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Abstract

A study of Apparent Motion (AM) of Gamma type is presented which extends previous findings (Geisser,
Schebera & Kompass 1999) showing that a temporal parameter (I9), critical for the perceptual transition
AM -> flicker, exhibits discrete timing. The major empirical results, a set of four significant IS modal values,
having integer sizeratios3: 4: 6 : 8, and a regularity in the spacing of a larger collection of IS modal values,
support the Taxonomic Model of Quantal Timing by Geissler (1985, 1992). In this model a theoretical upper
limit of mental timing in the range R1, which involves the time quantum Qo = 4.5 ms directly, is predicted at
145 ms. Critical 19 above this value require a transition to representations based on quantal units which are
multiples of Q. The spacing of IS modes in Gamma AM suggests a permanent transition to the quantum 9 ms.
Assigning the same preferences of occurrence to multiples of this value as to multiples of Qo in Beta AM
(Geissler et al. 1999) disagrees to the empirical observations, however. This raises the question how
representationsin the neighboring temporal ranges R1, based on Qo , and R2, based on 2*Qq, interact.

In the present paper an experiment on Gamma Apparent Motion (AM) is reported which is a
logicd continuation d a previous gudy in longrange AM of beta type (Geisder, Schebera &
Kompass 1999. This ealier study reveded a discrete structure in perceptualy criticd
temporal stimulus parameters. More spedficdly a set of preferred 1SIs at 4.5, 9.5, 18, 22, 27,
37, 44, 54, 107 and 145mseq, criticd for the transition from AM to perceived flicker, was
foundwhich has large overlap with the set of periods extraded from v. Békésy's (1936 data
on the asolute threshold o the perception o very low sounds. Every member of the set
exhibits nealy integer ratios to at least three others. Taken together with a number of other
psychophysicd results (Latour, 1967 Kristofferson, 1967, 1980 199Q Treisman et a., 1990
Dehaene, 1993 Elliott & Mdller, 1998 Petzold & Edeler, 1999 thereis now alarge body d
evidence available indicding the ation o universal laws of tempora organizaion o mental
processes aaossdifferent tasks and sensory modaliti es, which include asubstantial amourt of
discretization.

The eistence of such laws has long keen hypdhesized, first, to our knowledge by Fechner
(1860 and the French psychdogist Lalanne (1876, who ndiced the egudity of stimulus
fusion frequencies in the auditory, visual and tadile senses. Since then, investigation d such
laws has been attradive to many scientists becaise their understanding may bewmme a
powerful tod for the analysis of mental processesin general. Diff erent models were propcsed
to acount for laws of discrete mental timing, many o which rely on synchronization o
mental oscill ations with a central clock (e.g. Stroud, 1955 Treisman, 1963 Treisman et al.



1990 or on couping of different sud osdllations via norlinea interadions (Wiene 1968)
Apart from the fad that sub a clok has not been idertified so fa there is al® psychologid
eviderce againsit (All port 1968).

As a dternative Gebsle (1985 1992 Gessle et al. 1999 formulatel a takonamic modd
of quant& timing (TQM) which is basd on tre entrainmenof tempord intervals The
inspedion d v. Békésys daa (df one dubject), lea to the observéion thad all distinct times
are mutiples d a smdl value of abou 4.6 ms This value dightly carectal to 4.5- 4.6 ms is
postulatél to represenan absolué quantum Qy. Multiples d it, cdled opersive quanta can
be mncatenatd to fom mental representatis d intervals Besice suggesing a mud
smdler elementary period (which o@pond © 220 H in the frequeny domain) TOM
differs from eary modet d a centréclock (Stroud 1955 by a limitation d entrainmen
which is thougtt to resut from increasng loss d pha® precison (Fig 1a).

The assumpion d limited coherene i deriva from the principle thamental timhg ha
obey sore sot of Webe Law. TQM consequetly leads © an overlay beteen quanthand
Webe Law - like precisbn d menta representatin causeé by the necssty to increa® the
operdive quantum Q when the intervd M * Q is exceededThe fanous resit of Kristofferson
(1980 who invesigated discimination d short intervak afte prolonga training (Fig 1b)
shows tha sud an overlayactudly exists Mainly from Teghtsoonia' s (1971) finding thd on
a sbjedive scale the Welbefradion, often cdled Ekman's Constant is éou 1/30 the
edimate M = 30 fa the mncatendéion d operdive quant wa derived.

A third bast assumpion d TQM is the formdion d hierarchis d entainal intervak (Fig
1c). It can lead to preferenes d multiples o the quantum conposa o simple pimes like
24, which ae inheren in the empirich data on discreg timing (Gessle 1992 Kompas
1999) Asa firgt gpproad in this diredion the sysém of prefereres o multiples given in Fig
1d waes derivel Smply by courting &l hierarchies < M containing a given mutiple.
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Figure 1. a. lllustration d limited coherene b. Step funtion d disciminability of short
intervak by Kristdfferson (1984) c. Illustration d hierarchies d concatenatd intervals d.
Prefereges o multiples o Qo.



TQM imposes restrictions upon the sets of discrete intervals, which can aternatively be
observed in a mental task. Provided experimental paradigms are found which alow for the
observation d many closely related dscrete tempora values the hypaheses of TQM can be
tested. The experiment on Long Range Beta AM (Geisder et a. 1999 is important in this
resped sinceit isthe first that, based onsignificancetests, leal to the extradion d alarge set
of such values. The basic TQM predictions were met by the Beta AM data. Discrete aiticd
1S (clSl) are very closeto the multiples (1, 2, 4, 5, 6, 8, 10, 12, 24 and 32 of aperiod o 4.49
ms. An independent derivation d Qp based onmeasures of locd variation d 1Sl yielded the
estimate 4.56 ms (Kompass1999, again in favor of the quantization hypdhesis. The set of all
clSl spanstheinterval [0, 32 * Qo] which isin suppat of the hypahesis of limited coherence
with M =32

The reported experiment on Gamma AM was performed to test whether discrete timing is
observable dso in aher illusions of motion. A second gal of the study was the investigation
of range formation. The @ncept of ranges, resulting bdh from quantization and limited
coherence, is a basic isue within TQM, which is not yet completely uncerstood
Representation d intervals larger than M * Qg requires transition to ather operative quanta,
thusaseriesof rangesRL={i * Qo |i <=M} , R2={i * (2*Qo) | | <= M}, ... emerges. The
overlap o successve ranges leads to ambiguities of representation o intervals contained in
their intersedion. In duation dscrimination tasks like the one performed by Kristofferson
(1980 in order to achieve maximal predsion the principle that the smallest possble range is
used for representation shoud hdd. But this principle need na rule timing in other mental
tasks, e.g. the representation d a dynamic percept like AM. An attradive dternative is the
stability of arange throughou all variations of a mgritive demand. Generally, it is not clea
how much beyondtheir granularity representations in aternative ranges shoud dffer at all.

For the foll ow-up study o discrete timing gamma AM was chosen for two main reasons, first,
becaise its smilarity to the Beta type of motion seemed promising to also gain a rich set of
discrete mental intervals and, seaond, becaise from experiments by Holt-Hansen (1973 1974
it was known that criticd temporal parameters gan ranges larger than R1.

Method

Forty six subjeds, the same & with Beta AM, underwent two sessons of abou 40 minutes
duration comprising d 2 x 12 trials of determination d perceptually criticd 1Sl in a method
of limits. The sequence of stimuli used to invoke perception d AM and flicker is presented in
Fig. 2a. A verticd bar having a mnstant anguar size (AS) of 3° in the first and d 6° in the
semnd sesson aternated with a small sguare, which served as a fixation pant. Exposure
duration (ED) of the bar was constant during the trials. Each of 12 dfferent values (3, 20, 40,
..., 180, 200, 250ms) was used orcein the first half of a sesgon. After a short bredk dl trials
were repeaed in the same order. Within atrial slow reduction d the IS, so cdled in anaogy
to the experiment on Beta AM, led to perception d contradion and extension d the bar, first
with a period d rest in between, which then vanished to gve way to smooth Gamma Mation,
until this percept switched to flicker, often perceived as forth and badk movement of the bar
in depth. Flicker had to be reported verbally, the operator then registered the d Sl and finished
presentation.
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Figure 2. a. Stimulus sequence used in the experiment. b. Mean clS| as function of ED and
angular size of the bar.

Resultsand Discussion

Similarly to Beta AM increase of ED led to smaller values of 1S, critica for transition to
flicker. The mean clSl for each ED and AS of the bar are presented in Fig. 2b, together with
corresponding results of the Beta AM study. In both experiments the relation of ED and cl Sl
isroughly linear. Its slope is about the same while the intercept in Gamma AM is about twice
that of Beta AM.

Occurrence of discrete timing could be statistically proved with a straightforward as well as
with a more complicated approach. Analyses were based on the distribution of al clSl which
isshownin Fig. 3a (kernel density estimate with normal kernel, o = 2 ms). All cIS| values are
contained in the Range R2, about 57 % of them also in R1.

In a first step of analysis modal values were identified using a method caled SiZer
(Chaudhuri & Marron 1998), which statistically evaluates local increases and decreases of
density at different resolutions. The results are plotted in Fig. 3b. Statistically significant local
maxima of density are 77, 103 and 154 ms. Restriction of simultaneous testing to clSl
contained in R2 only revealed an additional mode at about 210 ms. All these numbers show
the simple integer sizerelations 3: 4: 6: 8 which isaclear indication that they result from laws
of discrete mental timing. The most prominent mode at 103.5 ms deviates less than 5 % from
its counterpart in Beta AM (108 ms) and is therefore considered to have the same basis in the
mental representation 24 * Qo = 12 * (2*Qg). The alternative 23 * Qo would not only violate
the above size relation, it also would contradict to the empirical observation (Geissler 1992,
Kompass 1999) that simple multiples of the quantum are preferred.

In a second step an attempt was made to assess quantal properties of all clSlI modes, including
those which are not significant, taken as single values. For this purpose distances of these
modes to the most prominent one were computed modulo the assumed operative quantum
2*Qo = 9 ms. The set of modes, selected by the criterion to have a second derivative of the
density estimate in figure 5 below -0.5, being {59.2, 66.9, 76.7, 85.6, 93.1, 122.0, 134.5,
144.1, 153.7, 175.2, 184.7, 191.1, 199.8, 210.4 and 221.0 ms, yielded the distances { 0.8, -0.6,
0.2, 0.1, -1.4, 05, 4.0, -4.4, -3.8, -0.3, 0.2, -2.4, -2.7, -1.1 and 0.5} whose absolute values



have the average 1.5 ms which is significantly (z-value 2.2, p= 0.015) below 9ms/ 4 =2.25
ms which is expected in the case of randomness of the modes. The other modes thus
contribute to the argument that a period of 9 ms is involved in the perceptual timing. The
presence of this period even in the spacing of modes contained in R1 (see fig. 3a) supportsthe
hypothesis that formation of R2 and its usage for menta representations is relatively stable
across changing temporal stimulus conditions.
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Figure 3. a. Kernd density estimate of al clSI and modal values. b. Result of an anaysis
with SiZer.

A simple transformation of hierarchiesin R1 to R2 by doubling all periods should result in the
same preferences, now of multiples of 9 ms. However, the empirical data do not support this
idea. The preferences derived from clSl densities in Gamma and Beta AM exhibit gross
differences. Only the latter are similar to the predictionsin Fig. 1d.

To resume, there is strong evidence for discrete timing mechanisms acting in the perception
of gamma AM and support for the TQM in general. A theoretical system of preferences
within TQM should consider interactions of hierarchies of discrete timing contained in
different ranges. Further theorizing and more experimentation are needed to capture this
aspect of discrete timing.
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