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Abstract

The "mirror test" has been used as a behavioral measure of mirror self-recognition for a variety
of species. In this article we apply a predictive processing interpretation to the results of the
mirror test in order to offer a novel perspective with which to understand mirror self-recognition
and self-directed behavior. Furthermore, we hypothesize that a “reflection prediction”, upon
which our predictive processing interpretation of the mirror test is built, may also offer a novel
perspective to understand how humans locate themselves relative to a mirror, imitate others,
and are self-aware from a social perspective. As we show that a reflection prediction may help
to explain how these traits may emerge in human cognition, we also point out that atypical
reflection predictions or atypical use of a reflection prediction may help to explain instances
where these traits are atypical in certain individuals.
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Introduction

In “The free-energy self: A predictive coding account of self-recognition” Matthew Apps and
Manos Tsakiris explain how mirror self-recognition may be understood as the result of an
individual successfully learning to predict their own reflection in the mirror [1]. As they write:

“the viewing of an agent’s own actions in a mirror (including arm movements, facial
expressions etc.) will lead to optimised high level empirical priors about one’s body,
which will in turn modulate expectations in the visual system about the expected visual
consequences of one’s own actions.”

These optimized high level empirical priors are an individual’s expectations about their own
visual reflection and therefore what we refer to here as a “reflection prediction”. In this paper we
highlight that a successful reflection prediction explains mirror self-recognition in humans, as
pointed out by Apps and Tsakairis, and also offers a novel perspective on how to interpret the
results of the “mirror test” in other species.

Furthermore, we point out that the concept of a reflection prediction is crucial for the scientific
and medical community to consider because if a reflection prediction allows agency over a
reflection then reflection prediction errors may cause atypical agency over a reflection, and
reflection prediction error correction may help to reverse atypical agency over a reflection.

We conclude by pointing out that a reflection prediction should also be considered as a
mechanism the human brain may depend upon for the emergence and the successful
functioning of cognitive traits other than mirror self-recognition such as the ability to locate
oneself relative to a mirror, the ability to imitate others, and the ability to be self aware from a
social perspective. As with mirror self-recognition, we point out that if a successful reflection
prediction contributes to the proper functioning of these traits, then reflection prediction errors or
errors with the use of a reflection prediction may cause atypical functioning of these traits as
seen in certain individuals.

Predictive Processing Perspective of the Mirror Test

In 1970 Gordon Gallup Jr. devised a test to determine whether animals recognize themselves in
the mirror and therefore whether they were capable of mirror self-recognition [2]. To accomplish
this he anesthetized chimpanzees and monkeys, applied an odorless red dye to the animals eye
ridge and opposite ear, and after a period of time observed their behavior both with and without
a mirror. When the mirror was added to the experiment, chimpanzees with prior mirror
experience exhibited self-directed behavior towards the mark and spent more time staring into
the mirror, but monkeys with prior mirror experience did not exhibit self-directed behavior
towards the mark or spent more time staring into the mirror; therefore, Gallup determined that
chimpanzees were capable of mirror self-recognition and monkeys were not capable of mirror
self-recognition. This test has come to be known most popularly as the “mirror test” (also, “mark
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test”) and it has been repeated many times across a range of species in the years since
Gallup’s original paper.

In this paper we will show that applying the predictive processing framework to the results of the
mirror test offers a novel perspective to interpret the results of the mirror test. Predictive
processing models suggest that individuals build internal predictive models of the external world
and seek to minimize the extent to which their predictions differ from reality. In predictive
processing models if an individual’s prediction is different from their experience they can engage
in prediction error minimization by either updating their prediction, a process called perceptual
inference, or through acting on their environment, a process called active inference [3]. If an
individual’s prediction is equal to their experience, the individual’s attention to the sensory
experience is dampened in a process called sensory attenuation and, for self-generated
movement, agency is achieved over the movement.

Applying this predictive processing framework to the results of the mirror test offers a
new perspective to understand mirror self-recognition' and self-directed behavior, where
mirror self-recognition is due to sensory attenuation when an individual successfully
predicts their reflection and self-directed behavior is active inference to correct reflection
prediction errors. In the next two sections we will discuss the implications of each of these
claims.

Mirror Self-Recognition is a Product of Sensory Attenuation

As mentioned in the introduction of this paper, Apps and Tsakiris use a predictive coding model
to describe how mirror self-recognition in humans may be considered a product of sensory
attenuation when an individual successfully predicts their reflection [1]. In this section, we point
out that this concept is applicable not only for humans but also animal species, offering a new
way to interpret the results of the mirror test. When responding to the mirror test species fall into
one of three categories - those which treat their reflection as a conspecific indefinitely, those
which treat their reflection as a conspecific before ignoring their reflection entirely, those which
treat their reflection as a conspecific before displaying self-directed behavior. Traditionally only
those species which display self-directed behavior are considered capable of mirror
self-recognition, however, this predictive processing analysis of the mirror test offers a
new perspective where both species which learn to ignore their reflection in the mirror
and species which display self-directed behavior in the mirror are capable of mirror
self-recognition.

That individuals which ignore their reflection are capable of mirror self-recognition may seem
strange, however, it is supported by both the predictive processing model and the ecological
evidence. It is supported by the predictive processing model because sensory attenuation of
self-generated behavior leads to a dampening of attention towards external sensory stimuli and
has been claimed to lead to a sense of agency over that behavior [4,5], and thus help generate
self-other distinction [6,7]. It is supported by ecological evidence because studies have shown

' And self-recognition in naturally reflective surfaces such as standing pools of water or mineral deposits
in caves or on the ocean floor
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that even among species which are capable of self-directed behavior, individuals may not
display self-directed behavior during the mirror test. For example, one study on Asian elephants
found that only one of three elephants passed the mirror test [8]. The authors therefore suggest
the test may be flawed because the elephants simply may not care about the mark - as they
write, “A small paint mark may be trivial to them.” Another example of this is that studies have
found even for Chimpanzees, which were used in Gallup’s original experiment, fewer than half
of the individuals studied pass the mirror test [9] [10]. These studies highlight an inherent flaw in
the scientific interpretation of the mirror test; the mirror test measures self-directed behavior, not
mirror self-recognition, and many individuals or even species who fail to exhibit self-directed
behavior may nevertheless be capable of mirror self-recognition, a suggestion which is
consistent with the predictive processing analysis of the mirror test presented here.

Self-Directed Behavior is an Instance of Active Inference

If self-directed behavior is not an accurate measurement of mirror self-recognition, what exactly
is the self-directed behavior exhibited during the mirror test an accurate measurement of?

One possibility is what we call “mirror proprioception”, the understanding of the location of self in
space relative to a mirror. As Gallup writes: “self-directed and mark-directed behaviors would
seem to require the ability to project, as it were, proprioceptive information and kinesthetic
feedback onto the reflected visual image so as to coordinate the appropriate visually guided
movements via the mirror” [2]. We agree, however, it is important to note that self-directed
behavior is also not an accurate measurement of mirror proprioception in a species for the same
reason as mentioned above; the subjects being studied may simply not care about the mark.
Indeed, a number of species have passed “mirror use” tests that demonstrate their ability to use
a mirror to locate objects in space but have nevertheless failed to demonstrate self-directed
behavior during a mirror test [11], supporting the idea species which do not display self-directed
behavior may nevertheless have a visuospatial understanding of mirrors.

Therefore, self-directed behavior is an accurate measurement of neither mirror self-recognition
nor mirror proprioception. In this model, self-directed behavior is conceptualized as a specific
instance of active inference. Earlier we wrote that in predictive processing models, when
prediction of self-generated sensory input is different from the experience of self-generated
sensory input, prediction error correction has been proposed to occur either in the form of
perceptual inference (updating predictions) or active inference (acting on the environment).
Applying this predictive processing framework to the results of the mirror test offers a
new perspective to understand self-directed behavior as active inference to correct
reflection prediction errors. In the case of the mirror test, the mark causes a reflection
prediction error because the individual's experience of their reflection now differs from their
prediction of their reflection, and self-directed behavior is active inference to correct the
reflection prediction error caused by the mark. This view of self-directed behavior as active
inference also provides an explanation of why some individuals or even species seem to “not
care” about the mark during a mirror test; those individuals or species may be ignoring that
reflection prediction error because they are using perceptual inference to update their reflection
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prediction in order to correct the reflection prediction error caused by the mark during the mirror
test. This prediction error correction from perceptual inference would theoretically re-allow
sensory attenuation because the updated prediction would allow reflection prediction to equal
reflection experience and make self-directed behavior unnecessary, and atypical perceptual
inference may thus explain certain instances of increased self-directed behavior.

While interpreting self-directed behavior during the mirror test as active inference is novel, the
idea is consistent with the concept of active inference in predictive processing models, if we
consider that the individual emerges to themselves as a part of the environment through a
mirror. For example, Constant et al. argue that the self can extend to objects in the environment
via niche construction, a process in active inference where an individual modifies the
environment based on their internal model. As they write:

“An agent not only learns a model of its environment, but also changes the environment
to fit its models. As a result, it tends to construct an environment that mirrors its
predictions, and, in a sense, makes the world its own.” [12]

Thus, if an individual has emerged to themselves as a part of the environment through a mirror,
the individual may exhibit self directed behavior as a way to “construct an environment that
mirrors [their] predictions”.

Therefore in this predictive processing interpretation of the mirror test self-directed behavior in a
species is a measurement of whether the species faced a strong enough selection pressure to
drive the natural selection of active inference in front of a reflective surface. This illuminates why
some species capable of mirror self-recognition display self-directed behavior while other
species capable of mirror self-recognition do not display self-directed behavior. Examples of
species that may have faced a strong enough selection pressure to drive the natural selection of
active inference in front of a reflective surface include those within which individuals are
threatened directly by diseases carried by blood or parasites which may be removed with
self-directed behavior, and/or species in which individuals are threatened indirectly by blood or
parasites because physical appearance has a reproductive fitness consequence. For example,
one of the species which has passed the mirror test by exhibiting self-directed behavior is the
cleaner wrasse [13]. According to this theory, the reason the cleaner wrasse exhibits
self-directed behavior is that they are threatened directly by blood or parasites and/or
threatened indirectly by blood or parasites causing a reproductive fitness consequence.
Considering the cleaner wrasse survives by eating parasites off of bigger fish in a mutualistic
relationship, it is indeed likely that they are threatened both directly and indirectly by parasites
which can be removed in front of a reflective surface; directly because they spend their lives
eating them off bigger fish, and indirectly because the big fish may be less likely to enter a
mutualistic relationship with cleaner wrasse that is already infected by parasites.

Reflection Prediction Errors and Error Correction

If a successful reflection prediction is responsible for agency over a reflection in the mirror as
first suggested by Apps and Tsakairis, it is important for the scientific and medical community to
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consider that reflection prediction errors may cause atypical mirror self-recognition as seen in a
variety of individuals, and that reflection prediction error correction may help to treat atypical
mirror self-recognition. Moreover, certain behaviors may be considered attempts at reflection
prediction error correction analogous to the self-directed behavior observed during the mirror
test, as discussed earlier.

To elaborate on this we will point out that although a reflection prediction is theoretical, one
method to investigate this topic is to consider what errors a reflection prediction could have,
what the effects of this error would be, and how the brain could correct this error, then compare
these predictions with symptoms and behaviors actually observed in various individuals.

For example, one hypothetical reflection prediction error that we can consider is that an
individual predicts their reflection is missing a limb that the individual is not actually missing.
This circumstance would result in a reflection prediction error because the individual's reflection
prediction would be different from their actual reflection. The individual may use perceptual
inference to update their reflection prediction and correct the reflection prediction error, however,
if perceptual inference fails, active inference would be necessary to correct the reflection
prediction error. Active inference could take two forms - either amputate the limb so that
reflection prediction is equal to experience, or use a virtual reality mirror that allows the
individual to see their reflection without the limb.

The hypothetical reflection prediction error just described closely resembles body integrity
identity disorder (BIID) - a condition characterized by individuals desiring amputation. The model
presented in this paper offers an explanation for this experience if we consider that individuals
may suffer from a reflection prediction error where they no longer predict the reflection of a
certain limb. In this circumstance the desire of an individual to amputate may be considered
active inference for reflection prediction error correction, analogous to the self-directed behavior
mentioned earlier in this paper, because amputation will correct the reflection prediction error as
the individual will now no longer see the reflection of the limb; therefore, reflection prediction
and reflection experience will align and sensory attenuation may be achieved. Another way of
achieving this alignment would be to use a virtual reality mirror that allows the individual to see
their reflection without the limb that they no longer expect to see in the mirror. This is exactly
what occurred in one study [14] that used a virtual reality mirror to “virtually amputate” specific
limbs of two men with BIID; both men reacted to the virtual amputation positively, for example,
one said it was “emotionally overwhelming to finally see himself like this”, while the other
reported a reduction in his BIID symptoms in the days following the virtual amputation. Thus
BIID closely resembles a disorder caused by a hypothetical reflection prediction error where an
individual does not predict the reflection of a specific limb.

We therefore urge the scientific and medical community to consider other ways that reflection
prediction errors could explain atypical mirror self-recognition and consider how reflection
prediction error correction could help to treat these reflection prediction errors. If the brain is
willing to amputate part of the body in order to correct a reflection prediction error, as may be
the case with BIID, what other behaviors could be viewed as attempts at active inference to
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correct reflection predictions errors, and what could be done in order to attempt to treat these
reflection prediction errors? A few suggestions are listed below in Table 1.

Table 1

Hypothetical
reflection prediction
error

Possible symptoms
due to reflection
prediction error

Possibly
related
disorder

Possible reflection
prediction error correction to
reduce symptoms

Individual predicts
reflection is different
than reality

Claiming person in
the mirror is someone
else, compulsive
plastic surgery

Mirrored-self

misidentification

VR mirror or plastic surgery
that allows reflection to more
closely resemble reflection
prediction

reflection looks
paralyzed

paralysis

Individual predicts Compulsively losing Anorexia, VR mirror that shows reflection
reflection weighs less | weight bulimia that weighs less than in reality
than reality
Individual predicts Compulsively gaining | Compulsive VR mirror that shows reflection
reflection is bigger weight overeating that weighs more than in reality
than reality
Individual predicts Emulating the dead, | Cotards VR mirror that shows reflection
reflection looks dead | suicidal behavior disorder, looks dead

depression
Individual predicts Pain Psychogenic VR mirror that shows reflection
reflection is in pain pain in pain
Individual predicts Paralysis Psychogenic VR mirror that shows reflection

paralyzed

Table 1. Hypothetical reflection prediction errors and their possible associated
symptoms, disorders, and methods for error correction.

Implications of Reflection Prediction for Human Cognition

This paper has focused on the implications of a predictive processing analysis on the mirror test
and the implications of a reflection prediction for mirror self-recognition and atypical mirror
self-recognition. Here we shift focus to consider that the brain may use a reflection prediction for
purposes other than mirror self-recognition; specifically but not exclusively, for locating oneself
in space relative to a mirror, for imitation, and for self-awareness. As with mirror self-recognition,
we also consider that if each of these traits depends upon a successful reflection prediction,
reflection prediction errors or errors with the use of a reflection prediction may help to
understand instances where these traits are atypical in certain individuals.




Reflection Predictions and Mirror Proprioception

In addition to mirror self-recognition, a reflection prediction may provide an individual with what
we refer to as mirror proprioception, the ability of an individual to locate themselves in space
relative to a mirror. A visuospatial relationship between self and reflection as a product of a
successful reflection prediction makes sense because in order for an individual to be able to
predict their reflection they have to understand how their reflection reacts to their motor
movements, for example, that as they move their hand further from themselves and closer to a
mirror, their reflection will move its hand further from itself and grow in size as it appears to
move towards the individual from inside the mirror. Mirror proprioception is necessary for
everyday tasks like shaving, putting on makeup, and driving. If the concept of mirror
proprioception does not seem intuitive, consider that species such as bats and dolphins use
echoes to locate themselves in space and that echos are a reflection of sound just as mirror
reflections are a reflection of light. Thus the suggestion that individuals use mirror reflections to
locate themselves in space is situationally analogous to bats and dolphins using echoes to
locate themselves in space.

One experiment that may demonstrate mirror proprioception is the “mirror illusion” [15]. During
the mirror illusion a mirror is placed on an individual’s midsagittal axis and the individual
synchronically moves their left and right hands, but cannot see one hand because of the mirror.
For example, if the mirror is placed such that it reflects the left side of the individual’s body, the
individual will not be able to see their right hand; instead, they see the left hand and the
reflection of their left hand. According to this study, as long as the actual hand and mirror illusion
hand are within 10 cm of one another, a phenomenon known as proprioceptive drift occurs
where the visual information from the illusory hand in the mirror overrides normal proprioception
and the individual’'s perception of their body-part position changes.

For an individual to feel ownership and agency over the hand in the mirror may be expected
because our model claims an individual feels agency over their reflection when reflection
prediction is the same as reflection experience. In the mirror illusion, the reflection of an
individual’s left hand with a mirror on their midsagittal axis gives the individual the illusion that
their left hand is their right hand in the mirror. Moreover, in this experiment the individual was
synchronously moving their right hand with their left hand. Therefore, in our model the individual
would be predicting the movement of their right hand’s reflection and actually seeing a reflection
that looks what their right hand’s reflection would actually look like (the reflection of their left
hand) which would allow reflection prediction to equal reflection experience, granting the
individual ownership over the reflection where they feel like it is the reflection of their right hand
and agency over the reflection because they now predict the reflection will respond to the motor
commands of their right hand. As one subject in this experiment said: "Whenever | moved my
right hand, | expected the hand in the mirror to move in the same way.”

Additionally, proprioceptive drift is expected because we claim a successful reflection prediction
may allow mirror proprioception, the ability of an individual to locate themselves in space

relative to a mirror. Therefore, during the mirror illusion when an individual feels agency over the
illusory hand in the mirror, we would expect the individual may feel confused about their location
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in space relative to the mirror as proprioception and mirror proprioception collide. This is
consistent with the experience of proprioceptive drift as long as the mirror illusion hand and
actual hand are within a certain physical distance of one another - as the actual hand moves
further from the mirror illusion hand, experiences of proprioceptive drift and changes in
ownership/agency are less likely to occur; in this model, this may occur because distances
makes it tougher to convince the brain that the movements of the mirror illusion hand are due to
the right hand.

If a successful reflection prediction indeed facilitates mirror proprioception, reflection prediction
errors or errors with the use of a reflection prediction may cause atypical mirror proprioception.
For example, individuals may not be able to perform everyday visuospatial tasks in front of a
mirror, or may be mirror aversive and avoid environments with mirrors entirely. One example of
this may be seen in a mirror drawing task where individuals are asked to trace shapes while
visually focusing on their reflection in a mirror. One study has shown that some individuals with
autism spectrum disorder (ASD) perform better at this task than neurotypical individuals but
others perform much worse [16].The increased variance in the performance of this task in ASD
individuals may reflect the heterogeneity in the underlying mechanisms that lead to a common
diagnosis of ASD, however, according to our model, performing worse would be expected if
some individuals had atypical mirror proprioception and struggled to successfully locate
themselves in space relative to the mirror.

Additionally, atypical mirror proprioception due to reflection prediction errors or errors with the
use of a reflection prediction may cause an individual to feel located in space somewhere other
than where they are really located. For example, if an individual predicts their reflection is half
the size it actually is this model suggests the individual be confused about where they are
actually located in space relative to the mirror, and that such a reflection prediction error could
be treated with a VR mirror that shows the individual's reflection as half the normal size. If
reflection prediction errors or errors with the use of a reflection prediction do cause an individual
to predict that they are somewhere in space other than where they are actually located in this
way, this could help to explain out-of-body experiences as seen in a variety of individuals. As
one patient with depersonalization disorder explains:

“I look in the mirror and it doesn’t feel like myself I'm looking at. It's like I'm floating, not
actually experiencing the world, and slowly fading away into nothing. It’s like I’'m on
autopilot in somebody’s else body [17](see also [18][19]).” [6]

Therefore, we argue a reflection prediction may allow an individual to understand their location
in space relative to a mirror, and failures in a reflection prediction may cause an individual to not
know where they are located or feel located somewhere other than where they really are
located.

In this section we have discussed how a reflection prediction error may contribute to the
scientific understanding of mirror self-proprioception. We now turn to discuss how a reflection
prediction may contribute to the scientific understanding of imitation.
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Reflection Predictions and Imitation

The ability of a species to imitate others is also a trait that may depend on the ability of
individuals within that species to successfully predict their own reflection. Unlike mirror
self-recognition and mirror self-proprioception, imitation is not proposed as an automatic product
of a successful reflection prediction, but rather the product of natural selection shaping the brain
to use the reflection prediction for imitation. The ability of an individual to predict their own
reflection before or without seeing it suggests that the reflection prediction is an association
between the motor neurons for an action and the sight of an individual’s reflection making the
contralateral movement. As an association between the motor neurons for an action and
the sight of another (the reflection) performing the contralateral action, an individual may
use the same association in reverse in an inversion of the predictive model [20] to
generate the motor neurons for an action given the sight of another performing that
contralateral action. In other words, a reflection prediction may facilitate the imitative function
of mirror neurons, defined as neurons that react both when an action is performed and when it
is observed.

An objection to this hypothesis that we anticipate is that children imitate others before they
recognize themselves in the mirror and therefore imitation cannot depend on a reflection
association. However the association between the motor neurons for an action and the sight of
another acting may allow for children to substitute others for their reflection before they are
capable of recognizing themselves in the mirror. Therefore while the evolution of imitation may
depend on the emergence of a reflection prediction, imitation itself does not necessarily depend
on the emergence of a reflection prediction developmentally, rather, individuals may also
develop this reflection prediction through observing and interacting with others. One example
supporting this claim is that “being imitated” can improve imitation skills [21,22] in toddlers. A
second example of this interpersonal association is that infants attempt to wipe something off
their faces when watching others wipe something off their faces [23,24]. A third example of this
interpersonal association is the enfacement illusion, where an individual is subjected to a tactile
sensation while witnessing someone else experience the sensation. This synchronic motor
experience simulates a mirror experience and causes individuals to respond to self-other
distinction tasks as though the other’s face was more like their own face [1,25-27], and causes
individuals to report that the others face was experienced as more like “me” than before they
were before the enfacement illusion [28]. According to our model this may be expected because
the synchronic motor experience may cause the individual to process the other as though the
other were their own reflection. This is also one possible alternate explanation for the rubber
hand illusion, where an individual watches a rubber hand undergo the same tactile experience
as their hidden hand and begins to feel agency over the rubber hand.

The idea that children may begin to establish their reflection association via others before mirror
self-recognition suggests additionally that children may build a prediction of themselves through
those they imitate. This can help to explain how individuals who have never had mirror exposure
may still have a prediction of themselves to use for imitation and other traits which may depend
upon a reflection prediction.
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If imitation depends upon a successful reflection prediction, errors with a reflection prediction or
with the use of a reflection prediction may cause atypical imitation. For example, one
hypothetical reflection prediction error is a non-reversed reflection prediction. A non-reversed
reflection prediction would cause an individual to predict that as they waved their right arm their
reflection would wave its right arm rather than its left arm, as is actually the case in front of a
mirror.

If an individual has associated the movements of the left side of their body with the image of the
left side of the body of others, rather than the right side of the body of others as with a normal
reflection, then the individual may imitate the other incorrectly - if they attempt a contralateral
imitation, they will perform an ipsilateral imitation and vice versa. One disorder which exhibits
symptoms resembling this is autism spectrum disorder. Studies have indicated that autistic
individuals have deficiencies with mirror-image imitation [29], and according to one first person
account this sort of reversed imitation is consistent with the experience of some autistic
individuals. As Willey [30] writes,

“When someone facing me moved their left arm, | moved my right arm. When they
moved their right arm, | moved my left arm and so on and so forth. | knew all along that |
was making a mistake, but no matter what | did and no matter how many times | told
myself things like ‘her right arm equals my left arm,’ | could not transfer the knowledge to
the movement. After a few weeks of bilateral torture, | figured out | might find some
success if | practiced our dance steps from the back row; a vantage point that allowed
me to carbon copy the people who were facing the same direction | was.”

Therefore, while we are not suggesting a non-reversed reflection prediction is the sole cause of
ASD, these specific symptoms do closely match those that would be expected if an individual
did have a non-reversed reflection prediction that caused backwards imitation. One way to
attempt prediction error correction would be through the use of a backwards “anti-mirror”. An
“anti-mirror” is a full-length computer screen that can display one’s reflection as a mirror would.
A backwards “anti-mirror” will cause the individual’s reflection to perform the
ipsilateral/anatomical rather than contralateral/mirror movement. If our claim that some
individuals with autism have a backwards reflection prediction is correct then a backwards
“anti-mirror” should allow these individuals to feel more agency (evaluated using self-report or
other accepted neurobehavioral measures) than a normal mirror because the backwards
anti-mirror allows non-reversed reflection prediction to equal reflection experience, granting the
individual agency over their reflection via sensory attenuation. If true it is unclear whether this
prediction error correction would reverse backwards imitation in those who exhibit this trait,
however, there should be a clear positive correlation between those who exhibit backwards
imitation and those who feel more agency in front of a backwards anti-mirror.

In this section we have discussed how a reflection prediction may contribute to our
understanding of imitation. We now turn to consider how a reflection prediction may contribute
to our understanding of self-awareness.

11


https://paperpile.com/c/yiUsOp/YgEO
https://paperpile.com/c/yiUsOp/S7qp

Reflection Predictions and Self-Awareness

One final trait we will argue may depend upon a reflection prediction is self-awareness. Like
imitation but unlike mirror self-recognition and mirror self-proprioception, self-awareness is not
proposed as an automatic product of a successful reflection prediction, but rather the product of
natural selection shaping the brain to use the reflection prediction for self-awareness.

Many have implied a relationship between mirror self-recognition and self-awareness,
suggesting that If an individual is capable of self-directed behavior that they are self-aware. Yet
this claim does not stand up to logical scrutiny. For example, ants and cleaner wrasse fish
exhibit self-directed behavior in front of a mirror [31][13]. Are they self aware? Bats don’t exhibit
self-directed behavior but they do recognize their own echo [32], which is a reflection of sound
akin to how a mirror offers a reflection of light. Are bats self aware? Dog’s recognize their own
scent; does this mean they are self aware [33]? These rhetorical questions are of course
impossible to answer without defining self-awareness. Gallup et al. write:

“In its most rudimentary form self-awareness is the ability to become the object of your
own attention. When you see yourself in a mirror, you are literally the object of your own
attention, but most organisms respond to themselves in mirrors as if confronted by
another organism. The ability to correctly infer the identity of the image in the mirror
requires a pre-existing sense of self on the part of the organism making that inference.
Without a sense of self, how would you know who you were seeing when confronted with
your reflection in a mirror?” [34]

Yet as we showed above, in a predictive processing model an individual simply needs to be able
to predict their reflection in order to feel agency over their reflection. This implies
self-recognition, mirror and otherwise, does not require a sense of self as suggested by Gallup
et al., and indeed rather suggests self-recognition may be an evolutionary precursor for a sense
of self.

To explain this we suggest adding one word to Gallup’s definition of self-awareness:
self-awareness is the ability to become the object of your own social attention. This correlates
with the psychological concept of objective self-awareness, defined as an attention focused on
the self as a social object [35], and also in our opinion is more consistent with the colloquial use
of the term self-awareness than Gallup’s definition. A reflection prediction offers the potential for
an individual to become the object of their own social attention because their own physical
behavior has emerged to themselves in a third person perspective; therefore, they have a
mechanism with which they may react to their behavior the same way they would react to the
behavior of another. George Herbert Mead argued an individual becomes self aware only when
they “take the attitude of the other” on their own behavior. As he writes:

“When the response of the other becomes an essential part in the experience or conduct
of the individual; when taking the attitude of the other becomes an essential part in his
behavior- then the individual appears in his own experience as a self; and until this
happens he does not appear as a self.“ [36]
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Mead and others have suggested that only modes of communication which are naturally
reflexive such as speech can allow an individual to take the attitude of the other because
non-reflexive communication such as facial gestures cannot be processed similarly by an actor
as it is by an observer [37], however, we propose that a reflection prediction can bridge this
theoretical gap because evolution may allow a reflection prediction to become reflexive, allowing
an individual's own gestural behavior to emerge to themselves as though they were watching
themselves perform the behavior from the perspective of another, offering a mechanism for the
individual to take the attitude of the other on their own behavior and therefore emerge as a
social other to themselves, allowing objective self-awareness.

Combining the concept of a reflexive reflection prediction with Mead’s logic suggests an
individual may use their reflection prediction to react to their own behavior the same way they
would react to another performing the behavior. This reaction then can be used by the individual
to predict the internal reaction of others to the individual's own behavior. G.H. Mead would say
the gesture has become a “significant gesture” because the gesture means the same thing to
both the actor and witness. We refer to this reaction as the “witness” reaction because the
actor is proposed to react due to becoming witness to their own behavior via a reflexive
reflection prediction, as an actual withess would witness their behavior. The witness
reaction implies the brain may have “witness neurons” which will appear similarly as “mirror
neurons” because they are both proposed to be simultaneously activated neurons which will be
shared between an actor and a witness; as mirror neurons are proposed to occur when a
witness activates the same neurons as an actor to simulate the actor, withess neurons are
proposed to occur when an actor predictively reacts to their behavior the same way a witness
may react to the individuals behavior to simulate the witness. This has at least three important
implications in regards to self-awareness.

1) Individuals may use the witness reaction for action monitoring, defined as the process for
evaluating the appropriateness of one’s actions [38], and response execution, the
process of performing those actions, and combine these two processes as a mechanism
for action simulation, simulating the reaction of others. As an individual can imitate
others, individuals may perform response execution during this process of action
simulation by imitating the reflection prediction.that arouses in them the reaction they
wish to arouse in others.

2) When an individual chooses which behavior to perform based on the internal reaction
they wish to arouse in others, this internal reaction has become the intention of the
behavior. Therefore we propose during action simulation the individual is associating the
intention of their behavior with the sight of another (their reflection) performing that
behavior; furthermore, that individuals may use this association between intention and
reflection prediction in reverse via an inversion of the predictive model [20] to infer the
intention others are attempting to arouse in them.

3) The individual has emerged as another to themselves, therefore, as individuals infer the
intentions of others, they may infer their own intentions during the witness reaction, as
they predict others thoughts, they may predict their own thoughts during the witness
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reaction, as they empathize with others, they may empathize with themselves during the
witness reaction. As they narrate what others are doing, they may narrate what they
themselves are doing during the witness reaction. Etc. Therefore the intention of an
individual's behavior is not limited to one type of internal reaction; for example, an
individual may use the witness reaction to intend to arouse thoughts in another or may
intend to arouse emotions in another. Herbert Blumer, one of Mead’s students, would call
this a “process of indication”. As he writes:

“A very different view of human society is introduced when one recognizes that
the initiator and the recipient of a significant gesture indicate the meaning of the
gesture and then indicate the action to be taken on the basis of that meaning.
This process of indication, allowing the possibility of choice and diverse
response, breaks what would otherwise be the direct determination of action by
society. It changes the position of the initiator and the recipient of a significant
gesture from being mere agents of a transmitting society to the position of being
actors who are confronting, defining, and handling their situations.“[39]

Taken together, these implications of the witness reaction provide an explanatory mechanism to
better understand not only self-awareness but also; theory of mind, defined as the ability of an
individual to attribute mental states such as intentions, beliefs, thoughts, to others and
themselves; mentalizing, defined as “the capacity to reflect on and interpret one's own behavior
and that of others based on intentional internal mental states, such as beliefs, thoughts, and
emotions” [40,41]; and thinking through other minds (TTOM), defined as “the process of inferring
other agents’ expectations about the world and how to behave in social context” [42].
Furthermore, these implications show that it may not be accurate to think of objective
self-awareness and theory of mind as two separate concepts rather than two sides of the same
coin, because after an individual emerges to themselves as an other via a reflexive reflection
prediction’s witness reaction, self and other are inextricably linked; as an individual understands
and can define others better, they may understand and define themselves better, and as an
individual understands and defines themselves better, they may understand and define others
better. For example, as an individual learns to associate a name with the faces of others, they
may have learned to associate their own name with their own face. As they develop feelings
about another, they may develop feelings about themselves (resulting in positive or negative
self-esteem). As they judge the actions of others by a moral code, they may judge their own
actions by a moral code, and understand that others are judging their own actions by a moral
code. Etc. Therefore, self-awareness may be considered using other-awareness on oneself,
and theory of mind may be considered using self-awareness on others.

Finally, if a reflection prediction facilitates self-awareness then a reflection prediction error or the
error in the use of a reflection prediction may cause atypical self-awareness. For example, if an
individual has a reflection prediction that is not reflexive, that individual may not be able to
predict how others will react to their behavior and may therefore demonstrate behavior that is
inappropriate for a given social situation. Furthermore, since a reflexive reflection prediction is
proposed as a necessary mechanism for an individual to associate their own intentions with
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their reflection, an individual without a reflexive reflection prediction may not be able to use this
association in reverse and therefore may struggle to understand the intentions of others.

This view of atypical self-awareness offers a new way of understanding atypical theory of mind
and intention understanding as seen in certain individuals. For example, there have been
multiple theories implicating mirror neuron dysfunction in intention understanding for individuals
with autism spectrum disorder [43]. However, witness neurons are proposed to appear similarly
in the brain as mirror neurons and witness neurons offer an easy explanation of intention
understanding, as presented in this paper. Therefore, researchers may be attributing atypical
intention understanding to atypical mirror neurons when they should instead be attributing
atypical intention understanding to atypical witness neurons. It is therefore important to clearly
differentiate between which brain processes involve mirror neurons and which involve witness
neurons.

Another example of how a reflection prediction error or the error in the use of a reflection
prediction may cause atypical self-awareness is if an individual consciously processes their
reflection prediction as another individual this may cause them to conceptualize their predicted
or actual behavior as the actual behavior of another. Two examples of individuals
conceptualizing their predicted behavior as that of another may include auditory verbal
hallucinations, when an individual does not recognize their thoughts and therefore claims they
are the thoughts of another, and syndrome of subjective doubles, where an individual claims
they have a doppelganger that is leading it's own life.

One example of an individual conceptualizing their actual behavior as that of another may be
instances of multiple personalities as seen in dissociative identity disorder. An example of this
can be seen in the case of Donna Williams, who has been diagnosed with autism and
dissociative identity disorder and has two alternate personalities; Carol and Willie. The
experience of being Carol started with atypical mirror self-recognition, as indicated by this
autobiographical quote:

“Carol came in through the mirror. Carol looked just like me, but the look in her eyes
betrayed her identity. It was Carol all right. | began to talk to her, and she copied me. |
was angry. | didn't expect her to do that. My expression asked her why, and hers asked
me. | figured that the answer was a secret.” [44]

This experience supports the suggestion that a reflection prediction error or error with the use of
a reflection prediction may cause atypical self-awareness. Another example of an individual
conceptualizing their actual behavior as that of another due to a mirror is seen in how a mirror
can induce instances of asomatognosia in stroke recovery patients [45]. Asomatognosia occurs
when an individual loses recognition of one half of their body. One common symptom of
asomatognosia is somatoparaphrenia, where the individual loses agency over this part of their
body. In our model this may be expected if the mirror causes a reflection prediction error on half
of their reflection. In this instance the individual will not be able to successfully predict half of
their reflection, so they may not be able to recognize half of their body relative to mirrors and
thus may have a failure of self-awareness for that half of their body.
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To summarize: a reflection prediction may facilitate self-awareness by letting an individual
emerge as another to themselves, and reflection prediction errors or error with the use of a
reflection prediction may cause atypical self-awareness as seen in a variety of individuals.

Conclusion

In this paper we have presented a predictive processing analysis of the mirror test, argued that
a reflection prediction may facilitate mirror self-recognition, mirror proprioception, imitation, and
self-awareness, and examined how reflection prediction errors or errors with the use of a
reflection prediction may contribute to atypical mirror self-recognition, atypical mirror
proprioception, atypical imitation, and atypical self-awareness.

Though grounded firmly in the predictive processing model built by others, this paper is largely
speculative and we have offered novel perspectives on a variety of topics that have been
discussed for decades or longer. These perspectives may wind up being correct or incorrect;
regardless, we believe an open discussion of these perspectives can greatly advance the
scientific understanding of the topics discussed in this paper such as mirror self-recognition and
self-awareness. This is particularly important due to the sheer number of symptoms of disorders
that this model may help to understand and possibly even treat, as we have attempted to point
out throughout this paper.

Many questions remain concerning this theory. Some examples include:

e \Where and how is the reflection prediction represented or implemented in the brain? Is it
separate entirely from the conscious body image or are they related in some way?

e To what degree are individuals consciously aware of altered reflection predictions (i.e.
would someone with BIID tell you that when they closed their eyes and pictured their
reflection in the mirror, it is missing a limb)?

e What exactly is a reflection prediction error? How or in what circumstances can a
reflection prediction be altered?

What causes perceptual inference to vary or fail?
Is there a way to treat reflection prediction errors other than reflection prediction error
correction? Is there a quantitative way to measure agency over a reflection in the brain?

As a first next step we urge the scientific community to gather more data and think more
critically about mirror self-recognition. The inability of an individual to recognize themselves in
the mirror is currently viewed by the scientific literature as merely a symptom of various
disorders and because of this there is a shortage of data on mirror self-recognition in the
scientific literature. If the scientific community instead considers that an individual not
recognizing themselves in the mirror may be tied to the atypical functioning of other traits, as
this model suggests, we believe significant progress can be made in understanding both
individual symptoms/disorders and how various symptoms/disorders relate to one another.

Finally we will conclude by pointing out that much of the model that we have presented in this
paper can be considered analogously for reflexive modes of communication as a path towards
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self-recognition and self-awareness under the correct evolutionary circumstances. For example,
a species that communicates with odors may smell their own odor and treat their own odor as
the odor of another, learn to predict how that other will respond to them, gain agency over the
odor and ignore it via sensory attenuation, and use the odor prediction reflexively to generate a
witness reaction in order to predict how others will respond to their own odor. A species that
communicates with sound may treat their speech (or echo) as the speech of another, learn to
predict how that other will respond to them, gain agency over the speech (or echo) and ignore it
via sensory attenuation, and use the speech prediction (or echo prediction) reflexively to
generate a witness reaction in order to predict how others will respond to their own speech. Etc.
These modes of communication are different from bodily movement because they are naturally
reflexive and so this seems like a likely path for self-recognition and self-awareness to arise in
other species under the correct evolutionary circumstances.
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