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Action mirroring and action
understanding: an alternative
account

Gergely Csibra

Observed actions elicit covert motor activations in observers that, in case they were
executed, would generate similar actions to the observed ones. I challenge the most
popular explanation offered for these phenomena, according to which such action
mirroring is generated by direct matching and serves the function of action understand-
ing in terms of their goals. I propose that action mirroring is generated by action recon-
struction via top-down emulation from action interpretation produced outside the
motor system. Such action mirroring does not follow but anticipates ongoing actions
and enables, beyond predictive tracking, action coordination with others. I argue that the
available empirical evidence is more compatible with this alternative model than with the
direct-matching account.

Action mirroring

Plenty of evidence shows that when human and non-human observers watch (or listen to)
others’ actions, their own motor system also tends to be activated. In addition, the motor
activation induced by action observation! often roughly corresponds to the motor
program that the observer would have to execute to perform the observed action. These
phenomena, which I shall term collectively action mirroring, can be demonstrated in many
ways. Behavioral methods reveal motor priming and motor interference effects (e.g. Brass
et al., 2001), neurophysiological measurements show covert muscle and motor neuron
excitation (e.g. Fadiga et al., 1995), and neuroimaging studies indicate automatic activation
of motor and premotor areas of the cerebral cortex (e.g. Buccino et al., 2001) upon action
observation. But perhaps the clearest evidence of action mirroring comes from single-cell
studies in monkeys demonstrating that a subset of premotor and parietal neurons, called
mirror neurons, discharge both when the animal executes a certain motor act and when it
perceives the same act performed by others (Rizzolatti and Craighero, 2004).

1 Throughout this paper, I discuss only examples of visual observation of actions, but my argument can
easily be extended to other modalities, such as audition.
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To explain such a rich set of phenomena, one has to specify what functions they serve
and what mechanisms these functions are achieved by. Action mirroring has been suggested
to subserve imitation (Iacoboni et al., 1999; Rizzolatti and Craighero, 2004; Iacoboni,
2005), intersubjectivity (Gallese, 2003), and empathy (Iacoboni, 2005). However, the
more basic, and evolutionarily more ancient, function that action mirroring serves is
thought to be simpler: it helps the observer to understand observed actions by extracting
and representing the goal, or the meaning, of those actions (Rizzolatti et al., 2001;
Rizzolatti and Craighero, 2004; Blakemore and Frith, 2005). In fact, it seems to be “generally
accepted that the fundamental role of mirror neurons is to allow the observing individual
to understand the goal of the observed motor act” (Fogassi et al., 2005, p. 665).

As for the mechanisms that allow action understanding by mirroring, the most popular
proposal is known as the direct-matching hypothesis (Rizzolatti et al., 2001). According to
this hypothesis, “an action is understood when its observation causes the motor system
of the observer to ‘resonate’ (Rizzolatti et al., 2001, p. 661), and this resonance allows
the observer to figure out the outcome, and ultimately the goal, of the action because
“he know(s] its outcomes when he does it” (Gallese et al., 2004, p. 396). In other words,
action mirroring provides a simulation device for goal understanding by automatically
and mandatorily duplicating the observed action in the observer’s motor system.

In this paper I challenge both of these claims. I shall propose that the primary function
of action mirroring is not action understanding in terms of goals but predictive action
monitoring. I shall also suggest that action mirroring in the observer is achieved not by
direct matching but by emulative action reconstruction. Here is a brief outline of the argu-
ment I shall make in this paper. In the next section (‘Visuo-motor translation during action
mirroring’) I shall argue that action mirroring cannot be direct but must be based on
some kind of interpretation of the observed action. The section on ‘Action mirroring and
goal understanding’ will review the empirical evidence regarding this interpretation and
will conclude that it often includes assumptions about the goal of the observed action.
This implies that action understanding may precede, rather than follow from, action
mirroring. Then in ‘Goal understanding without simulation’ I shall illustrate by findings
from human infants that this is possible: goals can be understood without simulation.
Finally, I shall return to the question of what functions action mirroring serves. I shall
suggest that by serving the primary function of predictive action monitoring, action
mirroring will also support human-specific phenomena that are not less important than
imitation and empathy: action coordination and engagement in joint actions.

Visuo-motor translation during action mirroring

Action mirroring requires activating the motor program that, if it were executed, would
perform a similar action to the observed one. To achieve this, the brain has to perform a
translation from the visual representation in which the observed action arrives at the
neural system into motor code. In other words, just like the cortical mechanisms that
transform the visual information about graspable objects into motor commands that
guide grasping (Jeannerod et al., 1995; Murata et al., 1997), the mirror system also has to
find a match for the visual representation of an action in terms of motor commands.
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Direct matching versus reconstruction

The direct-matching hypothesis proposes that such a translation is performed by a reso-
nance mechanism. This metaphor suggests that certain parts of the motor system, namely
the mirror neurons (MNs), or more generally the mirror neuron system, are ‘tuned’ to
visually represented information about actions, and become automatically activated
whenever a match occurs. In other words, direct matching, which is defined as “mapping
the visual representation of the observed action onto our motor representation of the
same action” (Rizzolatti et al., 2001, p. 661) refers to a cognitively unmediated matching
process that duplicates the motor program of the observed action without interpreting it.
The ‘directness’ of this process is also emphasized by the assertion that the result of the
visual analysis of an action is “devoid of meaning” (ibid.), and so actions are interpreted
and understood only after the visuo-motor transformation has been performed.

A full ‘direct-matching’ account of action-mirroring mechanisms will have to answer
two questions about the nature of this matching process. First, one has to specify how the
tuning of the MNs, which will determine the outcome of the direct-matching process, is
established. This problem is analogous to the ‘correspondence problem’ known in theo-
ries of imitation (Heyes, 2001; Brass and Heyes, 2005), and it has been proposed that
direct links between visual and motor representation of the same action are generated by
general associative learning processes during ontogenesis (Keysers and Perrett, 2004;
Brass and Heyes, 2005; Heyes and Bird, Chapter 21). The second question for a direct-
matching process is to determine what exactly is to be reproduced from the observed act.
Does the mirror system have to duplicate every minute detail of the observed act (including,
for example, direction and speed of motion, angles between joints, etc.) in order to facil-
itate its understanding? If not, how to determine the appropriate level of visuo-motor
transformation? I shall return to this question later, but first I introduce an alternative
mechanism for action mirroring to be contrasted with direct matching.

An alternative mechanism to direct matching in action mirroring is action reconstruction.
This mechanism reproduces the observed action through interpreting it at some level of
visual analysis (see below) and feeding the result of this interpretation into the observer’s
own motor system. The idea of an action reconstruction mechanism comes from the
recognition that visuo-motor translation is necessarily based on a visual analysis of the
observed action, which must already have determined the decomposition of the action
into relevant units, separated or merged its parts into smaller or larger segments, and
disregarded some aspects of it (e.g. the position of the non-active hand in grasping) as
irrelevant for reproduction. This kind of interpretation of actions is akin to the mid-level
visual analysis of objects that determines the initial segmentation of a scene into relevant
units to be analyzed further. Just like the mid-level scene analysis translates texture and
motion information into objects (or object files, see Kahneman and Treisman, 1984), an
analogous analysis can translate movements and body parts into actions to be mirrored.
Visual analysis can go a long way in interpreting actions (and sequences of actions, see
Subiaul et al., 2004), as the activation of cells in the superior temporal sulcus (STS),
which do not have motor properties, demonstrates (Perrett et al., 1989; Pelphrey and
Morris, 2006). Such interpretations may even include assumptions about the goal of the
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observed action. If observed actions receive mid- or high-level interpretation within the
visual system before becoming transformed into motor code, the result of this analysis
will provide the input to the motor system to be reproduced. What mirroring can then
achieve is the reconstruction of the motor command needed to perform that action
(cf. the ‘ideomotor principle’, James, 1890; Hommel et al., 2001). In the last section of this
paper I shall return to the question of what function such an action reconstruction could
serve.

Imitation versus emulation

The distinction between direct matching and action reconstruction is analogous to the
imitation versus emulation distinction used in the social learning literature. In this
context, imitation refers to the overt reproduction of an observed action, while emulation
(or at least one type of emulation, called goal emulation or end-state emulation) is the
reproduction of the outcome of an action by the observer’s own means (Tomasello, 1996;
Whiten and Custance, 1996; Zentall, 1996; Custance et al., 1999; Call et al., 2005; Huang
and Charman, 2005; Gergely and Csibra, 2006; Tennie et al., 2006). While the
distinction between these two types of overt action reproduction mechanisms can be
conceptualized in many different ways, the crucial contrast between imitation and
emulation lies in what information is copied over from the demonstrator to the observer:
the means or the end (see also, Chaminade et al., 2002). Suppose, for example, that you
observe someone licking an envelope to seal it. When you want to seal an envelope next
time, you may also lick it, imitating the action that you have observed. Alternatively,
you may have learned from your observation that one has to apply moisture on the
envelope in order to seal it. If you achieve this by a wet sponge, rather than by licking,
you have attained the same end by alternative means, i.e. you have emulated the observed
action.

Note that the reproduction of an observed action may be the same whether it is
performed by imitation or emulation. Imitating an action will normally bring the action’s
outcome with itself, as long as it is a goal-directed means action (as opposed, for exam-
ple, to a gesture). Likewise, if the observer has similar effectors and biological constraints
to the model, it is likely that she will emulate the outcome of the model’s behavior by the
same means as it is achieved by the model, i.e. she will faithfully reconstruct the observed
action. This is why, in studies of imitation, unusual or inefficient goal-directed actions
are demonstrated to participants in order to test whether they tend to emulate the
outcome by their own, more efficient way, or imitate the observed action faithfully
(Meltzoft, 1988; Gergely et al., 2002; Horner and Whiten, 2005). For example, to test
whether infants are capable of deferred imitation, Meltzoff (1988) demonstrated an
unusual action to them, in which the model switched on a box-light by pushing it with
his forehead. If infants emulated the outcome, they would just use a simpler action to
achieve the same goal: they could just push the box with their hands.

The distinction between imitation and emulation, or between action duplication and
action reconstruction, however, is not absolute but relative. One way to characterize the
relation between these concepts is to imagine imitation and emulation as two ends of a
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Figure 20.1 A simple action hierarchy.

continuum of decreasing fidelity of action reproduction (Whiten and Custance, 1996).
Out of two copies of an action, the one that represents the less faithful reproduction
would be considered an emulative response, while the other may be judged as an example
of imitation. However, compared to a more accurate reproduction the latter response
would be likely to be seen as emulation. Another, and perhaps better, way to characterize
the relative nature of these concepts is describing them in relation to the action hierarchies
of goal-directed actions. Specifically, whether a particular instance of action reproduc-
tion is considered to be imitation or emulation depends on what level the target action is
defined in the action—goal hierarchy.

Action hierarchies

Actions are organized in a hierarchical manner (Jeannerod, 1994), which theories of imita-
tion (Byrne and Russon, 1998) or action perception (Hamilton and Grafton, Chapter 18)
cannot ignore. A simple action hierarchy is shown in Figure 20.1. In this scheme, the over-
arching goal of an action is the consumption of an apple, which requires a sequence of
steps to achieve.? One of these steps could be to bring the apple to the mouth, which can
be considered as a subgoal towards the higher-level goal of eating the apple. This subgoal,
in turn, will also require a sequence of acts to complete; one of them will likely be ‘grasping
the apple’. To achieve this sub-subgoal, one has to perform a series of movements, which,
in turn, can also be analyzed into smaller units down to the level of individual muscle
activations.

2 PFrom a theoretical point of view, it would be better to characterize goals and subgoals as states of
affairs than as actions. Thus, it would be more appropriate to separate out the goal state (‘apple in the
mouth’) from the action that achieves this (‘bringing the apple to the mouth’). For the sake of simplic-
ity, however, I do not make this distinction in the text and in Figure 20.1.
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Note, however, that often there are alternative means to achieve a certain goal or subgoal
(see the right side of Figure 20.1). One can, for example, move one’s mouth to the apple
instead of the other way around (for many species this would be a more appropriate way
of eating), or move the apple with a fork instead of by hand. These actions will also
achieve the corresponding subgoals (apple in the mouth, getting hold of the apple to
control its movement), but may involve different subactions and movements in the hier-
archy below. When evaluating whether the reproduction of an action is an imitative or an
emulative response, we have to judge whether it represents the same means as the
model’s action (compared to potential alternatives). If it does, it is considered to be an
imitative response, if it does not (but achieves the same goal or subgoal), it is an emula-
tive response. Note, however, that this evaluation requires us to specify which level of
hierarchy is relevant for the reproduction of a given action.

Suppose, for example, that the model performed the apple-eating action and chose to
perform it through the subgoals and subactions shown on the left side of Figure 20.1. In
response, an imitator grasped an apple, brought it to her mouth and ate it. However, she
took the apple by her thumb and index finger rather than using a whole-hand grip. Did she
imitate the model’s action? If action reproduction is evaluated at a low level where grip
type is defined, she did not imitate but emulated the observed action. If, however, the
model’s action is defined at a higher level of the action hierarchy, the answer is affirmative;
after all, she moved the apple to her mouth and not the other way around, and she
grasped it by her hand instead of using a tool. At this level of analysis it is irrelevant whether
minute details of her actions (like the grip type) matched to that of the model or not. For
example, when infants imitate the head-touch action in variations of Meltzoft’s (1988)
experiment, they hardly ever copy exactly what the model has done. In fact, they frequently
touch the light by their cheek, nose or chin, sometimes even kissing or biting the box
(G. Gergely, personal communication). All these behaviors are considered to be imitative
responses because the infants chose the same effector (their head) to perform the action
as did the model. In other words, they imitated because they matched their action to the
model’s action at the appropriate level of description (‘pushing the box by the head’).
However, below that level they executed the action by their own means, i.e. they achieved
this subgoal by emulation.

In fact, as we descend the action hierarchy, any action reproduction will at some point
be seen as emulation rather than imitation because the differences between the imitator’s
and the model’s body will not allow perfect matching in all movement parameters. This
is, however, not a problem for imitation because, unless the imitator is a professional
dancer or a mime artist, reproduction of perfect angles of joints, speed and acceleration
of limb movement, etc. is irrelevant. My point here is not that imitation as such does
not really exist, but rather that any instance of imitation is actually achieved by emula-
tion. When someone imitates, she chooses a certain level of description of the observed
action, and reproduces that level by reconstructing it in her own motor system.3

3 In this respect, imitation is always goal-directed (Wohlschliger et al., 2003), although the ‘goal-directed
emulation’ term would express better the nature of action reproduction.
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From this perspective, whether something is imitation or emulation is not a well-formulated
question. Instead, one should ask how the imitator decides what is the relevant level in
the action hierarchy on which an action is to be reproduced (see Williamson and
Markman, 2006).

Bottom-up versus top-down

The analysis that I have applied to overt action reproduction (i.e. imitation) also applies
to covert action reproduction (i.e. mirroring). Just as the mechanism of imitation is always
emulation at a lower level, the mechanism of motor mirroring is always reconstruction.
There is no mysterious mirroring process that directly transforms action observation
into motor code. Rather, the observed action is analyzed at some level of precision and
the result of this analysis is mapped onto the observer’s motor system. One can call this
mapping process ‘direct matching’ (Rizzolatti et al., 2001) and such mappings may be
established by ‘direct’ associations (see Chapter 21), but what is mapped during mirror-
ing is not an uninterpreted signal but a description of the observed action at some level of
the action hierarchy. The fine details of the resulting motor activation in the observer do not
directly originate from the observation but are reconstructed from this description.

In this context, the crucial question about action mirroring and its relation to action
understanding concerns the level of action interpretation where the mapping from visual
to motor code takes place. The intuition behind the idea of ‘direct matching’ and the
‘resonance’ metaphor probably is that visuo-motor translation during mirroring occurs
at a relatively low level (see the left side of Figure 20.2). Hierarchical models of motor
control assume that higher and lower level motor modules are reciprocally connected to
each other (Wolpert et al., 2003). Thus, the low-level motor activation generated by
mirroring could propagate upwards in the observer’s own hierarchically organized
motor system to estimate what higher level subgoals and goals might have generated the
observed action (Wolpert et al., 2003). This bottom-up activation may be the key to how
the motor system contributes to goal understanding by mirroring, and it is the central
idea behind simulative understanding of observed actions.

Alternatively, mirroring, just like imitation, can also be achieved at a higher level of
action interpretation (when this is available). If the action interpretation system can
construe the observed behavior in terms of higher-level or further goals, these can be
mapped onto the observer’s own action control system, within which it can propagate
downwards to generate the corresponding motor code by covert emulation (see the right
side of Figure 20.2). This top-down activation is also a kind of simulation, but it is
predictive in nature, generating motor actions for goal conjectures (cf. Gallese and
Goldman, 1998) rather than the other way around. This account of action mirroring
proposes that observed actions are interpreted to the highest possible level before they
are passed on to the motor system for reconstruction.

The relation between the two kinds of simulative exploitation of the observer’s
own motor system by action mirroring is illustrated in Figure 20.2. The difference
between the two models lies in two factors: the action interpretation level at which visuo-
motor translation is performed, and the propagation direction of activation within the
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Figure 20.2 Contrasting ‘direct matching’ and ‘action reconstruction’ in a hierarchical action rep-
resentation.

action control system following mirroring. Low-level mirroring (i.e. ‘direct matching’)
and bottom-up propagation supports a simulation system that facilitates the under-
standing of the goals behind observed actions, while high-level mirroring and top-down
propagation (i.e. ‘action reconstruction’) allows predictive emulation of observed actions
on the basis of the high-level interpretation of the action achieved without low-level motor
activation.

Action mirroring and goal understanding

In the previous section, I have provided a theoretical framework in which the relation
between action mirroring, goal understanding, action hierarchy, simulation and emula-
tion can be conceptualized. The question of what function action mirroring serves,
however, is not a theoretical but an empirical question. In particular, the two alternative
models of action mirroring (shown in Figure 20.2) are to be tested against the empirical
findings accumulated in cognitive and neuroscientific research. Fortunately, the two
models provide slightly different predictions for what kind of mirroring phenomena one
would expect to find.

If action mirroring is achieved by visuo-motor translation at a low-level of action
interpretation, we should find that low-level mirroring is always present and is matched
well to the kinematics of the observed action. In contrast, if motor mirroring is produced
by action reconstruction, we would expect to find that motor activation may not neces-
sarily accompany action observation and, since it is produced by emulation, it may be
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different from the observed action. This section reviews some studies that are relevant for
judging which of these predictions are confirmed by empirical findings.

Some aspects of basic mirroring phenomena are highly consistent with low-level
action interpretation for mirroring. For example, observers seem to automatically imitate
simple transitive and intransitive hand movements, measured by a facilitatory effect
on performing compatible, and an inhibitory effect on executing incompatible, actions
(Brass et al., 2001; Press et al., 2005; Bertenthal et al., 2006). Observing someone making
arm movements also interferes with executing different arm movements (Kilner et al.,
2003). These findings indicate a low-level mirroring process because the kinematic
aspects of the observed action seem to have had an effect on the observer’s kinematically
similar or different movements. However, these phenomena are not relevant for judging
between the two models of action mirroring because when higher-level action interpre-
tation is not available, the emulator model also predicts low-level mirroring.

Low-level congruency between observed and mirrored actions also occurs in mirroring
goal-directed actions. For example, a sizeable proportion (19-41%) of MNs in the monkey’s
ventral premotor and parietal cortex are classified as ‘strictly congruent’ (di Pellegrino
et al., 1992; Gallese et al., 1996, 2002; Ferrari et al., 2003). These neurons respond only to
observed actions that are performed the same way (e.g. using the same grip type) as char-
acterized by the motor properties of the same cell. Similarly, observation of goal-directed
grasping actions tends to activate the same muscles that the observer should use for
executing the same action (e.g. Fadiga et al., 1995). These findings are indicative of low-level
action mirroring but, since they involve observation of prototypical actions, they do not
exclude the possibility that such mirroring phenomena are generated by emulative action
reconstruction. Further findings, however, are more compatible with the predictions
drawn from the emulative than from the direct-matching model of action mirroring.

Congruency in mirroring goal-directed actions

Monkeys’ MNs do not respond to mimicked actions, for example, when they observe the
experimenter pretending to grasp something in the absence of any objects (Gallese et al.,
1996). This finding is puzzling if action mirroring is performed by low-level direct
matching because the low-level kinematics of a mimicked action is presumably similar to
that of an object-directed action, and is available for mirroring. Similarly puzzling is the
fact that observing a reaching act for an occluded target object elicits MN activation
whereas the same movement does not trigger a MN response when the monkey knows
that there is no food behind the occluder (Umilta et al., 2001). After all, the visual input is
the same in the two conditions and low-level action mirroring is possible. These findings
are often cited in support of the claim that MNs play a role in goal understanding, but
what they really indicate is that MNs reflect action understanding rather than contribute
to it. Consistent with the predictions drawn from the emulation model of action mirror-
ing, MN activation in these studies seems to be conditional on action understanding and
not the other way around.

Similar phenomena were also demonstrated in human neuroimaging studies. Action
mirroring in humans is not restricted to transitive, object-direct actions (e.g. Bertenthal
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et al., 2006), and the human ventral premotor cortex is sometimes activated by the obser-
vation of intransitive actions that do not involve any objects (Iacoboni et al., 1999).
Nevertheless, this activation is often higher for goal-directed actions than for actions
whose goal is not evident (e.g. Nishitani and Hari, 2000; Chaminade et al., 2001; Koski
et al., 2002; Johnson-Frey et al., 2003).

It is not possible to measure the exact match of observation-induced motor activation
in neuroimaging studies (though there is a good correspondence on the level of effectors,
see Buccino et al., 2001). However, such data are available from MN studies with monkeys.
Although many MNs are ‘strictly congruent), i.e. represent a good one-to-one correspon-
dence between observed and executed actions, the majority of them (~60%, see Fogassi
and Gallese, 2002) fall into the ‘broadly congruent’ category. Some of these neurons
respond to two or even three types of observed actions (Gallese et al., 1996), which are
often related to each other in meaningful ways. A MN that is active during grasping by
hand may also be activated by the observation of ‘grasping with the mouth’ (Gallese et al.,
1996). It is difficult to see how low-level motor mirroring could produce such a mismatch,
but this kind of mirroring fits perfectly with the emulation model of mirroring. If the
monkey has ‘understood’ the immediate goal of the action outside the motor system, from
which the motor activation reconstructs the observed action, we would expect exactly
this kind of correspondence between observation and execution: matching actions at a
higher level with occasional mismatches at a lower level along the action hierarchy.

Even when a MN is activated only by the observation of a single action, it is not neces-
sarily the same action as defined by the motor properties of the neuron. For example,
di Pellegrino et al. (1992) reported that in many MNs, the effective observed and effective
executed actions were logically related. “For example, the effective observed action was
placing an object on the table, whereas the effective executed action was bringing food to
the mouth or grasping the object” (di Pellegrino et al., 1992, p. 179). It is hard to see how
low-level action mirroring could result in such MN activation, while emulative mirroring,
and especially predictive emulation, can easily explain such a phenomenon (see ‘Action
mirroring is anticipatory’ below).

Further goals and intentions

The activation of MNs depends not only on the presence of target objects, but may also
be tailored to the further, or higher level, goals of the observed individual. In a recent
study, Fogassi ef al. (2005) trained monkeys to perform two actions: grasping an object
and putting it into their mouth (i.e. eating it), or grasping an object and putting it into a
container (placing). Although the first part of these actions (grasping) was kinematically
similar to each other, the researchers found separate sets of MNs in the inferior parietal
lobule, which were preferentially activated before and during grasping according to the
subsequent, to-be-executed action. In other words, some MNs showed higher activation
when the monkey grasped the object to eat it, while others were more active when the
monkey was about to place the object into the container. Crucially, these neurons
responded similarly when the monkey observed the same actions performed by an
experimenter. When the experimenter was about to eat the object, the ‘grasping to eat’



SENSORIMOTOR FOUNDATIONS OF HIGHER COGNITION

neurons were selectively activated; when he was about to place the object into the container,
the other set of MNs fired. This is a clear demonstration that MNs take into account the
further goal, and not just the perceived action, when responding to observed actions.

A neuroimaging study has recently concluded that the human inferior frontal cortex
behaves the same way during action observation. Iacoboni et al. (2005) presented
observers with actions (grasping a cup) either out of context, or in contexts that indicated
one of two underlying intentions (‘drinking tea’ or ‘cleaning up’). BOLD activation in the
right inferior frontal cortex was higher when the context indicated the intention, i.e. the
further goal, than when the action was presented alone, and the authors also found
evidence for differential activation for the two intentions within the same region.

It is not clear how low-level mirroring would explain the differential motor activations
in these studies, because these experiments were specifically designed to make it impossible
for the observer to figure out the intention of the actor from observation of the action
alone. The researchers in both studies made sure that, whatever the intention behind the
observed action would have been, the perceptual and motor properties of the initial
action (grasping) were as similar as possible. Thus, low-level action mirroring and prop-
agating such activation upwards in the observer’s action control system could not
contribute to the understanding of distinct further goals or intentions for the observed
actions.

In contrast, these results fit perfectly with the emulation model of action mirroring.
Although the actions themselves did not carry information about the further goal of the
actor in the studies cited above, the context did. For example, the monkey in the Fogassi
et al. (2005) study could figure out the further goal of the observed action from the kind
of object (food or non-food) involved, and whether or not a container was present.
Such a goal attribution allowed them to emulate the action needed to achieve the goal by
their own motor system, and this explains the differential activation of MNs during the
observation of the initial action, which itself was not different between experimental
conditions.

Mirroring non-executable actions

Action mirroring, almost by definition, requires the same or similar effectors and biological
constraints between actor and observer. This may be the reason why mirroring phenom-
ena cannot normally be elicited by nonhuman, robotic actions (Castiello et al., 2002;
Kilner et al., 2003; Tai et al., 2004; but see Press et al., 2005), and this was the original
explanation for why MNs did not appear to respond to actions performed by a tool, like
grasping with a pincer (Gallese et al., 1996). A recent study, however, casts doubt on the
existence of such a constraint in action mirroring.

Ferrari et al. (2005) subjected monkeys to a long visual training of tool-using actions,
like picking up food items by sticks. The monkeys passively observed as the experimenters
manipulated these tools, and never learned themselves how to use them. In fact, when
tested, one of the monkeys did not even make an attempt to use a stick to reach a desirable
piece of food outside its cage. In spite of this, some MNs in their premotor cortex started
to respond to the observation of tool use after 2 months of observational training.
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When they saw the experimenter using a stick to pick up a piece of food, some MNs that
were active while the monkeys themselves grasped food by hand, discharged. This is
a clear example of mirroring activation for an action that the observer is unable to
perform, which is incompatible with the idea of low-level motor mirroring. Nevertheless,
the mirroring process was not random. As Ferrari et al. (2005) observed, “most tool-
responding mirror neurons ... show a very good similarity between the goal of
the observed and executed effective actions” (p. 216, italics added). In other words,
MNs responded to the sight of a non-executable action with a different action that the
monkey could have used to achieve the same goal. This is exactly what the emulation
model of action mirroring predicts for observed actions whose goals are interpreted
outside the motor system and then fed into the observer’s action control system for
reconstruction.

Action mirroring can even occur in response to biologically impossible actions.
Costantini et al. (2005) measured observers’ brain activation by functional magnetic
resonance imaging while they were presented with finger movements that were within or
outside the normal range of such actions. The impossible action depicted a hand with
the little finger moving laterally for 90°. The results showed that the human ventral
premotor cortex (part of the human ‘mirror neuron system’) was activated equally by the
possible and impossible actions. Costantini et al. (2005) concluded that “the premotor
system does not take into account the biomechanical constraints the observed move-
ments would involve if they were actually executed” (p. 1765). Is it possible that such
‘mirroring’ of an impossible action is produced by ‘direct matching’? As there is no
matching action in the observer’s repertoire, this is unlikely. However, it is conceivable
that the visual system can provide an appropriate description of the end-state of such an
action (‘the little finger is perpendicular to the others’), which then the motor system
attempts to approximate, albeit unsuccessfully, using the available motor programs.
In other words, mirroring the observed action can be attempted by driving the motor
system top-down from a mid-level interpretation of it.

Level of mirroring and goal understanding

While most findings that demonstrate action-mirroring phenomena fit both accounts of
action mirroring, the ones I reviewed above appear to be incompatible with the direct-
matching model. These findings show that low-level motor ‘resonance’ (i) is not mandatory
(pace Gallese, 2006) but may depend on the interpretation of the observed action as goal-
directed action, (ii) takes into account extra-motor, contextual information relevant
to potential goals, and (iii) is evoked by non-executable actions when their goals can be
estimated from visual information. These aspects of action mirroring suggest that goal
understanding is not the output but the input of the mirroring process, and covert repro-
duction of the observed actions is generated by top-down emulation rather than by
bottom-up propagation of activation from low-level motor resonance.

All these findings reflect a tension between two conflicting claims about action mirroring
implied by the direct-matching hypothesis: the claim that action mirroring reflects
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low-level resonance mechanisms, and the claim that it reflects high-level action under-
standing. The tension arises from the fact that the more it seems that mirroring is noth-
ing else but faithful duplication of observed actions, the less evidence it provides for
action understanding; and the more mirroring represents high-level interpretation of the
observed actions, the less evidence it provides that this interpretation is generated by
low-level motor duplication.

Let me illustrate this point on the study of how MN activation reflects ‘intention under-
standing’ in monkeys (Fogassi et al., 2005), discussed above in ‘Further goals and intentions’
Marc Jeannerod (personal communication) suggested that the slight kinematic variation
between the monkeys’ ‘grasping to eat’ and ‘grasping to place’ actions might explain the
activation difference across MNs. Fogassi et al. (2005) did not report the kinematic profile
of the actions that the monkeys observed from the experimenter. If we assume, as
Jeannerod suggested, that the observed actions included the same kinematic differences
as in the monkeys’ actions, and the monkeys’ parietal MNs were sensitive to these param-
eters, then their activation represents a low-level mirroring phenomenon (in fact, it
represents a lower-level mirroring than any of the earlier studies had demonstrated).
However, nothing in this study would then suggest that the monkeys would have under-
stood the ‘intention’ behind the observed actions. In contrast, if we accept Fogassi et al’s
(2005) argument that the selectivity of MNs was independent of the kinematic parame-
ters and reflected ‘intention’ understanding based on contextual cues, then nothing in
this study provided evidence that such an understanding is based on low-level mirroring
(i.e. motor resonance). One cannot have one’s cake and eat it too: the discharge of a set of
MNss cannot represent the activation of the observer’s motor system at low and high
levels at the same time.

The emulation account of action mirroring, according to which mirroring is generated
by action reconstruction from the highest available level of action interpretation, avoids
this pitfall because it explains both why action mirroring may reflect the inferred goal of
an action, and why it appears to provide a partial motor duplication for observed actions.
However, such an account entails that the goal of an observed action can be estimated
without the involvement of the low-level motor system.

Goal understanding without simulation

Understanding the goal of an observed action involves figuring out the content of the
intention that generated the action.# Since there are always an infinite number of different
intentions that may have produced any particular action (Jacob and Jeannerod, 2005),
the extraction of the goal from an action is an inverse problem (Csibra and Gergely,
2007). Inverse problems (which usually attempt to infer causes from effects) do not have

4 We have argued elsewhere that extracting the content of an intention (the goal) does not necessarily imply
representing it as the content of a mental state (Csibra and Gergely, 1998; Gergely and Csibra, 2003).
As this distinction is not relevant in the context of the present paper, I will not discuss it further.
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analytical solutions, but their solution can be estimated by statistical methods. One way
to describe the task of goal attribution is as a Bayesian problem (Baker et al., 2006 see also
Chapter 16). Under this description, the probability that a certain goal explains a certain
action is estimated as

) _ plaction | goal) x p(goal)

p(goal | action plaction)

This equation says that this probability is proportional to the probability that this
action is generated to achieve that particular goal state and to the probability of the goal
state, and inversely proportional to the probability of the action. These last two terms
[p(goal) and p(action)] can be estimated by the accumulated experience with the frequen-
cies of actions and outcomes (interpreted as goals). But where can the p(action | goal) term
come from?

First, it can be estimated on purely statistical basis: the more times a certain outcome
has been associated with a certain action, the more likely that they will go together again
(Hommel et al., 2001). A clear example of such associative learning is the study by Ferrari
et al. (2005), in which monkeys learnt to associate goals with unfamiliar tool-assisted
actions performed by experimenters (see ‘Mirroring nonexecutable functions’ above ).
This finding nicely demonstrates that such associative learning does not necessarily
involve motor simulation. Second, the probability that a certain action is performed to
achieve a certain goal can be estimated by motor simulation. The observer can feed the
goal into her own motor system (switched to ‘pretend’ mode), and generate the action
that she would be most likely to perform to achieve it (Gallese and Goldman, 1998). This
is a powerful method for estimating the p(action | goal) term, with the obvious limitation
that it can only be used for understanding known goals of individuals with similar motor
constraints to the observer (Csibra and Gergely, 2007).

Finally, the likelihood that an action is performed to achieve a certain goal can also be
estimated by teleological reasoning (Csibra and Gergely, 1998; Gergely and Csibra, 2003).
Such reasoning® assumes that agents tend to conserve energy, and achieve their goals in
the most efficient way available to them. In other words, teleological reasoning assumes
that p(action | goal) = (efficiency of action towards goal), and takes into account the situa-
tional constraints when evaluating efficiency. It has been demonstrated in several studies
that human infants apply such teleological reasoning to interpret actions they observe.
Here I shall briefly describe three studies showing that infants attribute goals (i) to non-
human agents, (ii) to impossible actions, and (iii) to pretence actions. None of these goal
attributions is based on motor simulation.

> The term ‘reasoning’ here does not imply conscious or deliberate cognitive processes. Just as certain
operations within the visual (Scholl, 2005) and the motor (see Chapter 16) systems can be described as
performing Bayesian inferences, the Bayesian reasoning process that applies teleological assumptions
to infer goals can also operate automatically and without awareness.
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Understanding goals of nonhuman agents

To investigate whether infants attribute goals to nonhuman agents, we presented 12-month-
olds with computer animations, in which a circle repeatedly approached another one by
jumping over an obstacle (Gergely et al., 1995). Having habituated to this action, infants
were then confronted with a modified situation, in which we removed the obstacle that
had separated the agent from its goal, and we showed them two different events. One of
them depicted the agent performing the same ‘jumping’ action as before, which was
unnecessary and inefficient in the absence of the obstacle, and in the other event the
agent approached its goal via the most efficient straight pathway. Looking-time measures
indicated that, although it was perceptually more similar to the previously seen action,
the infants found the jumping’ action unexpected in this situation, suggesting that they
predicted an efficient goal approach. A control condition, in which the infants were
habituated to a non-necessary ‘jumping’ action, confirmed that this expectation was
based on the goal attribution they had made when watching the efficient goal approach
in the experimental condition.

Since the original report, this finding has been extended to younger infants (Csibra et al.,
1999; G. Csibra, unpublished data), different kinds of computer animations (Csibra et al.,
2003; Wagner and Carey, 2005), and different kinds of agents (Sodian et al., 2004;
Kamewari et al., 2005). Studies with other paradigms also suggest that infants do not
refrain from attributing goals (or, at least, preferences) to nonhuman objects (Luo and
Baillargeon, 2005; Bir6 and Leslie, 2007). None of these findings can be explained by
motor simulation or resonance, because the goal-directed agents the infants observed in
these studies did not have bodies or motor systems similar to the infants. Even the study
that replicated the original results with human agents in 6-month-old infants (Kamewari
et al., 2005) involved motor actions (e.g. walking) that the participants were too young to
be able to perform.

Understanding the goal of an impossible action

In a recent study, we tested whether 6—8-month-old infants were willing to extend goal
attribution to a biologically impossible action (V. Southgate et al., unpublished data).
We reasoned that if young infants have not yet accumulated sufficient knowledge about
the biological constraints of human bodies (Slaughter et al., 2002), but expect that goal-
directed actions take the most efficient course, they may erroneously predict a biologi-
cally impossible action if it were physically more efficient than a biologically possible
goal approach. Briefly, we familiarized infants to a video clip in which a hand reached
toward, grasped, and retrieved a ball from behind an obstacle. We then tested them with
video clips showing a different situation, in which a second, new obstacle was intro-
duced. Since the two obstacles together made it impossible for the hand to simply reach
for the ball, we offered two new actions as solutions to the infants. In one of them, the
hand pushed the second obstacle away and then retrieved the object the same way as
during the familiarization, while the second action involved the hand snaking around the
two obstacles forcing the forearm to take an S shape. While this second action is clearly
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impossible to perform by a human arm, were it biologically possible, it would represent a
more efficient goal-directed action than the first one because it would get to the target
object in a single step.

Our looking-time measures indicated that the infants found the efficient but impossible
action more compatible with the original goal approach than the possible but less efficient
action. In the control condition, in which the infants were familiarized to a nonefficient
goal approach, we did not find such differential responses. This finding confirms that
young human infants are willing to accept an objectively impossible action as a well-
formed, goal-directed action if it appears to be more efficient than its alternatives.
Note that this result suggests not only that infants, unlike adults, were not surprised to
see a biologically impossible action, but also that they positively thought that this action
was better in the given situation than the possible one. It is hard to see how a simulation-
based goal understanding could explain such a finding.

Understanding pretence actions

Onishi et al. (2007) presented 15-month-old infants with the following sequence of
actions. The actor turned two upside-down cups upright while demonstrating that they
were empty. She then took an empty bottle, turned it over one of the cups as if she was
pouring something into the cup, but no liquid left the bottle. She put down the bottle,
and then took one of the cups and pretended to drink from it. Infants looked much longer
at the ‘drinking’ action when it was performed with the cup that was not involved in the
mimed pouring than when it was performed with the cup that should have contained
some liquid, had the pouring been real (see Onishi et al., 2007, for the control conditions).
This demonstrates that infants expect that sequentially organized actions are directed
towards a specific goal state: a pouring action is anticipated to result in an outcome state
that provides the enabling condition (liquid in the cup) for a subsequent drinking action
from the same cup. Crucially, infants recognized the causal and teleological relatedness of
these actions even if no liquid was present and therefore neither the subgoal nor the final
goal was ever achieved.

This finding is interesting in the context of this paper because infants at this age rarely
drink from cups, are unable to pour from a bottle, and do not produce pretend actions
themselves. Thus, even if they mirrored the observed action sequences faithfully, it would
not have allowed them to understand these actions. In contrast, teleological reasoning,
and their background knowledge about cups and bottles, did enable them to figure out
the pretended goal of the pouring action and its relatedness to the subsequent drinking
action. Goal understanding is possible without motor simulation.

The function of action mirroring

So far, I have argued that action mirroring must be based on some level of interpretation
of the observed action, and tried to show that, when the action can be interpreted in
terms of goals, such interpretation precedes, rather then follows from, action mirroring.
Evidence from human infants demonstrates that goals of observed actions can be
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understood without the involvement of the motor system, and suggests that action
mirroring can be achieved by top-down emulation. This conclusion, however, raises a
question about the function of action mirroring: If actions can be understood without
motor simulation, then why does the brain go on and reproduce them in the motor
system?

One possible answer to this question is that the observer’s motor system does not
reproduce, but preproduces the observed action. In other words, the motor activation in
the observer may not mirror but anticipate, may not shadow but foreshadow, what the
other is doing. The perception of dynamic events, whether or not they involve social stimuli,
is always predictive in nature (Wilson and Knoblich, 2005), and there are many benefits
of being able to anticipate the immediate future in social interactions (see ‘Why anticipate
actions’).

Action mirroring is anticipatory

Mirror neurons do not passively reflect observed actions but seem to anticipate them
(see figures in Gallese et al., 1996). ‘Grasping mirror neurons, for example, start to
discharge hundreds of milliseconds before the observed hand touches the target object,
as if they mirrored the future. If the function of MNs is to anticipate impending actions,
the existence of ‘logically related” MNs (see ‘Congruency in mirroring goal-directed
actions’ above) also makes sense. Logically related MNs (38% of all MNs in di Pellegrino
et al., 1992) respond to observed actions with a different action, but with one that could
‘logically’ follow the observed one. While it is not easy to see how ‘direct matching’ could
result in such mirroring, this kind of motor response is expected if MNs anticipate both
the course of the current action and the potential subsequent actions. Similar neurons
have also been found in the parietal cortex in the study that reported intention-sensitive
MNs (Fogassi et al., 2005).

The temporal resolution of neuroimaging studies based on haemodynamic responses
may not allow accurate measurement of timing relation between observation and motor
activation, but other methods suggest that humans also anticipate the next move of an
observed individual. This is evident in their eye movement patterns (Flanagan and
Johansson, 2003; Falck-Ytter et al., 2006), as well as in motor (Kilner et al., 2004) and ventral
premotor cortex (Nishitani and Hari, 2000; Chaminade ef al., 2001; Ramnani and Miall,
2004) activation.® In all these cases, the observer’s own motor activation was triggered by
their understanding of the goal, or immediate subgoal, of the observed action, and they
seem to have simulated predictively what the other should do to achieve that goal. But
goal understanding is not a necessary requirement for action prediction. If action
mirroring generally serves a predictive function, it should use any information, and not
just assumed goal states, that allows action anticipation.

6 In fact, the premotor cortex seems to implement predictive procedures even in domains outside action
perception (Chapter 7).
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One such information is cyclic repetition of movement. Borroni et al. (2005) measured
the modulation of muscle reflexes of people who watched an experimenter repeatedly
performing wrist flexion and extension. They found that the excitability of the corre-
sponding muscles in the observers was modulated with the same rate at which the action
was performed. When the frequency of the demonstration was 1 Hz, the reflex modula-
tion followed a 1 Hz cycle; when the demonstration was faster at 1.6 Hz, the excitability
of the muscles also appeared to be modulated at 1.6 Hz. This is a clear demonstration of
motor mirroring. However, the phase of the excitability cycle was advanced compared to
that of the demonstration, i.e. the reflex modulation preceded rather than followed the
demonstration by about 160 ms. Thus, motor mirroring in this study anticipated the
movement of the observed hand, which was made possible not by goal understanding
but by the cyclic repetition of the observed action.

Goal understanding and action prediction

Is the proposal that action mirroring serves a predictive function different from the one
it is meant to replace, i.e. that it leads to goal understanding? One can say, after all, that
the purpose of goal understanding is itself predictive: it tells the observer the likely
outcome of an observed action. It is true that goal attribution enables two kinds of
prediction to be made (Csibra and Gergely, 2007). The first one is the goal itself; goal
attribution normally predicts the goal to be achieved. The present proposal, however,
assigns an additional predictive function to action mirroring. While goal attribution
itself allows us to jump ahead in time and predict a hypothesized future state, it also
enables us to fill up the intervening time by action anticipation. In this kind of prediction,
the hypothesized goal of the action is not the output, but serves as the input, of the
prediction process (cf. Gallese and Goldman, 1998).

Others collected good arguments for why simulating an action is not sufficient for
recovering the goal or the intention behind it (Jacob and Jeannerod, 2005; Saxe, 2005).
However, there are equally good arguments for the role of simulation in action prediction
(e.g. Wilson and Knoblich, 2005; Prinz, 2006; Csibra and Gergely, 2007). In fact, if the
observer has a good guess about what the actor is trying to achieve (i.e. what the ‘goal’ is),
and the actor is a conspecific with similar motor constraints to the observer, the most
effective way to anticipate the actor’s unfolding behavior is motor simulation by emulation.
In this kind of predictive simulation, the observer feeds the hypothesized goal state into
her own motor system, generates (but does not execute) the appropriate motor
command, uses the corresponding forward model (Wolpert and Ghahramani, 2000; see
also Chapter 16) to predict the visual consequences of this action, and attaches this
prediction to the actor.

Thus, the present proposal is similar to other hypotheses (e.g. Gallese et al., 2004) in
that it interprets action mirroring as a simulation process. This simulation process,
however, is not retrodictive, does not recover the intention that generated the action, but
predictive, emulating the action needed to achieve a hypothesized goal.
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Why anticipate actions?

What is the use of such online action anticipation of ongoing actions? First, it enables the
observer to verify and revise goal attribution. In fact, in the first proposal for how action
motor mirroring could support the understanding of intentions (Gallese and Goldman,
1998), the mirroring process was suggested to be exploited in this way (later to be abandoned
for a ‘direct-matching’ approach). The only computational model that I am aware of and
that attempts to model the understanding of intentions by MNs (Oztop et al., 2005)
follows the same strategy. In that model, the observer model ‘knows’ in advance the set of
possible goals that the actor may try to achieve. When it observes a particular movement,
it predictively simulates actions for these goal states sequentially until it finds one that
matches the observed movement. The role of ‘mirror neurons’ here is to produce the
expected sensory (visual) effects of the predicted action, which then can be compared to the
observation. Note that what drives MNss in this model is not a ‘direct-matching’ mechanism
but the goal conjectures generated outside the motor system. Yet, mirroring is a useful
process to verify if these conjectures are valid.

Second, whether or not action anticipation is generated from goal conjectures, it is
always beneficial to be ahead of events. For example, action anticipation gives the perceiver
the opportunity in competitive situations to intervene in time if it becomes necessary,
and allows for the quick recruitment of resources to deal with unexpected events.
Perhaps this explains why MNs do not appear to respond to actions presented to
the monkeys on a television screen (Ferrari et al., 2003; Keysers and Perrett, 2004), and
stop responding to actions performed on non-food objects “after a few or even the first
presentation” (Gallese et al., 1996). In these situations, the observed actions are irrelevant
for the monkeys (they would not be able to get anything out of them), and hence they are
not worth monitoring because intervention is either impossible (in case of actions seen
on the television) or would be unrewarded (in case of nonfood objects).

Third, predictive tracking may also support learning about the physical environment
in which the observed action takes place. For example, the motor system is involved
in the weight estimation of objects from observation of lifting actions (Hamilton
et al., 2004; Pobric and Hamilton, 2007) though probably not through low-level mirror-
ing of action kinematics (Hamilton et al., 2005). If the kinematics of a perceived action
differ considerably from what is anticipated by emulation, this allows us to revise
the estimated weight or other invisible physical parameters of objects involved in the
action.

Finally, action coordination between individuals is virtually impossible without
action anticipation. Even the simplest task, like taking a walk with someone or handing
over an object to someone, requires precise adjustment of the timing of movements to
the other party. Humans, unlike other animals, are frequently engaged in cooperative and
joint actions (Knoblich and Jordan, 2002; Pacherie and Dokic, 2006; Sebanz et al., 2006).
Perhaps this provides an explanation for why predictive action mirroring is so ubiqui-
tous is humans.
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Conclusions

This paper is concerned with the relation between mirroring and understanding of actions.
The term ‘understanding’ has many different meanings. For example, Gallese (2006)
assigns a role of mirroring in experiential understanding of others, which is “direct grasp-
ing of the sense of the actions performed by others” (p. 16). My analysis, however, was
restricted to the question of whether action mirroring is involved in extracting the
immediate or further goal (i.e. the potential content of the underlying intentions) of an
action. The popular conception of the causal role of mirroring in understanding the
‘meaning’ of actions involves a direct, unmediated, automatic, mandatory, resonance-like
transfer mechanism, which miraculously generates a copy of the motor command
responsible for the observed action, and forms the basis of bottom-up identification of
the goals (or intentions) that have guided that action. I showed that there is a theoretical
alternative to this scenario, in which the motor activation during mirroring is generated
in a top-down manner within the action control system from the level where the observer
has been able to interpret the other’s action. Beyond the fact that this alternative account
has some theoretical advantages (e.g. it does not involve reversing the normal information
flow in the motor system, as suggested by Blakemore and Decety, 2001), it is also more
compatible with the empirical evidence.

On the other hand, the action—reconstruction account, just like ‘direct matching), also
asserts that action mirroring implements a simulation function in the motor system.
This is, however, predictive, rather than retrodictive simulation mechanism. Such a simu-
lation mechanism will, no doubt, also contribute to the ‘understanding’ of the observed
action in a sense, though it may not supply the goal or the intention behind the action for
free. Ironically, the function that I propose for such a simulation routine portrays the
motor involvement in action observation as reflecting a perception-for-action procedure
(allowing, for example, intervention or action coordination), while the direct-matching
approach views it as a mechanism with a primarily epistemic purpose (i.e. ‘understanding’).
It is not action simulation that makes action understanding possible, but the other way
around: it is action understanding that makes action emulation efficient.

This conclusion implies that the term ‘mirroring’ may be misleading because it does
not capture the true nature of motor activation during action observation. Inevitably,
many people will see my account of MN function as deflationary, but it is not necessarily
so. If MNs are, in fact, emulator neurons, and they do not inform us about goals but
enable us to be engaged in joint actions with others, they may play a more important role
in social interactions than what is usually ascribed to them—a function that would
be difficult to achieve without them.
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