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Abstract. In the flash lag effect (FLE), a moving object is seen to be ahead of a
brief flash that is presented at the same spatial location; a haptic analogue of the
FLE has also been observed [1, 2]. Some accounts of the FLE relate the effect to
temporal delays in the processing of the stationary stimulus as compared to that
of the moving stimulus [3—-5]. We tested for movement-related processing effects
in haptics. People judged the temporal order of two vibrotactile stimuli at the two
hands: One hand was stationary, the other hand was executing a fast, medium,
or slow hand movement. Stimuli at the moving hand had to be presented around
36 ms later, to be perceived to be simultaneous with stimuli at the stationary hand.
In a control condition, where both hands were stationary, perceived simultaneity
corresponded to physical simultaneity. We conclude that the processing of haptic
stimuli at moving hands is accelerated as compared to stationary ones—in line with
assumptions derived from the FLE.
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1 Introduction

Perception is subject to a manifold of spatial and temporal distortions, which can be
highly informative for our understanding of basic perceptual processes. One of these
distortions is the flash-lag effect (FLE). In the original visual FLE a moving stimulus is
shown; at some point in time a brief stationary visual stimulus (the flash) is presented
next to its trajectory. If the flash is presented spatially aligned with the moving stimulus,
the moving stimulus is perceived ahead in direction of movement [1-6]. Similar effects
were reported for auditory, visual-auditory and haptic stimuli [2, 7-9]: In the haptic
FLE, participants swayed one of their hands from right to left and vice versa, while they
kept the other hand stationary below that trajectory. They judged whether the moving
hand was left or right to the stationary one when a brief tactile stimulus (“flash”) was
applied to the moving finger. If the two fingers were spatially aligned the moving finger
was perceived to be ahead. Potentially linked to this haptic effect are mislocalizations
of tactile stimuli during unseen hand movement in direction of movement [10, 11].
Some explanations for the FLE, and for haptic mislocalization relate the positional
effects to temporal delays in the processing of the flash relative to that of the moving
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stimulus. Differential latency theory assumes that processing time for stationary stimuli
(i.e., the flash) is longer than for moving stimuli ([3], cf. [10, 11]): Hence, when the
stationary flash becomes aware, the moving stimulus is perceived at a time point after
the onset of the flash, and thus it is perceived shifted in direction of movement. In turn,
a moving stimulus should be perceived to be temporally simultaneous with a stationary
stimulus, when the moving stimulus is physically delayed. Such a hypothetical delay
has been computed (from the positional FLE and stimulus velocity) to be around 50 ms
for the visual FLE, and around 56 ms for the haptic analogue [2, 12]. The attention-shift
account of the FLE [4] makes a similar prediction: It assumes that attention is initially
focused on the moving stimulus, and that it takes time to shift attention to the stationary
flash, when it appears. During this time, the moving stimulus continues to move, and so
the flash is perceived as lagging the moving stimulus. Again, a stationary stimulus should
be perceived temporally delayed relative to an attended moving stimulus, because the
attention shift takes time. Finally, the temporal-sampling account also assumes that the
magnitude of FLE depends on differential processing times—even if these differences
are not the main reason for the FLE according to this theory [5].

In the present study, we studied movement-related processing time differences in hap-
tics. We investigate delays in the perception of the time point of a stimulus that is applied
to a stationary hand as compared to a moving hand. FLE studies computed hypotheti-
cal delays between stationary and movement-related stimuli from positional judgments.
Here, we directly measure the delay avoiding potential problems with localizing unseen
hands. Participants performed a temporal order judgments task for vibrotactile stimuli
presented at the two hands (TOJ task, “Which hand was stimulated first?”’): one hand was
always stationary, for the other hand we varied movement speed (fast, medium, slow,
stationary control). The hands never crossed in order to avoid known confounds [13].
The task included a wide range of stimulus onset asynchronies (SOAs). We analyzed
the point of subjective simultaneity (PSS) and the just noticeable differences (JNDs).
We predicted that stimuli at the moving hand, must be given later than at the stationary
hand to be perceived to be simultaneous—but of course not in the stationary control
condition. We also checked for an effect of movement speed, but note that accounts for
the FLE do not predict speed effects on temporal delay [2, 3].

2 Methods

2.1 Participants

We collected data from 10 students from Giessen (20-24 years, average 22, 6 females,
right-handed). 8 participated for course credit, 2 for pay (8€/hour). All were naive to
the purpose of the study, reported no tenosynovitis in the past and showed no motor
or cutaneous impairments. Data from one participant were excluded from analysis due
to imprecise judgments (2 JNDs > mean 4 2 SD, average JND 251 ms). Participants
provided written informed consent, the experiment was approved by the local ethics
committee LEK FB06 and conducted in accordance with 2013 Declaration of Helsinki.
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2.2 Stimuli and Setup

Participants sat at a visuo-haptic workbench (Fig. 1) including a PHANToM 1.5A force
feedback device (resolution 0.003 cm, 1000 Hz; 38 x 27 x 20 cm’ workspace), a
22" LCD screen (Samsung, 120 Hz), wireless stereo glasses (Nvidia 3D Vision kit),
two tactile actuators (Haptuator Mark II, Tactile Labs) and headphones (Sony MDR-
XD100). Tactile actuators were embedded in thimble-like holders, in which participants
inserted the distal phalanx of their left and right index fingers. One finger holder was
fixed to the PHANToOM device, the other was on the table, 38 cm left of the center of
the PHANToM’s workspace. The position of the left holder warranted that the right
finger never crossed the left one when moving along the x-axis (=sideways, see Fig. 1).
The screen was viewed through a mirror via stereo glasses (40-cm viewing distance;
head stabilized by chinrest). The mirror occluded vision from the hands. The visual
display served to guide participants through the experiment, but turned blacked during
the movements. All devices were connected to a PC which controlled the experiment,
collected responses and recorded finger positions from the PHANToM.
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Fig. 1. Setup (left), and single trial (right); in half of the trials the first stroke started at the right
side as depicted, in the other half it started at the left side.
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During the experiment, the left index finger was held stationary, the right index
finger moved periodically back and forth along the x-axis (Fig. 1). In line with previous
literature [13] we call each unidirectional movement segment a ‘“‘stroke”. Participants
produced 3 strokes, and in the last/3rd stroke one vibrotactile stimulus (sine-wave 50 Hz,
10 ms duration) was presented to each index finger at various SOAs. Auditory metronome
signals (sine-wave 698 Hz, 20 ms duration) set the different paces for the moving index
finger by defining time points for reversing movement direction. Additional auditory
feedback (sine-wave 500 Hz, 20 ms duration) was used to inform participants about
reversing points (14 cm left & right to center). As a result, during stimulation in the
3" stroke participants perform active movements that are temporally and spatially well
defined [2]. White noise masked the sounds of actuators and PHANToM. The PHANToM
confined movements by a virtual corridor of 0.5 cm depth (z) and 35 cm length (x). The
corridor was 4 cm above (y) the stationary finger.
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2.3 Design and Procedure

In an experimental trial, participants performed 3 strokes with the right index finger, and
during the 3™ stroke two vibrotactile stimuli were presented, to the moving right and the
stationary left index finger, respectively. The task was to judge which of the two stimuli
was presented first (temporal order judgment task, TOJ). We varied the movement speed
of the right hand (within participants): The metronome was set to 1.80 Hz (fast), 1.16 Hz
(medium), or 0.75 Hz (slow), corresponding to stroke durations of 556 ms, 862 ms and
1333 ms, respectively. In half of the trials, movement started on the left side (1% stroke
to right), in the other half on the right side (1% stroke to left). In addition, we presented a
stationary control condition, where the “moving finger” was fixed by PHANToM forces
in one of two positions (for sake of consistency the finger connected to the PHANToM is
still referred to as “moving”). In all conditions including the stationary one, the standard
stimulus was delivered to the right finger either when it was 2 cm left to the center of the
movement path or 2 cmright to the center. The comparison was delivered to the stationary
left index finger with stimulus onset asynchronies (SOAs) of 10 ms, 20 ms, 40 m:s,
480 ms, =140 ms or £180 ms with respect to the standard (negative sign indicating that
stationary comparison was pre-sented first). Using the method of constant stimuli we
determined relative frequencies of the response that the moving finger was stimulated
first as a function of SOA.

Each block of the experiment comprised trials from only one of the four movement
speed conditions (fast, medium, slow, control)-namely two trials per each combination
of SOA, starting position and position of the standard stimulus in random order (2 x
12 x 2 x 2 = 96 trials); each session included one block per movement speed condition,
the order of which was balanced across participants according to a Latin square design.
There were four different sessions on different days (96 x 4 x 4 = 1536 trials over-
all, 384 per condition), lasting overall 8 h. Session 1 started with movement training.
Initially, participants trained only the movement in synchrony with the slow, medium
and fast metronome—without the TOJ task. Further, before each experimental block in
this session, participants performed a corresponding movement training including the
TOJ task. Each training ended when the movement was performed with maximally two
movement errors in 20 successive trials. There was no training in sessions 2 to 4.

Each experimental trial started with a voice saying “left” or “right” and a visual
landmark, which both indicate the starting position of the right moving finger (14 cm
left/ right to center). Once the participants reached the starting position, in the stationary
control condition another landmark appeared (—2, 2 cm from center), participants moved
the finger to that position, and after about 1000 ms the vibrotactile stimuli were presented.
In the other conditions, metronome and white noise started, participants were instructed
to wait for two metronome signals and afterwards to move forth and back along the
x-axis in synchrony with the metronome; auditory feedback signals were given when
the moving finger reached reversing points. The screen went black during movement.
In the 3™ stroke the vibrotactile stimuli were presented. In all conditions, participants
responded by moving the right finger to the extreme right and then up to respond that
the first stimulus was presented at the right index finger, and to the extreme left and up
to respond that the first stimulus was at the left index finger. In case of a “movement
error”’, participants obtained feedback about their error without responding, and the trial
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was repeated later. Movement errors were defined by a root-mean-squared error >45%
in stroke duration or length (targets 1000 ms and 28 cm). If the comparison stimulus
at the stationary finger had to be given prior to the standard stimulus at the moving
finger (negative SOA), we had to predict when the moving finger would reach the target
position for the vibrotactile stimulus (—2, 2 cm). We modeled finger movement using
the following function (data from [2, 13]).

= —%Amos(—) (1)

X¢: position of moving finger; T period of 2 strokes; ¢: time from stroke onset; Ays:
movement amplitude (31 cm). We calculated at which position the moving finger would
be, when it required the time span specified in the SOA to move to its target position.
When the moving finger was at that position, we delivered the stimulus at the stationary
finger. The stimulus at the moving finger was given after the exact SOA, leading to some
jitter of presentation around the proper target position. We mimicked the positional jitter
when the stimulus at the moving finger was delivered first. Jitter also reduced spatial
predictability of the standard stimulus.

2.4 Data Analysis

We determined condition-wise individual psychometric functions as percentages of trials
in which the moving stimulus was perceived first. We fitted cumulative Gaussians using
Bayesian methods in psignifit 4 [14]; pw assessed the point of subjective simultaneity
(PSS, SOA at which the standard is equally often perceived first and second); o assessed
just noticeable differences (JND = 84% discrimination threshold). PSSs and JNDs were
analysed by paired-sample r-tests and repeated-measures ANOVAs.

3 Results

Figure 2a depicts psychometric functions; Fig. 2b and c depict average PSSs and JNDs,
respectively. Because we had clear hypotheses on the PSSs, we directly tested these using
specific planned #-tests, and no unspecific preceding omnibus analysis was required. As
expected, PSSs in the actual movement conditions were significantly below 0, slow: #(8)
= 2.2, p =.030, PSS = —31 ms; medium: #(8) = 2.4, p = .021, PSS = —29 ms; fast:
1(8) = 2.0, p = .041, PSS = —49 ms (one-sided), indicating that the stimulus at the
stationary finger needs to be delivered before the stimulus at the moving finger to be
perceived to be simultaneous. Also as expected, the PSS in the control condition (both
fingers stationary), did not deviate from 0, #(8) = 0.3, p = .790 (two-sided), PSS = —
2 ms. Further planned #-tests confirmed that PSSs were larger in the stationary condition
as compared to the actual movement conditions, slow: #(8) = 2.4, p = .023; medium
1(8) = 2.7, p = .013; fast t(8) = 2.3, p = .024 (one-sided; Fig. 2b). PSSs did not differ
between actual movement conditions; slow-medium: #(8) = 0.4, p = .688; medium-fast:
t(8) = 1.1, p = .291; slow-fast: #(8) = 1.1, p = .293 (two-sided). Results suggest that
movement per se affects processing time, whereas the movement’s speed did not have a
significant effect—as expected [2].
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We analysed JNDs, for which we did not have hypotheses, first in an ANOVA with
the variable Movement Speed (control, slow, medium, fast). JNDs differed significantly,
F(3, 24) = 20.0, p < .001. Bonferroni-corrected t-tests between each two conditions
(overall-a < 5%) revealed significant differences between the stationary and each actual
movement condition, and between the fast and the slow conditions, suggesting that JNDs
were lower in the control condition, and higher in the fast movement condition.
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Fig. 2. Psychometric functions from data collapsed across all participants (a), average PSSs (b)
and JNDs (c) with standard errors. Asterisks indicate significant differences between conditions.
Negative SOAs mean that the stationary comparison was presented first.

4 Discussion

We tested whether tactile stimuli at a moving hand are perceived to occur earlier than
those presented at a stationary hand. The results confirm this assumption: Stimuli at
a moving hand had to be given around 36 ms later, on average, to be perceived to be
simultaneous with stimuli at a stationary hand. Movement speed did not have a significant
influence on the PSSs, but it had a large and clear effect on JNDs. When both hands were
stationary physical and perceived simultaneity coincided. We conclude that movement
per se speeds up processing of associated haptic signals, as expected.

We had derived our hypotheses from theories accounting for the flash-lag effect:
Differential latency theory claims that processing time is shorter for moving as compared
to stationary stimuli [3]. In our case, processing time was shorter for a stimulus applied
to a moving hand as compared to when applied to a stationary hand. The tactile stimulus
at the moving hand can be considered a moving stimulus in that it moves in reference to
the environment (but not relative to the observer). Thus, our results are in line with this
view. In [4] it has been assumed that time is required for an attentional shift from the
moving towards the stationary stimulus, which also fits with our finding that stimuli at the
stationary hand are perceived later than stimuli at the moving hand (assuming attention
is at the moving hand). Thus, findings are in line with differential-latency, attention-shift
and temporal-sampling accounts [3—5]. They though cannot unequivocally be applied
to the situations under which FLEs actually have occurred in the previous studies due
to a number of differences. Most studies used visual stimuli. In most visual studies, the
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moving stimulus was continuously visible, moved in reference to the observer and the
stationary stimulus suddenly appeared. Here, both stimuli suddenly appeared, and the
moving stimulus did not move in reference to the observer. There are also differences to
the situation for that the haptic FLE was observed [2, 9]: There, participants were asked
for the position of the moving hand at the moment of a tactile signal at that hand. Here,
we found slower processing of tactile signals from a stationary as compared to a moving
hand, but it is not clear whether this can be extended to delays between sudden tactile
as compared to motion signals from a moving hand.

Independent of the FLE, results demonstrate that stimuli at a moving hand are pro-
cessed faster, and perceived to occur earlier than stimuli at a stationary hand. This is
in line with previous observations in tactile-auditory TOJ tasks: When tactile stimuli
were presented to a stationary limb, they were perceived later than physically simul-
taneous auditory stimuli, but these differences were reduced when the tactile stimuli
were presented to a moving limb [15]. However, a similar reduction was also observed
in an auditory-tactile TOJ task, when one limb was voluntarily moved, but the tactile
stimulus was given to the other limb [16]. The present study unequivocally confirms that
in the intrasensory haptic comparison moving stimuli are processed faster. With respect
to the JND effects, we observed that judgment precision decreased during voluntary
movements, the more so the faster the movement was. Previous studies typically did
not report a corresponding effect in JNDs [15, 16]. However, in these previous studies
typically only a single movement was performed. Here, we asked participants to per-
form three strokes in synchrony with a metronome, in order to present stimuli during
active movements that are temporally and spatially well defined [2]. Probably, it is these
additional timing demands that costed precision in the TOJ task.

Why did we observe a processing difference between stimuli on the moving as com-
pared to the stationary hand? Note first that there was no processing difference between
left and right hand in the stationary condition, so effects cannot be explained by the
hands being used. Secondly, PSSs effects of movement are independent of JND effects
of movement, in that JNDs significantly increase with movement speed, but PSSs do
not. Also, in the previous study on audio-tactile TOJs similar effects of movement on
PSSs were found, but not on JNDs [15]. Another candidate for speeding up could be
temporal anticipation of signals on the moving limb, but this also appears unlikely: Sig-
nal presentation was spatially defined, and the time point of signals was obscured by
noise in motor system and signal position. However, efference copies from voluntary
movement could play a role for PSS effects, because they modulate sensory processing
of movement-related skin areas and might have enhanced stimulus processing on the
moving hand (sensory attenuation can also occur, but would have slowed down process-
ing [15, 17]). Alternatively, information on the moving hand may be processed faster,
because the moving hand receives more attention, e.g., to allow for precise movement
control. Future experiments will distinguish between these options.

Our finding of a temporal bias during hand movement fits into a number of findings
showing that time perception is subject to perturbations during the observation of mov-
ing/changing stimuli [18]. Technologically, such findings can be used to modulate time
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perception when required, for instance to expand time in stressful situations [19]. Know-
ing that certain stimuli are processed faster than others can, e.g., be used to subjectively
lengthen intervals between events marked by the stimuli.
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