objects 
in the world and internal objects, which can amount to applying the wrong 
type of concepts to explain the mental world (cf. Slezak, 2002; Dennett, 
1996, 1998).  
 
Empirical anti-representationalism: There are at least two different types 
of objections according to this type of anti-representationalism. The first 
objection is that representation is an impediment to real-time behavior (cf. 
discussion in Wilson, 2002), but in these discussions the notion of 
representation considered is the kind of representations used by so called 
Good-Old-Fashioned AI (GOFAI) (cf. Haugeland, 1997). A second objection is 
that it is not possible to have a sufficiently constrained notion of 
representation so that it can be identified or so that the behavior is best 
described as governed by these representations, especially in so called on-
line behavior (cf. Subsection 1.2.2). 
 
Thus, the first question that needs to be answered is to what extent RaSH 
provides a different type of representation, as opposed to e.g. those used in 
GOFAI models. That is, does RaSH provide a new kind of representation? 
According to Markman and Dietrich (2000), the classical view of 
representation consists of five claims: 
 

(1) representations are mediating states of intelligent systems that carry 
information; (2) cognitive systems require some enduring representations; (3) 
cognitive systems have some symbols in them; (4) some representations are tied to 
particular perceptual systems but others are amodal; and (5) many cognitive 
functions can be modeled without regard to the particular sensor and effector 
systems of the cognitive agent. (Markman & Dietrich, 2000, p. 471)  
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The first claim states that there are internal states that have the role of 
mediating information. Markman and Dietrich (2000) defined the first claim 
in similar terms as Palmer (1978):  
 

In order for something to qualify as a mediating state, four conditions must be 
satisfied. First, there must be some representing world. The representing world 
consists of the elements that serve as the representations. Second, there must be 
some represented world. The represented world is the information (either within the 
system or external to it) that is being represented. Third, there is a set of 
representing relationships that determine how elements in the representing world 
come to stand for elements in the represented world. Finally, there are processes 
that use the information in the representing world. (Markman & Dietrich, 2000, p. 
471, emphasis added) 

 
This definition is quite general and it is therefore necessary to decide in what 
relevant aspects RaSH does or does not agree. In fact there are several 
aspects to be clarified: (1) what is the represented and the representing 
world, (2) what constitutes a representative relationship, (3) and what does it 
mean to stand for something. In terms of embodied simulation as off-line 
representation the definition would be roughly this: the represented world is 
the reactivated mechanisms or states (in the brain) which often in 
sensorimotor interaction are about/have information about things in the 
external world. The representing world is actually the same as the 
represented world. However, part of the representing world in the case of 
RaSH is also binding and prediction, but as they do not constitute the 
information used per se, it might not be correct to include them in the 
representing world. However, as discussed above there might be alternative 
interpretations, where for example Grush (2004) views the predictions or 
forward models as the representing world, rather than the results of 
predictions. In some traditional theories of representation, the represented 
world is an independently existent outer world and the representing world is 
the mental representations or the brain (cf. Section 1.2). Furthermore, at 
least according to the latter interpretation, the situated and embodied nature 
of cognitive agents is deemphasized by the first assumption by the classical 
view, as it, for example, seems that all information emerges from 
representations, which is not consistent with RaSH.  
 
According to Markman and Dietrich (2002, p. 471), “[t]he second assumption 
is that some representations are enduring states of the system”. However, 
the argument for RaSH is the opposite, only enduring states are 
representations, or rather off-line representations as the thesis does not 
pursue the topic of representation in general. Off-line representations are 
enduring states of the system in the sense that they are able to be 
reactivated, at least partially. They are often not enduring in the sense that 
they are stored and reactivated verbatim, but other aspects will also affect 
the completeness of the reactivation (e.g. Barsalou, 1999; Damasio, 1989).  
 
The third criteria concerns symbols, which are representations that are 
discrete and arbitrary and have a particular referent in the world or 
elsewhere (cf. e.g. Newell, 1990). These properties are thought to be able to 
explain, foremost, the productivity and systematicity of thought and 
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language (e.g. Fodor & Pylyshyn, 1988). So are bodily simulations symbols? 
Barsalou’s theory of perceptual symbol systems does describe aspects of 
simulations in terms of symbols, namely perceptual symbols. However, there 
seems to be very few similarities to physical symbol systems (Newell & 
Simon, 1976) except that they are supposed to be able to explain similar 
phenomena as physical symbol systems are supposed to explain, such as 
productivity. Grush (2004) argued that forward models could perhaps be 
implemented as articulated models in which there are variables that track a 
specific entity. This is somewhat similar to one of the properties that 
Markman and Dietrich (2000) attribute to symbols: “symbols are necessary 
for referring to specific values or properties in the represented world” (p. 
471). However, this may not be sufficient for being symbols in the usual 
sense, as defined for example by Newell and Simon (1976; Newell, 1990). 
Generally, there seems to be very little to suggest that embodied simulation 
and RaSH involves any kind of language like structures.   
 
The fourth and fifth criteria concern some of the most important aspects of 
RaSH – the implication of bodily states, especially sensorimotor states in 
(higher-level) cognition. Markman and Dietrich (2000, p. 471) described the 
fourth and fifth criteria as follows: 
 

The fourth assumption is that representational elements exist at a variety of levels 
of abstraction. Some representations correspond directly to aspects of perceptual 
experience. Other representations are more interpreted, and refer to abstract 
concepts like truth or justice, which are quite removed from perceptual experience. 
… The final assumption is that some cognitive models need not be concerned with 
perceptual and motor representations. On this view, some representations in the 
cognitive system are sheltered from the particular body of the agent. It is assumed 
that such processes can be understood without considering the perceptual and 
effector systems of the agent. 

 
This is perhaps the point at which RaSH differs most radically from the 
classical view of representation. This illustrates both the different 
assumptions about what is the right level of explanation and how one is 
supposed to approach representational issues in cognitive science, and, 
furthermore, the role that the classical view attributes to action and 
perception in relation to matters of representation and knowledge.  
 
Firstly, embodied simulation does not oppose - in fact very few would deny - 
the existence of such things like truth or justice, which most people (with 
some possible exceptions) are quite familiar with. Instead, the claim is that it 
does not follow from personal level descriptions of these kinds of phenomena 
as amodal or abstract, that the mechanisms that produce the phenomenal 
and behavioral effects need to have these properties (cf. e.g. Clark, 1997) and 
in fact they should not (e.g. Keijzer, 1998, 2006). In other words, the 
conclusion formulated in the fifth criterion does not follow from the fourth. 
Bodily states are argued to play a major role in cognition, but it remains to 
be seen to what extent simulations of bodily states are sufficient for abstract 
knowledge. However, the claim was not that all cognition is simulation, but 
where the boundaries are is a matter for future research. It seems also that 
the classical view does not only eschew bodily states as part of this kind of 
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mechanism but aspects associated with situatedness and embodiment are 
seen as less important for the understanding of higher-level cognition, 
especially abstract concepts. Understanding a cognitive system without 
considering situatedness and embodiment could be pursued in line with 
Daniel Dennett’s (1996) intentional stance, which argues that it is possible 
to gain understanding of and predict some aspects of certain systems if one 
treats them as intentional systems; systems that have mental 
representations that are about certain things. However, this question is 
beyond the topic of this paper, but it should be noted that there are 
limitations in the intentional stance and that as noted above the interest 
here is to explain behavior and cognition at a level below the intentional 
stance.  
 
Empirical anti-representationalism also questions the usefulness and 
possibility of identifying representational states, especially in on-line 
cognition/behavior. Clark and Grush’s (1999) three criteria for 
representational status can be seen as a reaction to empirical anti-
representationalism. As already described in Section 1.3, the three criteria 
were  
 

1. A pretty clear case of a system of inner states and processes whose adaptive 
functional role is to stand in for specific extra-neural states of affairs. 

2. A type of system that allows the precise identification of component states 
and processes …  

3. A compelling demonstration of a case in which the provision of an inner 
model is not an impediment to real-time success but actually enhances 
fluent real-time action. (Clark & Grush, 1999, p. 7) 

 
The first criterion is according to RaSH fulfilled by the reactivation of bodily 
states. The simulations stand in for (cf. Subsection 1.3.1) extra-neural states 
of affairs through the reactivation of brain mechanisms used for agent-
environment interaction. That is, the reactivations generated through 
prediction or binding mechanisms are able to be used in similar ways as 
when they are activated by overt perceptions and actions, but the effects are 
produced internally excluding the environment (and body) from the 
sensorimotor loop. 
 
The second criterion relates to the problem of identifying and constraining 
representational mechanisms (cf. e.g. Beer, 2003; Haselager, et al. 2003). 
RaSH suggests a particular type of representational mechanism, constrained 
to off-line representations, which is identified through the reactivation of the 
processes and states used for agent-environment interaction. As seen in the 
constrained models in Chapter 3 it is possible to use the similarity between 
the overt and covert sensory and motor states as a criterion for the existence 
of an internal model. That is, if the agent can use the reactivated bodily 
states to generate behavior it can be said to use these reactivated states as 
off-line representations. In the unconstrained models, the identification was 
not as straightforward but instead the identification of covert perceptual 
states are based on the criteria that the same resources/mechanisms are 
used rather than the similarity between the covert and overtly produced 
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states (cf. Subsection 3.3.3). Furthermore, the simulated states could be 
used to guide behavior in different types of tasks. 
 
Another issue is to what extent it is possible to identify bodily simulations 
(as off-line representations) in on-line behaviors (in natural settings), that is, 
in real-time interaction where simulation processes must operate 
simultaneously with other types of processing. The computational models, 
described in Chapter 3, solved this by mechanisms that switch between 
simulation processing and overt behavior. This means there is a period of 
simulation processing before actions are executed. Such as strategy might 
not always be beneficial in natural environments in which there is little room 
for being immobile. As noted above these models do incorporate mechanisms 
that solve the problems of planning and problem solving quite differently 
from classical approaches which treated planning as the construction and 
step-by-step execution of a rigid plan (cf. Bryson, 2007). However, a 
possibility is that simulation processes operate in parallel with other 
behavior generating processes (cf. Grush, 2004). The problem here is 
whether reactivation is possible, in this type of parallel operation without 
causing interference. This is less of a problem for one step predictions (cf. 
e.g. Frith et al., 2000; Jones & Fernyhough, in press), but might be 
problematic if longer sequences of mental simulations are to be executed 
during execution (Hoffmann, 2007).  
 
The third criterion concerned the adaptive advantage of using simulations. 
Some of the situated and embodied models of simulation of simulation 
processes described in Chapter 3 were compared to reactive mechanisms 
which showed that simulation based processes did improve performance. It 
should be noted though that such comparisons were not made for every 
model and the results thus may not be general. Also, for example, 
Baldassarre’s model demonstrated how simulations could be used together 
with more or less reactive mechanisms capable of immediately responding to 
the environment but at the same time incorporate the knowledge from 
simulation mechanisms.  
 

4.2 Future work 
The author’s future work will aim to: 
 

• Further deepen the theoretical understanding of embodied simulation 
as off-line representation. 

• Further deepen the understanding of the role and relevance of 
embodied simulation as off-line representation in relation to 
situatedness and embodiment. 

• Develop the methodology of using situated and embodied 
computational models to investigate simulation processes, in 
particular, simulation processes as off-line representations. 
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4.2.1 Theoretical understanding 
The current thesis mainly focused on identifying and analyzing the different 
types of simulation processes that have been proposed in theories of many 
different cognitive phenomena. The term off-line representation was used 
more or less as a guiding light, which allowed the thesis to stay clear of some 
troublesome notions of representation that do not affect the general idea of 
simulation processes as mechanisms of cognition. The notion of embodied 
simulation as off-line representation is also the hypothesis that bodily 
simulations have the function of being off-line representations. The idea of 
embodied simulation as off-line representation should be more 
systematically compared with other notions of representation within situated 
and embodied cognition (cf. Svensson & Ziemke, 2005). Especially, the 
difference between standing-in-for and standing-for should be more 
thoroughly discussed. For example, one possible problem is that the 
standing-in-for was argued to require some prior representations (cf. Section 
1.3.1), but it might be that the processes that are stood-in-for are difficult to 
characterize as representational mechanisms in themselves. Is it then still 
warranted to characterize them as off-line representations?  
 
Another particularly interesting path for future work is the integration of 
simulation processes that (more) directly reflect the external situation 
(simulation of actions and perceptions) and simulation processes that only 
indirectly reflect the external situation (simulation of emotional states) (cf. 
Damasio, 1994; Hesslow, 2002). This could be pursued through the use of 
situated and embodied artificial agents. 
 
Furthermore, although the views of simulation through binding and 
prediction was argued to function as off-line representations, van Dartel’s 
(2005) study suggested that simulations might also function as some kind of 
disambiguation mechanism rather than as an off-line representation. Thus, 
there might be some limitations to the concept of off-line representation in 
relation to simulation processes; or should this kind of simulation 
mechanisms also be characterized as off-line representations. 
 
4.2.2 Situatedness and embodiment 
The current theoretical and computational models of simulation processes 
do quite definitely demonstrate the situated and embodied nature of 
cognition, since it explains a number of cognitive phenomena as 
reactivations of sensorimotor processes, that is, roughly speaking, the 
internal replication of agent-environment interactions. However, less is 
known about the relationship between the particular embodiment of an 
agent and its ability to develop simulation processes (cf. Hiraki et al., 1998). 
Similarly, the relation between cognitive mechanisms that rely on aspects of 
situatedness, such as using tools and intentional structuring of the 
environment is also less known (cf. Chandrasekharan & Stewart, in press). 
That is, even though simulation processes are modeled on situated and 
embodied agents, the focus lies on the development of simulation processes 
and their use in a particular setting. While this is of course necessary due to 
the difficulty and complexity of modeling simulation processes and other 
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methodological constraints, the investigation of simulation processes should 
try to also incorporate other important aspects of cognition and behavior. A 
possible way forward is to incorporate the simultaneous use of different 
types of sensors (different modalities). Furthermore, Hiraki et al.’s (1998) 
idea of modifying the degrees of freedom of the robot might also be 
investigated further to better understand the conditions in which simulation 
processes can develop. 
 
The focus in this text has been on simulation as off-line representation, but 
it seems also clear that it can have important functions which transcend its 
use as off-line representation. For example, it has been shown that action 
observation (cf. Section 2.2.3) and pain observation activates and modifies 
motor mechanisms to the extent that they are part of the mechanisms that 
allows us to understand and know.  
 
4.2.3 Methodology 
There are two major methods available for modeling simulation (as 
prediction): unconstrained and constrained models, which each might have 
its advantages and disadvantages. Furthermore, it was argued that analysis 
of simulation models based on networks with additional recurrent 
connections is more complex and might also be a confounding aspect. On 
the other hand, recurrent neural networks might be necessary for the 
development of simulation processes in some types of tasks and 
environments.  
 
Thus, there is a need to further refine the methodology of modeling 
simulation processes. It is likely that there is no single correct methodology, 
since the aims and goals of the researcher’s often differ. However, currently 
there is little possibility to compare the results of computational models, due 
to the unique nature of each simulation. The situation could be helped by 
providing some kind of basic guidelines for modeling simulation processes.  
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