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Animals need to distinguish sensory input caused by their own movement from sensory input which is due to stimuli in the outside world. This can be done by an efference copy mechanism, a carbon copy of the movement-command that is routed to sensory structures. Here I tried to link the mechanism of the efference copy with the idea of the philosopher Thomas Reid that the senses would have a double province, to make us feel, and to make us perceive, and that, as argued by psychologist Nicholas Humphrey, the former would identify with the signals from bodily sense organs with an internalized evaluative response, i.e., with phenomenal consciousness. I discussed a possible departure from the classical implementation of the efference copy mechanism that can effectively provide the senses with such a double province, and possibly allow us some progress in understanding the nature of consciousness.
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INTRODUCTION


La música, los estados de felicidad, la mitología, las caras trabajadas por el tiempo, ciertos crepúsculos y ciertos lugares, quieren decirnos algo, o algo dijeron que no hubiéramos debido perder, o están por decir algo; esta inminencia de una revelación, que no se produce, es, quizá, el hecho estético.

Jorge Luis Borges



Since its description by von Holst and Mittelstaedt (1950) and Sperry (1950), the idea that the efference copy signal may play a crucial role in consciousness has been put forward by several authors (see for an historical account Grüsser, 1995; Fukutomi and Carlson, 2020).

The concept of an efference copy arose in the framework of the problem of space constancy, i.e., the fact that the visual world appears stable despite shifts of overall visual input with eye movements. Anticipations of the idea can be found in several authors, such as Bell (1823), Purkinje (1825), von Helmholtz (1866), von Helmholtz and Southall (1962), and von Uexküll (1920), (see Koenderink, 2015) but the breakthrough came from seminal experiments by Erich von Holst and Roger Sperry.

von Holst and Mittelstaedt (1950) inverted the head of the blowfly Eristalis, holding it with a piece of wax. The fly appeared to circle either clockwise or counterclockwise at random. Given that in the darkness the fly’s movement looked pretty normal, they argued for the existence of a mechanism that compared the output of the locomotor system with the retinal flow field. von Holst and Mittelstaedt (1950) hypothesized an «Efferenzkopie» that would be compared and subtracted from the retinal signal to stabilize locomotion. Tilting the head converted the ordinary negative feedback of the efference copy into a positive feedback—a motor command in one direction would feed back a signal to correct in the same direction, thus giving rise to further deviation in the same direction and continuous circling as a result. Sperry (1950) made similar observations in an independent way, studying fish with surgically inverted eyes, and named the signal «corollary discharge». Although distinctions have been proposed in the literature for use of the two terms (Li et al., 2020), in this article I will use efference copy and corollary discharge interchangeably.

The efference copy signal may enable organisms that move to discount sensory stimulation that arises from their own actions, thereby allowing them to distinguish between the sensory stimulation caused by external stimuli and that caused by their own movements.

Irwin Feinberg (1978) first suggested that failures of the efference copy mechanisms may underlie some of the symptoms of psychosis. This was then developed by Frith (1987) and Shergill et al. (2005). Specifically, Feinberg (1978) argued that dysfunction of efference copy mechanisms that normally allow us to recognize and disregard stimulation resulting from our own actions would characterize schizophrenia, giving rise to the subtle but pervasive sensory/perceptual aberrations observed in these patients. Disturbances of the efference copy mechanisms may contribute to symptoms such as hallucinations and delusions: a failure to recognize one’s voice or inner speech as self-generated might produce the subjective experience of an externally generated sound, thus giving rise of auditory hallucination of hearing voices; or a failure to predict the sensory consequences of one’s actions may result in the subjective experience of being under the control of external forces.

The mechanisms of the efference copy was then slowly absorbed into the general framework of predictive coding with the idea that the brain needs to infer the causes of a given sensory input, which can be achieved through combining new sensory data with pre-existing knowledge of the world or priors (Ford and Mathalon, 2019). However, several authors have stressed a specific role of efference copy mechanisms on the origins of consciousness (Merker, 2005; Godfrey-Smith, 2016, 2020; Vallortigara, 2021a).

In a recent article, Jékely et al. (2021) argued for a role of Reafference, i.e., any effect on an organism’s sensory mechanisms that is due to the organism’s own actions, to the evolution of the body-self, a form of organization that would enable an animal to sense and act as a single unit. The authors noted that reafference in general does not necessarily involve a nervous system: self-initiated activities tend to have predictable consequences, and reafference would simply represent feedbacks concerning such predictions. An example they discussed comes from sponges, in which sensory cilia keep track of the flow produced within the body and can signal when this flow ceases (Ludeman et al., 2014). They argued for a further evolution of the mechanism of reafference when, in animals with nervous systems, sensory and effector devices made available a more sophisticated engine that compensates for predicted sensory changes by registering the particular action underway at a time.

What is unclear in all these accounts is how reafference or efference copy can give rise to consciousness, i.e., to the feelings that accompany and characterize (at times) our responding to sensory stimulation. I believe some progress on this issue can be made if we try to link the idea of the efference copy with the old-fashioned distinction between sensation and perception of some philosophical traditions.



SENSATION AND PERCEPTION

In the Essays on the Intellectual Powers of Man Thomas Reid (1941) says that «When I smell a rose, there is in this operation both sensation and perception. The agreeable odour I feel, considered by itself without relation to any external object, is merely a sensation… Its very essence consists in being felt; and when it is not felt it is not. There is no difference between the sensation and the feeling of it—they are one and the same thing… in sensation there is no object distinct from the act of the mind by which it is felt-and this holds true with regard to all sensations (pp. 150–151)».

Of course, the terms sensation/perception are associated with a long tradition of debates and different meanings in philosophy (see e.g., Reeves and Dresp-Langley, 2017) but here I am considering only the particular conception developed by this author because of its possible links with biological facts. According to Reid «The external senses have a double province —to make us feel, and to make us perceive. They furnish us with a variety of sensations, some pleasant, others painful, and others indifferent; at the same time they give us a conception and an invincible belief of the existence of external objects… Sensation, taken by itself, implies neither the conception nor belief of any external object. It supposes a sentient being, and a certain manner in which that being is affected; but it supposes no more. Perception implies a conviction and belief of something external—something different both from the mind that perceives, and the act of perception. Things so different in their nature ought to be distinguished» (Reid, 1895 [1785], II, Ch. 17 and 16).

Consider the classical example by Reid. When we smell a rose there would be two separate but parallel things happening; namely we feel the sweet smell as a conscious experience (sensation) and we detect the external presence of the object rose (perception). Reid (1895) [1785], II, Ch. 17 and 16) argues that we do not notice or attend to our sensations except under rather special circumstances: «The mind has acquired a confirmed and inveterate habit of inattention to them, for they no sooner appear than quick as lightning the thing signified succeeds, and engrosses all our regard. They have no name in language; and although we are conscious of them when they pass through the mind, yet their passage is so quick and so familiar, that it is absolutely unheeded (pp. 135)».

Humphrey (1992, 2006, 2011) beautifully conceptualized the distinction between sensation and perception in terms of representing «what is happening to me» (the feeling of the smell of the rose) and «what is happening out there» (the perception of the object rose). He agrees with Reid that for the most part we overlook our sensations because we focused on the objects of perception. There are, however, clinical conditions that made the sensation/perception distinction apparent. This has been worked out by Humphrey himself, starting from his seminal discovery of the blindsight phenomenon while studying recovering of visual function in the blind monkey Helen (Humphrey and Weiskrantz, 1967). Blindsight patients can recognize «what is happening out there» but their perception is not accompanied by any conscious feeling, i.e., they lack sensation or the «what is happening to me» (Humphrey, 1992).

Humphrey also moved further from Reid in arguing that having a sensation is not a passive condition but rather a form of active engagement with the stimulus occurring at the body surface. He wrote «When, for example, I feel pain in my toe, or taste salt on my tongue, or equally when I have red sensation at my eye, I am in effect reaching out to the site of stimulation with a kind of evaluative response—a response appropriate to the stimulus and the body part affected. Indeed what I experience as my sensation of “what is happening to me” is based not on the incoming information as such but rather on the signals I myself am issuing to make the response happen» (Humphrey, 2000).



THE PRINCIPLE OF REAFFERENCE AS THE FOUNDATION OF THE SENSATION/PERCEPTION DISTINCTION

There are then two questions. First, why should a distinction between sensation and perception be necessary in evolutionary terms? Second, what sort of mechanism can support the distinction between sensation and perception?

As to the first point, the crucial role of active movement has been stressed as lying at the origin of the development of nervous systems (e.g., Llinás, 2001). Active movement also implies the kind of problem that makes necessary the development of an efference copy. As stated by Merker (2005): «Consider the worm’s initiation of a crawling movement. Such a movement will produce sudden stimulation of numerous cutaneous receptors (…), yet no withdrawal reflex is released to abort the movement. Apparently the worm’s simple nervous system discounts cutaneous stimulation contingent on self-produced movement as a stimulus for withdrawal».

Thus, one can see the problem of distinguishing «what is happening to me» from «what is happening out there» as a selective pressure that arose specifically with active movement, and the efference copy as the mechanism which has developed through natural selection as a solution of this specific problem.

So far so good but it remains quite a puzzle why sensation (following Reid and Humphrey) should be associated with consciousness (Note that I am referring here to consciousness—which is a word with high polysemy—as simply «experience», i.e., following Block (1995): «Phenomenal consciousness is experience; the phenomenally conscious aspect of a state is what it is like to be in that state».). If we take the model of the efference copy we can easily understand why the sensory signal produced by a local stimulation can be annihilated when an efference copy is generated as a result of the active movement of the organism; however, we cannot understand why a sensation would be there in the absence of any active movement, for when an object is impinging on our surface we do feel something (something happening to us).

My proposal is simply to take seriously the hypothesis put forward by Reid and Humphrey and link it with a sort of reversed principle of reafference (see also Hesslow, 2012 for a similar reversed principle, though not linked to sensation and experience). Essentially, the principle of reafference establishes that the organism is able to predict the sensory consequence of its own action, that is, the stimulation that might occur as a result of its own movement. However, one could also consider the situation the other way around: that the body is able to predict the type of motor consequence, that is, of bodily reaction, which should follow from its sensory activity. Indeed, this is exactly what happens, if we assume that the sensation is actually a bodily reaction, a motor action in itself. The double province of the senses might be established by an efference copy of the motoric aspect (the bodily reaction) of the response to the stimulus. Let’s examine this hypothesis in more detail in the next section.



CONSCIOUSNESS AS IMMINENCE OF A REVELATION

In the traditional view, the efference copy is a solution to the problem of maintaining the stability of the visual world. So, when for instance an organism moves its eyes, the sliding of retinal images would be canceled by the efference copy associated with the motor command sent to the eye muscles.

Let’s consider a slightly different mechanism, arising from some simple experimental phenomenology as shown in Figures 1A,B. When we move actively an arm to encounter an object, such as the small pyramid in Figure 1A, the active tactile stimulation on the finger is usually associated with the perception of something (an object) out there.
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FIGURE 1. (A) The movement of the hand is associated with an efference copy that annihilates the efference copy associated with the local bodily reaction, thus giving rise to the perception of an object out there without sensation (Drawing by Elena Lorenzi). (B) The object is moving and hits the finger; in the absence of active hand movement there is no efference copy to annihilate the efference copy associated with the local bodily reaction, thus a sensation (what is happening to me) arises (Drawing by Elena Lorenzi).



It is quite difficult in these circumstances to focus instead on the feeling of something on the finger (which agrees with Reid idea that we do not usually notice or attend to our sensations; and see also more recently Kilteni et al., 2020).

In the reverse condition, however, when the object is moved and hits the finger passively stimulating it, we usually feel something happening to the finger, something happening to us, a sensation (Figure 1B).

It seems to me that this can be conceptualized by arguing that sensory stimulation has indeed a double province, namely that the sensory signal is usually associated with a carbon copy of it (an efference copy) which is escorting the sensory signal thus giving rise, as a bodily action, to a sense of agency, i.e., to the fact that such a sensory signal is produced by the organism itself for it is a motor action, a bodily response. If the touching is the result of an active movement of the arm, then the motor signal associated with this movement would nullify the efference copy (the bodily signal) of the local stimulation. The sensory signal would emerge in this case naked from the comparator, giving rise to a perception (something out there) without any sensation (something happening to me). On the contrary, the impinging stimulation caused by the motion of the object itself that hits the finger would be not associated with any cancellation of the efference copy (bodily signal), thus charging the sensory signal of a sense of authorship, what we describe as feeling or experiencing something (The lack of a sense of authorship is probably a crucial aspect of the behavior of blindsight patients, that need to be convinced «to guess»—such a «motivation/reason for action» could have been another basic outcome of the appearance of the double province of senses.).

Although the model would fit with phenomenal experience for tactile stimulation, it may appear a little paradoxical with distant senses: Do we sometimes really not see (in the sense of sensing, feeling it) when looking at the visual world? Well, yes, certainly we do not sense (feel) anything during saccades, i.e., again when the efference copy associated with the bodily action of visual sensing [of «sentition» as Humphrey (1992) dubbed it] is nullified by the efference copy associated with saccadic movements.

Of course, I am not arguing here that the mechanism (nowadays) is peripheral and local. In the scheme argued for by Humphrey (1994), the body’s senses produced a local response on the body surface in early organisms but then the response becomes targeted on the incoming sensory nerves and finally privatized in an internal brain circuit. However, my point here is that if the local bodily reaction is not associated with a carbon copy of it to be compared with others motor command as it happens in actively moving organisms, no sensation and no feeling (consciousness) would exist. Similarly, I would not expect sensation to occur in sessile organisms (Vallortigara, 2021b).

Borges wrote (see original text in esergo) that «imminence of a revelation, which is not produced, is, perhaps, the aesthetic event». This can be used as a metaphor for the reafference theory of consciousness described here, i.e., as a sensory signal which is waiting for a bodily action revelation that may or may not occur (Vallortigara, 2020, 2021a). The operating of the comparator (schematized by the circle in Figures 1A,B) that takes into account the different signals likely needs a delay line for the sensory signal of the sort that have been hypothesized in mechanisms such as the Reichardt detector (see Hassenstein and Reichardt, 1956). This time delay could be the foundation of the minimum time duration of the experienced present, an idea dating back to William James (1890) who stressed on the necessity for neural activity to have a suitable duration in order for consciousness to arise from sensory stimulation.

There are advantages in hypothesizing that the comparator would operate on two motoric signals rather than on a sensory and a motoric signal as in the traditional view of the reafference principle (see e.g., for vision Bridgeman, 2010), for we can account better for the phenomenology of our experience and avoid issues that arose with different models of consciousness. Consider for example the ideas put forward by Taylor (1999) who has tried to use the idea of a temporal delay in another way, assuming that the efference copy signal is retained in a temporal memory and that its brief permanence, before its annihilation, would constitute consciousness. In order to do this, Taylor introduced the hypothesis that the corollary discharge is no longer simply derived from the motor signal, but from attention. This corollary discharge of the movement of attention would be retained in a working memory by supplying the properties of experience to the sensory signal before being canceled by it (see Taylor, 2002, 2003).

According to Taylor’s model, consciousness is identified with an efference copy of the attention movement control signal residing briefly in its buffer until the associated attended input activation is also arriving in the buffer. The difficulty, however, is that the attributes of the experience in this framework do not seem to belong to the sensory signal itself, but to the corollary discharge (or to the attentional movement control signal of it). In our example of the hand or the object that moves, the sense of ownership, and of being the agent (the author) of the sensation, would therefore refer to the movement of the finger (or to the attention to the movement of the finger) rather than to the sensation encountered. And in the event that the hand does not move at all but instead is the finger that is passively stimulated by the object due to a displacement and a contact produced by the object itself, there would be no sensation because no attentional movement control signal arises, though sensation is actually happening. Of course, one can argue that besides the efference copy as a potential attentional source, other canonical forms of attention (as heavily investigated in the literature, not necessarily related to motor activity) would be available and thus that the inference from Taylor’s theory to no sensation in the absence of no movement would be probably unfair. Nonetheless, claiming for an efference copy of the movement of attention would be problematic also because evidence suggest that consciousness can be observed without attention, and vice versa (Koch and Tsuchiya, 2012). These difficulties dissolve, however, if we evaluate the sensory signal for what it is, or better for what it must have been originally as hypothesized by Humphrey (1992), namely a bodily reaction—a movement in itself—with the possibility of making of a carbon copy of it, in the form of an efference copy.



DISCUSSION

In general terms, the reafference principle refers to any kind of effect on an organism’s sensory mechanisms that is due to the organism’s own actions. It clearly requires some form of motion of the body but as noted by Jékely et al. (2021) «even a sessile animal can act with reafferent consequences, as when a filter-feeding animal generates a feeding current by motile cilia». Yet, it seems to me that only the more advanced form of reafference claimed for by Jékely et al. (2021) can be associated with sensation (as opposed to perception), and thus with consciousness. Single cell organisms such as bacteria can use motility to assess the presence of a chemical gradient. Jékely et al. (2021) describe for example a simple form of deformational reafference with an internal reciprocal influence between the sensory events and the effector. However, it is only with the appearance of specialized sensors and effectors that there would be a specific neural signal to convey reafferent sensing during action. In the example I discussed in Figure 1 involving active touch there is certainly deformational reafference, changes in the shape of the body (at the finger) that lead to sensing. But in order for this sensing to be felt, i.e., to be a sensation, a minimal structure with a sensory neuron, a motor neuron and an interneuron is needed to allow the signal provided by the sensory neuron to be charged (or not to be charged) with the carbon copy (the efference copy) of the motor signal (the deformational bodily reaction) thus providing it with a sense of agency and authorship.

Mechanisms of efference copy have been described at several levels in both vertebrates and invertebrates (Crapse and Sommer, 2008). I would be inclined to consider their presence as a signature of the ability of these organisms to inhabit, as proposed by Reid, a double province of sensory stimulation, that of sensation and that of perception, or in Humphrey’s terminology of «what is happening to me» and «what is happening out there». Of course, all this tells us nothing about the specific contents of the sensations of others organisms. Animals with efference copy mechanisms, I would maintain, should be phenomenally conscious, though the contents of their sensations may be incommensurable to each other, for their origins lay in their species-specific bodily reactions on their different body districts.

Objections can be raised of course to the idea that the double province of the senses might be established by an efference copy of the motoric aspect (the bodily reaction) of the response to the stimulus, and several theoretical aspects certainly need more elaboration. Consider the following examples (see e.g., Owen, 2017 for a review on these topics).

First, mental imagery. There is no stimulus during mental imagery. However, according to the cognitive neuroscience literature of mental imagery, the nervous system would be activated similarly as processing a stimulus. How would mental imagery fit in the distinction of «sensation» and «perception», and how does an efference copy contribute to mental imagery? Second, anesthesia would cause dissociation of action and sensation. Would anesthesia produce an illusion of «sensation» and «perception» that are indistinguishable? Third, an extreme case is the locked-in patients who completely lose movement ability. Would the locked-in patients not smell a rose?

I believe that with respect to these three examples we need to consider the changes that occurred in evolutionary history. At the start sensation was a bodily reaction at the very surface of early organisms (with its efference copy), but then, as stressed by Humphrey (1992, 2000) the local response has become privatized, first by targeting it to incoming sensory nerves and then being entirely located into the brain. Consider again in this regard Feinberg’s (1978) ideas about psychosis: thought processes themselves can be considered as motor actions, as argued by Hughlings Jackson (1958), because, I would say, they are retaining their characteristics of an, albeit privatized, bodily reaction and thus have an efference copy, the lack of which may produce schizophrenic symptoms (the patient is no longer the author of the bodily reaction, i.e., the author of his own thoughts). Thus, imagery, anesthesia and lock-in do not pose a problem for feeling something, assuming that there is an internal motor command that is the internalized version of the original bodily reaction at the organism’s surface.

Several other important issues remain of course unanswered. For example, Reid’s definition of perception does involve some difficulties (see Reeves and Dresp-Langley, 2017). How does one know that an animal believes in the object in front of it? It seems unlikely that fixation of belief is exclusively human. Alex, an African Gray Parrot could tell in a sort of vocal labeling resembling English what he experienced and believed to be present, even including perceptual illusions (Pepperberg, 2002). However, a variety of perceptual illusions have been investigated in non-human animals using traditional motor responses (Vallortigara, 2004, 2006, 2021c; Rosa-Salva et al., 2014), and there seems to be no reason to assume that these motor responses should have a reduced epistemic value with respect to the vocal labeling of Alex (or, for that matter, with respect to human vocal labeling). Clearly, any further discussion should be placed under the light of insight from animal behavior, since the core assumption of this article implies that animals have evolved in strict association with active movement the beginnings of what we call phenomenal experience.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



REFERENCES

Bell, C. (1823). On the motions of the eyes, in illustration of the uses of the muscles and nerves of the orbit. Philos. Trans. R. Soc. 113, 166–186. doi: 10.1098/rstl.1823.0017

Block, N. (1995). On a confusion about a function of consciousness. Behav. Brain Sci. 18, 227–247. doi: 10.1017/S0140525X00038188

Bridgeman, B. (2010). How the brain makes the world appear stable. Iperception 1, 69–72. doi: 10.1068/i0387

Crapse, T. B., and Sommer, M. A. (2008). Corollary discharge across the animal kingdom. Nat. Rev. Neurosci. 9, 587–600. doi: 10.1038/nrn2457

Feinberg, I. (1978). Efference copy and corollary discharge: implications for thinking and its disorders. Schizophr. Bull. 4, 636–640. doi: 10.1093/schbul/4.4.636

Ford, J. M., and Mathalon, D. H. (2019). Efference copy, corollary discharge, predictive coding and psychosis. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 4, 764–767. doi: 10.1016/j.bpsc.2019.07.005

Frith, C. D. (1987). The positive and negative symptoms of schizophrenia reflect impairments in the perception and initiation of action. Psychol. Med. 17, 631–648. doi: 10.1017/s0033291700025873

Fukutomi, M., and Carlson, B. A. (2020). A history of corollary discharge: contributions of mormyrid weakly electric fish. Front. Integr. Neurosci. 14:42. doi: 10.3389/fnint.2020.00042


Godfrey-Smith, P. (2016). Other Minds: The Octopus and the Evolution of Intelligent Life. London: Harper and Collins.



Godfrey-Smith, P. (2020). Metazoa: Animal Life and the Birth of the Mind. London: Harper and Collins.



Grüsser, O.-J. (1995). “On the history of the ideas of efference copy and reafference.,” in Essays in the History of Physiological Sciences: Proceedings of a Symposium Held at the University Louis Pasteur Strasbourg, on March 26-27th, 1993 (London: The Wellcome Institute Series in the History of Medicine. Clio Medica), 33, 35–56.



Hassenstein, V., and Reichardt, W. (1956). System theoretical analysis of time, sequence and sign analysis of the motion perception of the snout-beetle. Chlorophanus Zeitschrift für Naturforschung 11, 513–524.


Hesslow, G. (2012). The current status of the simulation theory of cognition. Brain Res. 1428, 71–79. doi: 10.1016/j.brainres.2011.06.026


Humphrey, N. (1992). A History of the Mind. New York: Chatto & Windus, Simon & Schuster.



Humphrey, N. (1994). The private world of consciousness. New Scientist 1907, 23–25.



Humphrey, N. (2000). “The privatization of sensation,” in The Evolution of Cognition, eds C. Heyes and L. Huber (Cambridge, MA: MIT Press), 241–252.



Humphrey, N. (2011). Soul Dust: The Magic of Consciousness. Princeton, NJ: Quercus Publishing, Princeton University Press.



Humphrey, N. (2006). Seeing Red: A Study in Consciousness. New York, NY: Belknap Press/Harvard University Press.


Humphrey, N. K., and Weiskrantz, L. (1967). Vision in monkeys after removal of the striate cortex. Nature 215, 595–597. doi: 10.1038/215595a0


Jackson, J. H. (1958). Selected Writings. (Vol. 1), ed J. Taylor (New York: Basic Books, Inc.), 366–384.



James, J. (1890). The Principles of Psychology. New York, NY: Henry Holt and Company.


Jékely, G., Godfrey-Smith, P., and Keijzer, F. (2021). Reafference and the origin of the self in early nervous system evolution. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 376:20190764. doi: 10.1098/rstb.2019.0764

Kilteni, K., Engele, P., and Ehrsson, H. H. (2020). Efference copy is necessary for the attenuation of self-generated touch. iScience 23:100843. doi: 10.1016/j.isci.2020.100843

Koch, C., and Tsuchiya, N. (2012). Attention and consciousness: related yet different. Trends Cogn. Sci. 16, 103–105. doi: 10.1016/j.tics.2011.11.012


Koenderink, J. (2015). Ontology of the mirror world. Gestalt Theory 37, 119–140.


Li, S., Zhu, H., and Tian, X. (2020). Corollary discharge versus efference copy: distinct neural signals in speech preparation differentially modulate auditory responses. Cereb. Cortex 30, 5806–5820. doi: 10.1093/cercor/bhaa154


Llinás, R. R. (2001). I of the Vortex: From Neurons to Self. Cambridge, MA: MIT Press.


Ludeman, D. A., Farrar, N., Riesgo, A., Paps, J., and Leys, S. P. (2014). Evolutionary origins of sensation in metazoans: functional evidence for a new sensory organ in sponges. BMC Evol. Biol. 14:3. doi: 10.1186/1471-2148-14-3

Merker, B. (2005). The liabilities of mobility: a selection pressure for the transition to consciousness in animal evolution. Conscious. Cogn. 14, 89–114. doi: 10.1016/S1053-8100(03)00002-3


Owen, A. M. (2017). Into the Grey Zone: A Neuroscientist Explores the Border Between Life and Death. New York, NY: Scribner.


Pepperberg, I. M. (2002). Cognitive and communicative abilities of grey parrots. Curr. Direct. Psychol. Sci. 11, 83–87. doi: 10.1111/1467-8721.00174


Purkinje, J. (1825). Beobachtungen und Versuche zur Physiologie der Sinne. Neue Beiträge zur Kenntniss des Sehens in subjectiver Hinsicht. Berlin: Reimer.



Reid, T. (1941). Essays on the Intellectual Powers of Man, ed A. D. Woozley. London: Macmillan and Co.



Reid, T. (1895). An Inquiry Into the Human Mind on the Principles of Common Sense, The Philosophical Works of Thomas Reid, 8th edition, ed Sir William Hamilton (Castle Donington, United Kingdom), I, 114.


Reeves, A., and Dresp-Langley, B. (2017). Perceptual categories derived from Reid’s “common sense” philosophy. Front. Psychol. 8:893. doi: 10.3389/fpsyg.2017.00893

Rosa-Salva, O., Sovrano, V. A., and Vallortigara, G. (2014). What can fish brains tell us about visual perception? Front. Neural Circuits 8:119. doi: 10.3389/fncir.2014.00119

Shergill, S. S., Samson, G., Bays, P. M., Frith, C. D., and Wolpert, D. M. (2005). Evidence for sensory prediction deficits in schizophrenia. Am. J. Psychiatry 162, 2384–2386. doi: 10.1176/appi.ajp.162.12.2384

Sperry, R. W. (1950). Neural basis of the spontaneous optokinetic response produced by visual inversion. J. Comp. Physiol. Psychol. 43, 482–489. doi: 10.1037/h0055479


Taylor, J. G. (1999). The Race for Consciousness. Cambridge, MA: MIT Press.


Taylor, J. G. (2003). Paying Attention to Consciousness. Prog. Neurobiol. 71, 305–335. doi: 10.1016/j.pneurobio.2003.10.002

Taylor, J. G. (2002). Paying attention to consciousness. Trends Cogn. Sci. 5, 206–210. doi: 10.1016/S1364-6613(02)01890-9


Vallortigara, G. (2004). “Visual cognition and representation in birds and primates,” in Vertebrate Comparative Cognition: Are Primates Superior to Non-Primates?, eds L. J. Rogers and G. Kaplan (New York, NY: Kluwer Academic/Plenum Publishers), 57–94.



Vallortigara, G. (2006). “The cognitive chicken: visual and spatial cognition in a non-mammalian brain,” in Comparative Cognition: Experimental Explorations of Animal Intelligence, eds E. A. Wasserman and T. R. Zentall (Oxford, UK: Oxford University Press), 41–58.


Vallortigara, G. (2020). Lessons from miniature brains: cognition cheap, memory expensive (sentience linked to active movement?). Anim. Sentience 29. doi: 10.51291/2377-7478.1603


Vallortigara, G. (2021a). Pensieri Della Mosca Con La Testa Storta (Thoughts of the Fly With the Turned Head). Milan: Adelphi.


Vallortigara, G. (2021b). The rose and the fly. A conjecture on the origin of consciousness. Biochem. Biophys. Res. Commun. 564, 170–174. doi: 10.1016/j.bbrc.2020.11.005


Vallortigara, G. (2021c). Born Knowing. Cambridge, MA: MIT Press.



von Helmholtz, H. (1866). Handbuch der physiologischen Optik. Leipzig: Voss.



von Helmholtz, H., and Southall, J. P. C. (1962). Helmholtz’s Treatise on Physiological Optics. New York, NY: Dover Publications.



von Holst, E., and Mittelstaedt, H. (1950). The reafference principle: interaction between the central nervous system and the periphery. Die Naturwissenschaften 37, 464–476.



von Uexküll, J. (1920). Theoretische Biologie. Berlin: Verlag von Gebrüder Paetel.


Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Vallortigara. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml


Contents





		Cover



		The Efference Copy Signal as a Key Mechanism for Consciousness



		Introduction



		Sensation And Perception



		The Principle Of Reafference As The Foundation Of The Sensation/Perception Distinction



		Consciousness As Imminence Of A Revelation



		Discussion



		Data Availability Statement



		Author Contributions

















OPS/images/fnsys-15-765646-g01.gif
,\ ‘Stimulus sianal with efference copy of bodily action
Wht i happening to me

Stimulus sional oy
Bt e hane out there

No
andno copy






OPS/images/crossmark.jpg





OPS/images/cover.jpg
’ frontiers |
In Systems Neuroscience

The Efference Copy Signal as a Key
Mechanism for Consciousness









OPS/images/logo.jpg
, frontiers )
in Systems Neuroscience





