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Abstract. For the perception of haptic environmental properties such
as stiffness, damping, or inertia, estimates of force and movement must be
combined continuously over time. We investigate the relations between
sensitivity of perceptual judgments about force and the time a percep-
tual response is given with different types of hand movements Portions of
response data are selected according to their response time and psycho-
metric functions are fitted. In this way, we can estimate time-dependent
JND and PSE functions. We show that the JND is different depending
on which portion on the response time data it is based on. The JND
follows the same pattern for responses given after 650ms. Furthermore,
we find that forces are consistently overestimated during movement.

Keywords: Psychophysics, Force Perception, Perceptual Dynamics

1 Introduction

Two fundamental sources of haptic information are crucial for perceiving ob-
ject properties such as inertia and stiffness: Force and movement. It is well-
known that these two quantities depend on each other, physically linked by the
impedance of one’s moving limb and the environmental dynamics, but there is
also an interdependency on the perceptual level. During the movement of a limb,
detecting cutaneous stimuli is significantly more difficult [2, 4, 9]. This effect has
been associated to a neural gating mechanism to cancel out forces resulting from
limb movements and is well-captured by a control strategy using a forward model
of limb and environment [12]. Most investigations of human force perception aim
at obtaining a psychometric function, relating the proportion of responses to a
change in the force characteristic under investigation, e.g., its magnitude [1].
Two measures are extracted from it: The just noticeable difference (JND) char-
acterises the sensitivity of the perceptual judgment to the stimulus. The point of
subjective equality (PSE) determines the most likely perceptual representation
of a stimulus’s value.

Investigations of JND and PSE have so far neglected temporal aspects of
perception, in particular the time that is taken to express a decision about the
perceived haptic stimulus. However, it has been recognised that perception in
general is a dynamical process [5, 10], suggesting that a percept builds up and can
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vary during the exposure to sensory stimulation. As a result, a stationary and
constant JND would not be an ideal characterisation of the perceptual system,
but a temporal component must be added. In visual perception, computational
dynamic models based on a diffusion process are well-established and correctly
predict both the shape of the psychometric function and the response time distri-
butions in a range of experimental paradigms [7, 8]. For the joint representation
of response time and response proportions, so-called quantile-probability func-
tions have been introduced [7, 8]. These graphs are, however, hard to interpret
for non-experts and a comparison between different experimental conditions is
renowned as difficult.

Here, we expand on the idea of characterising the perceptual system using
JND and PSE but we want to be able to account for the fact that these measures
may change with the time the response is given. We present a psychophysical
study on force magnitude perception during different hand movement conditions:
No movement, active movement and non-active movement. These conditions
have been chosen to test the two hypotheses “Movement has an influence on the
sensitivity and accuracy of force perception.” and “Response time and perceptual
sensitivity/accuracy are linked to each other.” These hypotheses are tested using
a novel way of computing JND and PSE by calculating them over different
portions of response time data.

2 Methods

We investigated the temporal properties of force perception using a 1-interval,
2-alternative forced choice task similar to the one reported in [7]. Participants
were asked to classify a force applied to the palm of their dominant hand by
means of a force.dimension delta.3 haptic interface into the two categories of
either a “high force” or a “low force”. The force was always directed towards
the elbow which rested on a table in a fixed position. Responses were collected
through the left and right arrow keys on a customised computer keyboard labeled
“low force” and “high force”, respectively. Key press events were detected by a
National Instruments PCI-6229 DAQ card at a rate of 1000Hz.

Participants. Seven psychology students were recruited via the University of
Birmingham research participation scheme (SONA) and paid 12 £ (age range 19-
28, 4 female, 1 left-handed as assessed by a questionnaire). They all gave their
written informed consent prior to participating in the study, which has been
approved by the local ethics committee. None of them reported any history of
sensorimotor disorders.

Stimuli. Six force levels spanning equally between 2.0 N and 5.0 N were com-
manded to the haptic interface, the lower three associated to the “low force”
group. After each stimulus presentation, feedback about the correctness of the
judgment was given via coloured LEDs. The perceptual task was repeated un-
der three movement conditions: No hand movement (“still”), “active” movement
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Fig. 1. JND([tresp −∆, tresp +∆]) and PSE([tresp −∆, tresp +∆]) are calculated using
responses that were given within a time interval of 2∆ around a specific response
time tresp.

and, “non-active” movement. In the active case, participants were required to
move their forearm towards their sagittal plane in a circular movement around
their elbow with a constant angular velocity of approximately 0.26 rad/s. For the
trials with non-active movement, the haptic interface itself moved the forearm
with 0.26 rad/s by applying a force perpendicular to the arm. Each trial started
with a beep, triggering the participant to initiate the forearm movement (“ac-
tive” condition), expect the device to move in the “non-active” case, or expect
the stimulus onset in the “still” condition. The stimulus force was applied at
the beep or the movement onset (whichever was later) plus a uniformly random
distributed waiting time between 0.1 and 0.3 s. A third-order polynomial was
used to ramp up the force stimulus over 0.1 s. Afterwards it stayed constant until
either a response was given or 1.5 s was passed, whichever was earlier. The next
trial was initiated after the participant moved her/his arm into the vertical con-
figuration again and remained there. Trials of the same movement condition were
presented blocked and all conditions were presented with 10 repetitions and in a
random order. The order of block presentations was also randomised. Four repe-
titions of each block were targeted to be completed by each participant within 2
hours; conditions that could not be done in this period were discarded. For the
computation of the time-dependent JND and PSE functions introduced next,
the number of repetitions taken into consideration was limited to 24, although
several subjects performed more than that.

2.1 Response-time dependent JND and PSE

JND and PSE are generally estimated from the distribution of perceptual de-
cisions about physical stimuli presented in a psychophysical experiment, e.g.
when force magnitude is classified to be low or high. The PSE is defined as the
point of maximum uncertainty of the judgement to be performed, in the current
case of a two-alternative forced choice task, it is the stimulus level that would
provoke half of all responses to be “high force”. The JND is defined as the dif-
ference between the PSE and the stimulus level that causes 75% of “high force”
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responses. It is important to acknowledge that a decision about the perceived
stimulus is an integral part of the perceptual process [6] and there is no known
way of measuring a percept before a decision has been made. As a consequence,
we introduce a method for explicitly considering temporal factors in haptic per-
ception by including the time of the expressed decision – the response time:
JND([tresp −∆, tresp +∆]) and PSE([tresp −∆, tresp +∆]) describe force sensi-
tivity and magnitude perception within an interval of size 2∆ around a specific
response time tresp: Response data within the response time range of interest
is extracted from all answers given. Psychometric functions are fitted to this
portion of responses to estimate the corresponding PSE and JND values. The
method for obtaining JND([tresp−∆, tresp +∆]) and PSE([tresp−∆, tresp +∆])
is illustrated in Fig. 1. Because the shape and range of the response time distri-
butions depends on the stimulus condition itself [7, 8], only the responses asso-
ciated to time windows overlapping between all stimulus conditions contribute
to the psychometric function estimate. For a reliable estimate of a psychometric
function, using a minimum of ∼5-10 repetitions per stimulus condition is advis-
able [11], making a very large number of repetitions compulsory for this method.
In order to make economic use of response data, we introduce an approxima-
tion to the above introduced functions calculating JND and PSE over response
portions with a fixed bin size Nw. The result are JND([n − Nw

2 , n + Nw

2 ]) and

PSE([n − Nw

2 , n + Nw

2 ]) functions with n = 1 . . . Nresp −Nw being the partici-
pant’s nth fastest response and Nresp is the total number of responses for this
condition. The fastest response time associated to a response in force stimulus

level fj , j = 1 . . . Nf (Nf is the number of stimuli) is denoted t
fj
resp(1), the slow-

est one t
fj
resp(Nresp). An approximate response time equivalent t̃resp is obtained

by computing the mean response time of all responses taken into consideration
to compute the JND and PSE functions,

t̃resp(n) =
1

Nf

1

Nw

Nf∑
j=1

n+Nw∑
i=n

tfjresp(i)

3 Results

All seven participants together gave a total of 5400 responses. Responses given
after 1.5 s (88 answers) are removed from the dataset. In addition, response times
are normalised by means of a logarithmic transformation and outliers beyond 3σ
of the individual participant’s mean (43 answers) are discarded. Post-hoc force
measurements using an ATI Mini 145 force/torque sensor against a rigid contact
are collected. As a result, the truly rendered forces were measured to be lower by
a constant offset of 0.2N. Thus, the point of objective equality (POE), denoting
the force level separating “low” and “high” forces which is in our case the mean
across the force range is corrected to 3.3 N.

Values for overall JND and PSE are reported in Fig. 2, next to the time-
varying JND and PSE functions on the right. The movement condition has a
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Fig. 2. (upper) The response-time dependent JND([n − Nw
2
, n + Nw

2
]) functions are

U-shaped. Depicted is the mean ± s.e.m across participants. Overall JND and PSE
values estimated from the whole dataset are given on the right for comparison.
(lower) The standard error of the estimate for the response time t̃resp(n).

significant influence on JND (1-way r.m. ANOVA F (2, 12) = 6.10, p < 0.05) and
PSE (F (2, 12) = 5.02, p < 0.05). Post-hoc tests suggest that the JND in the
“still” condition is significantly lower compared to the “active” (paired t-test,
t(6) = 3.27, p < 0.05) and the “non-active” condition (t(6) = 2.80, p < 0.05), but
the two moving conditions do not differ significantly (t(6) = −0.94, p = 0.38).
The PSE values for the “active” and “non-active” conditions differ significantly
from the POE (t(6) = −3.36, p < 0.05 and t(6) = −3.28, p < 0.05, respectively)
but not in the “still” condition (t(6) = 0.39, p = 0.71). Significantly lower PSE
values suggest that forces applied to the hand are overestimated when the arm
moves during the perceptual task.

JND([n − Nw

2 , n + Nw

2 ]) and PSE([n− Nw

2 , n+ Nw

2 ]) obtained with a win-

dow size of Nw = 6 are depicted in Fig. 2. The JND([n− Nw

2 , n+ Nw

2 ]) func-
tion for the “non-active” condition starts at a JND estimate of 1.4 N, de-
creases to a minimum of approximately 0.35 N at t̃resp ≈ 0.65 s and rises
afterwards. In the “active” condition, the JND([n− Nw

2 , n+ Nw

2 ]) function is
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shallower than in the “non-active” case, yet a slight U-shape is noticeable as
well. The JND([n − Nw

2 , n + Nw

2 ]) in the still condition starts from the lowest
JND value of approximately 0.2 N and increases afterwards. Remarkably, the
JND([n− Nw

2 , n+ Nw

2 ]) functions of all three movement conditions overlap to the

same shape after t̃resp ≈ 0.65 s. A 2-way r.m. ANOVA on JND([n− Nw

2 , n+ Nw

2 ])
with factors n (bin index) and movement condition reveals a significant main
effect of bin index (F (17, 102) = 2.35, p < 0.01) but not for movement condition
F (2, 12) = 2.1, p = 0.17). The interaction term is not significant (F (34, 204) =
0.97, p = 0.52). A similar statistical analysis for PSE([n− Nw

2 , n+ Nw

2 ]) re-
veals a significant main effect for the movement condition factor (F (2, 12) = 6.2,
p < 0.05), but no significant effect for bin index n (F (17, 102) = 0.48, p = 0.95)
and a significant interaction term (F (34, 204) = 1.5, p < 0.05).

4 Discussion

The perceptual sensitivity for force perception as represented by
JND([n− Nw

2 , n+ Nw

2 ]) is influenced by the portion of response time data taken
to make the fit and thus on the response time, thus we can accept our second
hypothesis for JND. The movement condition was found to be not significant in
the 2-way ANOVA, but the shape of the JND function in Figure 2 is interesting:
While the JND functions start from different initial values, the differences be-
tween the movement conditions vanish for responses given after approximately
650 ms. This behaviour could point to the existence of two mechanisms con-
tributing to the perception of force magnitude – one predominantly influential
for early responses, one for late responses. The early response mechanism is
influenced by the type of movement performed by the arm, the late response
mechanism is not. We can speculate that the early responses are based on the
tactile sensation of the force onset, being in line with the result from Vitello et
al. [9] that the JND for tactile skin stretch is higher when the arm is moved
actively or passively. With more time between the occurrence of the onset event
and the response, more information about the static pressure distribution and
the proprioceptive response from the stimulus could be taken into consideration
for making the perceptual judgment. Interestingly, movement-independent tac-
tile sensitivity is as well known to exist [4]. However, response times are not
reported for neither [9] nor [4], making a definite conclusion difficult.

The second major finding is that force is overestimated when the arm is mov-
ing, confirming our first hypothesis in this point. This result is at odds with the
conclusion of [4] that movement has a “masking effect” manifesting in a higher
absolute detection threshold for cutaneous electrical stimulation. Instead, the
internal compensation for the arm and haptic device dynamics which should in
principle cancel out all forces related to one’s movement state may be imper-
fect, e.g. due to noise in the estimation of the body state [3]. Movement-induced
forces could thus lead to a perceived force stimulus which is higher than the ac-
tual physical magnitude. There are two considerations making this explanation
debatable: In order to influence force magnitude perception in the suggested way,
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participants would have to maintain a constant internal criterion separating low
forces from high forces between conditions. However, the movement conditions
were separated in blocks and participants were informed about the correctness
of their answer after every trial, easing it for them to adapt their internal cri-
terion to the movement condition. Secondly, the significant interaction between
the type of movement and the index suggests that there is a difference in the
pattern across the movement conditions.

From a system theoretic point of view, the results could be interpreted as
the perceptual system’s response to a step-like force stimulus input. The system
output is the force percept at response time tresp which is observable over mul-
tiple perceptual decisions and whose statistical properties are described by the
here-proposed response time-dependent JND and PSE functions. On the exam-
ple of the JND([tresp −∆, tresp +∆]) function, the statistical model prediction
can be expressed as a conditional probability

p(“different”|∆f = JND([n− Nw

2
, n+

Nw

2
]), t̃∗resp(n)) = 0.75

with t∗resp being a specific response time in one experimental trial and ∆f be-
ing the difference in force which is to be perceived. Two hypotheses about the
structure and nature of the underlying system model can be based on the data
presented here: Firstly, there may be a time delay between the physical input
and the perceptual output, because no responses are given before ≈ 430 ms. Sec-
ondly, the significant influence of the bin index n on the JND([n− Nw

2 , n+ Nw

2 ])
function can be taken as evidence that the system model should be dynamic,
thus based on differential equations instead of algebraic mappings. One possibil-
ity to approach this problem is to model the haptic system as a noisy information
accumulating process [7, 8].

5 Conclusion and Outlook

Limb movement and the response time are important factors to take into ac-
count for describing force perception. While traditional JND and PSE measures
are estimated from all responses in a psychophysical experiment and can not
capture these effects per se, we introduced response time-dependent JND and
PSE functions in this paper. We find that the JND estimates significantly de-
pend on the portion of responses taken into consideration, and that differences
in JND between no limb movement, non-active and active movement vanish in
responses given after ∼650 ms. Secondly we show that forces are consistently
overestimated when the arm is moved.

There are multiple open questions that deserve attention in the future: The
role that JND([tresp−∆, tresp+∆]) and PSE([tresp−∆, tresp+∆]) functions (or
the here-utilised JND([n− Nw

2 , n+ Nw

2 ]) and PSE([n− Nw

2 , n+ Nw

2 ]) functions)
could play in the development of dynamic perception models is to be further in-
vestigated. Especially the relation to the diffusion process utilised in modelling
visual perception phenomena [7, 8] remains open at this point. The force stimuli
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in the current case have been unrelated to the hand movement. During the per-
ception of environmental stiffness, damping, or inertia these information sources
are highly correlated. Understanding temporal characteristics of movement and
force in this latter case is an important step to develop a dynamic, computational
model for the perception of generic haptic environments.
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