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Tim
e as a Sensorim

otor C
ontrol Problem

: 
Perform

ance Lim
its of H

um
an Auditory-M

otor Entrainm
ent

R
obot controllers rely on clocks to m

onitor tim
e [1]. Anim

als, on 
the other hand, incorporate sensory data in tim

e perception [2].   
$QLP
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LQJ�P
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�VXFFHVVIXO�DW�WLP

LQJ�
com

plex behaviors, even in unfam
iliar circum

stances.

Sensorim
otor synchronization (SM

S) is a good experim
ental para-

digm
 w

ith w
hich to study closed-loop tim

ing control. Perhaps be-
cause of m

usic, dance, and speech [4], hum
ans are naturally adept 

at entraining m
ovem

ents to tem
porally variable auditory rhythm

s [5]. 

The sim
ilarity betw

een the sum
m

ed and single sines, especially 
at low

 frequencies, hints at a linear controller.

The frequency response function suggests this filter is a 
low

-pass filter. H
igher frequency perturbations m

ay be energeti-
cally costly to track, or they m

ay be m
issed because of senso-

rim
otor lag.
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R
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Below
: (Left) Subject responses closely track the perturbation program

 over tim
e, suggesting subjects entrain to the m

etronom
e. 

(R
ight) D

iscrete Fourier transform
s show

 that subject behavior has frequency content that closely m
atches that of the stim

uli for 
single and sum

s-of-sines perturbations.
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Experim
ent

•
Participants held the handle of a haptic paddle. This w

as 
connected to a m

otor and encoder. 

The paddle w
as connected to a com

puter sim
ulating a vir-

tual reality tabletop surface (”haptic w
all”). 

M
ovem

ents of the handle w
ere recorded in hard real tim

e. 
(sam

pling rate = 1 kH
z).

•

Apparatus

D
iscussion

The “tim
ing sense” that w

e are studying is sim
ilar to the visual 

sense in spatial error correction:

W
hile visual cues help participants m

inim
ize distance from

 a 
goal region, auditory cues help participants in the tapping task 
m

aintain tem
poral coordination w

ith the m
etronom

e.

M
etronom

e
Tap

The gain jum
p at high frequencies m

ay be an artifact of pat-
terns that em

erged in the m
etronom

e tim
ing, allow

ing partici-
pants to m

em
orize and repeat sequences of taps. 
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perturbations are consistent. Shaded regions are tw

o standard deviations from
 the m

ean.
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Task

•• •
Participants tapped to a 3 H

z m
etronom

e.  D
uring each 

trial, the m
etronom

e ran for 110 seconds.

W
e introduced perturbations, or jitters, that advanced or de-

layed ticks on the order of 10 m
s.

Each subject w
as presented w

ith random
ly ordered jitter 

schedules that w
ere either sinusoids or sum

s of sines (see 
rightm

ost panel).  

W
e m

easured how
 participants responded to the changing 

m
etronom

e by com
puting how

 m
uch their taps w

ere tem
po-

rally offset from
 the nom

inal, constant period m
etronom

e. 

•

Left: Schem
atic of trial conditions: (A) single sine perturba-

tions tested the response of the system
 at individual fre-

quencies, and sum
 of sines trials (B) tested its response to 

sim
ultaneous perturbations at m

ultiple frequencies. R
esults 

show
n in top right panel.

•

•
Tapping responses w

ere collected from
 (n = 5) young adult subjects. Each single and sum

-of-sines perturbation (7 frequencies be-
tw

een 0.06 H
z - 1.42 H

z)  w
as repeated six tim

es for each participant.
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