Background

Robot controllers rely on clocks to monitor time [1]. Animals, on
the other hand, incorporate sensory data in time perception [2].
Animals’ closed-loop timing makes them successful at timing
complex behaviors, even in unfamiliar circumstances.
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Motivation

Sensorimotor synchronization (SMS) is a good experimental para-
digm with which to study closed-loop timing control. Perhaps be-
cause of music, dance, and speech [4], humans are naturally adept

at entraining movements to temporally variable auditory rhythms [5].
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Experiment
Apparatus

Participants held the handle of a haptic paddle. T|
connected to a motor and encoder.

The paddle was connected to a computer simulating a vir-
tual reality tabletop surface ("haptic wall”).

Movements of the handle were recorded in hard real time.
=1kHz).
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Task

« Participants tapped to a 3 Hz metronome. During each
trial, the metronome ran for 110 seconds.

+ We introduced perturbations, or jitters, that advanced or de-
layed ticks on the order of 10 ms.

 Each subject was presented with randomly ordered jitter
schedules that were either sinusoids or sums of sines (see
rightmost panel).

* We measured how participants responded to the changing
metronome by computing how much their taps were tempo-
rally offset from the nominal, constant period metronome.

« Left: Schematic of trial conditions: (A) single sine perturba-
ns tested the response of the system at individual fre-
quencies, and sum of sines trials (B) tested its response to
simultaneous perturbations at multiple frequencies. Results
shown in top right panel.

Discussion

The “timing sense” that we are studying is similar to the visual
sense in spatial error correction:

ants minimize distance from a
goal region, auditory cues help participants in the tapping task
maintain temporal coordination with the metronome.
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The similarity between the summed and single sines, especially
at low frequencies, hi

The frequency response function suggests this filter is a
low-pass filter. Higher frequency perturbations may be energeti:
cally costly to track, or they may be missed because of senso-
rimotor lag.

stimulus time ~ error
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The gain jump at high frequencies may be an artifact of pat-
terns that emerged in the metronome timing, allowing part
pants to memorize and repeat sequences of taps.
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Results

- Below: (Left) Subject responses closely track the perturbation program over time, suggesting subjects entrain to the metronome.
(Right) Discrete Fourier transforms show that subject behavior has frequency content that closely matches that of the stimuli for
single and sums-of-sines perturbations.
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* Below: Bode plots of the participants’ responses show the amplitude modulation and phase lag relative to the stimulus for the range
of tested perturbation frequencies. The data show that participants’ responses are lowpass. Responses to single and sum-of-sines
perturbations are consistent. Shaded regions are two standard deviations from the mean.
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* Tapping responses were collected from (n = 5) young adult subjects. Each single and sum-of-sines perturbation (7 frequencies be-

tween 0.06 Hz - 1.42 Hz) was repeated six times for each participant.
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