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A B S T R A C T

Forward models allow individuals to learn to predict the sensory consequences of their own behavior. Social
forward models have been proposed as an extension of forward models, allowing individuals to learn to predict
the response of another to the individual's own behavior. This article proposes similarly that an individual who
treats their reflection as another may learn to predict the behavior of their reflection, offering a new perspective
on mirror self-recognition and a potential framework through which to investigate visual delusions. Specifically
this article investigates this framework by considering four body image delusions; mirrored-self misidentifica-
tion, body integrity disorder (BID), phantom limbs, and gender dysphoria, and two delusions associated with
visual neglect; somatoparaphrenia and mirror agnosia.

Introduction

Forward models have been proposed as a mechanism for the central
nervous system to differentiate between sensory input from the en-
vironment and sensory input from self-generated behavior [1]. Pick-
ering & Garrod [2] use an example of moving a hand to a target to
demonstrate how a motor act is proposed to consist of two parallel
processes simultaneously triggered by a motor command:

“First, it (the motor command) causes the action implementer to
generate the act, which in turn leads the perceptual implementer to
construct a percept of the experience of moving the hand….Second,
it sends an efference copy of the action command to cause the for-
ward action model to generate the predicted act of moving the
hand….The predicted act then causes the forward perceptual model
to construct a predicted percept of the experience of moving the
hand.”

These two processes allow the individual to differentiate between
sensory input from self-generated behavior and sensory input from the
environment by comparing the predicted sensory experience with the
actual sensory experience. When the prediction generated by the for-
ward model= perceptual experience (also referred to as P=E) a
phenomenon known as sensory attenuation occurs, dampening atten-
tion to the sensory experience and allowing the individual to know that
the experience is a result of their own behavior [3]. A common example
used to display this sensory attenuation is that an individual cannot

tickle himself. According to motor theory this is because the predicted
experience of the efference copy for the tickling motor act matches the
experience of tickling; thus, P=E and the tickling sensation is canceled
[2].

When the predicted sensory experience and actual sensory experi-
ence do not match (also referred to as P=/=E), sensory neurons fire,
drawing the attention of the individual to this prediction error [3]. This
prediction error corrects the forward model such that the next action
can be modified. A simple example to demonstrate this is that if a
forward model is used to predict where an individual’s hand will be
during a grasp, and the hand is a little further to the right than pre-
dicted, this prediction error is noted and the next time the individual
attempted the same grasp, he would grasp a little further to the right
[2].

Thus, forward models can be used for predicting the perceptual
outcomes of an action and granting agency of the sensory experience by
attenuating the sensory effects of self-motion. Forward models have
further been extended beyond simple motor control to social control. As
Wolpert, Doya, and Kawato [4] write,

“We can consider a similar forward or predictive model for social
interaction. In this case another person’s response to my motor
commands or communicative behaviour is modelled. Again, dis-
crepancies between anticipated and actual behaviour can be used to
refine such a model. Therefore, by monitoring one’s own action and
the response of others it is possible to learn a predictive model of the
likely behaviour of someone in response to our actions.”
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This article extends this idea by arguing that if an individual treats
their reflection in the mirror as another and learns to predict the re-
sponse of this reflection to their own actions, this “reflection predic-
tion” would allow mirror self-recognition and could help to further our
understanding of certain visual delusions related to the body image and
caused by visual neglect. This is because, when in front of a mirror, an
individual would now be predicting the image of their reflection; thus,
P=E and sensory attenuation should occur, dampening the attention
of the individual to the reflection except when P=/=E.

Mirror self recognition

Mirror self-recognition is the ability of an individual to recognize
their reflection in the mirror as belonging to themselves. In general,
animals respond to their reflection in a mirror in one of three ways:
treating the reflection as a conspecific indefinitely, treating the reflec-
tion as a conspecific before learning to ignore the reflection, and ex-
hibiting self-directed behavior, which is considered experimental evi-
dence that a species is capable of mirror self-recognition [5]. Although
this self-directed behavior has proven difficult to test for and under-
stand, it’s existence in a species is widely used as a measurement for
self-awareness [6]. The “mirror test”, developed by Gordon Gallup Jr.,
is the classic experiment to determine whether a species is capable of
self-directed behavior [5]. This involves monitoring the reaction of
animals who have had an area of the body they do not normally see
marked; in Gallup’s original experiment, this marking was accom-
plished with an odorless red dye [5]. If this marking elicits self-directed
behavior in the mirror (i.e. attempting to remove the dot), the species is
said to be capable of mirror self-recognition; for example, Gallup used
this test to conclude that chimpanzees were capable of mirror self-re-
cognition and monkeys were not, as chimpanzees exhibited self-di-
rected behavior and monkeys did not [5].

The view of mirror self-recognition as a product of forward models
offers a new perspective to understand the three general responses of a
species to a mirror;

1) Those who indefinitely treat the reflection as another do not learn to
predict their reflection

2) Those who treat the reflection as another before learning to ignore it
do predict their reflection; the resulting prediction allows P=E,
allowing agency of the reflection while dampening the individual’s
attention to the reflection.

3) Those who display self-directed behavior are displaying prediction
error correction, as the mark will cause P=/=E, and removing the
mark will cause P= E.

Thus, it is the view of this article that a species that ignores its re-
flection is capable of mirror self-recognition and that self-directed be-
havior is the result of prediction error correction. This article views self-
directed behavior as a trait which likely emerged in those species which
had a strong enough selection pressure to correct reflection prediction
errors - for example, species for which appearance has a social fitness
consequence, or species which are threatened by disease spread by bugs
or blood which may resemble a “mark”. However, self-directed beha-
vior does indicate awareness of the location of self and objects in space
relative to a mirror, and a reflection prediction may provide a me-
chanism for this awareness. This makes sense intuitively, as a successful
reflection prediction would require an understanding of a relationship
between distance of self and objects and a reflection, for example, for an
individual to predict that as they moved closer to the mirror, their own
reflection grows larger, or to predict that as they move an object in
front of them, the reflection moves the object in front of itself. This
understanding of the spatial location of self and objects relative to a
mirror as a product of a successful reflection prediction yet separate
from self-directed behavior is consistent with research indicating that

both species capable of self-directed behavior and species not capable of
self-directed behavior have demonstrated the ability to solve spatial
problems with the use of a mirror [7].

This article has proposed that a reflection prediction may allow an
individual both agency over their reflection and an understanding of
the location of self and objects in space relative to a mirror. A delusion
is defined as “A belief or altered reality that is persistently held despite
evidence or agreement to the contrary” [8]. If a reflection prediction is
required for agency over one's body image, errors in this reflection
prediction may help to explain delusions that cause an individual to not
feel agency over their reflection, or feel agency over a body image that
is different than their reflection. This article will consider four such
“body image delusions”; mirrored-self misidentification, body integrity
disorder, phantom limbs, and gender dysphoria. Furthermore, visual
neglect is a disorder characterized by a loss of the ability to visually pay
attention to stimuli in one half of the visual field [9]. This article will
consider two delusions that may result from the prediction error caused
by visual neglect; somatoparaphrenia, and mirror agnosia.

Body image delusions

Mirrored-self misidentification is a cognitive disorder that causes an
individual normally capable of mirror-self-recognition to mistake their
own reflection for another individual that looks just like them [10].
According to this model, such a reaction would be expected if there was
an error that caused P=/=E, causing a lack of agency over the re-
flection and causing the afflicted to treat their reflection as a con-
specific, just as species incapable of mirror self-recognition do.

Body integrity disorder (BID) is in part characterized by the desire
for amputation of a limb [11]. According to this model, such a reaction
would be expected if an individual predicted their reflection does not
have a limb. If this is the case, P=/=E, and the desire for amputation
of the limb may be considered a form of prediction error correction; if
the limb is amputated, P=E in front of a mirror. This idea is consistent
with research indicating BID is a result of a “mismatch between the
mental body image and the physical body” [11].

Patients with phantom limbs continue to experience the sensations
of a limb after the limb has been amputated [12]. If BID fits in this
model as the result of seeing the reflection of a limb the individual no
longer predicts they possess, phantom limbs may be considered the
opposite; the result of predicting the reflection of a limb which they no
longer actually possess. The experience of the phantom limb may thus
be considered the individual feeling agency over a body image that is
different than their reflection. This may help explain why mirror
therapy has been successfully used to help treat the experience of
phantom limbs [12]; mirror therapy replaces the image of the missing
reflection, acting as prediction error correction by allowing P=E in
front of a mirror and causing the individual to gain agency over the
reflection.

Gender dysphoria is characterized by distress caused by identifying
as a member of the gender that is opposite their birth gender [13].
According to this model, this would be expected if an individual pre-
dicted that their reflection looked like a member of the gender opposite
their birth gender; then, P=/=E and the individual would not feel
agency over their reflection. Crossdressing and sexual reconstructive
surgery, two common means of coping with this disorder [13], may be
considered prediction error correction, as this may allow P=E in front
of a mirror.

Visual neglect

Visual neglect is a disorder characterized by a loss of the ability to
visually pay attention to objects in one half of the visual field [9]. If this
visual neglect prevents an individual from predicting the reflection of
self and objects in the neglected half of the visual field, and the in-
dividual actually saw a reflection of themselves or objects in that half of
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the visual field, P=/=E, and a prediction error would result. Soma-
toparaphrenia and mirror agnosia, two delusions that may accompany
visual neglect, may be viewed through this model as delusions caused
by this prediction error.

For example, somatoparaphrenia is a delusion in which an in-
dividual claims that part, or in the case of individuals with visual ne-
glect, half, of their body belongs to another person [14]. According to
this framework, if an individual could not predict the reflection of half
of their body, but actually experienced seeing the reflection of half of
their body, P=/=E and the individual would not gain agency over half
of the half of their reflection that they could not predict. Somatopar-
aphrenia may be considered a delusion that corrects this prediction
error to allow P=E in front of a mirror; This is because an individual
who cannot predict half of their reflection will process that half of their
reflection as belonging to another, thus, by believing half of their body
actually belongs to another, ironically, P= E in front of a mirror and
sensory attenuation may be re-achieved. This may help explain why
somatoparaphrenia can be temporarily reversed with mirror therapy
[14]; the delusional belief itself may substitute for the reflection pre-
diction and allow P=E in front of a mirror.

Mirror agnosia is another delusion that occurs in individuals with
visual neglect. This disorder characterized by a misunderstanding of the
locations of objects in space relative to a mirror for objects located in an
area of the visual field that an individual cannot process due to visual
neglect [9]. An individual with this disorder who sees the reflection of
an object from the visually neglected area will not reach for the object
in the visually neglected area, they will try to reach through the mirror
[9]. According to this framework, this would be expected if the visual
neglect caused an individual to not predict the reflection of an object
from the damaged half of the visual field. If the individual actually saw
the reflection of an object from this half of the visual field, P=/=E and
a prediction error would result. The delusion that the object is through
the mirror, rather than in the neglected visual field, is very rational
from this perspective – for example, if a healthy individual saw the
reflection of an object in a mirror that they did not see outside of the
mirror, this author would expect much the same reaction – the healthy
individual may try to reach through the mirror. This would be difficult
to test outside of a virtual reality environment, yet, is consistent with
the idea proposed earlier that a successful reflection prediction may
allow the localization of objects in space relative to a mirror.

While translating this view of body image delusions and delusions
from visual neglect as the result of prediction error correction in the
prediction of a reflection is, to this author's knowledge, novel, the view
of delusions in general as the result of prediction error is not. For ex-
ample, Phillip Corlett concludes:

“Single factor, prediction error account gives a parsimonious ac-
count of delusions that generates novel predictions about how best
to treat delusions and incorporates numerous biological, clinical and
phenomenological data regarding delusions.” [15]

Conclusion

This article has argued that a forward model which allowed an in-
dividual to learn to predict the behavior of their reflection could help to
further the scientific understanding of mirror self-recognition and
provides a potential framework or investigating delusions related to the
body image and those caused by visual neglect. While no experiment
was run to support the claims of this article, the author believes that a
“reflection prediction” offers enough explanatory power for mirror self-
recognition and the delusions discussed above to warrant further study.
Future work should include theoretical and experimental extensions
and incorporating this model into existing social, neurocognitive, and
evolutionary models.
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