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Abstract

Twelve subjects participated in duration discriminatiopexments with visually marked temporal
intervals. Average interval duration was 4.8 seconds; thfedince between the first and second
interval was varied at nine levels. Experimental sessiomsisted of two blocks: first (72 trials)
with stimuli of equal brightness, second (144 trials) withmatius brightness varied (bright—dim
or dim-bright). Gaussian psychometric functions were fittethe data and points of subjective
equality Psg estimated for each subject/condition. Tiges are generally negative, indicating a
presentation order effect known from previous studies. titamh, we observe small but significant
difference betweeRsts for unequal brightness conditions, bright—dim versus-dinght. These
results bring evidence for a cross-modal interaction betwsébjective duration and brightness of
the duration carrier: brighter stimuli are, on average, peived as shorter. An interpretation in
terms of the ‘dual klepsydra model’ of duration discrimioatis attempted.

Time perception is known to be easily influenced by intersakall as external factors. This fact is
reflected by the multitude of extant theories and models hasiging either the organismic, state-
dependent component or the environmental, input-depe¢iedemponent of temporal cognition and
timing behavior [1, 2, 8]. A provisional synthesis is proztby the extended ‘internal clock model’
(1cm), based on the internal pacemaker—counter principle bilit @ffective pulse rate modulated
by attentional state [9].

In our ‘dual klepsydra model'fkm) of internal time representation we adopt a different
scheme: attended durations are represented by integEtifiows’ of neural activity in imper-
fect, lossy accumulators [4, 5]. The dissipative compomérnihe model (‘loss rate’, specified by
parameter) acounts for the progressive shortening of the reprodnctsponse [4] and for the
presentation order effect in pairwise comparison of eldjpsgations [6]. We hypothesized that the
‘loss rate’ is determined mainly by the functional stateha heural substrate, whereas the ‘inflow
ratio’ (parameter) may be affected by external factors [4, p. 489]. Separatf@ndogenous and
exogenous determinants is a potential virtue oftiker, which has not been fully realized as yet.

Following up our hypothesis, we applied a standard discration paradigm [6], using visual
stimuli of distinctly different luminosities as ‘duratiararriers’ and tested for a differential effect
of brightness contrast (exogenous factor) on durationgptian.

M aterials and methods

Participants— Twelve subjects (6 female, 6 male, age range 22 to 30 yealsyjth normal or
corrected-to-normal vision and reportedly of good hegititicipated in the studyThe subjects
signed informed consent regarding the purpose of the staftydthe experimental session, and
receivedeUR 10 for their participation when the session was completed.

Apparatus and stimuli— A two-way, forced-choice duration discrimination tasksassed. The
subjects had to compare durations of two time intervalskethby the appearance of two visual
stimuli sequentially presented on a computer screen. Aftesecond interval elapsed, the subjects
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Figure 1. (a) Time chart of a discrimination trial (conditien): s;, so = durations of the
1st and 2nd stimulus displays, respectivedys blank pause between the 1st and 2nd stimulus.
(b) Different luminosities, bright white vs. dim greywice versawere used in the ‘contrasting’
conditionsAB, BA; stimuli of equal luminosity were used in the *homogenous’ conditian
(c) Manifold of stimulus durations, = {(s1, s2)| s1 + s2 = ¢}, wherec = 9.6 s, from which
nine equispaced paifs;, s2) were chosen; = scale of relative difference (Eq. 1).

o
[e¢)
Y

were prompted to indicate which of the two durations was éor(&ig. 1a). The experiment was
controlled by a portable computer with a pointing devicedtmse’) attached, which was connected
to a 17” cRT monitor with a screen resolution of 88@00 pixels. Duration carriers were achro-
matic luminous filled circles of 100 pixels-42 mm) diameter, displayed on a dark background at
the screen center, and observed from an average distarc&atm (angular size-3.5°).

Three different brightness levels of duration carriersevesed: dim greyA, RGB values
64,64,64), bright whiteg, RGB values 255,255,255), and light grey, RGB values 128,128,128).
Display luminance ratio between dim grey) @nd bright white §) was~1:70. Dim grey A) and
bright white @) were used in the ‘contrasting’ conditions, where the lingks of the 1st and 2nd
duration carrier was alternated. Light greg) (vas used in the ‘homogenous’ condition, where the
1st and 2nd duration were marked by stimuli of equal brigbdr(€ig. 1b).

Durations of the 1st and 2nd stimulus were chosen sosthiat, = 9.6 s, whereas the dif-
ferences,—s; was varied at nine levels, symmetrically distributed atbmaro with a step of 0.8 s
(Fig. 1c). The interstimulus interval was 1.2 s in all trials. For the purpose of data reduction,
stimuli were parameterized by the relative difference
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Experimental procedure— Each subject participated in one experimental sessiore sEssion
began with three warm-up triatollowed by two experimental blocks. In the first block, stilin

of equal brightness were used to mark the 1st and 2nd intéineahogenous’ conditiorcc). Pairs

of stimuli (s, s2) were presented eight times for each of the nine values oftlhéwve difference:
(Eg. 1) in a randomized order, resulting itx8 = 72 trials. In the second block, the brightness of
the 1st and 2nd carrier was randomly alternated (‘contrg’stionditionsaB or BA) (Fig. 1¢). Asin
the first block, there were eight repetitions for eachalue presented in a randomized order, thus
resulting in a total 29x8 = 144 trials.

Data reduction
For every subject and condition, data were sorted by théveldifferencer and the presentation
condition Cc, AB, BA) and then relative frequencies of the response “2nd int&raa longer” @)

were evaluated. In addition, data from the contrasting itmm$ AB andBA were merged on an
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individual basis to obtain a ‘pseudo-homogenous’ condjtia the following referred to agx.
Gaussian psychometric functiors\F)

Pr(2|z) :<I>{k: “"_9}, )
w

were fitted to the data, using the maximum likelihood estesatf parameter$ andw.* Given an

estimatg), the point of subjective equality 68 (s, s5) € S. is determined by

. 1-0 o140

For descriptive purposes, a ‘ratio of subjective equaliRsSE)

s5 1440 @
5 1—-6

was also calculated. Negative valuesddii. e, RSE < 1) indicate ‘subjective shortening’ of past
durations, which is explained by a loss of internal represt@n. Then the corresponding value of
k can be estimated for the homogenous conditioosxx by iterative solution of the equation

s5 = krf(s, w) (5)
wherekrf denotes the klepsydraic reproduction function [4] withgmaeter, = 1.°

Results

Of primary interest are indifference poirttsidentifying thepses (Eq. 3) and other derived param-
eters. Statistics reported below are based on estimatégoofindividual subjects. One-sample
¢ tests (11 d.f., two-tailed®s) were used to secure deviationgdfom zero for a given condition,
or intra-individual differences of between conditions.

Individual @ values were predominantly negative in all experimentabdaons (cc: 10/12,
AB: 8/12,BA: 11/12,xx: 9/12). For carriers of equal luminosity, the group méanwas—0.0579
(sD 0.0551), significantly deviating from zero £ 3.640,P < .01). Merged data from contrasting
conditionsAB andBA yielded a group mea#,, = —0.0554 6D 0.0604),i. e. practically identical
to fcc, and also significantly deviating from zero< 3.178, P < .01). Except for lower acuity
in the conditionxX, indifference points for the two conditions are almost fitsl (Fig. 2a). This
concurrent shift ofPSEs indicates a presentation order effeed€), which can be interpreted in
terms of ‘lossy’ internal representatiom®sEe for the conditioncc is s7 = 5.078 s,s§ = 4.522 s,
yieldingrse= 0.89, and: = 0.0193 s!. Similarly for the conditiorxx: s{ = 5.066 S5 = 4.534 s,
RSE=0.895,x =0.0185 s'.

Treating the contrasting conditionss and BA separately, we obtain group meaf)s =
—0.0332 6D 0.0810) andls, = —0.0780 6D 0.0621). The indifference point deviates from zero
significantly only in the conditiorBA (¢t = 4.442, P < .001), but not in conditioms (t = 1.418,
P ~ .2). Divergence between the two conditions also can be seemfs fitted to group-averaged
data (Fig. 2b). Comparing these values against results édndmogenous conditions, we find

Osa < Occ ~ Oxx < Ong )

where the indifference points for the opposite variatiohsaorier brightness, bright—dim versus
dim-bright, are displaced approximately symmetrically.w.to the equal-brightness condition.
This suggests that variations of stimulus brightness iadusecond-order effect, superimposed on
the primary presentation order effect.
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Figure 2. (a) Psychometric functiorenFs) fitted to group-averaged data for the homogenous
conditionscc (equal brightness: solid curve) amd (dim—bright and bright—dim averaged:
dashed curve). (lpMmFs fitted to group-averaged data for the contrasting conditien&im—
bright: solid curve) ang@A (bright—dim: dashed curve). (emrs for the contrasting conditions,
plotted as functions of relative differengéndividually adjusted to the threshafgly. The small
rhomboids indicate individual relative frequencies, not group aesrag in panels a,b.

To assess this second-order effect, we compare indifferpamts for the contrasting condi-
tions intra-individually? calculatingAd = 6, — 0, for each subject. The group averayé is
—0.0465 6D = 0.0752), expectedly and significantly negative=(2.140,P ~ .05). PSEs for the
bright—dim order are shifted towards negative values (favg&E) compared to dim—bright order; in
other words, “durations of brighter carriers are perceagdhorter.” — The net effect of brightness
variation is illustrated in Fig. 2c, where relative frequiers of respons® in conditionsAs, BA are
plotted as functions of variablé = = — 6y, andPmFs were re-fitted to these data.

Discussion and conclusion

Analysis of duration discrimination data with varied lurogity of stimuli revealed two effects:

1. Discrimination asymmetryindifference pointsd) in all conditions are shifted toward nega-
tive values, significantly in conditionsc andBA, non-significantly in conditiomB. This is
interpreted as a general presentation order effegt), resulting in ‘subjective shortening’
of the first time interval {;) against the second intervahj by ~11%.

2. Differential effect of varied luminosityndifference points differ significantly between con-
trasting condition®B andBA. The negative shift ofiga relatively tod,g indicates a cross-
modal interaction between stimulus brightness and itsgded duratior?.

We obtained a very good agreement betwesashifts in conditions with equaloc) or un-
differentiated kx) luminosity of durations carriers (Fig. 2a) This allows asriterpret the ‘bright-
ness split’ of theeMFs in the contrasting conditions (Fig. 2b,c), with thess symmetrically dis-
placed around,y, as a secondary effect superimposed orrthe

DKM explains theeOEin interval discrimination [6], as well as the progressitiedening of
response in interval reproduction [4], by a continuous tfssccumulated duration representation
(parameter). However, the internal representation depends also ors flomndi, into the internal
accumulators during perception of the 1st and 2nd intereapectively; hence the réle played by
the ‘inflow ratio’n = i, /i, as a second parameter in thiem. We proposed [4] that is determined
mainly by the functional state of the neural substrate—aemuare supported by some findings on
chronobiological [3] or neurochemical [7] influences er-and we argued that the inflow ratio
n may be affected by external/environmental factors suclioagxample, physical properties of
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perceived duration carriers. In other words, thiev provides a conceptual framework, as well
as computational tools, for separation of endogenous i@ac) and exogenous (environmental,
stimulus-based) factors co-determining perception opi@mal durations.

Data from the reported study give an opportunity to applg #pproach. The assumption of
relatively stable loss rate during experimental sessisrssipported by almost exactly identical
estimates for conditionsc andxx, which refer to separate blocks of trials. It is thus plalestb
take x in condition XX as a given constant and, based on this knowledge, calculiédeiratios
n accounting for additional shifts ¢fSes in the contrasting conditiorrs8 andBA. The resulting
values arej,; = 1.0455 andy,, = 0.9524% wheren > 1 andn < 1 impliesi; > i, andi; < i,
respectively. The estimates suggest that inflow into a aurategrator is reduced by5 per cent
in perception of the bright stimulus, compared to the dimmatus. Consequently, duration of the
bright stimulus is relatively under-represented—in hribfighter seems shorter.”

While the above-given interpretation is mathematicallysogeble, its translation into under-
lying neural processes remains a challenge. Indeed, whyldhcreasedsensory input (bright
stimulus) effectuate a relativdecreasef input into a duration integrator? In our original work on
the dual klepsydra model, the internal ‘flows’ were abstestities, not specified in terms of neuro-
physiology. However, increasing attention has been réceaid to interoceptive sensations and
their cortical integration as a possible neural basis o tparception [8, p. 1961ff]. Building upon
this conjecture, we may speculate that an excitatory aétaon external (sensory) input causes a
relative inhibition of neural structures integrating tiieeam of ascendent interoceptive sensations;
and that a monotonic relation holds (at least within a paldicrange) between externally induced
focal excitation and peripheral inhibition. This inhiligamechanism would be naturally automatic,
not requiring conscious relocation of ‘attentiofi’.

Summarizing, our data reveal a small but significant crosdahinteraction between bright-
ness and subjective duration of presented stimuli. Theaot®n effect is superimposed on the
presentation order effect, which is accounted for by the tesm ¢) in the bkm. The estimate
of meank is ~2x1072 s7!, in good agreement with previous studies [6, 7]. The int@vacef-
fect can be interpreted in terms of variations of the inflotiorg. Estimates of for the unequal
brightness conditions indicate changes of internal flowaliyut+5% due to brightness variation.
To our knowledge, this is the first time that an external shirstinduced change of inflows was
numerically estimated from experimental data.

Concluding, we notice that the interaction effect is of vemyali magnitude and should be
confirmed in a replication study before further interprietas or experimental variations are at-
tempted. Nonetheless, the reported effect posits a sdropgestions for further research, such as:
existence of the effect for other perceptual modaliteeg)( somatosensory); functional dependence
of the effect magnitude on variable physical propertieshef ¢arriers; individual differences in
susceptibility to the interaction (‘reactors’ vs. ‘norantorst?), etc. The proposed two-parametric
model kM) provides an analytical tool for quantification of modalgéiyecific interactions effects,
and for their separation from the ubiquitous presentatioleioeffect.
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Notes

L We never perceive ‘time as such’; we perceive events in the extewrd (. g, sensory stimuli) or in
our bodies. Thus depending on the context, ‘stimulus’ may denote (i) ticeiped event as such, or (ii) its
temporal duration as a term in a functional stimulus—response relationsdlweghe ambiguity, we refer to
sensorily-perceivable events as ‘duration carriers’, conformingtoit®logy used in [4].
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2 One subject showed extremely bad discrimination performance and @mheeyy after the session his
being on antidepressant medication; he was excluded from the studg@adad by another participant.

3 These trials were arranged solely to make the participant familiar with theimererl procedure; the
results were discarded.

41n Eq. (2),® is the normal cumulative distribution function, scaled in the argument by therfac ® ! (%)
~ 0.6745, for the sake of conveniendgijs the indifference point (discrimination threshold), ands an

inverse of discrimination acuity at the indifference point.
5 More details on estimating ttexm parameters froreSEs are given in [6, p. 248].

6 Because of inter-individual variations in the primary effect size, reftbby dispersion of individudlyy,
a group-based comparison betwégp andfds, would be statistically ineffective.

” This means that each subject’s data have been aligned w.r. t. the imuiifigueint determined individually
for the conditionxx, in order to eliminate the influence of inter-individual variabilityégk (cf. endnote 6).

8 Interaction between stimulus brightness and duration is well known from texriptegration phenomena,
describeck. g.by Talbot—Plateau’s law. Here, however, we are operating in the sgmaad domain, e.
several orders of magnitudes far away from the domain of applicability-éf. Taw.

9 Note that product),s nsa = 0.996,i. €. almost exactly 1. This makes sense, since the reference value of
x was obtained fronflyx under assumption = 1, and we have two luminosity levels,andB, exchanging
their positions in the contrasting conditions. Expectediy;~ BA = i) < iy, and thusjga = 755 .

10We note in passing that ‘attention’ plays a réle afeus ex machini cognitivist adaptations of them.

In our concept, an attentive subject perceives events in the enviropamehnestablishes a link between their
duration and internal (neural) states providing a ‘measure of time’. But ‘#meuch’ is never perceived
(cf.endnote 1), and semantic constructs such as ‘attention to time’ have no ptacgleory.

11 Analysis of datasets separated by participants’ gender shows thatférentifal effect of stimulus bright-
ness is prevalent in the subgroup of female subjets £ —0.0939,sD = 0.0738,t(5d.f.) = 3.115,P <
.05), while male subjects do not contribute significantly to the effaé& € +0.0009,sp = 0.0402,t(5d.f.)
= 0.056, n.s.). Presently we have no plausible explanation for this findudgwa refrain from its interpre-
tation, as it is based ongost hocevaluation, and the gender-defined subsamples are very small.
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