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The cerebellumisimplicated in nearly every domain of human
cognition, yet our understanding of how this subcortical
structure contributes to cognition remains elusive. Efforts
on this front have tended to fall into one of two camps.
On one side are those who seek to identify a universal
cerebellar transform, a single algorithm that can be applied
across domains as diverse as sensorimotor learning, social
cognition, and decision-making. On the other side are those
who focus on functional specializations tailored for different
task domains. In this perspective, we propose an integrated
approach, one that recognizes functional specialization
across different cerebellar subregions, but also builds on
common constraints that help define the conditions that
engage the cerebellum. Drawing on recurring principles from
the cerebellum’s well-established role in motor control, we
identify three core constraints: 1) Prediction—the cerebellum
performs anticipatory, simulation-based computations; 2)
Timescale—the cerebellum generates predictions limited to
short intervals; and 3) Continuity—the cerebellum facilitates
the manipulation of mental representations in a continuous,
but not discrete manner. Together, these constraints define
the boundary conditions underlying how the cerebellum
supports cognition, and, just as importantly, specify the types
of computations that should not depend on the cerebellum.

cerebellum | cognition | action | subcortex | learning

1. The Cognitive Cerebellum

Inspired by the parallel expansion of the prefrontal cortex
and lateral cerebellum, Leiner, Leiner, and Dow offered the
conjecture that the cerebellum helps coordinate mental pro-
cessing, similar to how this subcortical structure helps coor-
dinate movement (1). Since their seminal paper, a diverse
literature has emerged over the past 40 y implicating the
cerebellumin a broad array of cognitive, social, and affective
function (2-5). This work has led, for example, to the estab-
lishment of a new clinical diagnostic category, Cerebellar
Cognitive Affective Syndrome (CCAS) (6, 7), in recognition of
the symptoms that can be observed in patients with neuro-
logical disorders of the cerebellum. Complementing the work
involving human participants, there has been a surge in stud-
ies with nonhuman species to explore the circuitry and phys-
iological processes that underlie the contribution of the
cerebellum to nonmotor behavior such as spatial cognition,
social cognition, and reinforcement learning (8-10).

Much of the literature has been anchored to a binary
question, “Is the cerebellum involved in X?,” with X spanning
domains such as language, attention, working memory, social
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cognition, and emotional regulation. Similarly, the items on
the CCAS battery have been selected because of their diag-
nostic value in evaluating impairments in these domains (6).
Studies using functional neuroimaging or neurophysiological
recordings have probed how information is encoded in the
cerebellum, with the results providing detailed maps depict-
ing functional specialization in nonmotor domains across
much of the cerebellar cortex (S/ Appendix, Fig. S1A) (5, 11).

While this work has certainly led to an appreciation of the
broad functional domain of the cerebellum, the field still
struggles to understand how the cerebellum contributes to
cognition. We have a large catalog showing that the cerebel-
lum is engaged in a broad range of tasks but have made
limited progress in deepening our understanding, be it mod-
els that describe computational principles at the psycholog-
ical level or detail how these computations emerge from the
physiological activity of the cerebellum.

In seeking to understand how the cerebellum supports
cognition, many researchers have drawn inspiration from
the idea that computations supporting motor control might
extend to cognition. This approach is motivated by the strik-
ingly uniform architecture of the cerebellar cortex (12).
Although there are variations across subregions (13), the
basic cell types and connectivity patterns have been main-
tained over the long evolutionary history of the cerebellum.
A second motivation comes from anatomy: the cerebellum
forms recurrent loops not only with sensorimotor regions
but also with association areas of the cerebral cortex includ-
ing the prefrontal cortex (14). Together, these observations
have led to the proposal that computational principles
derived from cerebellar architecture—and well characterized
in motor control—may also serve as candidate mechanisms
for mental coordination and nonmotor learning.

These computational principles are most clearly articulated
in what is commonly referred to as the Marr-Albus-Ito
model. Impressed by the massive degree of divergence and
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convergence in the cerebellar cortex, Marr proposed that the
cerebellum operates as a pattern recognition system (15).
Focusing on sensorimotor control, pattern recognition would
be essential for adaptive behavior, specifying the context
that enables organisms to produce a near-infinite set of
movements (16, 17). For example, detecting whether one is
walking on ice or solid ground is critical for adjusting move-
ment kinematics to prevent a fall (18).

Building on Marr's theory, Albus and Ito proposed a learn-
ing scheme in which the climbing fibers, axons of neurons in
the inferior olive, provide error information to shape how the
Purkinje cells respond to the descending and ascending input
arising from the pons, signals assumed to convey information
about the current state and forthcoming movement (19, 20).
This contextual information can be used to predict the sen-
sory consequences of an upcoming action—an operation
commonly referred to as a forward model (S/ Appendix,
Fig. S1B) (21). These predictions modulate downstream motor
circuits, allowing movements to be rapidly coordinated with-
out relying on delayed sensory feedback. Interneurons within
the cerebellar cortex refine the timing of these predictions,
ensuring they influence behavior precisely when needed (13).
When the sensory outcome deviates from the predicted out-
come, the activation of the climbing fibers relays both instruc-
tional and error signals (22, 23) which can trigger immediate
corrective responses and induce plasticity within the cerebel-
lar circuit (24) to update the forward model. These processes
incrementally refine behavior, helping ensure that move-
ments are performed accurately in a continuous, coordinated
manner (25).

Extending the principles of the Marr-Albus-Ito model to
cognition has led to the hypothesis that the cerebellum
builds forward models that run internal simulations to gen-
erate domain-general predictions (3, 21, 26, 27). For example,
in the language domain, semantic representations in the
cerebellum could be used to generate predictions regarding
the upcoming words in an utterance (28, 29). In the social
domain, the cerebellum might generate a forward model of
the internal state of another agent and anticipate their
behavior during a social interaction (9, 30).

While the generalized prediction hypothesis offers a com-
pelling starting point, the mapping of core principles
between motor and cognition is not straightforward.
Consider the learning process: In motor control, the cere-
bellum receives an efference copy of the motor command
and, in combination with inputs specifying the current con-
text, generates a prediction of the expected consequences
of that movement. Learning within this system is driven by
sensory prediction errors, the difference between the
expected and actual sensory outcome. These errors have a
clear vector, which, through gradient descent, can be used
to guide corrections that progressively improve the action
[see reviews: (31)].

This idea can be naturally extended to social cognition,
where the relevant inputs include the current context and
the states of other agents. A forward model could generate
predictions about others’ behavior—for example, anticipat-
ing whether a friend encountered at the airport will greet
you with a hug or a kiss. A mismatch between the expected
and actual outcome (e.g., anticipating a hug but receiving a
kiss) would constitute a social prediction error.

20f 10 https://doi.org/10.1073/pnas.2524258123

However, whereas sensory prediction errors in motor con-
trol update parameters along continuous dimensions (e.g.,
direction, force), the representational structure of social pre-
diction errors remains underspecified. What is the “vector”
of a social prediction error: a kinematic mismatch in another
agent's actions, a deviation in affective valence, or some com-
bination of both? And how does such an error specify the
change required to improve future responses, for example,
whether an unexpected kiss should bias future behavior
toward reciprocating a kiss, or instead prompt an adjustment
in posture to signal a preference for a hug? At present, both
the structure of these representations and the learning rules
governing the cerebellum'’s role in social cognition remain
poorly defined.

A broader concern with the generalized prediction hypoth-
esis is that predictive processing is not unique to the cere-
bellum. Indeed, as exemplified in the Predictive Coding
Framework, prediction is viewed as the canonical computa-
tion of the brain (32), one that is performed at all stages of
the neural hierarchy. As such, if prediction is the hallmark of
all neural processing, the key question then becomes: What
is unique about cerebellar-dependent predictions?

When applied to nonmotor functions of the cerebellum,
the concept of prediction is often invoked in an under-
specified manner. For instance, itis reasonable to suppose
that the ability to anticipate future states will enhance
“mental coordination,” supporting cognitive processes
across domains (2). Yet without clearly defined constraints,
such claims risk becoming too broad for rigorous testing.
What would disprove such a hypothesis? What are the
cognitive symptoms of disrupted cerebellar predictions,
and under what conditions do they emerge?

Equally important, specifying the constraints on cerebellar-
dependent prediction should yield not only predictions about
tasks impaired by cerebellar pathology or altered by cerebel-
lar stimulation, but also about tasks that remain unaffected.
In the rush to define the cerebellum’s role in cognition,
spared functions are often overlooked. Yet these functions
can be especially diagnostic of what makes cerebellar com-
putation unique.

2. Constraints Governing Cerebellar
Computation in Action and Cognition

What constraints govern cerebellar computation in action
and cognition? To tackle this question, we consider the role
of the cerebellum in motor control, identifying recurring prin-
ciples that have emerged over decades of research. We use
these constraints as a springboard to ask whether similar
principles extend to cerebellar computation in a range of
task domains.

Because sensory feedback from movement is delayed, the
nervous system cannot operate as a closed-loop system for
real-time motor control. To avoid the instabilities such delays
would cause, the sensorimotor system must anticipate future
states, ensuring a smooth, continuous transition from the
current state to the desired goal (21). As described in Section
I, the cerebellum is a core node in this control scheme, gen-
erating predictions about the sensory information that will
arise from these upcoming state transitions (i.e., a forward
model). To be effective, these predictions must integrate both
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time and space: Reaching for a water glass requires antici-
pating the sensory contact at a specific limb position and at
a precise moment in time.

This model provides an elegant account of key features of
cerebellar ataxia (CA). These patients struggle to anticipate
the kinematic changes that occur during movement (33).
Unlike patients with apraxia or hemiplegia, they can recruit
the necessary muscles and show little loss of force. However,
impaired feedforward control prevents proper coordination
of agonist-antagonist activation, making it difficult to stop
the movement at the intended position and at the intended
time. As a result, their movements are ataxic—undershooting
or overshooting the target—and, with increased reliance on
delayed sensory feedback, exhibit intention tremor. Transient
disruption of cerebellar activity, either through transcranial
magnetic stimulation in humans (Fig. 1A) (34) or nerve stim-
ulation/optogenetics in animal models (35, 36) produces
similar ataxic errors, reinforcing the cerebellum'’s role in gen-
erating predictions of the limb's state across space and time.

The importance of the cerebellum for predictive, feedfor-
ward control—and its relative unimportance for reactive,
feedback control—is evident across a wide range of sensori-
motor tasks (33). One of the best-studied paradigms for prob-
ing feedforward control is sensorimotor adaptation, with one
variantinvolving a manipulation such that the visual feedback
is perturbed during movement (Fig. 1B). The resultant sen-
sory prediction error is used to recalibrate the sensorimotor
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system and, correspondingly, refine the forward model asso-
ciated with that motor command (38, 39). Patients with CA
show marked impairments on adaptation tasks across a wide
range of effectors and tasks (38, 40). In contrast, performance
on tasks that depend on reactive, feedback-driven control is
minimally affected. For example, when visual feedback is
randomly displaced mid-reach, patients with CA generate
online corrective responses comparable to those of controls
(41, 42). This dissociation extends to speech: when the spec-
tral properties of the auditory feedback are perturbed during
ongoing speech, patients with CA exhibit intact online correc-
tions (see also: (41)).

Drawing on this rich literature, we highlight three core
constraints on cerebellar-dependent computations.

Prediction constraint: Cerebellar computations support
feedforward, predictive control—not feedback- or memory-
based responses.

The cerebellum will be engaged in tasks that require antic-
ipating future states based on an internal transformation of
a current representation. We assume that such predictions
involve a simulation process that estimates the transition
from the current state to the desired state.

The corollary here is that the cerebellum should not be
involved in tasks in which the behavior is reactive, driven by
feedback or retrieval processes. For example, predictions can
arise from recalling prior associations in episodic memory:
upon entering a favorite coffee shop, | might confidently

20

-
(&
T

5
H
—
\

H

Reach Error (cm)
o
° :

0.0

CBL NK M1 PPC

20

Control _gdhiil

Movement Angle (°)

o

50
Movement Cycle (#)

Fig. 1. The Cerebellum as a Forward Model in Motor Control and Motor Learning. (A) Online use of predictive control. Participants moved their hand laterally
(dotted line) until a tone cued a reach to the target (solid line; Left). The error observed after cerebellar TMS suggests that planning is made from the actual hand
position at tone onset (yellow dot) rather than the predicted future position the hand will reach (gray dot) due to delays in processing the sensory feedback and
updating the motor output [adapted from (34)]. This effect was not observed following TMS stimulation over M1 or posterior parietal cortex (PPC), or a control
site, the neck (NK) (Right). (B) Clamped feedback task to isolate cerebellar-dependent adaptation (Left). When instructed to reach straight to a visual target while
ignoring a cursor that always moves at a fixed angular offset from the target, participants exhibit an implicit shift in movement angle, akin to what is observed
in standard visuomotor adaptation tasks. Implicit adaptation is attenuated in patients with cerebellar ataxia (CA; orange) compared to controls (gray) (Right)

[adapted from (37)].
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predict that my friend will order an espresso. Retrieval-based
predictions are unlikely to rely on cerebellar computation.

Timescale constraint: Cerebellar computations operate
over short timescales—not extended temporal intervals.

Predictions extend over different time scales. A large body
of literature shows that the cerebellum is critical for tasks
that require high temporal precision, but only over a limited
temporal range (milliseconds). Such precision is essential for
coordinating the pattern of neural activity needed to grasp
an object or anticipate the trajectory of a fast-moving ball.
Similarly, in sensorimotor adaptation tasks in which the feed-
back is only shown at the end of the movement, delaying the
onset of the feedback by as little as 1 s will completely abolish
cerebellar-dependent learning (43, 44).

The corollary is that temporally diffuse predictions, such
as learning that the smell of spoiled food predicts delayed
adverse consequences or keeping track of when tea has
steeped long enough, are not directly reliant on cerebellar
computation. Instead, such behaviors increasingly depend
on cortical memory and associative mechanisms, with any
cerebellar contribution being indirect or embedded within
broader recurrent cerebello-cortical networks.

Continuity constraint: Cerebellar computations perform
state estimation over continuous dimensions of space and
time—not discrete or categorical variables.

This constraint holds that the cerebellum is essential when
predictions involve the transformation of a continuous var-
iable. This encompasses movement where the corporeal
body must move in a continuous manner, smoothly transi-
tioning from one state to another. It would also apply to other
contexts in which the prediction requires a continuous trans-
formation such as anticipating the trajectory of a mov-
ing object.

The corollary here is that the cerebellum should not be
essential for predictions involving discrete, symbolic, or cat-
egorical variables. For example, anticipating the final word
of a sentence based on contextual association frequencies:
“After the sun came out, the snowman:__."

Evaluated as a whole, these three constraints—grounded
in the well-established motor control literature—suggest that
the cerebellum is essential for computations involving con-
tinuous representational transformations, or what we refer
to by the acronym CoRT (Fig. 2). In the following sections, we
consider the relevance of these constraints for cognition,

with an eye on sharpening our understanding of how the
cerebellum supports mental coordination. Importantly, these
constraints lend themselves to rigorous empirical tests, spec-
ifying which tasks require cerebellar computation and which
do not.

3. Empirical Support for CoRT

3.1. Cerebellar Involvement in Continuous Temporal Prediction
over Short Intervals. Studies of temporal prediction, the ability
to anticipate when an event will occur, have provided some of
the clearest evidence for cerebellar-dependent computation
[for reviews, see (3, 45)]. A prominent example comes from the
eyeblink conditioning literature (Fig. 3 A, Left). In a basic form
of this classical conditioning task, a tone precedes an air puff
delivered to the eye. Initially, the animal reflexively blinks in
response to the air puff, but with repeated pairings, the tone
alone elicits the response. Richard Thompson and colleagues
in the early 1980s reported the striking finding that lesions
of the rabbit cerebellar cortex abolished the conditioned
response but had minimal impact on the unconditioned
response (46). This dissociation, since replicated in multiple
species, suggests that the deficit is not purely motoric (47, 48)
but instead reflects an impairment in associative learning (49).

The conditioned eyeblink is only adaptive if the eyeblink
response is precisely timed to anticipate the onset of the air
puff, ensuring the eye is protected at the right moment. A
blink that occurs too early would allow the eye to reopen
before the air puff arrives, whereas a blink that occurs too
late fails to protect the eye. Interestingly, a conditioned
response acquired in a similar paradigm, heart rate decel-
eration, remains unaffected by the same lesion (Fig. 3 A,
Right) (50). Heart rate deceleration is a form of classical con-
ditioning in which a neutral cue comes to elicit a transient
slowing of heart rate in anticipation of an aversive outcome.
Unlike the eyeblink response, this predictive response
unfolds over longer timescales and lacks fine temporal
specificity.

How the cerebellum refines the timing of the conditioned
eyeblink has been the focus of extensive research. A central
idea emerging from this work is that interactions among
interneurons in the cerebellar cortex, together with activity in
the granule cell layer, generate a functional “basis set” of tim-
ing elements (52). Metaphorically, these can be thought of as
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Fig. 2. Core Constraints Governing Cerebellar Computation in Action and Cognition. (A) 3D space highlighting that the cerebellum is essential for predictions
over a short timescale that involve continuous transformations in space and time, what we term continuous representational transformations (CoRT). (B) The
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Fig. 3. Cerebellar involvement in temporal prediction over short intervals. (A) Rabbits with bilateral cerebellar lesions (orange) show abolition of eyeblink
conditioning compared to controls (gray), measured as the percentage of conditioned responses after repeated pairing of a tone and air puff to the eye (Left).
In contrast, heart-rate conditioning, measured as conditioned heart rate deceleration when the tone is paired with a face shock, is spared (Right) [adapted from
(50)1. (B) In a trace conditioning task—where there is a temporal gap between the CS and US, patients with CA (orange) showed a selective impairment relative
to control participants (gray) in acquiring conditioned eyeblink responses at short trace intervals (400 ms, Left). In contrast, acquisition was preserved at longer

intervals (1,000 ms, Right) [adapted from (51)].

a collection of hourglass timers, tuned to activate the Purkinje
cells at specific intervals. In this way, the representation of the
tone is temporally maintained. In response to the error signal
arising from the air puff, the synaptic activity of a subset of
these elements will be depressed. This will reduce Purkinje
cell inhibition of the deep cerebellar nuclei and, thus, elicit a
conditioned response that is timed to ensure the eye is pro-
tected at the onset of the air puff.

This simple associative learning paradigm highlights all three
of our core constraints. Under the Prediction constraint, the
cerebellum is essential for the predictive, conditioned eyeblink,
but not essential for the reactive, nonpredictive unconditioned
response. Under the Timescale constraint, the cerebellar-
dependent conditioned response is precisely timed, tailored
to anticipate the onset of the aversive air puff; the cerebellum
is not required for the temporally diffuse, conditioned heart
rate response when the interval extends beyond the millisec-
ond range (50, 51). Under the Continuity constraint, the basis
set defines a continuous representation of time in the cerebel-
lar cortex for precise temporal anticipation (53).

We note that eyeblink and heart-rate conditioning differ,
not only in timescale, but also in terms of the response effec-
tor and physiological system (skeletal versus autonomic).
Importantly, even within the eyeblink conditioning literature,
relatively subtle manipulations of the interval between the
CS and US reveal a striking dissociation: cerebellar patients
show a selective deficit in acquiring a precisely timed eyeblink
in response to the pairing of a neutral tone and an air puff
when the interval is short, but show little to no deficit when
the interval is long (Fig. 3B) (51).

The cerebellum is also essential for temporal predictions
in perceptual tasks. Patients with CA exhibit elevated discrim-
ination threshold when comparing the duration of stimuli in
the millisecond range (54), an effect that is also observed
following noninvasive cerebellar brain stimulation in healthy
individuals (55, 56). The specificity of this impairment is evi-
dent in findings showing preserved performance when the
psychophysical judgment is based on nontemporal proper-
ties such as loudness (54). Neuropsychological and neuro-
imaging studies have associated the cerebellum with a bevy

PNAS 2026 Vol. 123 No.15 e2524258123

of other psychophysical tasks that require precise millisecond-
level temporal resolution (57-60).

An intriguing dissociation comes from the work of Grube
and colleagues (61). Across a set of temporal judgment tasks,
CA participants were impaired when the target interval was
presented in isolation, but not when it was embedded in a
rhythm. This pattern points to two distinct modes of temporal
representation, interval-based and rhythm-based. As with eye-
blink conditioning, judging the duration of an isolated interval
appears to rely on a cerebellar-dependent temporal basis set
whose population activity provides a continuous representa-
tion of time. From a prediction perspective, the onset of the
stimulus defining the target interval triggers the replay of an
internalized reference interval, with the judgment based on
whether the stimulus ends before or after the replay is com-
pleted. In contrast, when the standard is presented as part of
arhythmic series, the brain can become entrained and use the
internalized beats as discrete temporal landmarks, evaluating
whether the test stimulus occurred before or after a beat.

The selective involvement of the cerebellum in interval-
based timing has also been observed in attentional orienting
tasks. Perceptual detection and discrimination can be
enhanced when a cue indicates when a stimulus is likely to
appear. Here, too, we see a dissociation between interval
and beat-based timing: CA participants show a marked deficit
when the cue is provided as an isolated interval, but perform
normally when the cue is a series of beats that can induce
entrainment, even when task difficulty is matched (62, 63).
Interestingly, patients with Parkinson’s disease show the
opposite pattern: They are impaired in using the rhythmic
cues to orient attention but perform similarly to control par-
ticipants with interval-based cues. Altogether, these findings
strongly support the constraints of CoRT, underscoring the
cerebellum’s specialized role in generating continuous pre-
dictions over short intervals.

3.2. Cerebellarinvolvementin Continuous Spatial Prediction over
Short Intervals. Coordinated movement requires anticipation
of how the body will interact with the environment in time
and space. As physical entities, movement entails continuous
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transformations with the control system anticipating future
states of the body and environment in a time-sensitive
manner. In this section, we highlight nonmotor tasks that rely
on continuous spatial transformations and provide evidence
that the integrity of the cerebellum is essential for optimal
performance.

Deciphering a complex scene is challenging, not only
because it is cluttered with many objects, but also because
factors such as occlusion or shadows can introduce ambigu-
ities concerning surface ownership. Moreover, recognition
may be made difficult if the to-be-perceived object is in an
atypical orientation with respect to the viewer. In such situ-
ations, recognition is facilitated by mentally manipulating the
image to align with what we consider its prototypical orien-
tation (64).

Experimentally, this process has been studied with mental
rotation tasks. In the classic work of Shepherd and col-
leagues, participants judged if a letter, when viewed upright,
would be in its normal orientation or mirror reversed. The
key finding was that reaction time increased in a near-linear
manner as the angle of the stimulus relative to upright was
increased (65). This observation, coupled with data from mul-
tiple measures, indicates that the internal transformations
required on such tasks appear to be continuous: For exam-
ple, when presented with a letter that is tilted by 30°, we
cannot internally reformat the letter to its upright position
without passing through the intervening orientations. This
continuity constraint has been hypothesized to reflect the
internalization, or embodiment, of how we might manipulate
an object if inspecting it from multiple perspectives (66).

To test whether the cerebellum supports continuous spa-
tial transformations, we assessed patients with CA on a var-
iant of the mental rotation task (Fig. 4A) (67). The CA group
was considerably slower than matched controls in judging
whether the target letter was in its normal orientation or
mirror reversed. Notably, the RT (reaction time) difference
between groups became more pronounced with the magni-
tude of the required rotation. This interaction suggests that
the patients were slower in the rate at which they internally
manipulated the mental image, consistent with the hypoth-
esis that the cerebellum facilitates the internalized spatial
transformation. Indeed, all CoRT constraints would appear
to be operative during mental rotation: Over a short time
scale, a continuous transformation is applied to assess if the
presented stimulus matches a predicted stimulus (e.g., nor-
mal orientation).

We used CoRT to guide our selection for a control task to
compare with mental rotation. As prerequisites, we required
the control task to involve visual matching and, critically, to
demand iterative retrieval of discrete visual representations
rather than continuous stimulus transformation. Given these
considerations, we employed a spatial working memory task
(Fig. 4B) (68). Here, a series of dots were presented sequen-
tially at different locations on a ring, with the memory set
size varying from 1 to 5. After a short delay, a single dot was
shown, and the participant made a speeded response, indi-
cating its ordinal position in the encoding period. Although
RT increased with working memory load in both groups, the
similar slopes for the CA and control participants suggests
the cerebellum is not essential for the retrieval of discrete
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Fig. 4. Selective cerebellar involvement in visual cognition requiring a continuous transformation. (A) Mental rotation task (Left). Participants made a speeded
button press to indicate whether a letter, if viewed upright, would be in its normal orientation or mirror reflected. Letters were presented at angles between
0° and 135°. Reaction time increased with the angular deviation of the stimulus (middle). On assay of mental transformation, patients with cerebellar ataxia
showed a slower rate of rotation as inferred from the slope of the function relating reaction time to angular displacement (Right). (B) Spatial working memory
task. Participants viewed a sequence of 1 to 5 circles, each shown for 1 s at random positions along a ring. After a 2 s delay, a probe appeared, and participants
indicated its ordinal position with a speeded button press. Although patients were slower than controls, the rate of retrieval as inferred from the slope of the
function relating reaction time to set size was similar to that of controls [Adapted from (67)].
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items from working memory. The same dissociation was
observed in a second experiment involving a different visual
working memory task in which a set of abstract images (1-5
items) was presented and participants judged whether a
probe was present or absent in the memory set. Compared
to control participants, the CA group exhibited a larger slope
on the mental rotation task and a similar slope on the visual
working memory task.

These studies in the domain of visual cognition offer a
mechanistic account of the CA groups’ performance based
on the Continuity constraint. These patients were less facile
in mentally rotating an internal visual image, an operation
we assume requires the continuous transformation of an
internal representation. In contrast, their rate of retrieval
from spatial working memory was on par with the control
group, presumably because the cerebellum is not essential
for the discrete transformations required when iteratively
searching through working memory. The importance of the
cerebellum in continuous spatial processing is consistent
with the evidence from many other tasks and measures. In
terms of perceptual tasks, patients with CA have difficulty
judging the velocity of a moving object (69) or predicting
when and where an object will reappear after passing behind
an occluder (59) [also see: (60)].

Spatial transformations are fundamental to many of our
cognitive abilities such as mathematics, linguistic relation-
ships, and metaphorical thinking (70, 71). To test whether
the cerebellum supports continuous spatial representational
transformations in more abstract domains, we compared CA
patients and controls on simple addition and multiplication
problems (S/ Appendix, Fig. S2). Single-digit addition is thought
to involve a mental traversal along an internal, spatialized
number line (72, 73). Thus, verifying that 4 + 3 = 7 takes less
time than verifying that 8 + 6 = 14 because the mental dis-
tance traveled is shorter (74, 75). In contrast, solving single-
digit multiplication problems is assumed to rely on a discrete
look-up table, with faster verification for problems like 4 x 3
=12than 8 x 6 =48 due to stronger memory traces accumu-
lated over a lifetime of practice.

Based on this computational distinction, we predicted that
patients with CA would show an elevated RT slope for the
addition problems but not for the multiplication problems.
The results were consistent with this prediction: As the prob-
lem size increased, the patients showed a steeper RT slope
than matched controls on the addition problems but not on
the multiplication problems (67). Unlike the earlier compar-
ison between mental rotation and memory recall—where
visual stimuli and task demands differed substantially—the
addition and multiplication tasks used visually matched oper-
ands and identical verification (True vs False) responses
across conditions. We interpret this dissociation as arising
because only the addition task requires an internal, contin-
uous transformation, a process dependent on cerebellar
computation.

In a follow-up study, we used problems with either two or
three addends (76). Again, the CA group showed an elevated
slope when plotting RT as a function of problem size. However,
the CA group showed a similar RT increase as controls when
moving from two- to three-addend problems. We interpret
this as a case where discrete and continuous operations are
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combined within the same task: The RT increase with problem
size reflects a continuous transformation along a mental num-
ber line, whereas the additional RT for three-addend problems
reflects the cost of retrieving the third discrete item after sum-
ming the first two. Interestingly, patients with Parkinson's
disease show the opposite pattern: A greater increase in RT
compared to controls (and CA) when going from two to three
addends, but a similar slope as controls as a function of the
problem size. This double dissociation reinforces the cerebel-
lum’s specificity for predictions involving continuous, not dis-
crete, internal transformations.

This section has emphasized the Continuity constraint.
Nonetheless, the Prediction and Timescale constraints are
also operative here. Mental rotation is inherently predictive—
the current state is internally transformed onto a future state,
and within the context of mental rotation, the default pre-
diction is that the stimulus will be in its normal orientation.
Similarly, movement along a number line predicts the trans-
formed value of an initial number (e.g., “Does adding 3 to 5
yield 8?"). These operations also unfold over a short, millisec-
ond timescale (e.g., mental rotation rates of around 2 ms/
deg for controls and 3 ms/deg for the CA group).

We do want to highlight one problematic—and intrigu-
ing—feature of these results. In evaluating the relevance of
CoRT-related constraints in the spatial domain, we focused
on the slope measure, treating it as an index of the fluidity
or rate with which individuals manipulate a mental rep-
resentation (e.g., mental rotation). The absence of a slope
difference was critical to our claim that CA patients were not
impaired in the rate at which they performed noncontinuous
transformations (e.g., iterative retrieval from working mem-
ory). However, across all conditions there was a robust main
effect of group: the CA group showed a pronounced slowing
in reaction time relative to controls, on the order of 300 to
500 ms, even in the simplest mental rotation and working
memory conditions. Critically, this slowing cannot be attrib-
uted to ataxia per se. On simple detection and perceptual
discrimination tasks, patients with CA are typically only ~80
to 120 ms slower than matched controls (77, 78), a much
smaller difference than that observed when the tasks are
more cognitively demanding.

The large main effect suggests that CA is associated not only
with selective impairments in specific cognitive operations such
as mental rotation, but also with a more general increase in
processing time as cognitive demands increase. This cost,
should it be generic across all task domains, would be hard to
reconcile within a model that limits cerebellar processing to
operations that conform to the prediction, continuity, and
timescale constraints. An important challenge for future work
is to develop mechanistic hypotheses that can account for both
general and specific forms of impairment. We note that this
increase in RT cost with task complexity may reflect a more
general executive or processing-speed deficit associated with
brain damage, rather than a cerebellum-specific impairment.

Extending CoRT to other cognitive domains.

Moreover, the constraints of Continuity, Prediction, and
Timescale were developed as a general framework for under-
standing cerebellar function across action and cognition.
While the preceding sections focused on temporal prediction
and spatial cognition, domains with clear continuous
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spatiotemporal structure, these constraints can be used
more broadly to generate testable hypotheses in other cog-
nitive domains. In Supplement 1, we sketch out ideas on how
CoRT can guide future research in three domains that figure
prominently in the cerebellar literature: language, social cog-
nition, and cognitive control.

4. Refining the Dimensions of Cerebellar
Computation

We have focused on prediction, timescale, and continuity as
useful organizing principles that capture different dimen-
sions relevant for considering how the cerebellum supports
cognition. Our central claim is that the closer a psychological
process lies toward the predictive, short timescale, and con-
tinuous ends of these continua, the greater the cerebellar
contribution. However, we recognize that these constraints
are broad and not always easy to operationalize. In this sec-
tion, we consider these limitations and how future work
might sharpen our understanding of the constraints under-
lying cerebellar function. We refer the reader to Supplement
2 for a discussion of a few meta-issues not related to the
CoRT framework which need to be considered when devel-
oping and evaluating mechanistic hypotheses concerning the
role of the cerebellum in cognition.
4.1. Refiningthe Timescale constraint. The Timescale constraint
is currently the most empirically tractable. The importance of
the cerebellum for behaviors requiring temporal precision
on the millisecond scale is well established across many task
domains. By contrast, how the cerebellum contributes to
learning at longer timescales remains an open question. Two
broad possibilities merit consideration. One is that cerebellar
involvement is restricted to short-timescale prediction, with
longer-timescale learning dependent on extracerebellar
mechanisms. An alternative is that the cerebellum continues
to contribute at longer timescales, but does so through
interactions with extracerebellar regions—such as recurrent
systems that maintain or reinstate conditioned stimuli to
bridge temporal gaps (79). Discriminating between these
possibilities will require future studies that jointly manipulate
interval duration and learning mode (e.g., delay vs. trace
conditioning with short and long interstimulus intervals).
To date, manipulations of timescale have largely been con-
fined to relatively simple perceptual and motor tasks. The
relevant temporal dynamics may differ substantially as one
moves to more complex domains such as social cognition and
language. Although we adopt a pragmatic distinction here—
treating intervals below ~1 s as “short” and longer intervals as
“long"—this boundary is necessarily arbitrary. A key goal for
future work is to more precisely identify the timescales over
which cerebellar computations are engaged across domains.
Complicating matters further, ecological behaviors rarely
rely on predictive mechanisms operating at a single timescale.
Instead, they recruit multiple predictive processes that oper-
ate concurrently across many timescales. Eating, for example,
involves rapid predictions supporting orofacial motor control
alongside slower predictions about metabolic consequences
such as glucose fluctuations (80). Such behaviors provide a
natural opportunity to assess whether the cerebellum is selec-
tively engaged in short-timescale prediction, and whether
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longer-timescale prediction increasingly depends on recur-
rent interactions with cortical circuits.

4.2. Refining the Prediction constraint. Operationalizing the
Prediction constraint presents its own challenges. Although
we have placed simulation and retrieval as the anchors for
on the prediction continuum, the distinction between these
two is not always clear. Consider the forward model, anidea
central to models of sensorimotor adaptation, in which the
cerebellum takes the efference copy of the motor command
to simulate the anticipated sensory consequences of that
movement. Yet even this canonical example of simulation
could be construed as a retrieval process, with the cerebellum
having stored the sensory consequences associated with a
given motor command (81).

The picture is further complicated by the likelihood that
many behaviors rely on both feedforward simulation and
retrieval-based processes. Without clear criteria for distin-
guishing simulation from retrieval, it becomes difficult to pre-
cisely operationalize prediction as a constraint to specify the
functional domain of the cerebellum. At present, the primary
value of this constraint lies in capturing a robust empirical
observation: retrieval-based tasks—such as mathematical
fact retrieval during multiplication and semantic retrieval dur-
ing sentence completion—are generally spared in cerebellar
ataxia. This pattern suggests that the representations and
processes supporting retrieval are largely extracerebellar.

A second core distinction we have made with respect to
prediction in the motor domain is that the cerebellum pri-
marily supports simulation-based, feedforward prediction
rather than feedback-driven control. We note that this dis-
sociation does not preclude indirect interactions between
feedforward and feedback control circuits. Cerebellar pre-
dictions may be transmitted to downstream cortical, brain-
stem, and spinal circuits that implement rapid, reflexive
corrections, effectively tuning the operating point or gain of
reactive controllers without the cerebellum itself serving as
the locus of feedback control. This framework may explain
why perturbing cerebellar activity in rodents alters reactive
corrections during the production of well-learned behaviors.
The perturbation may degrade predictive signals that can
facilitate fast, accurate feedback responses (82). More
broadly, these effects underscore the need to study cerebel-
lar function in a systems context, as part of recurrently cou-
pled control circuits rather than as an isolated module.

4.3. Refining the Continuity constraint. Superficially, the
distinction between discrete and continuous mental
operations may appear quite clear. We have emphasized
that the latter reflects those operations in which a given
representation is manipulated in a continuous manner,
smoothly transitioning from one state to another, be
it planning a movement of the body or modifying the
orientation of a mental image to enable object recognition.
In contrast, discrete operations do not entail continuous
transformations. When deciding whether to buy an apple or
a pear, we do not transform one into the other and compare
the resulting states; rather, we retrieve the values associated
with each fruit and compare these distinct representations.

However, the processes underlying many behaviors are
likely composed of both discrete and continuous operations.
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For instance, while a continuous transformation is applied
to reorient a tilted letter in a mental rotation task, the deci-
sion might depend on a discrete comparison to determine
whether the upright image is normal or mirror-reversed.
The manner in which representations are transformed can
also vary with task demands: judging the similarity of two
colors might entail continuously morphing one into the
other, whereas judging if the same two colors are both blue
might entail a more discrete operation. Similarly, a social
judgment may arise from a continuous simulation of another
agent's internal state yet be shaped by inputs such as social
norms or etiquette that impose biases in a more dis-
crete manner.

Neurons in many brain regions, including the cerebellum
(83, 84) exhibit ramping activity during decision formation.
While it is tempting to interpret such activity as reflecting a
continuous computation, we do not see this as diagnostic of
continuity at the algorithmic level. In principle, similar ramp-
ing profiles could arise from discrete retrieval processes as
evidence accumulates, or from genuinely continuous trans-
formations as intermediate states are traversed. Thus, when
we refer to continuity, we mean a property of the underlying
representation at the algorithmic level—specifically, whether
computation proceeds through intermediate representa-
tional states) rather than the temporal smoothness of neural
activity at the level of implementation.

Taken together, these definitional and levels-of-analysis
challenges underscore that our emphasis on prediction, times-
cale, and continuity is primarily heuristic. These dimensions
are intended to capture distinct features of mental processes
and to serve as a springboard for understanding how the cer-
ebellum supports cognition. In this spirit, we regard CoRT not
as a fixed taxonomy but as a generative starting point.
Empirical and theoretical work will refine which dimensions
best capture the constraints on cerebellar computation.

5. Closing Comments

In the search for a unifying theory, many researchers—
including ourselves—have been guided by the idea of a uni-
versal cerebellar transform (UCT): the notion that the
cerebellum implements a specialized computational algo-
rithm that is applied broadly across motor and cognitive
domains (2). This idea was motivated by the strikingly uni-
form anatomy and physiology of the cerebellum, coupled

PN~ W=

with its extensive connectivity with the cerebral cortex— fea-
tures that suggest a domain-general, algorithmic function.
Although varying in their level of specificity, candidate UCTs
have focused on computations related to error correction
(25), timing (85), homeostatic maintenance (2), and forward
modeling (21).

Empirically, recent neurophysiological findings suggest
that the picture is more nuanced. While the cerebellum cer-
tainly lacks the cellular diversity of the cerebral cortex, there
is considerable anatomical heterogeneity in terms of micro-
circuitry with distinct microzones (13). Compounding this,
even within the motor domain, signals represented in the
cerebellum are more diverse than previously assumed. For
example, in addition to providing an error signal, complex
spikes encode higher-order variables such as reward and
goal states—features that would be difficult to capture within
a narrow computational framework (86).

Itis also possible that the very theoretical construct of UCT
is misguided. Instead of searching for a singular computation
shared across task domains, it may be more fruitful to exam-
ine how diverse cerebellar circuits carry out distinct compu-
tations. Alternatively, it may be that the cerebellum supports
cortical processing through its sheer number of neurons that
can facilitate pattern expansion and recognition. By this view,
the cerebellum need not be considered to represent some-
thing per se. Rather, in the way that oil is essential to the
smooth operation of an engine, the cerebellum might ensure
that the mind operates fluidly and efficiently, what might be
described as mental coordination.

Here, we advance an integrated perspective, one that
seeks to account for why cerebellar dysfunction disrupts
performance in disparate task domains, as well as why per-
formance is unaffected in other domains. Rather than pos-
iting a single unifying algorithm or treating cerebellar
computation as bespoke to each domain, we highlight a set
of constraints that consistently characterize cerebellar pro-
cessing. Like mathematical postulates, these constraints—
together with those yet to be identified—can be precisely
defined, empirically tested, and used to evaluate consisten-
cies and discrepancies across functional domains, moving us
closer to a comprehensive understanding of the cerebellum’s
role in cognition and action.

Data, Materials, and Software Availability. There are no data underlying
this work.
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