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ABSTRACT 

   Perception of time is essential for normal functioning of sensory and 

motor processes such as the perception of speech and music and the 

execution of skilled motor movement. Perceptual and motor timing of 

intervals between sequences of sounds holds special importance for 

music. Accumulating evidence suggests that perception of time is 

mediated by a distributed neural system consisting of distinct motor 

structures such as the cerebellum, inferior olive, basal ganglia, 

supplementary motor area as well as prefrontal cortical areas.  

   In this theoretical paper, we review and assess how distinct 

components of the timing network mediate different aspects of 

perceptual timing. Recent work from our group suggests that different 

subsystems of the timing network are recruited depending on the 

temporal context of the intervals to be timed. Using functional 

magnetic resonance imaging, we established brain bases for absolute, 

duration-based timing of irregular intervals and relative, beat-based 

timing of regular intervals in the olivocerebellar and the 

striato-thalamo-cortical circuits respectively.   

 

   We assess neurophysiological and neuroanatomical data that 

suggests that the timing functions of these circuits may, however, not 

be entirely independent and propose a unified model of time 

perception based on coordinated activity in the core striatal and 

olivocerebellar networks that are interconnected with each other and 

the cerebral cortex through multiple synaptic pathways. Timing in this 

unified model is proposed to involve serial beat-based striatal 

activation followed by absolute olivocerebellar timing mechanisms 

with a central role for the striatum as the brain’s internal timekeeper. 

I. INTRODUCTION 

   Brain function is rhythmically organized at several 
timescales, from low frequency delta waves to high frequency 
gamma oscillations (Basar et al., 2001). Based on such 
observations, Gooddy (1958) first proposed that the nervous 
system possesses the anatomical bases and physiological 
mechanisms for representing time. Indeed, recent research 
suggests that neural ensembles have inherent capacity to 
decode time encoded in the underlying neural dynamics 
(Matell et al., 2003; Karmarkar and Buonomano, 2007; Sumbre 
et al., 2008; Jin et al., 2009; Buonomano and Laje, 2010; 
Karmarkar, 2011, MacDonald et al., 2011, Merchant et al., 
2011).  

   A complementary view postulates a dedicated internal 
timekeeper (Treisman, 1963; Wing and Kristofferson, 1973; 
Church, 1984; Gibbon et al., 1984, 1997; Matell and Meck, 
2000; Ivry and Schlerf, 2008). Neuropsychological and 
neuroimaging work has found evidence for timing mechanisms 
in several brain areas such as the cerebellum (Ivry and Keele, 
1989; Ivry, 1993; Nichelli et al., 1996; Penhune et al., 1998; Xu  

et al., 2006; Lee et al., 2007; Grube et al., 2010a,b; Gooch et al., 
2010; Teki et al., 2011), basal ganglia (Artieda et al., 1992;  

Pastor et al., 1992; Harrington et al., 1998; Grahn and Brett, 
2007; Teki et al., 2011), pre-supplementary and supplementary 
motor area (pre-SMA/SMA; Halsband et al., 1993; Shima and 
Tanji, 2000; Macar et al., 2004, 2006; Kotz and Schwartze, 
2011) and premotor and prefrontal cortex (Oshio 2011; for 
reviews see: Ivry et al., 2002; Lewis and Miall, 2003; Ivry and 
Spencer, 2004; Meck and Malapani, 2004; Buhusi and Meck, 
2005; Meck, 2005; Grahn, 2009; Grondin, 2010; Wiener et al., 
2010; Coull et al., 2011). Thus, motor areas might contain 
specialized timekeeping mechanisms necessary to coordinate 
temporally precise and structured movements (e.g. handwriting, 
typing, talking, and walking) as well as perceptual timing.  

   In this article, we consider the notion that “movement is time, 
expressed”: motor structures must have access to timing 
information and accumulating evidence suggests that the motor 
structures themselves also act as “observers” of time (Gooddy, 
1958). We specifically discuss how the neural architecture of 
the olivocerebellar and striato-thalamo-cortical networks might 
allow these to observe cortical dynamics and read out “auditory” 
time in the sub-second range. 

A. Timing mechanisms 

   Two distinct timing mechanisms in the human brain are 
suggested by a consideration of the coordination and timing of 
movements. Lesions of the cerebellum are known to impair the 
timing of voluntary movements and adversely affect the 
production of skilled movements (e.g. tapping to a rhythm) and 
perceptual tasks such as duration discrimination (Ivry et al., 
1988, 2002). In an elegant series of experiments, Spencer and 
colleagues (2003) showed that patients with cerebellar damage 
were selectively impaired in producing discontinuous 
movements (intermittent circle drawing) without any 
impairment in producing rhythmic movements (continuous 
circle drawing). This dissociation was attributed to the inability 
of the patients to form an explicit representation of absolute 
time between successive events. Continuous movements lack 
an event structure and are suggested to depend on temporal 
regularities that reflect emergent activity in distinct brain areas 
such as the basal ganglia or the cortex (Spencer et al., 2003; 
Ivry and Spencer, 2004).  

B. Duration-based vs. beat-based timing 

   In line with this dissociation in motor timing mechanisms, we 
posited the existence of analogous mechanisms for perceptual 
timing: absolute, duration-based timing and relative, 
beat-based timing (Grube et al., 2010a,b; Teki et al., 2011). The 
perceptual distinction has been suggested by previous 
behavioral work (Monahan and Hirsch, 1990; Yee et al., 1994; 
Pashler, 2001; McAuley and Jones, 2003; Grahn and McAuley, 
2009). Absolute, duration-based timing refers to the 
measurement of the absolute duration of discrete time intervals 
(∆Ti), while relative, beat-based timing refers to the 
measurement of the duration of time intervals relative to a 
temporal regularity such as beats (∆Ti/Tbeat; Teki et al., 2011). 
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   The concept of beat-based perception of time can be traced 
back to William James who wrote that “subdividing the time by 
beats of sensation aids our accurate knowledge of the amount 
of it that elapses” (James, 1890; Vol. 1: p. 619). Improved 
accuracy of time perception based on beat-based stimuli has 
been demonstrated in a number of studies (Essens and Povel, 
1985; Palmer and Krumhansl, 1990; Parncutt, 1994; Grube and 
Griffiths, 2009). Several studies have further demonstrated 
improved timing for regular compared to irregular sequences 
(e.g. Sakai et al., 1999; Patel et al., 2005; Grahn and Brett, 2007; 
Teki et al., 2011).  

C. Neural substrates of duration-based and beat-based 
timing. 

   Here, we discuss the neural networks that mediate 
duration-based and beat-based timing mechanisms 
respectively.  

   Previous neuropsychological studies of patients with 
cerebellar damage established the role of the cerebellum in 
discrete encoding of time intervals (Ivry et al., 1988; Ivry and 
Keele, 1989; Nichelli et al., 1996). Recently, Grube and 
co-workers (2010a) developed a test-battery of stimuli and 
timing tasks that measured duration-based and beat-based 
perception of time. A group of patients with Spinocerebellar 
Ataxia type-6 (SCA-6) were tested. Unlike previous studies of 
patients with stroke, this patient group has a stereotyped pattern 
of cerebellar degeneration affecting the superior part of the 
cerebellum first. The patients showed a specific impairment on 
the duration-based timing tasks, which involved a comparison 
of the absolute duration of a test interval to a reference interval 
of fixed or variable duration. However, they showed no deficits 
on the tasks comprising rhythmic sequences with a regular beat. 
This dissociation specifically implicated the cerebellum in the 
explicit encoding of the absolute duration of time intervals. 
These results motivated a follow-up study based on the same 
experimental stimuli in normal participants with temporary 
impairment of superior medial cerebellar function produced by 
continuous transcranial magnetic theta-burst stimulation (TBS; 
Grube et al., 2010b). The comparison of post- versus 
pre-stimulation thresholds revealed a similar deficit only for 
the absolute timing task and not the rhythmic timing tasks.  

   Perception of rhythmic sequences with a regular beat has 
been studied in Parkinson’s patients with an impaired 
nigrostriatal dopaminergic system, implicating the striatum in 
beat-based perception of time (Artieda et al., 1992; Pastor et al., 
1992; Harrington et al., 1998). Functional magnetic resonance 
imaging (fMRI) studies of normal participants have further 
implicated the basal ganglia and pre-SMA/SMA in rhythm and 
beat perception. Grahn and Brett (2007) developed a 
test-battery of rhythmic sequences based on simple metrical, 
complex metrical or irregular, non-metrical ratios. A rhythm 
reproduction task revealed significantly better performance for 
the simple metrical sequences and functional imaging 
demonstrated bilateral increases in activity in the putamen 
during the simple metrical task. Subsequent work examining 
differences in functional activations between a beat and 
no-beat condition confirmed the role of the putamen and the 
SMA in the perception of rhythmic sequences with a regular 
beat (Grahn, 2009; Grahn and Rowe, 2009). Greater activity in 
the putamen associated with less salient beat markers was 
interpreted in terms of an internal beat prediction mechanism 
(Grahn and Rowe, 2009). 

D. Functional dissociation of networks mediating 
duration-based and beat-based timing. 

   Previous work focused on either duration-based or 
beat-based timing mechanisms in isolation and did not directly 
compare the two mechanisms using a common perceptual 
timing task. The stimuli for the duration-based and beat-based 
timing tasks used by Grube and colleagues (2010a, b) were not 
matched for the total number of intervals and stimulus duration, 
while the beat-based timing work by Grahn and colleagues did 
not involve an explicit timing task (Grahn and Brett, 2007; 
Grahn and Rowe, 2009). 

   In order to resolve these issues, and to examine the 
contribution of the cerebellar and striatal networks to timing, 
we developed a novel stimulus and timing task (Teki et al., 
2011; stimuli available online at: 
http://www.fil.ion.ucl.ac.uk/~steki). Stimuli (Figure 1A) 
consisted of a sequence of intervals that induced a varying 
temporal context that was either regular (isochronous) or 
irregular (incorporating 15% jitter). Participants were required 
to compare the duration of the last to the second-to-last interval 
for both sequences. The time difference between the last and 
second-to-last intervals was adjusted to obtain similar accuracy 
for the regular and irregular sequences. We hypothesized that 
the timing of intervals in irregular sequences would recruit 
duration-based timing mechanisms as each interval has to be 
measured anew to perform the task. In contrast, the timing of 
regular sequences with a regular beat was predicted to involve 
beat-based timing mechanisms. The results revealed a clear 
functional dissociation such that an olivocerebellar network 
comprising the inferior olive and the cerebellum, including the 
dentate nucleus and vermis, was more active for duration-based 
timing and a striato-thalamo-cortical network comprising the 
putamen, caudate, thalamus, pre-SMA/SMA, premotor and 
dorsolateral prefrontal cortex was more active for beat-based 
timing (Teki et al., 2011). 

   These results are consistent with previous work implicating 
the inferior olive (Xu et al., 2006; Liu et al., 2008; Wu et al., 
2011), the cerebellum (reviewed above), and the 
striato-thalamo-cortical system (Matell and Meck, 2000, 2004; 
MacDonald and Meck, 2004; Buhusi and Meck, 2005; Meck, 
2006a, b; Meck et al., 2008) in timing and time perception.  

E. Neurophysiological bases of olivocerebellar and 
striatal timing signals. 

   In this section, we review the neurophysiological bases for 
the timing signals that are measured in the two different parts 
of the timing system.  

   The inferior olive represents the sole source of climbing fibre 
input to the Purkinje cells of the cerebellar cortex. Olivary cells 
possess unique cellular characteristics such as voltage-gated 
conductances that display rhythmic sub-threshold 
membrane-potential oscillations at 5-15 Hz (Llinas and Yarom, 
1981) as well as electrical gap-junctions. This electrical 
coupling helps to synchronize the membrane-potential 
oscillations and results in clusters of neurons in which activity 
is temporally coherent (Llinas et al., 1974). The deep cerebellar 
represents the main output of the cerebellum, modulate the 
electrical coupling coefficient by inhibiting and decoupling the 
olivary cells into dynamic cell assemblies. The feed-forward  
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Figure 1A. Duration-based and beat-based timing tasks                                 

Irreg: A sequence of clicks with an average of 15% jitter was used to 

study absolute, duration-based timing. Participants were required to 

compare the duration of the final interval, Tn to the penultimate 

interval, Tn-1 where the final interval, Tn incorporates a difference 

(ΔT) of 30% of the inter-onset interval (range: 440-560 ms) from that 

of the preceding interval such that Tn = Tn-1 ± ΔT30%.                            

Reg: A sequence of clicks with no jitter is used to study relative, 

beat-based timing. Participants were required to compare the duration 

of the final interval, Tn to the penultimate interval, Tn-1 where the final 

interval, Tn incorporates a difference (ΔT) of 15% of the inter-onset 

interval from that of the preceding interval such that Tn = Tn-1 ± ΔT15%. 

Figure 1B. A unified model of time perception                                 

The striatal network (in blue) and the olivocerebellar network (in 

green) are connected to each other via multiple loops, and with the 

thalamus, pre-SMA/SMA and the cerebral cortex. Dopaminergic 

pathways are shown in orange, inhibitory projections in red, excitatory 

and known anatomical connections in solid and dashed black lines 

respectively. IO: inferior olive; VTA: ventral tegmental area; GPe: 

globus pallidus external; GPi: globus pallidus internal; STN: 

subthalamic nucleus; SNpc: substantia nigra pars compacta; SNpr: 

substantia nigra pars reticulata. 

Figure 1C. Timing mechanism underlying the unified model        

To estimate an interval of duration T, both the striato-thalamo-cortical 

networks and olivocerebellar networks act in parallel to produce 

timing signals TSBF and TOC respectively such that the combined 

output of the system approximates the length of the criterion time 

interval, T.  

 

inhibitory loop is closed by the Purkinje cells which inhibit the 
deep cerebellar nuclei. This unique organization in the 
olivocerebellar system results in the formation of a dynamic 
network capable of generating accurate absolute timing signals 
(Welsh et al., 1995; Yarom and Cohen, 2002; Jacobson et al., 
2008; Mathy et al., 2009).  

   A possible neurophysiological basis for a timing signal 
generated by the striato-thalamo-cortical circuits is described 
by the Striatal Beat Frequency (SBF) model which posits that 
the medium spiny neurons (MSNs) in the dorsal striatum 
monitor oscillatory activity (5-15 Hz) in the cerebral cortex and 
act as coincidence detectors (Miall, 1989; Matell and Meck, 
2000, 2004; Meck et al., 2008; Agostino et al., 2011; Oprisan 
and Buhusi, 2011). Phasic dopamine release from the ventral 
tegmental area synchronizes the cortical oscillators at interval 
onset, while the dorsal striatum is modulated by dopaminergic 
input from the substantia nigra (Buhusi and Meck, 2005; 
Allman and Meck, 2011). Experience-dependent modulation 
of cortico-striatal synapses via mechanisms of long-term 
potentiation and long-term depression improves the reliability 
of coincidental activation of MSNs. Over repeated stimulus 
presentations in the form of a regular sequence of time intervals, 
the MSNs might learn to reliably predict the offset of the 
criterion interval and encode its duration via mechanisms of 
dopamine-mediated reinforcement signals: a specialized 
mechanism for timing analysis in a predictable, beat-based 
context (see Jones and Jahanshahi, 2011; Gu et al., 2011). 

 

II. UNIFIED TIMING MODEL 

   The current state of time perception research suggests that 
time is represented in a distributed manner and that time may 
be encoded in the population dynamics in each brain area or by 
a dedicated internal clock. The results from our fMRI study 
(Teki et al., 2011) support the notion that time is represented in 
a context-sensitive manner and depending on the temporal 
structure of time intervals, the olivocerebellar system or the 
striato-thalamo-cortical system may mediate timing functions. 

   The immediate question the work raises is whether there is 
one timing system or two and can the striatal and 
olivocerebellar systems be incorporated into a unified system? 
We attempt such a synthesis here: a unified model can be based 
on coordinated timing processes (as described above) in the 
striato-thalamo-cortical and olivocerebellar networks which 
are strongly connected with each other and the cortex through 
multi-synaptic loops and may act in parallel to improve the 
precision of the timing signal (see Meck, 2005; Allman and 
Meck, 2011 for a review).  

   The unified model is illustrated in Figure 1B and shows the 
connections between the core striatal and olivocerebellar 
networks and the cerebral cortex. The basal ganglia and the 
cerebellum are connected through multiple loops with 
disynaptic projections from the dentate nucleus to the striatum 
via the thalamus and from the subthalamic nucleus to the 
cerebellar cortex via the pontine nuclei (Hoshi et al., 2005; 
Bostan et al., 2010; Bostan and Strick, 2010). The inferior olive 
receives auditory input from the cochlear nucleus (Kandler and 
Herbet, 1991) and bilateral afferents from the striatum 
(Walberg, 1956). The dentate nucleus sends projections to the 
premotor/motor cortex, and to the prefrontal and posterior 
parietal cortex via anatomically segregated “motor” and 
“cognitive” output channels (Middleton and Strick, 2001). The 
internal segment of the globus pallidus, which represents the 
output of the basal ganglia also sends segregated projections to 
the motor and prefrontal cortex (Middleton and Strick, 2002). 
Furthermore, pre-SMA and SMA receive connections from the 
striatum (Jürgens, 1984) and the dentate nucleus (Akkal et al., 
2007) and may serve as a temporal accumulator (Casini and 
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Vidal, 2011 – but see Kononowicz and van Rijn, 2011; van 
Rijn et al., 2011). 

A. Timing in the unified model 

   We assume that the coincidental activation of striatal MSNs 
as established by the SBF model represents the timing signal of 
the beat-based clock, and that the olivocerebellar system 
generates a timing signal corresponding to the duration-based 
clock. Furthermore, concordant with the fMRI results (Teki et 
al., 2011), the beat-based clock is assumed to be activated more 
when the stimuli are embedded in a predictable beat-based 
context and the duration-based clock is assumed to be more 
active for stimuli in an irregular or isolated context.  

   Suppose a single time interval of duration T is to be timed as 
shown in Figure 1C. The beat-based clock is assumed to be the 
default clock of the brain and generates a timing signal which 
encodes a duration TSBF  such that T = TSBF + ∆T, where TSBF is 
the period corresponding to the striatal beat frequency and ∆T 
represents the error in time measurement. Complementary to 
its role in monitoring and optimizing movements, we propose 
that the olivocerebellar system possesses the neural 
architecture to provide a similar error-correction function for 
perceptual timing by encoding the duration TOC (where, TOC = 

∆T) so that the output of the combined system approximates 
the original time interval, T. There are a number of auditory 
inputs to the striatum (Hikosaka et al., 1989; Bordi and LeDoux, 
1992; Bordi et al., 1993; Yeterian and Pandya, 1998) and the 
cerebellum (Snider and Stowell, 1944; Azizi et al., 1985; 
Huang and Liu, 1985; Schmahmann, 1997; Petachhi et al., 
2005; Kotz and Schwartze, 2010) which might allow direct 
comparison of the internally represented time interval and the 
actual time interval presented and this information may be fed 
to the cortex where attention and memory demands may 
modulate the timing signals. 

   Here, we extend the unified model to consider responses to a 
sequence of time intervals. If the interval T is presented in a 
regular sequence of intervals, the estimates of TSBF may 
improve with reinforcement resulting in smaller errors in 
encoding T, thereby minimizing the role of the olivocerebellar 
system. This is congruent with greater activation of the 
striato-thalamo-cortical network in the timing of beat-based 
sequences (Teki et al., 2011). On the other hand, if random 
jitter is incorporated into the interval T on each occurrence, and 
repeated through an irregular sequence of intervals, estimates 
of TSBF in this unpredictable context would be less accurate and 
result in larger errors in estimation of T. This may result in 
enhanced activation of the olivocerebellar system to encode the 
timing errors and is consistent with greater activity in this 
network for timing of irregular sequences (Teki et al., 2011). 
Such coordinated activity between the interconnected 
striato-thalamo-cortical and olivocerebellar networks could 
form the bases of an optimal timing system that can read out 
accurate time. 

   Lastly, we consider the predictions of the model vis-à-vis 
neuropsychological work based on both duration-based and 
beat-based timing tasks. The default mode of the unified model 
is based on relative timing mechanisms in the striatum. 
According to this prediction, disruption of cerebellar 
mechanisms should leave relative timing intact; this is 
consistent with unimpaired relative timing performance 
observed in acute (TBS over medial cerebellum; Grube et al., 
2010b) and chronic (SCA-6; Grube et al., 2010a) cases of 

cerebellar disruption. The unified model is asymmetrical in that 
the absolute timing mechanisms in the cerebellum finesse the 
more adaptive relative timing mechanisms in the striatum. The 
question that arises, then, is whether a double dissociation is 
possible and relative timing mechanisms might exist in 
isolation. The model developed here suggests that ‘pure’ 
striatal lesions should result in deficits on both absolute and 
relative timing tasks, and this prediction is consistent with 
initial results from timing tests on patients with Parkinson’s 
disease (Grube et al., 2010c), Huntington’s Disease, and the 
striatal form of Multiple Systems Atrophy (Cope et al., 2011). 

III. CONCLUSION 

   The unified timing model, based on the common activation 
of the striato-thalamo-cortical and olivocerebellar networks is 
consistent with their role in time perception as well as the 
specific motor and perceptual timing deficits observed in 
clinical populations. The model assumption of serial 
beat-based striatal activation followed by absolute 
olivocerebellar timing mechanisms shares some formal 
similarity to models of pitch and melody perception in which 
contour is processed before absolute pitch value in a serial 
fashion (Dowling et al., 1995). The two connected networks 
possess the mechanisms to mediate timing as proposed but the 
exact nature and time course of information flow through the 
inter-connected network remains to be elucidated. A 
systems-level investigation of these circuits using techniques 
such as simultaneous recording from olivocerebellar and 
striatal populations and targeted stimulation using two-photon 
fluorescence imaging or optogenetics (Cheng et al., 2011; 
Yizhar et al., 2011) at the cellular level, or analysis of effective 
connectivity between these brain networks using dynamic 
causal modelling of functional imaging data (Friston et al., 
2003) may help obtain a better understanding of the neural 
mechanisms and substrates underlying timing and time 
perception. 
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