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Motor-Sensory Confluence in Tactile Perception
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Perception involves motor control of sensory organs. However, the dynamics underlying emergence of perception from motor-
sensory interactions are not yet known. Two extreme possibilities are as follows: (1) motor and sensory signals interact within an
open-loop scheme in which motor signals determine sensory sampling but are not affected by sensory processing and (2) motor
and sensory signals are affected by each other within a closed-loop scheme. We studied the scheme of motor-sensory interactions
in humans using a novel object localization task that enabled monitoring the relevant overt motor and sensory variables. We found
that motor variables were dynamically controlled within each perceptual trial, such that they gradually converged to steady values.
Training on this task resulted in improvement in perceptual acuity, which was achieved solely by changes in motor variables,
without any change in the acuity of sensory readout. The within-trial dynamics is captured by a hierarchical closed-loop model in
which lower loops actively maintain constant sensory coding, and higher loops maintain constant sensory update flow. These
findings demonstrate interchangeability of motor and sensory variables in perception, motor convergence during perception, and
a consistent hierarchical closed-loop perceptual model.

Introduction
Unlike most artificial sensors, mammalian sensory organs usually
acquire information via movements (Lederman and Klatzky,
1987; Sathian, 1989; König and Luksch, 1998; Ahissar and Arieli,
2001; Najemnik and Geisler, 2005; Schroeder et al., 2010). The
activation of individual receptors in sensory organs is determined
by the interaction between sensor movements and the physical
features of external objects. Indeed, motor variables had been
shown to affect perception in most sensory modalities (see Dis-
cussion). The fact that motor and sensory variables are part of the
same chain of processing suggests that motor variables are not
limited to modulations of sensory processing, but rather are
equal players in perception. Thus, motor and sensory variables
are expected to be interchangeable, i.e., changes in either sensory
or motor variables can induce perceptual changes to the same
extent. In the extreme case, motor changes alone should account
for changes in perceptual acuity.

Such interchangeability is implied in several theories and
studies of perception (Gibson, 1962; Ahissar and Vaadia, 1990;
Jarvilehto, 1999; O’Regan and Noë, 2001; Diamond et al., 2008;
Friston, 2010) but was not demonstrated quantitatively so far.

Whenever motor variables had been shown to affect perceptual
changes, concurrent changes in sensory processing could not be
ruled out, primarily because the entire ensemble of sensory vari-
ables underlying perception could not be accessed. Therefore, it
was not possible to quantify the relative contribution of motor
variables to perceptual performance, and especially to determine
whether changes in motor strategies alone, without any change in
sensory processing, could improve perceptual acuity.

Motor involvement in perception may vary along a contin-
uum of forms. In one extreme case motor and sensory signals
may interact within an open-loop scheme in which motor signals
determine sensory sampling but are not affected by sensory pro-
cessing. In the other extreme case motor and sensory signals may
be affected by each other within a closed-loop scheme. These two
extreme schemes predict different motor dynamics during the
perceptual process. An open-loop scheme predicts motor dy-
namics, which is independent of sensory information. A closed-
loop scheme predicts strong coupling between the two. A typical
behavior of closed loops is convergence toward a steady state that
is characterized by gradual changes of loop variables until a steady
behavior is reached (Wiener, 1949; Powers, 1973; Hopfield, 1982;
Ahissar and Kleinfeld, 2003; Chakrabarti and Basu, 2008).

To determine the dynamics of a perceptual process, and the
relative contribution of motor and sensory variables, we de-
signed a tactile task that allowed reduction of the number of
variables determining task-related sensory acquisition. We
show that with the strategy selected by our participants there
were only three directly relevant overt variables: two motor
and one sensory. We found that during this perceptual process
these two motor variables were kept constant while other re-
lated motor variables exhibited a convergence behavior. Per-
ceptual improvements, obtained by training, involved changes
in hand velocity and coordination but, interestingly, not at all
changes in the acuity of sensory readout or decision criteria.
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Materials and Methods
The experiments were conducted in accordance with institutional guide-
lines and were approved by the institutional review board. Informed
consents were obtained from all participants.

Human participants and experimental setup
Eight human participants, four females and four males aged 17–36,
seven right-handed and one left-handed, were blindfolded, ear
plugged, and fitted with artificial whiskers (truncated transparent
PVC cones 345 mm long with diameters of 1.8 mm at the base and 1.2
mm at the tip) on their fingers, which mimicked rat whiskers (Fig.
1A). The base of each artificial whisker was glued to an electronic
force sensor (FS20 load cell; Measurement Specialties; with resolu-
tions of 0.0025 g-force and 1 ms), which was glued to a narrow strip of
Velcro tape wrapped around a participant’s finger. A 3D position
sensor (V-scope, LVS-11-pro; Litek; with resolutions of 0.1 mm and
30 ms) was connected to the strip of Scotch tape on the side of the
finger opposite the force sensor. The participants were tested in three
consecutive sessions: “Session 1,” “Session 2,” and “Session 3” (con-
trol session); Sessions 2 and 3 where conducted on the same day, 1–5
d after the first session. In Session 2, hand positions were measured in
only seven of the eight participants. Each experiment was recorded by
a video camera mounted on the ceiling.

Tactile object localization task
Participants sat on a chair that was positioned between two cloth-wrapped
(which attenuated auditory cues) metal poles. Both poles were positioned at

the same radial distance from the participant. The radial position of each
pole was such that when the hands and fingers of the participants were fully
extended, whisker–pole contact occurred 20 cm from the whisker base. Par-
ticipants were instructed to “report which pole is more posterior in the
horizontal plane by using the whiskers”; no further instructions or limita-
tions were given. Each session started with a position offset between the
poles (�x � xL � xR, where xL and xR are the distances of the left and right
poles from the posterior wall, respectively) of 16 cm. Offsets in subse-
quent trials followed a staircase paradigm, and thus, were reduced to
10 log10(�x of previous trial) � 0.1 if a correct answer was given and increased
to 10 log10(�x of previous trial) � 0.2 otherwise (Knutsen et al., 2006). Verbal
feedback (“correct”/“wrong”) was provided by the experimenter after
each trial in all sessions. We assume that this correcting feedback facili-
tated perceptual improvement (Herzog and Fahle, 1997) but had no
significant effect on the motor-sensory strategies selected by our participants
or on intratrial dynamics. Before the beginning of the first session, partici-
pants were given one practice trial at a pole offset of 16 cm. In the third
session, the hands of each participant were moved one by one by the exper-
imenter, in a random order in each trial, to a location where the whisker
touched the pole. Participants were not allowed to detach their whiskers
from the poles (perform “whisking”) during these trials, but were allowed to
“refresh” contact by pressing on and releasing off the pole.

Data analysis
Mutual information between �x and �t for every ��x� (Fig. 2A) was

calculated by MI��x, �t� � �
�t

�
�x

p��xi,�tj�log� p��xi,�tj�

p1��xi�p2��tj�
� for

Figure 1. Performance of bilateral object localization via manual whisking. A, Experimental setup. Participants sat centered between two poles, one of which was randomly selected
to be more posterior by 1–20 cm. Attachment of an artificial whisker, position sensor, and force sensor to an index finger is depicted. B, Position (top) and force signals (bottom) from
left and right hands during a single trial. Position signal indicates distance of the whisker base from the posterior wall. Force signal indicates contact time and force at the whisker base.
C, Psychophysical curves. Relationships between participants’ perceptual reports and differences in touch time (�t) or pole position (�x) were normalized for the first two sessions. Data
were fitted by sigmoid functions after boxcar averaging (width 0.1 of full scale; Table 1). D, Average thresholds attained in three consecutive sessions (error bars indicate SEM). E, Effect
of hand coordination on performance. Psychometric functions were computed, as in C, for �x and �x � �H with data pooled from first and second sessions (Table 1). F, Localization
accuracy (% correct) as a function of �H/V for all trials in both first and second sessions. G, Confusion matrix of participants’ perceptual reports. Data from both first and second sessions.
Percentage of “left” (blue) and “right” (red) perceptual reports are shown for each combination of cues determined from �x (rows) and �t (columns). Scale bar, 100%.
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��x� for which enough data points (�3) were available, Therefore for the
first session there is no mutual information (MI) analysis for ��x� � 1, 2
cm, which almost no participant reached in the staircase paradigm.

The derivatives of the positions of the participants’ hands were calcu-
lated, for every data point, by fitting a cubic spline curve to 41 data points
(20 before and 20 after the point). Velocity, acceleration, and jerk were
calculated analytically by the first, second, and third derivatives of the
spline, respectively. Jerk-cost was calculated by the numerical integral
of the squared jerk values, and normalized by whisking duration

(
1

t
�
0

t
x��t�2dt) (Flash and Hogan, 1985) and was used here as a measure of

motion smoothness.

Theoretical derivations
The participants were asked to determine whether the left or right
poles are more posterior, i.e., whether �x � 0 or �x � 0. During each
trial, they acquired a sample of the spatial difference (�x	) in each
cycle (�x	
n� � �x	1,. . ., �x	n; n � 1, 2,. . .,N, N is the overall number of
cycles in a trial). The perceptual probability is hence given by the
following:

P��x � 0��x	
n�� �
P��x � 0� P��x	
n���x � 0�

P��x	
n��

�
P��x � 0� P��x	
n���x � 0�

P��x � 0� P��x	
n���x � 0� � P��x � 0� P��x	
n���x � 0�

�
1

1 �
P��x � 0� P��x	
n���x � 0�

P��x � 0� P��x	
n���x � 0�

We assume that (1) the probability of each pole arrangement is a
priori identical, P(�x) � const. and P(�x � 0) � P(�x � 0);(2) the
perceived spatial difference between poles given poles arrangement in
a given cycle, P��xi	 ��x�, is independent between cycles within a
given trial; and (3) P��x	i ��x� is identical for all cycles within a given
trial. Thus, P��x	i ��x� are independent and identically distributed.
This results in the following:

P��x � 0��x	
n�� �
1

1 � �
i�1

n P��xi
	��x � 0�

P��xi
	��x � 0�

�
1

1 � �
i�1

n

�
��

0

d��x� P��xi
	��x�

�
0

�

d��x� P��xi
	��x�

. (M.1)

We take p��x	i ��x� to be a Gaussian distribution around �x:

P��xi
	��x� �

1

�	2�
e�

��xi
	��x�2

2�2 ,

where � is the measurement uncertainty. The perceptual probability then
assumes the following form:

P��x � 0��x	
n�� �
1

1 � �
i�1

n erfc��xi
	/	2��

erfc� � �xi
	/	2��

�
1

1 � �
i�1

n 1 � pi

1 � pi

(M.2)

pi � erf��x	i/	2��,

where erf is the error function [erf�x� �
2

	�
�
0

x
e�t2

dt] and erfc is the com-

plementary error function [erfc�x� � 1 � erf�x� �
2

	�
�
x

�
e�t2

dt].

Results
Motor-sensory coding and interchangeability
Human participants were asked to report which of two poles pre-
sented bilaterally to their body was more posterior. The poles were
positioned at radial distances of 1 m (depending on participants
arm length; see Materials and Methods), reachable via artificial whis-
kers that were attached to a participant’s fingers, thus confining
sensory information to contact angle, time, and force (Fig.
1A). Finger position, the force applied on it, and task perfor-
mance were continuously measured. Although participants (n �
8) were free to choose their sensing strategy, all eight employed a
temporal-order strategy in which they moved both hands in a
coordinated manner (Fig. 1B, upper trace), and interpreted their
first contact with a pole as indicating a more posterior position of
that pole. Using this strategy, the participants transformed the
spatial offset between the poles (�x) into a temporal delay be-
tween right and left contacts (�t) (Fig. 1B, lower trace). Conse-
quently, perceptual reports of participants correlated strongly
with �t [MI(�t; Perceptual reports) � 0.97 bits, out of a maxi-
mum of 1 bit] and significantly less with �x [MI(�x; Perceptual
reports) � 0.30 bits] (Fig. 1C; Table 1).

A staircase paradigm was used to reveal the spatial resolution
of pole localization (see Materials and Methods). During their
first session, participants achieved, on average, a spatial resolu-
tion of �TR� � 7.6 cm (where �TR� means average of stair-
case threshold over participants). When retested on a different
day (Session 2), all participants exhibited significantly better spa-
tial resolutions [�TR� � 3.4 cm, p(first vs second session) �
0.001, paired t test; Figure 1, C and D, and Table 1]. This observed
improvement depended on active strategies, since elimination of
active hand movements, which opened the motor-sensory loop,
resulted in reduced performance: when each participant’s hand
was brought to the pole by the experimenter (in the third session,
see Materials and Methods), their performance was similar to
that exhibited in the first session (Fig. 1D; �TR� � 6.7 cm,
p(first vs third session) � 0.49; p(second vs third session) �
0.018, paired t test). This observation also indicates that the im-
proved perception of spatial offsets by our participants was not
based on improved proprioceptive sensing of hand position.

The time delay (�t) used by our participants as a perceptual
cue is determined by the spatial offset between the poles (�x), by
hand dis-coordination (�H, the difference in the positions of the
hands at the moment of touching the first of the two poles), and
hand velocity (V, assuming for simplicity the same velocity for
both hands), as follows:

�t �
�x � �H

V
�

�x

V
�

�H

V
, (1)

where the right two terms represent the temporal code and tem-
poral error, respectively. This equation shows that the only vari-
ables that were directly relevant to performing the task using the
strategy selected by our participants were �t, �H, and V. Indeed,
perceptual reports correlated better with [�x � �H] than with
�x (Fig. 1E; Table 1), and localization accuracy was inversely
related to the temporal error, �H/V (Fig. 1F; R 2 � 0.93). Further-
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more, participants whose hands were more coordinated, i.e.,
whose mean �H was smaller, attained lower localization thresh-
olds (linear regressions of R 2 � 0.33 and 0.67, p � 0.18 and 0.02,
in the first and second sessions, respectively, n � 7). Analysis of
localization errors further illustrated the use of �t as the percep-
tual cue by our participants (Fig. 1G). In 78% of the trials in
which there was a clear discrepancy between the polarities of the
spatial and temporal offsets, participants reported pole location
according to the temporal offset. Yet, obviously, sensory coding
does not fully explain the reports of the participants; the data here
reflects a left-side bias common to trials with and without space–
time discrepancy (Fig. 1G; see Discussion).

In principle, the improved perceptual resolution, i.e., the de-
creased threshold, between Sessions 1 and 2 could either be me-
diated by improving the readout resolution of �t (Craig and
Belser, 2006) or by changing the mapping between �x and �t
such that the same �x is represented by a larger �t. No significant
change was observed in �t readout between the first and second
sessions (Fig. 1C; Table 1); the maximal slope of the psychometri-
cal curve of �t remained unchanged. In contrast, a clear and

robust change in the mapping of spatial to
temporal cues via hand movements oc-
curred between the two sessions. During
the second session, �t conveyed signifi-
cantly more information about �x for
small (�10 cm) �x offsets (Fig. 2A), in-
creasing the mutual information be-
tween �x and perceptual reports. As a
result, despite the significant change in
the distribution of �x values (Fig. 2C),
the distribution of �t values remained
unchanged between the first and second
sessions (Fig. 2B). �t values were kept
within the range of 150 –200 ms
(152.7 � �tfirst � 197.5 ms and 153.6 �
�tsecond � 194.7 ms; 95% confidence in-
tervals of the means).

The changes we observed in localiza-
tion resolution and accuracy could be ob-
tained by decreasing V and ��H�,
respectively (Eq. 1). In fact, on average
both V and �H were reduced in the sec-
ond session, but only when small (i.e., dif-
ficult) spatial offsets (��x� � 10 cm) were
introduced (Fig. 2D,G). This indicates
that motor changes were controlled in a
stimulus-dependent manner. In addition,
better motor control in the second session
was indicated by a dramatic decrease in

the trial-by-trial variability of V and ��H� (V, from 147 to 22
cm 2/s 2, p � 10�6, F test; ��H�, from 15.6 to 8.1 cm 2, p � 10�4, F
test).

Although all participants improved their thresholds between
Sessions 1 and 2, their improvement strategies differed. V and
��H� were reduced in participants who started with high values,
and increased with participants who started with low values. As a
result, participants converged on smaller ranges of V and ��H� in
the second session (Fig. 2E,H). V changes were strongly corre-
lated with threshold changes (Fig. 2F, R 2 � 0.83). Changes in
��H� were not correlated with threshold improvements (Fig. 2I).

Dynamics of motor sampling
The results so far indicate that motor variables are interchange-
able with sensory variables in determining perceptual resolution
and accuracy; in the paradigm presented here, changes in motor
variables alone accounted for almost all perceptual improve-
ments between sessions. We thus examined the dynamics with
which motor variables were used to acquire sensory information
while perceiving object location.

Whisking patterns varied across participants and trials
(Fig. 3A). In general, participants tended to make more whisk-
ing cycles when challenged with smaller �x offsets in both
Sessions 1 and 2 (linear regression, R 2 � 0.88). The depen-
dency of N on �t, our participants’ sensory cue, took an
exponential-like form (Fig. 3B).

To characterize motor-sensory dynamics, we analyzed the be-
havior of motor variables determining sensory sampling along
individual trials. In trials where more than one whisking cycle was
employed, participants tended to gradually decrease cycle dura-
tion and amplitude, and to advance cycle onset position (“set
point”), exhibiting saturation behavior: changes became gradu-
ally smaller as the trial proceeded (Fig. 3C). With our partici-
pants, left-hand set point increased more, and therefore was

A B C

D E F

G H I

Figure 2. Factors underlying improvement of localization between sessions across all participants. A, MI between �x
and �t as a function of ��x�. B, C, E, H, Median and quartile as exhibited in the first and second sessions of �t, �x, V, and
�H, respectively. D, G, Average V and �H as a function of ��x�. F, I, Ratio of V and �H across sessions as a function of the
ratio of thresholds across sessions.

Table 1. Sigmoid (
a

1 � e�n� x�b�) fit parameters for Figure 1, C and E

a b n R 2

Figure 1C
�t first session 91.5 �0.012 24.41 0.948
�x first session 92.2 �0.05 2.48 0.935
�t second session 100 0.007 23.25 0.9993
�x second session 92.7 �0.04 4.38 0.988

Figure 1E
�x 96.1 0.42 0.162 0.953
�x � �H 101.3 0.04 0.215 0.990

a, Sigmoid upper asymptote; b, sigmoid center point; and n, sigmoid slope.
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closer to the actual pole position than the right hand (Fig. 3D),
possibly due to superior accuracy of position proprioception of
nondominant hands (Goble and Brown, 2008).

Interestingly, V and �H did not change during the trial (Fig.
3E). As a result (Eq. 1), �t did not change during the trial [p (a �
0) � 0.4, where “a” is the slope of regression between �t and cycle
#, for trials with 3– 6 cycles]. Moreover, although their mean
values were changed significantly between sessions, the profiles of
V and �H during each cycle remained constant (Fig. 4) (Kelso et
al., 1979; Andrews and Coppola, 1999). Yet, these profiles were
carried out in a smoother fashion during Session 2. The jerk-cost
(Flash and Hogan, 1985) of the entire cycle movement (normal-
ized by duration, see Materials and Methods) was reduced by
45% in Session 2 (p � 0.05, t test).

The dynamics of motor sampling (Fig. 3) appeared to follow a
gradual process during which motor variables approached cer-
tain asymptotic values. This behavior is typical to closed-loop

systems, while they approach steady states. Moreover, the fact
that those variables that gradually changed were those that did
not determine sensory coding directly (Fig. 3C), while the code-
determining variables remained unchanged during a trial (Fig.
3E), resembles a closed-loop optimal control scheme (Todorov
and Jordan, 2002), which in this case controls sensory coding.
Closed-loop optimal control is a method of automatic control in
which the operating conditions of the controlled object are
maintained such that a criterion function, called performance
criterion, target function, or objective function, is maximized
(Korovin, 1979; Todorov, 2004). Closed-loop optimal control is
usually used when the behavior of the controlled object is uncer-
tain, such as when controlling resonance circuits, chemical reac-
tors, or crushing processes. Given the inherent uncertainty of
sensory coding, we tried to see whether our results can be ex-
plained by a closed-loop optimal control of sensory coding (Pow-
ers, 1973). Due to the coordinated movement of the twohands, the

Figure 3. Kinematics of whisking cycles. A, Eight trial trajectories from two participants. In each trial, the position of the left (red) and right (green) hands are plotted as a function of trial time
(note that scales differ). Colored vertical bars indicate contact onset times. �x and the participant’s perceptual report are denoted for each trial. B, Average number of whisking cycles in a trial as a
function of �t in Sessions 1 and 2 (n � 8 participants). Fitting parameters for Equation 5: Pdec � 0.77, �� 379 ms, N� � 1.16, and R 2 � 0.921 in Session 1; Pdec � 0.85, �� 279 ms, and N� �
1.17, and R 2 �0.877 in Session 2 ( p �0.05, t test for each parameter). C, Average normalized whisking amplitude, duration and set point as a function of whisking cycle number. Fitting parameters
of Equation 10: amplitude: aE � 6.74, � � 0.70, R 2 � 0.93; duration: aT � 8.05, � � 0.71, R 2 � 0.97; set point: aS � 8.44, � � 0.75, R 2 � 0.94. D, Right and left hand set points as a function

of whisking cycle number. Fitting parameters for S�N� � b�1 � aS� 1

1 � �N�1 �
1

1 � �N�� � c (based on Eq. 10): right hand: as � 8.46, � � 0.58, b � 9.28 cm, c � 122.1

cm, R 2 � 0.89; left hand: as � 8.79, �� 0.53, b � 8.99 cm, c � 124.1 cm, R 2 � 0.89. E, Average normalized ��H� and V as a function of whisking cycle number. Data for graphs C–E were pooled
from Sessions 1 and 2.
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motor-sensorystrategyselectedbyourparticipantscanbeconsideredas
an active version of the well studied temporal order judgment task
(HirshandSherrick,1961;Pöppel,2004),theperformanceofwhichwas
shown to be captured by a Bayesian integration model (Miyazaki et al.,
2006). Consequently, we used Bayes’ theory for modeling the accumu-
lation of sensory information over cycles.

Bayesian accumulation of perceptual
confidence
The perception of relative object location, i.e., which pole is more
posterior, can be modeled as a binary probabilistic decision-making
process, updated using Bayes theorem upon each new contact (see
Materials and Methods). The perceptual probability the participant
updates along a trial is denoted by P�n� � P��x � 0��x	
n��, where
�x	
n� � 
�x1

	 ,. . ., �xn
	 � is the sequence of perceived spatial differ-

ences �x	i and �x is the physical difference between the poles. In
other words, the participant’s brain updates the probability of the left
pole being more posterior upon perceiving the spatial difference
after each cycle, i. Bayes theorem in this scenario, incorporating our
assumptions (see Materials and Methods), is given by the following:

P�n� � P�n � 1�
P��x	n��x � 0�

P��x	n�
. (2)

We have shown that the strategy used by our participants represents the
spatialdifference�xbythetemporaldifference�t(Eq.1).Furthermore,
we have shown that the latter remains constant throughout the trial.
Hence, the perceptual probability at cycle n acquires the following form
(see Materials and Methods; Eq. M.2):

P�n� � P��x � 0��x	
n�� � P��x � 0��t	
n��

�
1

1 � �
i�1

n 1 � pi

1 � pi

�
1

1 � �
i�1

n 1 � p

1 � p

�
1

1 � �n. (3)

� �
1 � p

1 � p

p � erf��t	/	2��.

Here, � relates to the measurement uncer-
tainty and �t	 is the perceived temporal
difference between the poles contacts. As
�t was kept more or less constant for each
trial, by keeping �H and V constant (Fig.
3E), we take �t	 � 
�t� when using Equa-
tion 3, in the analysis of the average (over
participants and identical trials) depen-
dence of N (the total number of cycles in a
trial) on task difficulty.

We define the perceptual confidence as
follows:

C�N� � 1 � H�P�N�� � 1

� �P�N�log2P�N�

� �1 � P�N��log2�1 � P�N���, (4)

where H(P(N)) is the entropy; the confi-
dence is set such that 0 	 C(N) 	 1 and
should be maximized. We assume that par-
ticipants made a decision when (after N cy-
cles) a specific confidence level was reached,
C(N) 
 Cdec, where Cdec does not depend

on task difficulty. This inequality is equivalent to �P(N) � 0.5� 

Pdec � 0.5 since C(N) is a monotonous and symmetric function of
P(N) around P(N) � 0.5, hence there is a monotonous function
f(C(N)) such that �P(N) � 0.5� � f(C(N)). It then follows (Eq. 3)
that the number of cycles required to reach a decision threshold
Cdec is inversely related to �. Specifically, the number of cycles
required to reach a perceptual confidence that is greater than
Cdec is given by the following: N � ln�Pdec

�1 � 1�/ln���. Given
Equation 3, the dependency described in Figure 3B is given by the
general equation as follows:

N�
�t�� � N��t	�

�
ln�Pdec

�1 � 1�

ln�1 � erf��t	/	2��� � ln�1 � erf��t	/	2���
� N�. (5)

Where we added N�, to account for the asymptotically easiest
task, 
�t�3 �, which still requires at least one cycle.

To extract the model parameters, Cdec, �, N�, we have fitted the
predicted behavior to the data presented in Figure 3B, for both ses-
sions (Fig. 3B, red and blue curves). Equation 5 could explain the
data in both sessions to a similar extent (Fig. 3B; R2 � 0.92 and 0.877
in Sessions 1 and 2, respectively; the difference between sessions was
not significant: p � 0.05, t test). Equation 5 explained our data
slightly better than a strict exponent (N��t	� � ae��t	/b � c), with
the fitting parameters a � 3.495, b � 242 ms, c � 1.29: root mean
square error � 0.20 (R2 � 0.90) versus 0.21 (R2 � 0.89) cycles,
respectively, for the entire data from both sessions. Fitting the entire
data from both sessions to the model in Equation 5 revealed
that Cdec � 0.82, � � 317 ms, and N� � 1.17. The value of �
alludes to the overall perceptual uncertainty, which in this task is
primarily affected by sensory temporal uncertainty and motor-
related uncertainties. This value matches experimental observa-
tions: uncertainties of bilateral temporal order judgments at
confidence levels of 0.8 are in the order of 100 ms (Laasonen et

Figure 4. Mean cycle patterns for V (top) and�H (bottom) for all trials of Sessions 1 and 2 for seven participants (P1–P7). In each panel,
mean values are normalized and plotted as a function of protraction phase between onset (“0”) and contact with the pole (“1”).
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al., 2001; Zampini et al., 2003; Pöppel, 2004; Zampini et al., 2005)
and variability of hand coordination of our participants mapped
to temporal uncertainties in the order of 200 ms (Fig. 2D,G). The
value of the confidence decision threshold Cdec resembles values
of introspective confidence levels reported during other tactile
tasks (Gamzu and Ahissar, 2001). The asymptotic value of N�

corresponds to the minimal number of cycles required even for
the easiest task, i.e., one cycle.

Minimal energy model of motor sampling
In analogy with the optimal control scheme (Todorov and Jordan,
2002), we postulate that the objective of the participants was to max-
imize their perceptual confidence while minimizing the energetic
costs associated with the process. Unlike the conventional optimal
control scheme, in which the objective is external (e.g., reaching a
target), the objective here is internal. Hence, the motor goal and
motor energetic cost terms are mapped here to the perceptual con-
fidence and motor-sensory energetic cost terms, respectively. The
latter is the sum of a motor energy term, proportional to the square
of the velocity, and a sensory energy term. Metabolic costs of sensory
processing, as measured via changes in blood oxygenation and flow,
had been consistently shown to be related to the amount of change in
sensory content (Frostig et al., 1990; Malonek and Grinvald, 1996;
Rees et al., 1997). In the terminology adapted here, under the as-
sumption that the absolute value of the rate of change in perceptual
confidence in our experiments was monotonic with the rate of
change in the sensory content, this is mapped to the square of the

change in perceptual probability over time, �dP�t�

dt
�2

(we take the

square of the time derivative to have a differentiable function, as the
absolute value is not differentiable at zero); the greater or faster
the change, the greater the cost of sensory processing.

To formulate the motor energetic cost we approximate each
cycle (Fig. 3A) as a sinusoidal trajectory: x(t;n) � xmax (n)sin(2�t/
T(n)), where n � 1,. . . ,N is the cycle number. Here, we take
xmax�n�

T�n�
�vconstant, i.e., that the average velocity is constant between

trials. This approximation is valid for our data since the patterns
of motion remained constant and sinusoidal-like (Fig. 4), and
only their amplitudes and durations changed from cycle to cycle.

The objective function can then be formulated in the follow-
ing equation:

G�N;T�n�� � C�N� � a�
0

T

dt�dx�t�

dt
� 2

� b�
0

T

dt�dP�t�

dt
� 2

� C�N� � a�
n�1

N �
0

T�n�

dt�dx�t;n�

dt
� 2

� b�
n�1

N �
0

T�n�

dt�dP�t;n�

dt
� 2

� C�N� � a	�
n�1

N

T�n��xmax�n�

T�n�
� 2

� b	�
n�1

N

T�n���P�n�

T�n�
� 2

� C�N� � a��
n�1

N

T�n� � b��
n�1

N �P�n�2

T�n�
. (6)

Here, the first term is the task term, i.e., maximization of percep-
tual confidence; the second term represents the motor energy
cost, and the third term is the processing cost, where �P(n) �
P(n) � P(n � 1) is the change in perceptual probability from
cycle to cycle. The terms are added to each other because we

assume no interaction between the terms. Such additive func-
tions are widely assumed in objective functions and are indirectly
supported by reasonably good fits with experimental data (Izawa
et al., 2008; Simpkins et al., 2008).

Equation 6 is developed as follows. First, we segmented time
to cycles, assuming there is no interaction between cycles. Next,
we applied a discrete update of the perceptual probability. Fi-
nally, we used the fact that average velocities were kept constant
between trials.

The goal is to find a motor policy that will maximize this
objective function. The participants can control the motor strat-
egy via several motor variables; here we consider a control via
changes in the duration of each cycle, T(n). It can be shown that
assuming control via whisking amplitude or set point would yield
similar results. We define the functional that depends on the
duration-per-cycle function as follows:

L�T�n�� � �
n�1

N T�n� � b	
�P�n�2

T�n� � . (7)

We assume that each cycle can be controlled independently by
the participants. The functional does not include the term C(N)
because C(n) did not depend on T(n) in our experiments: V and
�H at touch were constant over cycles and did not depend on T,
hence the coding sensory variable, �t, and the resulting C(n) did
not depend on T. Furthermore, the functional is also indepen-
dent between cycles, i.e., it has no “memory” or cross-terms be-
tween different cycles. Hence, each cycle can be minimized
independently as follows:

L�T�n�� � �
n�1

N

fn�T�n��

fn�T�n�� � T�n� � b	
�P�n�2

T�n�
f

df

dT�n�
� 1 � b	

�P�n�2

T�n�2 � 0

fT�n� � 	b	 ��P�n� � f
�P�n�

T�n�
� const. (8)

Here, fn(T(n)) is the cost of each cycle, which depends on cycle
duration. It is minimized by equating its derivative, with respect
to the duration, to zero. The final result states that cost minimi-
zation is achieved by making each cycle’s duration proportional
to the (expected) change in perceptual probability.

Several comments are in order. The first is a symmetric inter-
pretation of the motor and processing costs: the position relates
to an external (physical) state whereas the perceptual probability
relates to an internal (cognitive) state. A change in either incurs a
cost in a similar manner. The second comment relates to the
temporal pattern of control. Motion control is assumed to be
continuous in its basic level, within each whisking cycle, and
discrete in a higher level in which perceptual probability and
cycle-related motor variables are updated once per cycle. Third,
the empirical finding that average velocities remain constant be-
tween trials leads to the conclusion, within the boundaries of our
model, that the rate of perceptual change is actively maintained
constant. In other words, the participants’ optimal policy is to
gradually decrease each cycle’s duration as perceptual confidence
gradually converges. This maintenance of balance between motor
and processing energetic costs (shorter motor cycles per smaller
perceptual changes) results in a constant sensory update flow (in
units of time along the trial: shorter intersample intervals per
smaller perceptual updates).
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One thus gets that the duration of each cycle should be pro-
portional to the perceptual change (Eq. 8) and should thus decay
with the number of cycles (Eq. 3) as follows:

�P�n � 1� �
1

1 � �n�1 �
1

1 � �n. (9)

Furthermore, since contact velocity was kept constant with cy-
cles, it entailed that E(n)� vcontact � T(n)� �P(n), i.e., cycle am-
plitude E(n) should also decrease, as indeed observed. Finally, the
set point S(n) � 1 � E(n) (set point plus amplitude equals the
contact position, which was constant for each trial) must increase
with decreased amplitude (as observed) to establish continued
contact. We thus get the following:

T�n� � aT�P�n�,

E�n� � aE�P�n�,

S�n� � 1 � aS�P�n�. (10)

We fitted each of the three modulated variables, namely, ampli-
tude (E), duration (T), and set point (S) of a cycle, to a function
of this form (Eqs. 9, 10), assuming that the motor variables in a
given cycle did not depend on the total number of cycles in that
trial.

Discussion
This work addressed the dynamic characteristics of the process of
perceiving object position, and the relative contribution of motor
and sensory variables to this process. Addressing this topic re-
quires identification and monitoring of all relevant motor and
sensory variables. This is usually impossible because the motor
and sensory variables used by each individual, shaped by her or
his idiosyncratic lifetime experience, are not known. We thus
challenged human participants with a novel tactile task, in which
interactions with external objects were allowed only via artificial
whiskers. Analysis of participants’ behavior and reports, hand
positions, and contact times revealed that all our participants
employed the same strategy for solving this task: they moved both
hands as synchronized and as coordinated as possible and judged
the spatial offset between the poles by reading out the temporal
offsets between bilateral contacts. Under this strategy, the num-
ber of overt variables underlying perceptual acuity was reduced to
three, all measured during the experiments: two motor (hand
velocity and coordination) and one sensory (readout of a tempo-
ral delay). Using this task we showed that it is possible to improve
localization acuity by changing the two motor variables alone
without any change in the acuity of sensory readout. We further
showed that the dynamics of motor variables during each percep-
tual trial resembled the dynamics of convergence processes in
closed loops. Using mathematical modeling we showed that our
data fit a scheme of hierarchical closed loops in which lower loops
control sensation reliability and higher loops control sensory up-
date flow. Constant sensation reliability was obtained here by
keeping constant velocity and interhand difference, and constant
update flow was kept by decreasing cycle duration.

Convergence versus repeated sampling
In these experiments, perception of object location emerged in
each trial via an iterative process, during which participants made
multiple contacts with the poles, where the number of contacts
increased exponentially with task difficulty. During this process,
several motor variables (hand set points, whisking amplitude,

cycle duration) exhibited saturating exponential behaviors,
which converged to steady values (Fig. 3C). Thus, rather than
merely repeating the same sampling motion again and again, the
tactile system exhibited systematic dynamics, typical to closed
loops when approaching a steady state (Wiener, 1949; Powers,
1973; Hopfield, 1982; Ahissar, 1998; Ahissar and Kleinfeld, 2003).

If a perceptual system indeed converges to a steady state, such
a state is expected to be optimized for perception. The actual
ensemble of motor and sensory variables that compose such a
state, and their values, are most likely determined by experience
and by the task in hand (O’Regan and Noë, 2001; Purves et al.,
2001). In the current case, the ensemble of relevant motor vari-
ables included variables that directly determined sensory coding
(V and �H), and other variables that affected motor-scanning
patterns (whisking amplitude, duration, and set point). Interest-
ingly, the coding-determining variables, V and �H, were kept
constant during this process (Fig. 3E), suggesting that they were
treated as “controlled parameters” (Todorov and Jordan, 2002)
in a control strategy that is aimed at optimizing sensation (Na-
jemnik and Geisler, 2005; Simony et al., 2008; Gordon and
Ahissar, 2011) rather than motion (Osu et al., 2004; Doya, 2007;
Dayan and Daw, 2008; Nagengast et al., 2009).

A schematic description of the perceptual process
Our data suggest a hierarchical scheme of closed loops, with at
least two levels. Fitting our data to a Bayesian perceptual process
(Fig. 3) resulted in two levels of controlled variables (Fig. 5A). In
a low level, constant sensation reliability is maintained by keeping
hand velocity and interhand difference constant. In a higher level,
constant sensory update flow is maintained by decreasing cycle
duration. According to our data, the control mechanism, sensory
readout mechanisms, and the internal confidence threshold did
not change between sessions. The improvement in perceptual
acuity, between sessions, was achieved here primarily by chang-
ing the mapping between �x to �t, via changing hand velocity
(Figs. 5B, 2D–F).

The tactile system of our participants also controlled hand
coordination (�H). Closed-loop control of perceptual accuracy
via hand coordination would predict that the reporting bias of
our participants (Fig. 1G) stemmed from coordination errors. If
the perceptual system assumes balanced hand coordination while
the hands are actually offset (Fig. 3D; p � 0.001 Pearson � 2 test),
it would indeed be inclined to perceive objects positioned more
posterior on the side of the more forward hand, as was the case
with our participants.

Our theoretical model suggests that the tactile system makes
an effort to keep a constant sensory update flow to maximize
perceptual confidence while minimizing motor energy and pro-
cessing costs during perceptual accumulation. In the current ex-
periment, participants’ hands were outstretched throughout the
trials, which may contribute to fatigue and attempt to minimize
movement energy. Furthermore, it is known that processing and
accumulation of new information has a metabolic cost (Laughlin
et al., 1998) whose theoretical considerations were previously
addressed (Schmidhuber, 1997; Polani, 2009; Still, 2009). Balanc-
ing between the amount of novel information (Gordon and
Ahissar, 2011, 2012) and movement and processing costs sug-
gested that a constant update flow may be a selected perceptual
strategy in this study. Yet, although this interpretation emerged
from formalization that is self-consistent and consistent with our
data, it is probably not unique in that sense and thus not the only
possible interpretation of our data.
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Motor versus sensory plasticity
The strong motor bias observed here for
rapid improvements may reflect different
time scales of motor and sensory adapta-
tion processes. Adjustment of sensory
processing (Ahissar et al., 1998; Ego-
Stengel et al., 2001) is complicated by the
necessity to adjust a cascade of readout
circuits in a sequential order (Ahissar and
Ahissar, 1994). This is a slow process
(Karni and Sagi, 1993; Ahissar and Hoch-
stein, 1997) that is most likely based on
selection (Ziv and Smith, 1996) and stabi-
lization of synaptic connections (Xu et al.,
2009). In contrast, adjustment of motor
patterns is a faster process, based primar-
ily on reorganization of spiking patterns
(Georgopoulos, 1986; Aertsen et al., 1991;
Hatsopoulos et al., 2007). This difference
in the adaptation of sensory and motor
processes may explain a learning strategy
in which adaptation to a new environ-
ment is initiated by motor adjustments,
and then slowly stabilized by sensory
adjustments.

Interchangeability of motor and
sensory variables in perception
The importance of motor strategies for
perception has already been demon-
strated for sight, taste, smell, and touch
(Halpern, 1983; Lederman and Klatzky,
1987; Jones and Hunter, 1993; Turvey,
1996; Ahissar and Arieli, 2001; Cascio and
Sathian, 2001; Gamzu and Ahissar, 2001;
Bahar et al., 2004; Cullen, 2004; Najemnik
and Geisler, 2005; Sailer et al., 2005;
Kepecs et al., 2006; Land, 2006; Ahissar
and Knutsen, 2008; Knutsen et al., 2008;
Laubrock et al., 2008; Wilson, 2008; Chiel
et al., 2009; Curtis and Kleinfeld, 2009;
Knutsen and Ahissar, 2009; Ko et al.,
2010). Furthermore, inextricable links be-
tween motor and sensory functions in the
brain had been repeatedly indicated (Car-
mena et al., 2003; Caputi, 2004; Avenanti
et al., 2007; Matyas et al., 2010; Li et al.,
2011). However, the relative contribution
of motor and sensory variables to percep-
tual accuracy and resolution could not be
analyzed quantitatively in these studies
because not all task-relevant sensory and
motor variables could be isolated and
monitored. Thus, the degree of the actual
motor-sensory interchangeability could
not be assessed and compared with theoretical predictions
(Ahissar and Vaadia, 1990; Jarvilehto, 1999; Ahissar and Arieli,
2001; O’Regan and Noë, 2001; Diamond et al., 2008; Friston,
2010). The contribution of the current study is in providing a
boundary for motor-sensory interchangeability. It shows that
motor and sensory variables are in principle fully interchange-
able, at least during the perception of object position, such that in
certain conditions changes in motor variables alone can improve

perceptual acuity without any changes in the acuity of sensory readout
(Fig. 1C). This potential for complete motor-sensory interchangeability
means that the brain can distribute changes in processing along the
entire motor-sensory loop, depending on the task at hand. This conclu-
sion is in line with the inextricable coupling between neuronal motor
and sensory subsystems cited above.

Almost every experiment applies a reductionist approach, in
which a reduced set of components of a system is studied, usually

A

B

Figure 5. A conceptual model for hierarchical motor-sensory convergence implicated by this study. A, Left and right sensation
loops control hand velocity ( V) to convert position signals (x) to temporal signals (t); two different conversions, related to two
different V values, are indicated by the solid and dashed curves. The same loops recode the t signals as internal representations ( R).
The bilateral R signals are subtracted from each other, and the difference is integrated in C(n) according to Equations 3 and 4. The
left and right sensation loops continuously execute whisking cycles as long as C � Cdec, with cycle duration, and as a result also set
point and amplitude, being controlled by higher loops. When C 
 Cdec, the system exits the active sensation mode and reports the
perceived offset. B, Dependence of space-to-time conversion on hand velocity. When V decreases, as occurred in Session 2, smaller
�x offsets are mapped to �t delays that previously (e.g., in Session 1) represented larger �x offsets. The transformation from t to
R remains unchanged.
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in unnatural conditions. To study visual perception, for example,
unnatural stimuli such as flashing stimuli are often applied to
subjects with immobilized heads for durations that do not allow
significant eye movements. Such experiments revealed funda-
mental operational principles of subcomponents of the brain.
Moreover, use of artificial media such as prism goggles enabled
the exposure of mechanisms of plasticity that would remain hid-
den otherwise. Likewise, our artificial whisker sensors and local-
ization task enabled the exposure of an extreme case of sensory-
motor interchangeability and the dynamics of tactile perception.
The paradigm presented here can be further used to expose fea-
tures related solely to the motor branch of the natural motor-
sensory acquisition loop and to investigate the dependency of
perceptual accuracy and resolution on the motor dynamics of the
sensors.

Notes
Supplemental elaborated derivation of Equation M.1 for this article is avail-
able at http://www.weizmann.ac.il/neurobiology/labs/ahissar/unpub/Wh_
Eq_M.1-2.pdf. This material has not been peer reviewed.
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