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REAFFERENCE PRINCIPLE

Primary Disciplinary Field(s): Neuroscience, Motor Control, Sensory Physiology

1. Core Definition

The Reafference Principle is a foundational concept in motor control and neurobiology that

provides a mechanism for the nervous system to regulate and coordinate body movements by

processing the interaction between internal motor signals and subsequent sensory feedback. At its

core, the principle addresses the critical challenge of distinguishing between sensory changes

caused by an organism's own actions (self-generated movement) and those caused by external

stimuli in the environment. This distinction is vital for maintaining perceptual stability and enabling

effective, accurate motor execution, particularly in rapid or complex actions.

The term reafference itself refers specifically to the sensory input generated as a consequence of

self-produced movements. For instance, when a person walks, the sensory signals received from

muscles, joints, and the vestibular system constitute reafference. The principle posits that the

central nervous system (CNS) predicts this sensory outcome before it even occurs, using an

internal signal derived from the motor command itself. By comparing the predicted sensory result

with the actual received sensory feedback, the system can cancel out or "nullify" the self-generated

signals, thereby isolating true external sensory events, known as exafference, which represent

changes in the external world.

Functionally, the Reafference Principle ensures that the brain does not become overwhelmed or

confused by the constant stream of sensory input resulting from routine movements. Without this

predictive mechanism, the world would appear unstable or erratic every time the eyes moved or

the head turned. By providing a regulatory feedback loop, the principle establishes the necessary

framework for error detection and ongoing motor adjustment, ensuring that movements achieve

their desired goals efficiently and accurately, regardless of small variances or unexpected

environmental forces.

2. Historical Context and Origin

The intellectual roots of the Reafference Principle trace back to the mid-19th century work of

physicist and physiologist Hermann von Helmholtz, who explored how the perception of space

and stability is maintained during eye movements. Helmholtz suggested that a copy of the motor

command sent to the eye muscles must be used to predict the resulting visual displacement on the

retina. If this prediction matched the actual retinal input, the displacement would be interpreted as

self-generated and thus ignored, leading to a stable visual world.

However, the formal articulation and naming of the concept came later in the 1950s through the
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extensive studies of German scientists Erich von Holst and Horst Mittelstaedt, primarily utilizing

insect and fish models to study rhythmic motor patterns. They introduced the explicit terms

Reafferenz (reafference) and Exafferenz (exafference) to differentiate between self-generated

and externally generated sensory input, respectively. Their detailed work established the basic

model involving the generation of an internal copy of the motor signal that served as a reference

against subsequent sensory feedback.

Von Holst and Mittelstaedt demonstrated that motor systems do not merely operate on a simple

reflex arc (stimulus-response) but rely heavily on internal loops that constantly monitor and adjust

activity based on internally generated expectations. This revolutionary perspective shifted focus in

neuroscience from purely reactive models to predictive and feed-forward control mechanisms,

establishing the Reafference Principle as a key explanatory tool across disciplines ranging from

neurology to computational motor control models.

3. Mechanism of Operation: The Efference Copy

The execution of the Reafference Principle hinges upon a critical internal signal known as the

efference copy, sometimes referred to as the corollary discharge. When the central nervous

system (specifically, the processing unit) decides to execute a movement, it generates a primary

motor command--the efference signal--which is directed toward the effector muscles (e.g., a limb

or eye muscles). Simultaneously, a collateral copy of this motor command is created. This

efference copy is not routed to the muscles but is instead diverted internally to a sensory

processing or comparison center.

This efference copy serves as the system's internal prediction of the sensory consequences that

the movement is expected to produce. It essentially establishes the reference value or set point--

the expected reafferent signal--required to successfully execute the movement. Because this

signal is generated and received internally before the physical movement is complete and before

the actual sensory feedback returns, it allows the nervous system to prepare for and anticipate the

incoming sensory changes.

The predictive nature of the efference copy is what grants the nervous system superior speed and

stability over systems relying solely on conventional feedback loops. Traditional feedback loops are

inherently slow because they require the movement to occur, the sensory signal to be generated,

and the signal to travel back to the CNS for comparison and adjustment. By utilizing the efference

copy, the CNS can achieve near-instantaneous comparison, allowing for immediate error

correction or, more commonly, the suppression of predicted sensory inputs, making the resulting

perception seamless and stable.
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4. Key Components

The full operational cycle of the Reafference Principle requires the coordinated function of several

distinct components within the nervous system's architecture. These components interact

sequentially to ensure that motor commands result in desired actions and that the sensory

environment is interpreted accurately.

The initial component is the Motor Command (Efference), which is the primary neural signal

originating from motor planning areas and traveling to the effector muscles. This signal dictates the

timing, force, and direction of the movement. Following this, the Efference Copy is the crucial

internal, collateral signal derived from the motor command, providing the basis for sensory

prediction. This copy establishes the expected sensory state.

The third critical component is the Comparator Mechanism, located within the CNS. This neural

circuit is responsible for receiving and comparing the efference copy (the prediction) against the

actual Reafferent Signal (the sensory input generated by the movement). The comparator

mechanism determines if there is an agreement or a discrepancy between the predicted and actual

sensory outcomes. Finally, the output of the comparator, often termed the "difference signal" or

"error signal," dictates whether corrective motor action is needed or whether the sensory input

should be interpreted as purely external (Exafference).

5. Integration with Sensory Feedback

The successful implementation of the Reafference Principle depends entirely on the precise

integration and comparison of internal predictions with external reality. Once the motor command

has been issued and the movement is underway, the sensory units--such as proprioceptors in

muscles and joints, or visual receptors--send signals back to the CNS. This arriving information

constitutes the reafference.

Upon reaching the comparator, the actual reafference is matched against the predicted sensory

input provided by the efference copy. In a successful, planned movement, the reafference will

closely align with the efference copy's prediction. When this match occurs, the resulting sensory

signal is filtered out or suppressed; the CNS interprets this change as expected and irrelevant to

the external world state. This process is essential for achieving a stable world view and preventing

self-tickling (since the brain predicts the sensory consequences of the movement required to tickle

oneself).

Conversely, if the actual sensory input deviates significantly from the internal prediction, a robust

error signal is generated. This difference signal signifies that the movement did not proceed as

planned (indicating a motor error) or, more importantly, that an external force or event

(exafference) caused the sensory deviation. This error signal is then utilized by the CNS for two
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primary functions: (1) immediate, rapid motor correction to adjust the ongoing movement, and (2)

long-term motor learning, allowing the system to refine future predictions and improve the accuracy

of the efference copy.

6. Perceptual Applications: Eye Movement Stability

One of the most classical and demonstrable applications of the Reafference Principle relates to

maintaining visual stability during voluntary eye movements. When the eyes move (a saccade), the

image of the world sweeps rapidly across the retina. If the visual system simply reported this retinal

image shift, the world would appear to jump and blur continuously, rendering coherent vision

impossible.

To prevent this perceptual instability, the efference copy of the command sent to the oculomotor

muscles is forwarded to the visual processing centers. This copy predicts precisely how much and

in which direction the retinal image will shift due to the eye movement. When the actual retinal shift

(the visual reafference) arrives, it is compared against the efference copy. Because the prediction

matches the sensory input, the movement-induced shift is internally canceled, and the brain

perceives the external world as stationary and stable.

A powerful experimental demonstration of this principle is achieved by paralyzing the eye muscles

and asking a subject to attempt to move their eyes. Because the motor command is issued, the

efference copy is generated, but no actual eye movement occurs, resulting in no retinal

reafference. The unmatched efference copy causes the subject to perceive the external world as

moving opposite to the intended gaze direction, highlighting that it is the internal predictive signal,

not the sensory input alone, that determines perceptual stability during self-motion.

7. Significance in Motor Control

The significance of the Reafference Principle extends beyond basic sensory perception; it is

fundamental to the sophistication of all voluntary motor control. It provides the neural substrate for

several high-level motor functions, including adaptation, calibration, and the critical ability to

monitor motor accuracy.

In adaptive motor control, the difference signal generated by the comparator allows the motor

system to learn from errors. For example, if a person wears magnifying glasses, the predicted

reafference of reaching for an object will consistently undershoot the actual visual feedback. Over

time, the CNS uses this persistent error signal to recalibrate the generation of the efference copy,

thus adjusting the motor commands until the prediction once again matches the result, enabling

accurate reaching under the new visual conditions. This continuous calibration is essential for

using tools and responding to bodily growth or injury.
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Furthermore, the ability to distinguish self-generated action from external events is crucial for

maintaining a coherent sense of self and agency. In certain clinical conditions, such as some forms

of schizophrenia, there is hypothesized dysfunction in the efference copy generation or the

comparator mechanism. This failure to correctly attribute sensory consequences can lead to

symptoms like feeling that one's own actions or thoughts are being controlled by an external force,

demonstrating the principle's importance for basic psychological integrity.

8. Debates and Related Concepts

While the Reafference Principle provides a robust framework, modern neuroscience often uses

slightly more specific or generalized terms, leading to ongoing conceptual refinement. The term

Corollary Discharge is frequently used interchangeably with Efference Copy, though some

researchers use corollary discharge to refer specifically to the signal's effect on sensory pathways

(gating or suppression), and efference copy to refer strictly to the internal predictive motor signal

itself.

A primary area of debate revolves around the exact locus and nature of the comparison

mechanism. While the principle clearly identifies the need for prediction and comparison, the

specific neural circuits involved--whether they are solely in the cerebellum, parietal cortex, or

distributed across multiple structures--remain an active area of research. Furthermore, the

complexity of sensorimotor integration requires the system to handle not only predicted sensory

consequences but also the delays inherent in biological signaling, leading to sophisticated models

that extend beyond the simple comparison loop.

The Reafference Principle has also been formalized within computational models of motor control,

such as Internal Models. These models view the CNS as operating both an Inverse Model

(calculating the necessary motor commands to achieve a desired outcome) and a Forward Model

(predicting the sensory outcome of a given motor command). The forward model's prediction is

functionally equivalent to the efference copy mechanism described in the Reafference Principle,

cementing this foundational concept within contemporary theories of neural control.

Further Reading

Wikipedia: Reafference

Wikipedia: Efference Copy and Corollary Discharge

NCBI: The Concept of Reafference and the Control of Action (Academic Overview)
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