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| Accounts of the psychophyaics of duration bave attributed
' ayiance on the teuporal deciaion axis either to variability in a
paychological timekaeper or to variability in afferent delaya between thu
‘ times of stimylus preaentation and regintration at the timekeeper. A
sinilar distinction could be made when accounting for variance in the
tining,of discrete tesponses either ip terms of timekeeper variability or
in terms of Variability in efferent delays in respondins Thus in ‘each
case, an ambiguity axists for the idencification of - variance estina'tes
based on behavioural data and strong aaauaptiona have been md/ about the
variance in oune proceas vhen attemptins to characterise the variance
attributable to the other. it is dmonntratad in this thesis that this |
need not be the cue in tasks vhcre subjects are required. to mim;ain some
'1ntarva1 (T) betueen sequences of identical discrete responses. Two |
clasaea of mpdel are recogﬁi@;d as poaaible accounts of parfa:nancg_in
nuch tasks. C o
In the tandem p:oceas mdel it is asmmed :l:m: a tiaekeeper
initiates respoases at intervals with mean approximtina T but -that there
is variabla tine lag in cbserving each overt rupome as 3 ruult of

efferent delaya. In ths u-ocntive element cbainina uodol 1t 1is aumed

i
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that no timekeeping\as guch takes place but that & retlex chain of events
-triggered by one ove>t response produces, as the last element in the chain,
the next overt response. A Horse telegraph key tapping\task with T in %
the range 170 tnrOugn 350 msec reveels eetimates of interresponse interval !
(I).lag one serial cnrrei;tion to,be coneietently negative. This finding
rejects the associative elllent ehaining wmodel but confirms predictions
- of the ‘tandem process ‘model. \\ N
Under the tanden pro»ess nodel the variancea oFf the timekeeper
intervals and tﬁe response delays can be separately determined uaing
estimates of the variance and lag one seriel eovarience of I. : in two
experiments uhich employ ‘different S8 and response equipment it 18" found
that..wheteas response delay variance changes little with I, timekeeper
interval varience is a linear increaains function of 1. The last nentioned
finding is conaisteat with a aet of stochastin models of the timekeeper.-

\

These poatulate that intervals nre generated by the tine taken to attain e

L] Y

given count of events where interevent times are independently and N
identically distributed If it is ascuned that the eeents\originate in a

_Poisson sourée. estimates of the rate parameter are of the brder of, 103 | AN
leventa per second and well within the range of estinates obtained I{S?
jwpnychophysical procedures. Inplications of findingl of non—zero :eaponne

delay variance for. atudies of reaction tinm are nlao connidered. ‘Sone of

the reéponae_delay vnrianee 1a shavn to dcpend on the type of movenent
" used in neking the responss. Further anelynin of the dsta o£ E;petiment 2
-guggests thnt successive responsa dalaya are negatively correlated.;

However conclusiona with renpett to either of the ptocesn vatiances are

e 2

1itt1e chnnged.
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Introcuction

S

Paradigms and models in the study “of human temporal 2 «bilities.
W '

" Provided the difference in duration of two otherwise identical

- stimuli is not too small, .it ig a relatively simple task for a human subject
(o) to discriminate between the atimuli. écch decisinns about atimulus
differences need not necesaarily nake use of duration information, (for
exanple, an alternative-cue might be the total energy in the stimulus),

but it can be shown in gome situations tha; duration information is suf-
ficient for discriminatioﬁ: (Carbotte and kristofferaon, 1973).

‘Creelman (1962) assumed that the basis for suhjective estimates of
time lies in a large pool of neural elements uhich~£1re at random ttnes.
'rhe expected nmb\e_;—éf guch events occurring per unit timé (X) is assumed -
to bc constant. During the presentacion of a stimulus of dyration T it is
 assumed that § mgintains a cumulative count of the nunber of events that
have occurred, For fixed T,.the value of n will be a Poisson-distributed
random variahle uitb mean. and variance equai.to}ﬁt,‘(Feller, 1968). ’Suppose
S is required on each :rial to discriminate betveen two successive stinuli.
one of duration T the o:het of durntion T ¢+ AT. According to the theory
there is a distribution of counts associa:ed with aach stimulus, such that .
theldifferences between counts are diucributed with mean XxAT and vatiance
A (2T + 8T). On any given trial it-is assumed tbat S makes his decision,
for exzmple, as to which stimulus is the longer, by conparing the d§f£erence

-1n coun:s with a criterion difference. In the ideal case~the criterion is’

zero provided the two altcrnn:iva orders of ptesentation are equiprobable.




: Thus, the inherent variability-of the process leading to thé count is
translated into variance on the decision exis for texporal discrimination.
4The 1atter variance is a linear increasing fuaction of.T, so that a funda— ,;
mental prediction of this counter model is that perfornance, tbay,,proba—
bility of a correct discrinination), should be inveree%? related td}T.
" Such a model was tested by Creelman (1962) using a two alternative
'forced-choice (2AFC) procedure. This presents two auditory noise bursts
on each trial in rendOn order and qu task is to state whether the longer

duration st}nulus was in firet ‘ot second position on that trial. Theo-

retical functions relating performance to T and AT provided a reasonable

500 msec. Valuen of X\ in-
3

fit for values of T in the range 40 through
ferred fron the data ranged, ‘over Ss, from 247 x 103 thron;h {10.0 x 107

- ] events per second: ‘ (“

Abel (i9?2&5 glso ran experiments on the duration discrininntiog;of

clearly audible noiaet%nrate_using a 2AFC procedure. . She found further e

eupport for a Poisson event counter model in'the one parameter forn in

terms of‘the relation between AT and T for a 31ven level of erfornance. i

i

Her analyscs ghowed that X 1is fairly constapt over T values 1n the range
0.16 through 80 msec with averagcd cstinntea of ) falling in the range '
”0 5x 103 through 1.0 x 103 evente per gecond. An T was increased ‘from

80 through 500 msec, it was found thnt estimatea of 1 decreased to about

0.1 x 103 events per second. Sa

S

-_—..-...... - - it o s ot T TS o — e J— - — -

In fact Creulnnn gives a three paranoter £ornu1ation of the nodel.

One of the extra pnrancrern handlea situatious in which the signals are not
fully detectable. The other is intended to allov for possible 1nterferencc

"/ with thelstored representntion of the first s tinnlun dpring the processins
o _ = . —

'l

of the second stdmulus. -~ P
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; For the discrimination of noise bursts, Abel (1972a) found that estimates )
' of l were unaffected by changes in signal parameters. supporting Creel—
f man's (1962) assumption that the event rate is a constant independent of

} the particular s timnlus energy. Hith filled intervals replaced by temporal

gaps between brief clearly-audible markere, Abel (1972b) found perforuance :

B as a function of T also supported the counter model. But, although esti-

mates of A were approximately constant in a range 0 1 x 103 through 0 5.

x 103 events per second for values of T between 10 and 160 msec, they
depended on’ the parameters of the marker stimuli defining the intervals.
5

The paychophyeionl approach ia someuhat indirect as a nethod for .

assessing variance attributable to a basic tine unit, einoe it is neceasary ‘

;. to make auxiliary azaumptiggs ebout the decision procedurea used by Ss. If

response timing and duretion disorinination reflect the operation of one -

LR LY
S

and the gane underly ag mechanisn. one night instead make use of the

variance of Ss' re ponue tinins,abilitiea as direct estimatea.. In essenoe,
this appranh rad one adopted by Treisnnn (1963) using two variante of an
in'ereal reproduction paradign "On each trial a. standard ntinulus of ) '“
duration T ia preeented to § who 187 ‘then required to etteapt to; produce
Ts either by teminating with ‘a reaponse a ntinulus initiated by :he 7
experinenter. or, By both initiating and terminating the interval vithvhis
reaponoes.; For estinnten baned on intervel teproductions over all trinls L
at a partioular vnvue.of T, Treisnan iound a otroiaht line reiatioo between
zean wd atandard dcviation for 'r in tho range 250 throush 3000 sec, 'rhat
ia, the variance of - intorvals sonarated by tho,ti-ekaoper nould appoar to
increase.more repidly than the,u-an. Although - bsyehophyoicnl !indinse

augsest thet thn vorinnce of the iubjectivo -oasuro of otinulus tino A

.
\_ [ . . . 5. g
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increases,lineexiy.with the interval, it is not neceesary to conclude that
5 two different processes are involved. Inetead’it'ie-suggested here that the
;- variance estimates used by Treisman do not provide pure estimates of the

\
variance of interval generation by the timekeeper. _ ‘ f

Asgume that timekeeping islkgsed on a Poisson source of events with
rate parameter A. iIn duration ﬁe;ception the subjective nmeasure of T units,
of elapsed time is taken/fo be the count n which has ex;ected value AT.

- Suppose that. the timing of a response to generate some interval is achieved
by a correspouding wait proceaa. If S withholds his response until n'
events from a Poisson ‘source uith rate parameter X ' have occurred. then

" an 1nterval T' with expected value n l’x would. result. It can be shown,
(for example see HcGill 1963), that T' will be gamma-distributed vith

variante n '/ 1'2 80 that the variance of the respcnne intervals will be

directly proportional to the nean. with conntant of proportionality given

5‘7 by 1/ X', 1If S makes repeeted attempts at reproducing T by waiting for the

‘ sane'number of counts n' on each trial, a linear 1ncteaaina reln:ion betueen
"mean . and variance vould ‘thus be predicced. In the teptnduction paradigns
., used by Treisman (1963), the standard interval vas presented before eachn

reproduction so that the valhe of n' uould probably be determined anew £ron n

every trial.. In that case, the vnriance of vaiting tines wnuld be coupounded

with,the va:innce of n for a pa:ciculér value of T uith tbe reault that the

variance of rcproductionn nhauld increase nnre rapidly than tbn wean. To
peruit eatimation of the true relation an expcrinnntal procedure ahould
be used in uhich reaponsn timing vnrinncc cstinntes are takcn from g
reproductiona all bnsed on the same petccived standard, or prntet count,

S -
n,.-'-\ . -0 T t




So far, discussion has focused on ﬁbdelé of timekeeping with
stochastic properties. Another formulation migﬁt assuﬁe the timekeeper
to be deterministic and not a source of variance for the temporal decision
axia.‘ For example, an acc0unt of duration diacrinination by Allan,
Kristofferson and Wiens (1971) assumes that the timekeeper is variance—
free. Errors are taken to be a result of. variability in afferent delays
in the registration of the signalse representing stimulus onset and offeet
at the place in the central nervous syatem where duration ‘is judged._ |
Assuming such arrival %atencies can be described by a random variable (A) | | K

with meah and variance which are not a function’of T, the "internal"

interval evaluated at the timekeeper will have twice the variance of A.

- Data were collected in a sinsle-stimulus recognition task using light '

flash stimuli of baf?f&gration T equal to 50 and 100 msec. With valuen

kY

of 4T equal to 10, 20, 30 or‘@O msec, performance was not a func:ion of T,
in agreement with the model and tontrary to the predictions of a ;leson
event counter oodel, ’ -

The diatinction betueen central and petipheral accounts of the
linitationa on duration diocrimina:ion performance has a direct parallel
in the related area of temporal order judgnentm There, paradigms are
used in which each trial ptesents two. atipuli in succeaaion and § i
required to indicate which came first. In this case ona may ask what
deternines the sensitivity of tenpornl o:der judgnen:s to changes io the
interatimulus in:ervnl? Or, equivnlently. wvhat da raines tbe slope of -

' ©

the’ pnyghome:tic function?

A systematic diffetcnce is found between the objective simultaneity - .

of two stimuli and the point of subjective liﬂnlt;n@i(y as estimated from




the psychcmetric function. This difference is usually attributed. to

fl differences between the times taken by the signals repreaenting the two
stimuli to arrive at the place in the=central_nervous system where their
order is'judged. Such arri§31 latencies, night ;nclude delays’ in signal
reéistration as well as n;rvous transmission delays. 'If they are variable,
order discrimination errors would result to the extent that the variability
introduces some - reversals in aignal ordering at the point in ‘the nervous
“systen Hhete temporal order isjudged. The greater the variability,
shallower will. be the slope of the psychometric function. On the other
hand, it could be that precision of tem;oral order judgenents is
1in1ted chiefly by the zhﬂ\ibing power of the central timing mechanism.
At small 1nterst1mulus 1ntervnla, for which some threshold for. temporal
order is not exceeded, the S's response probabilities would re-ain at
chance level. When the threshold is exceeded, discrimination uould be
perfect. In this view, precision is determined by the magnitude of the
threshold Yor the resolution of incamins gensory events.

A complete review of wodels of both clasaes pay be found in
Sternberg and Kooll (1973). Clegrly a qajor problem in this area in
-&owmon vith that in duration digcrimination studies 13 the determination
of the relative contributions of’ centtal and peripheral factors 1n
deternining perforuance. or, put ‘another way, until we can estimate the
extent of petipheral factors, naalures based on the paychophysical _
function may not give a true picture of tte op%?ntion of the central
timing mcctanishi or timekeoper.

e havelnecn_thdt arrival lastency variance nsy provide an sl-

ternative to timekeeper variance in accounting .for duration discrimination
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errors. In analogous -faghion, response tining variance pight be due to
variance in the time taken to produce an observable response after conpletion
of each timekeeper 1g:erval rather than-being due to variability in the
actual timekeeper itaelf. éuch response-delays might occur in, (1) the

, selection and Organisation of the response, (2) the transnission of neural
signals to the musculature, (3) the completion of the physical movenment
which results in an overt response. For example, McGill (1962) has de-
veloped a model in which random fluctuations in the rate of a steady

" stream of responses in biological aystema are attributed to variabili;y

in the delays, subsequent to periodic triggers from some tingkeeper, before
the cotreaponding responses are obsetved. .

In the case’ of response timing by human Ss, suppose there is a
variable response delay D) following each trigger from a qeteruiniatic
clock. The observed 1ntetrenponse interval variance say simply be the
combined variance of the delays in the initiating and terminating responses.
that iB, thce the variance of D. Or,-uhcre the reproductiuns are defined
by the responae ternination of an inte:val 1nitiated bz/the experinenter.
the observed variance could be the combined variance of arrival latency

and response delay, that is, the variange of A plus the variance of D. :"
1€ 'i¢ is assuned that the varianoe of A and of D are not a function of I,
one prediction of this model would be that tha interresponse 1nterval S
variance is constant over I. .Bartlett and Bartle:t (1959) required Ss
to attend a sequence of Te defined by a train of brief ;uditory clicks.
. When satisfied they were "golloudns tgf rthytha" they were to strike a
response key to coincide with th@'nekt click, in eftect_turﬁinltinsyln

interval initiated by the exéerinmntet. For two highly-trained Ss, the

R,




- . ) — -
BN - 8

variance of response timing was found to be constant over three values of’

T in the range 250 through 350 wmsec.

A tandem process model for the timing of disctete responses.

The following two-stage model 1is ‘{ntended to characterise the dis-
tinction beiween.timekeeper and peripheral response delay processes that ‘
are possibly involved in response timing. 1t ié shown that, given nothing
- more than 1nformation about the times of occurrence of successive responses
it is possible to 1nfer ‘the varinnce of each of these processes.

In Figure 1 trigget pulses from some timekeeper give rise to a
series of overt responses wvhich define a sequence of iuterresponse intervals.
Ic is assumed that intervals between immediately successive trigger pulses
are the result of some stochastic timekeeper and may be described by ;he
independent random variable c with-meln Ve and variance og. Fut;her,
it is assumed that the delay between the times of occurrence of each
trigger pulse and the overt response conditional . o; that ttigget pulse
way be described by the independent random variable D with mesn U
and variance og Since it is intended that the theoretical reaulta
derived should not be reatricted to any ‘gspecific probability diattibutions
for the randon.varinblgs. it is uinply asgused that the respactive dis-
tributions exist; |

If the subscript 3 is used to index the trigger pulse interval
1cj and response delay. n3 which culminate in the j overt response, the
inturmponse xntcrval bounded by the overt ruponus nubjecc to the

. delays Dj_lrnnd Dy is given by:

el -

et it
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Iy 0y N | o : (1) S

with variance, i, and mean, u, =

P ,
The lag cne serial covariance of I y. YI(l), is defined-as the
- expectetion of the product of the devietions about the pean of one 1nter—

response interval and the imnediately preceding interval:

YI(I) E i(Ij - U-I) (Ij-l g ul)i ' s 3= .. ‘ ,-1,0,1, e

1
o]

(e, ~up) = @y ~vp * ® - up] @y i

B {0, ~»p Py “p?]-

7p(0)
¢

D

since, £or C. ‘and D independent. all other e:pectations are zero. The

.- (2)

ok
lag zero serial covariance, vhich is equivalent to the variance, is defined:

@ = ey mupay suple o

s

R R {CAELPY - Dy ~up) * @y uD)J 1y - w3
2 2 o .
| c + ZGD 7 . (3)
. Since overt tesponaes are 1ndiut1nguishable under the model, these

- g

relationa hold only 1£ the ordering of the trigger pulses is maintained in’

the overt response ordering: that is, 1f Ij > 0, fdr al%_j. Suppose lj( 0

| e g v re—
e e—— - r Rk R -~ s 4

*The term autocovarinnee is often used as a syuonyu for serial co-

&
|

wvariance.' The- terninology adopted here follows Perkel, Geratcin and Moore
(196?), who reaerve the té?a "autocavatiance" for the renewal density, de-

fined over coatinuous time as the p:obability of cncoun:erins some eveént as

& function of tioe lag after a given event has occurred.
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were possib%e, thenrthe jth observe§ interval between sucgeSSive.résponses
,neéd not be the Ij bounded by Dj-i and Dj as assumed above. In the model,
su;h jumbling of overt responses wg?ld occur if, for example, u, were

;' dééreased'while all ot?er pérameters were left unchanged.‘ Helsen'énd
williams (19?0) haveitreated a queueing system with this property-ané
show that lag one depeﬁdence decreases as U . becomgs small with respect

to c - (see also Govier ‘and Lewis, 1967)..

Prom Equationa 2 and 3 the follcwing reSult may be obtained:
2wy ) and 02 my O +2y Q) *)
p "Y1 RIS | I :

' These equations provide a ba;is for the estination of the varisnces due
to response delays and to the timekeeper, given we can estimate'the lag

~zero and lag ‘one serial covariance of the interresponse 1ntervals. The
tandem procéss model leads to a ptedicticn on the bounda_of the lag cone _

serial ;orrglation of 6 > pI(l) 3_.-1/2, since:

Yr(l)

o-(l) -
E ¥, (0)

1 N _ (5)

Equation 5 'is fornally equivalent to a result derived by Ten Boopcnﬂand‘
Reuver (1967). Ihe bounds on pI(l) arc asgociated with the cpecial cg:ea
of the :aadam process aodcl for which responso delay varinnce is zero,

(DI(L)‘- 0), and timekecper variance ia zero, (pl(l) w ~1/2), Thus, to the

¢
‘

Nt
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-

extent that response delay variance is very small compared to thé variance
of the timekeeper, the lag one gerial correlation will tend to zero and the
observed interresponse “fnterval variance provides an appropriate estimates
of timekeeper variance. Bowever, if the lag one serial correlatiou of the
interresponse intervals were much less than zero, we would have to infer
that response delay variance is not pegligiblé in relatibn’to timekeepe;
variance. It would then bé necessary to Qake;the appropriate correction

to the obse¥ved interresponse interval variance when és;inating tﬁe_time—
keeper variance.

For a sequence of interresponse :Lntervals I,; j=1,2 .. N, an

j’
estimate of pi(l) is given by, (see Jenkina and Watts, 1968):

RS ]

G.(1) o R
Pl(l) - —c—;;—(-o-')—' : (&) .
wit-h !f. - _ . . :
b_ (1, - D(I,_ -1 P A . ,
N -1 ' -
N g
L =2
and L, -1
GI(O,) - j‘ 173 .(3.)

i

s e b — g S rr—
__________,..,_..,._.__. e ———— = ———rar s P

It is assumed that the time geries in I, indexed by j io station~
ary uity j. If there were, for exapple, a large trend in the mean.with in~
crease in j, posit1§e uer;hl cottelhtion could result, even if thc process
was really one with a detemiﬁiuti’c 1ncr§aain3 wean value fmctioq and °

random error about that function.
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where )

s 11 . | @

Estimates for cé and ug are given by:

: S; = -G, (1) and sé = GI(O)-+ 26, (1) {10}
. \ : ! - E . .

A

Interresponse interval regulation 15 a lequential responding paradigm.

| In the previous section equatious were set out which u0u1d permit
the estimation of the variance of timekeeper intervals and resgponse delays,
P ovided stationary sequences of interresponse intervals are available on
which estimates of . the lags zero and one serial’ covariance nay be based.
The following procedure might be expecced to accomplish this, 'and at the
_game time affords some experimental control over the response rate nddéted

by S, beyond that affbrded by verbal inatruction After a warning signal,

(see. Figure 2), a train of very brief auditory pulsea, spaced apart by the "~

standard interval, T, is presented to S who is instructed to ‘respond in-
synchrony with each puise. Pollowing the last pulse 1n the synchrouizntion
phase, S is rEquired to continue reapondins at the established rate until
a second uarning signnl indicates that he should s stop. with practlce. and
provided aequencea are Bot. 80 long as tc 1nduce fatigue, it would be ex-
- pected that such a procedure uoald gcnerate relativaly s:able data, (for

cxample, see the data of Stcvens, 1886)

Since the tandem. #roccss model does not provide sn explictt account

of temporal synchrqnizatgqn,'i; 19 not intended to make use of the syn~

_chronization data from this paradigs. To do 8o 1t%ould first be necessary
r/ -

e
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to establish whether Ss actually mske use of the perceived time in;ervals
between successive pulses in the train in adjusting the intervals between
their responses, or whether they simply use the synchfonizaeion;erro;'of
each respongse to correct the subsequent delay before the next response.
Studies of synchronization*by Voillaume, (Fraisse and Voillaume, 1971;
Voillaume, 1971), suggest that within a gequence Ss will do both. Compared
to the difficulty of analyaing mixed strategies of this nature, characteri-
zing tenporal mechanism yariability through the use of the continuation
data in conjunction with the tandem process model aopears relatively
straightforward. | “

In digeussiogftemporal integfation of behaviour, Lashley (1951)

suggests that the serial ordering of units of speech'in language night

be aepieved'by a central activating meehaniom driviﬁgﬁ;hg_response system. '

~n

fhat iS-the information needed to give the oroper temporal relations
in the motor output might be entirely central in the nervous system. This
he contrasts with associacive element chaining models derived from Sherring-
ton teflexology. Theee propose that coordinated output 13 built up from
saall discrete units of movement, linked together by chain reflexes with
sensory feedback elfciting each subsequenc unit.

A similar distinction has recently been made by Delong (1970) in
agking the question: How does toe.ne:vous systea produce tcmporally-
pattefned motor output? He points out that, vhile the selection of
appropriate nuscles will be met by apecifie neural pathways :ﬁxt.convey 4
ispulses to a#propriate motoneutons. one can distinguish two theoretical

-poaitions concerning the way in which the proper. tenporal relntionahips

~ between pagticipating suscles aight be fulfilled. According to pcripheral

PRRSNPPPY IR F 3 f 4 4o - S
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‘coatrol theory,.the‘timing'reQuirenentsaare_accounted for by varded
afferent activity routed in feedback loops‘to c&ntrql discrete phases of

the movement with time 1ag determined by the loops. On the other hand,

a central mechanism might contain all information necesaary to specify
the temporal aspects of the movement. |

In the context of the tining of a repeated>reaponse there is.no

a priori reason why tining ‘could not be based on the reflex chaining of
associative elements instead of 1nvolving a central timekeeping or acti-
vating mechanism as is assumed in the tandem process ‘model, (see Figure

3). Subsequent to each response and after a delay, Aj an afferent signal

could elicit the next response which is subject to delay, Dj' Proviaed, ;&-

and D are mutually independent randon variahles, the distribution of T is

gtwen by the convolution. of A ada D, and 1 will be stochnstically 1ndependent.

To lengthen the interresponse\interval while. using the same response S could o

make the movement preceding each resgonae have a 1onger trajectory resulting
in a larger D 1f perforned at the same velocity. If longer trajectory nove— f
ments are associated with greater temporal variabixity, ‘an increns&ng re- T
lation between the mean and variance of I uould be,predicted. Anothet?‘_.w
possible mechaniom by which § might increase. the mean of 1 would be e

" cause the afferent signal to initiate some 1nterna11y generated deluy

-n[_ before eliciting the responae. In that case the relation betveen the mean

and the variance of 1 would reflect the variance of the 3enerated,1nterva1.
_ provided the charectetistics of A and n do not. chanse. The basis for die- o
crininatibn_between :andem procesa “and reflex chainins eodeln rests on the
presencc of dependence in successive values of I. 1f it can be shown that

estinntes of o1 (1} are atgnificantly different from :ero in the sequnntiol

respondins tank it vould pe poeaible to rcject.the reflex cheinins nodcl.-

g . Co

O e
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If the estimates should be negative and have a lower bounA of - 1/2, this
would be tgken as support for the tandem process model. 'the'fhat,iif
.independenge were not réjected, the speclal case of the tandem process
model‘for'which response delay §aria;ce is zero could atill'apply. In
the first’ experiment estimates of pI(l) are base& cn/many shorthequences o
run under the saxme value of T using a Hbrse telegraph kzy teaponse. In
;,this way’ it is possible to set up empirical confidence regions about the
point estimaces when teasting for non-zero pl(l) -
The chief characteristic of the tandem procesa model 13 “the
presence of responae delays conditional on pulsea Trom a timekeeper
process. The consequences of vnriance in :hase delaya are important, ﬁnt

only for the ‘understanding of response timing, but also in tha study of

simple reaction tine (RT). The object of RT experinepts i{s to obtain an

index of ‘the procesaing of a ae@sory gignal by Ss. in ordar-io-test theories

‘of® the sigqal detection process. Por exanple, Green and Luce (1971) .have

Eotmulated a model for the signal detection ptocans which leads to specific.
predictions for the . distribu:inn of latencien associa:ed with- 1:.' Since 1t
is likely thnt othey processing ntaaes ‘are 1nvolved in making 2 response to

) a'atimnlun.-the ovarall RT distrihu:ionAwill not provide n pure wcasure of

signal datection p:ocesaing. A stage which night be cxpacted to be ptesent

Hould be one 1nvolved in thz gcnaration of & :esponse subsequent to the _
dctaccion of a nignal. Zornblum (1973), for ex:nple, axp}icitly recognises
_ the pessibili:y of: dalayn due to responne 3¢neration in en account of
7ant1cipagory responses based oo tinn eatimations vhich can occur, ia Bi

7 expcrinnnta. However, ha nnsunaﬂ there is 0O vnrian:a in the response

del.‘y";-; S a -. , -. T G

[
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| 1f estimates of og are pon-zero two further questions will be eeQ
aeined in the context of sequential responding in the follouing experiments.
The first is whether the estimates change with the interval between res=
P°%§PB- The method of analysis afforded by the tandem process model dees
not permit estimation of OD in a discrete trisl situation. However, if
estimates of cg are relatively.uneffected by change in I, extra 1at10n of
the estimates could be :aken to prdvide an indication of 02 in RT studies.
Another factor which might affecc 0% estimates is the type of movement
which S is required to use in responding._ That ia, since 02 is identified
| with delays in generating regponses an experimental manipulation of the
1evel of o might be possible through the choice of response movenment .
0f more direct 1nterest to the study of paychological timekeeping
wilf be the estimates of cg and their relation to the ;ean interresponse
interval, (equivalen: to ) In the follouing experimcnts the value of
T for response synchroniaaticn 1a varied over a range approximating the
psychophysical studies revieved. The ghortest interval is restricted to
rntes somewhat slower than the phyaiological 11m1t aince. at a very rapid 7
‘ response rates; fatigue is likely to result in the 1utroducticn of non-
ata:ionarities in the interresponse interval data. Earlier; an account of
the timing of a respense vas formulated based on’ n Poisson seurce of events.
A linear relation was predicted berueen the mean and vnriance of 1ntervaloe“

H generated in that way. If the tinekeeper interval were equivalent to T'.‘the

/

walting time to attain a count of n evcnts. & zero intercept atraighc-line
relation would be predicted-betueen tinekeepcr interval mean and vnxinnce.

Suppose thé intercept were non~gero. This could imply that C 18 not equivalent

A

carmssmary MAY
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A

to T', but that it is the sum of T' and another quantity:

C= R + T
&2/ 2
If R is an independen: randon variable with mean ua_and variance OR’ then:

~

2 2., 27 . g
OC UR'+ UT' ) o ) /

- —
Provided ‘1R and 9 are not a function of T', a linear relation between

02 and LI would stiil hold, but the intercept would be determined by both

c

uR and 02 That i{s, an interprétation of a non-zero intercept straight-
line mean—variance relation'ﬁould'be that there is a atage in processing
in the tinekeépgf with a.de}ay'which‘may be described by the random variable
R having mean and vafiance unaffected by thé interval to be 3ener$ted,

- In the folloudngothxee_experiments are describe& which test the

tandem process wodel and exgmine the iariances of each process as & function

of 1. Then a theoretical section contrasts the predictions of two different

generalisations of the tandex prccess oode) and the results of further analy-

sis of the data from ‘the second experinent are reported.

P

[P
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Experiment 1: Morse telégraph key tapping.

Method. | ' o o . g::\

~ The task required of § was & cumbina:ion of paced and unpaced
tapping of a Morse telegraph key, (see Figure 2). Followiﬁg“h warning
signal, a sequence:oflo-nsec duration, 2000-Hz auditory pulseé, separated
- by inCervais of (T - 10) msec, was presented bxnau:slly. The pulses
vere'cleatly audihle, (sound ‘level, 62 dB re 3848 background), over
headphones worn by S. l
The instructions to § required him to depress the key perio@ica}ly

.ad'th#t contact would be made in synchrony with the pulses; if'a response“
led or lagged any given pulse by more ‘than 35 msec, viaual feedback was
immediately given to indicate the ditection of error. With practice, Ss

had little difficulty in staying vithin this time windov. " If S skipped

i cmaseas s arkerY M A EEVETTN

a response after the first four in a sequenqe. the sequence sutauatically
aborted and restarted. Follouins the last pulse of the trainm of 24 pulses
in the syﬁchronizat}oh phaae. S vas required to continue tapping at :ﬁé
established rate fo};nn additional 31 responses. The varning signnl was
sounded after the last response 1n this continuation phase to 1nd1cate
to § that he should stop. An- interval of apptoxinately 13 sec preceded
‘the next warning signal and ensuing sequence. ;l .
Thc telegraph key, vhich was clluped in a fized posi:ion telatiye
to $'s chair, requircd a vcight of 120 gn to make contact for recording

(see Figure 4). The s's arn was aot constrained, but bhe was encouraged

" to adopt -an habitusl mode of respcnding, In aoother rocs a FDP-8 ~ \

21
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cocputer was cced to ccntrol gtimulius evcnt'tines.and to record isiaith
ac accuracy to the nearest 1 msec.
After several preliminary practice sessions, nine conéitions were -
Tun vith values of T of 170 , 180, 200, 220, 2202, 250, 270 , 300, and
350 msec, those mayked witb the superscript beingjrun at a. slightly later
Idate. In each set, the order of asaignment of T was pseudo-random and
different for each S. The actual vciue of T used was held fixed over
several practice sessions before data for gﬁnlz:}s was collected on four
successive sessions. In the case of JW, the number of practice sessions
was four throughouc, as it was for the other three S in the three con-
ditions marked with guperscripts. However, these other Ss received six
practice sessions in :hc get of six conditions YD first.
Sessions 1asted approximately 35 min and conprised five blocks

of 11 sequences each. - Three paid Ss and the author took part. All were

righx handed

Results.

" The results reported are, for the 30 Is recorded in.the continuation

‘_; .-u:‘-

phase of each. aequence. Due to poor responses approximately five percent

.of sequences could not be used in the analyais. These responses

originaned in equipmcnt nnlfunctions of two kinds. Sometimes the

electtical contact necenssry for reCOtdins purposes did not occur with ORI

S's responqe and this would result in intcrrcaponsc intervals uhich were |
approxicntely sone multtple of the required standard. The othnr problen

" epcountered with the apparatus was that following & rcsponse and before ]

actually released the key, electrical contact would sometines be broken and

L
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remade within a period of a few milliseconds to produce a8 ddﬁble response
with a very short interreSponse i{nterval. Unless otherwise detailed, the .

estimates used are based on the averages of,the statistics defined in o~

Equations ) through 10 over all sequences at a given T, that ig, 220 less

che number of Tejected sequences, (details of the actual number of sequences

avolved may be found in Appendix A).
As a measure of consistent monotonic increasing df“aecreﬁsing
nce,estimates of the mean of the first 15 and of

trends, for every seque

the last 15 Is were calculated and the latter subtracted from ;he former.

The peans and cwice the standard error‘sf these differences over 8ll &

sequences at.a given T are given in full for individual Ss in Appendix A.

*
In abput half the cases the 95% confidence intervals about the changes

in mean do not include ‘zero and the ageumption of stationarity of the

mean should be rejected in these cases. However, détrending is not

really wvarranted by virtue of the relative sunllnesa of auch trends, in

-all cases being of the order of one petcent of the mean or less. That is,

although the effects are mignificant. their magnitude is negligible. The

changes in mean for each §, averaged over all T, are shown in Table 1.

R

.__._-—-..-.—-—-—---n i i r——t ! PSRRI

P The 95% confidence 1n:orval on the mean is de!ined 3L~y Uy
< AI +y vhere v = (S 2!n) :(ulz K-1l) and u”i_.OS. Fof N moderately

large, y is given by twice the ntandnxd errot of AI.
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Table 1

Average change in mean interresponse interval (A1) for each S, (usec units).

Subject
AW W IT W
a1 0.7 a4 04 -0.8

‘Interresponse interval #ariance (Sz) ias plotted as a_fhnction of
I for each S in the upper sections of Figurea 5 through 8, (dhta points
for all the plots may be found in Appendix B). The filled points indicate
the three conditions run at the later date; 1t will be noted that there
is good agteement between the pairs of estimates at T = 220 msec. The
high degree of expérimental coantrol over the “free" responding in the
continuatiqn phang is evidenced by the closeness of each I to the cor—
resp?nding values of T, (indicated on the 1 - axis ;n,the figutes).

It 1is foundrthat above 250 msec Si inc:ease§ steadily with 1.
Beiou that value there is 11ttle-change-in S2 with I, though for two Ss,
(AW and JW), Si at the smallest T is as large as that at T = 350 msec.

 of the experinent these two Sa reported 1ncreased difficulty

ponding at the fagtest xrate, which apptoachcdk;he upper linit on
the raté of Morse telegraph key tapping of seven reaponses per aecond, as

determined by Vince {1949) . - =

' Ié the lower halves of ?13ures 5 throush 8 axe’ nhown-estinn:es of
the corresponding P (1) Intetvale equnl to twice the a:andard error of
estimate are shown to either side of each Py (1). Only in one case.'é

(MF at T = 170 msec), does such an 1ntetva1 toclude zeTo, ad sone of the

b
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Figure 5: Enttmqtca of tntcrrauponne intcrval vnrlantc (Sz) and

lag aAn serial correlation (P, (1)) as a !unctton of mean

\

i intefrenpanne ¢nterval (I) for AW. The vertical bars

{ndicate two standard errors about the eutlnaﬁeu, Pi(l}.
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intervals includcs -1/2. while distributions nssociaced with larée
correlntiong are skewed toward.zéno, the relatively smnli.valuéé under o
consideration here make it a reasonable approximation to treat these ‘
regions as 95 confidence intervals on the means.k Thus mndels for which
predictions of‘pl(l) = O or Py (1) = -1/2 obtain may be tejected. )
Estimates of;né and og are plotted as a function of 1-for each

$ in Figures 9 thtcugh 12, Beatlﬁit straight lines of the form,

Sé - q (i.- 8), determincd by lennt squares are indicated by the continuous
lines. The adequacy of the linear form in describing the functional re—
-lation may be demonstrated by showing that, vhereas the coefficient of the
h linear term in the least aquares best fit linear polynomial is significantly
_different from zero, the quadratic coefficient in the best fit qundratic
polynomial is not, (Graybill 1961) This is achieved by comparing the -
error accounted for by the linear term with the residual error about the
linenr polynomial and the error accounted for by the quadratic term with

the residual error about the quadratic polynnnial.' The results of such
AROVAs for linear and quadracic polynouinl models for each S are given in
Table 2. For all Ss, except MF, it 1s concluded that the linearffunction

is adeﬁuate. Fo;tthese three Ss values of g are in thd‘range 19 throush,

106 msec. |

The points in Figure ‘13 show the averases of the eotinates.
s? and Szlcver Ss as a function of overall nean inte:renponse 1ntervnl. g

C D . . _
AHOVA for linear and quadratic polynouials suppottn the 1nd1ca:ed linear

2

relation between S and I, (1inenr term, F(l 7 = 17. 08..nean cquaxe error

<&

o5
- 65 68. p< 05 quadratic cera,-?(l 6) = 3. 5. mean square error * 47 80,

.p >.05). Althoushrcqch S chnvn sone dccreasc in Sg at 1nterundta:c valucs '
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of T, the effects of T over Ss is mot significant, (F(8,24) = 1.67, mean

square error = 65.44, p >.05).

Discussion
| The iou,}evels of éi, rgflect good performanée on the part of Ss //;/
in this experiment. Michon (1967) has reported continuation data from a
paradigﬁ 319118? ﬁo the ode used in this experinent with T in the range
333 throﬁgh 3333 mgec. The averaged escimate .of the intexresponse intervgl
varfance for response rates of .about three per sec uf?/éive times more than_
that found tﬁe present experiment. Most  of the difference probably i/’
reflects the lack of practice given to Michon's Se. Michon. gawe ‘the actual
form of the relation between the standard deviation (sp and I in terns of
a power functiqn: |

.51 - kil's +a
where the constant k was of the order ﬁ 04. Thus he had to conclude that

‘a éiﬁple ‘stochastic procesa would not account for the data, siace the

iy ATISYIAINTT !:!IEL’-‘-’ZH

variancé increased at a :ate gteater than that of the mean. The constfnt
a he sugggsgéd R “may be viaualiaed as the 1nttinsic_noiae level of the
_ motor ayatem.'w Unfortunately, the values of a are not. reported.

of the 36 sqparate estimares of the lag one gerial correlation in the
pre;;nt cxperiment only in one case was the hypothesis ?1(1) = 0 not rejected.
Thus interpretaticns of respounse timins inwolving sinply thé chaining of #fso~
ciative"elements pey be excluded. Hoteaver. the finding that.rl(l) was
bounded by_zero and winus one hali provides styong support for the general
case of the tanden process model. That 1is, both the timekeeper 1nt¢rvalot)

and the response delays contribute to thn observed 1n:ertesponse 1n:etval

B ]
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variance. _ | .

Theoreticai discussion\ the Introdﬁéiion_regarding the nature
of the timekeeper focused almost exclusively on its variahility. But,
a striking feature of the dat&’collected in this experiment is the accuracy
with which S8 are able to adjust 1 to within a few milliseconds of the
standard. If such response timing 1s based on the waiting time to achieve
ra:given’count~of neural events, the density of evenfg on the time scale
must be quite high to achieve this regsolution. Theﬁries with time units
of the order of 50 msscijxristoffefson; 1967) would not be able to encompass
the observed precision. K

The averaged estimates of the cimekeep var ;e re found to be
linear increaaing with T and this is consistent with the prediction of
s;mplg stochastic wait‘formul§tions fo:'thg timekeeper. such as one based

on a Poissoﬁ process. 1f a Polsson process {g assumed, the estimate of

A' given by the reciprocal of the slope of the averaged data is 5.0 x 103

dvaE) AXISYIAIND LSOV

events per sec. With this density of events 00 the time scale, a reso-

lution of 1/5000 sec or ¥ 0.1 msec is theoretically possible ‘which is well
within the observed precision of 1. Although :he linear increasing wcan-

variance relation is conaistant uith the Poisson countet wodel, the finding

of positive B , {the intercepc for Sé = 0), iﬂplie;—that the timekeeper
'incerval 1s not identical to the waiting time, T', baaed on Epa Poisson
source. In the Introduction an interpratacion of & pon-zerc 1ntercept .
was given ;n which'soae_parc pf the timekeaper interval was due to 8 delay
R with mean and varignce not a functlon of T'. However, without further

assumptions, an 'estinnte of the ex:en: of that delay cénno: be made since

the intercept 1is a function of:both the meas and varinnce of R.
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ER The procedure of giving Ss considerable experience with one value .

. of T befo

re moving on to another was intended to reduce experimental “noise“

in the results. However ‘this is not an ideal procedure for estimation of

the relat

ioo;between og or oi, and T for a given S, since it is prone to

possioleﬂday*to—day effects. This could differentially affect estinates

in pertic

ular sessions and, therefore, at a particular T*value. To remove

the possibility of this confound, averaged data from S8 run under different '

orders of

estinates

i

conditiona may be used._eﬂowever, 1f the effects of T on . :he

uithin a’§ are of interest, a better procedure uould be for each

S to receive all valuea—of T in random order in the courne of each block.

Results £

which the

I

or the two procedures are’ ccmpared in the next experiment, 4n .
range of T was extended to omne half of one second..

n the present experiment ‘it was found that sD vas greater thao

zero with some suggestion that, for individual Ss, it might be related to

i. The T
will be p
relation
response
approxima
sti1ll be

equipmeot

with his

andomized order of presentation of T used in the next experinent

articularly appropriate to an analysia of the-

betueen Sg and I. Since SD may depend to some extent on the

apparatus used, it would be of interest to use equipment which

tes that found in RT studies. though the response required should

one that is easily produced and repeated. In the next experinenc
is used with which S gimply had to touch a fi:ed response plate

index Einser to make electrical contact. This bears & greater

resesblance to the uicroswitches usually used in RT c:pcrinenta'thnn does

the telegraph key. E o ‘ .'“ o

L

S

INYRV

aaivNEI? ATISHIMNIT Y

iy s el



a

i

\\trcoted for practico_purposes'on;y.‘

Experiment 2. Finger responding.

‘Method.

The eventrsequence was the samc as for Experiment 1, but in the
synchronization phase no. feedback was given vhen responses led or‘lagged
pulse onsets by more than 35 msec. Instead, immediately after the end of
every'scosiou; Ss were inforped of the mean and vatiance ¢f the sesgion's
Is. | |

The response place was clamped to the ara of the chair in which S.
was seated 8o “that the right hand rested naturally on it in a Cupped—

downoard telaxed position with the index finser free to move’ fn a vertical

| plane over the poinced contact ‘putton, (see Figure 14). SB vere 1nutructed
%, 'to make small amplitude responses, moving just the index finger through .

-.about lem and leaving the finger actually resting on the contact ﬁor as

shdrt a tige as possible after each reSponse.

Ten values of T were used th the tange 220 through 490 msec under
two "different conditions of presentation. ‘In the Fixed COndition the sane
value of T was used throughout each of two succeasive aessions and the
.fira;/éQBSion was treated by the experimonter for practice purposes only.

For half of the Ss the order of asaignnent of T was 220, 280, 340, 400,
460 msec then 490. 430, 370.A310, 250 msec while the others received T in
the ocd;t &90,‘630... msec, etc., A session couprincd five blocks éf ten
sequences each. Undcr_the chdon Condition, each block pncsen:ed all’ ten'

values of T drawn at random without replacunznt. Twenty aegsions of {1ve

blocks each were run in this condition, the first ten sesgions being

.-

1
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Pour paid Ss took part. After a number of-préliﬁinary practice
sessions, Ss were Tun under both conditions, two (EL, SC) in the Fixed

Condition first, two (BB, JS) in the Random Condition first.

Results.

The averaged statistics for the 30 Is 4n the continuation phases

v

are taken from the second 50 sequences run at eaca T. Beéause sequences
_wi;h missed or bounced finger responses in either synchronization or
continuation.Phaées weée rerun inmediately, each condition contains cthe
same numbef of seqﬁence&;

Over all Ss the largest change from the mean of the first 15 to

that of the last 15 18 avetaged over all sequences at a3 given T was only
/,-
of-the otder of two . percent of the mean, and 1] the aasunption of

]

stationarity was retained as a reasonable approxination. Average changes

w

for each S are given in Table 3, (details‘for this table may be found in

~

Appendix A).

- rable 3

Al for each s, (msec units).

e AR T i At ———— =
g = oot s ST

T T _Subject

T pizea | -l2 ¢ 0T -1.0 -0:2

Condom . -l o =08 -13 tNL2

R F 781111

iy
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 3 In Figures 15 thtough 18th£:estimates Si, 82 under both conditions v . 3;3
are shown for each S as a function of I, (note the scnle change in Figure

16i. Only for BB is the quadratic coefficient in thewieast squares best

fit quadratic polynomial significantiy different from zero. Sumnaries
of the ANOVAs- for linear and ‘quadratic polynonials are given in Tables &
and 5. The best fit linear functions are .shown in ‘the figures with con=
tinuous lines in’ tbe'case of the Fixed Condition and by dashed lines for
the Random Condition. Tests performed to determine whether the slope

estimates are significantly different gave a positiye result only in the

LY

case of SC, (9(16) = 2.92, p <.05). Es:ima:es of -the intercept fall in

L g -
o K .

i v

the range 80 through 192 msec.
Visual inspection of Figures 15 through 18 suggests that in the

Fixed Condition there are more peaks and -dips in Si with changes in T. R

Individual ANOVAs sumnariaed in Tables 6 and 7 reveal aignificant effects

except in the case of EL in the Random Condition. However, while several

A

significant differences between pairs of neans were established on the.

i

L SEORLELT ATISYIANST HHAY

basis of 952 simultaneous confidence intervala, (Scheffc, 1959), in the
' Fixed Condition, the only significant pairuise diffetence in the Randouiaed

Condition was ino ‘the case of SC, (S at T - 280 msec versus Sg at T = &30

- - .

msec). C

g A
A, suznary of the results for this expatinent is ptovidediin

Figure 19, in uhich each date point is an average baaed o’ cstimntes Eor
‘all £our Ss. A ry of the ANOVAs for lincat and quad:atic polynonials
is provided {n Table 8 and the linear form- ralutins S and 1 may be seen -

\—‘—ﬁ_" .
to provide a good desctip:ion. the difference io. slopes not baing significnnt. -

-
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Figure 19: 5(2: andlsg versus 1; averaged datn.:ﬂ,& Experiment 2.
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piscussion. | : _- : o o
Overall there was remarkable similarity of resulca for 1ndividual
gs under Fixed and Random Conditions in which the standard interval was
either the same througnout or else was presented in random order in each
block. Thus it may be concluded thar no serious systenetic'biaa in Sé
ot Sg occurred asa result of day-to—day'effects in:the Fixed Condition.
Turning E; the actual'fnnctionn obtained, snpport.;sengnin found
for a simple stochastic basis for the timekeeper,
since increase. 1n Sg is linear with I. For a Poisson prncess, the rate
parameter in the Fixed and Random Conditions based on the average functions
is 0. 9”and 0.8 x 103 events per'necond respectively. However the average
slope in the second experiment is much greater than the average slope
found for. che Ss 1n the £1rst experiment, and furthernore,.n ‘gignificant
change in the average value of . SD was found, {(from 16.2 to 33 g mlec:z;‘T
t(78) -2, 83, p <.05). ' It seems unlikely :het chese changea are due only .
to the- change in the reaponse equipment since, 1q the second experinent, -
there was only one p:accice session.at each T, ‘or ite ' equivalent in-the L:f
Rnndon Condition, uherens in the firet.experiment there were four or sﬁx.a
‘Furthernnte this reductian in practice was compounded with the absence of
imnedinte synchronization error feedback in the seeond experinent. i
- 1In the resu1Cs section it was potuted out that estimates of 02
were less c__onss.stent over T in'l:he Pixed Oondition. As apn alternative to
the day-to-day effect exnlenation, it is poseible that these chensen are
caused by Ss being able to adopt dlfferent movepents when responding at

different values of T in the fixed stnndard condition. If it i8 assumed

that soxze pnrt‘of a%-iu associated with the perticular novenent ueed, then



=

T 5%

it is reasonable o suppose that different movements will result in changes
in.ci. However, in the Random Condition, the constantly changing T is more |
likely to encourage Ss to adopt just one type of response movement which
is Toughly suited to all ;esnonee rates. The suggestion that the novement
used may affect cg conli also account for the change observed in SD from
Experiment 1 to Experiment 2. There a change in reeponse~eqnipnent would
oertainly necessitate different movements 1n responding. It would be
‘necessary to assume that the component of 02 attribntable to the wrist
movenent used in the telegraph key response is smaller than that attributable
to the imdex finger movement of the present experiment. - |
The next experiment is designed speciffcally to assess the influence’
of type of movement on the variance of response delnys at two response rates.
Each § is run in each_condition to aerve as his own controlt The experi—
mental results are also analysed 1n terms of Sé to deternine uhether it is

relatively constant for any given S running under different conditions.

N
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gxperiment 3: Cozparison of three differeat movements in responée'timing.

The same event sequence was used as in the preceding experiaeut.'
Response timing at values of T of 250 and 350 msec was examined as # :
function of three different movements resulting jn index finger contact
with the touch plate button shown in Figure 7. 1n Condition A, a forearm
movement in a vertical plane was used sucb thaf the elbcw remained ’
stationary on the arm rest. Index finger contact with the response button
was made and broken by moving the Qﬁbié”lower arm uith fingers‘and wrist
jgmobile. In Condition B, the movement was entirely in the wrist with
foreérm stationafy on the am rest and the fingers held immobile. The
index finger movement with arm and vriat on the arn rest {as in Expezinént
2) was used in Condition c. In ‘all chree conditiona tézhﬁormal, ;upped-
"downward, relaxed position of the hand was adopted as being the least
fatiguing for Ss. Ss were ;nstructed to nake the movements in each con-
dition of small amplitude'so-thgt the excursion of the index finger uould
rarély exceed 1 cm. .: .o

After two ﬁreliminary séssions with 1nstr§ction and practice at
using each of the different movemﬁnts, S8 were assigned to.éach‘condition

for two successive sessiona, the order of aasignment being random. A

session comprised 25 blocks of two -gequences each, In each block both -

values of.T were presented, the twororders,for T being randomly determined

and equiprobable. )
Five paid ss and the author took part. Tvo_of the Ss (AN apdAJﬂ)

had run in Experiment 1, while the others were the S3 used in Experiment 2.

56 _
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Results. ' = -

All 50 sequences. Tun at each: of the two T values for each S were

used in the analysis of the Is in the continuation phase. Average

differences betueen the pean of the first 15 and the last 15 1s for each

S are shown in Table 9, (detailed :ables of the average differences in j '

| ~ Table 9 o : i

A1 for each §, (msec unita).

Subject

I
t
w
2]
2]
[+-]
Gt
o ‘
Z
2
EEL LI

wE .
i

J S RS .. P
e o ek S TS Ty SRR N S iy pavens T R AT P

‘mean forféach S at each T wmay be fou;& in Appénﬁix A). With the largest

LRORGE T NI

difference being ouly slightly more thﬁd one percent of the mean, de-
trending the data prior to analysis was cnnsidered unnecessary..
# To determine the effect of.condition on Si and S2 éc e&ch‘value of
; T, two-way ANOVAs were perforned ith S8 and conditions as the factors.
xhese are summarised {n Table 10 for S nnd in Table 11 for SD. All F-
ratios exceed the .05 level. of significance. l
Alchodgh':he only significant pairwise ‘contrast between ngans is.
| between Conditions A and C for S; at = 250 msec, it 10 seen that the
. orderins of the magnitude of 5 aod of 82 with Conditions A. B, C is very

consistent, uith the smallest ) variance beina found under A. ?urtherﬂore.

-
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the difference between Condititns B and C is consistently larger than that R

between A and B.

Discussion o | . - o ' R
This experiment cleerly demonstrates an effect of type of

movement On- Sg so that eome part of &;‘must be atttiouteble to varience-

specific to paitiehlar response movements, even though the actual response

equipment used is unchanged. Moreover, 1t ia found that the index. finger

movement, which involves poteutially finer movement control, displays

greater S than does the grosaer arm movement. The S2 associated uith the

-

wrist movement is found to be intermediate with respect to the other“two

Y

Y XT3

L RBRRIPAS

values. Thus it appears that at least some of the increase in 52 from

-

Experiment 1 to Experiment‘z should be attributed to the changed movements

involﬁed )
In a discugsion of factors affecting performance in the teuyorel
T

* N P
synchronization of a response with one’ of a train of- regular gtimuli,

.,

Bartlett and Bartlett (1959) suggested that 'one should perform better uith
motor units suited for fife articulated movements: for exsmple, 2 finger
movement might permit a better score than a feot movement;“- Since better{_
synchronization would require reduced variahility in response_delaye. the
findinga for Sg in this experiment refute the suggestion. Indeed,“ftoa a
'neuroanatomical viewpoint the- greater reaponse delay variance of finger
movement is not surprising. Hbtor aystems with a greater range of
ticulatory movement uill necessatily be more complex in their conttol .

mechanisms 'Ihe larger number of neuromuscular motor unito needed vill be
associoted with a greater range of delays in the recruitment of all the

rmuscle fibres neceeaary-for 1n1tiating each response.

)
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While the interpretation of changes in 82 is fairly clear, the
reason for a significant effect of type of movenent on 82 is less obvious.
A somewhaﬁ analogous problem for the Poisson event counger nodel for du-
ration discrimiuation has been demonstrated by Abel (1973b). In the dis-
crimination of empty time intervals, she found that “the parameters of the
signals which marked the start and finish of the intervala had an effect on
the estimates of the rate parameter, (. l), of the Poisson source of events.
So far we have said nothing specific about the 1ocation in the nervous
system of the source of events which underlie timekeeping.’ Creelman (1962)
suggested that the timeknener might be able tn receive pulses_for the

purposes of counting from many different sources depending on experimen:al
conditions. Suppose we entertain a simpler hynnthesis, that there is but
one, qgntrally—iqcatéd event sdurce. How might changes in experimental

conditions affecc;the evnnt'rate? P

A factor poatulated by Treisman (1963) as influencing the rate of

a central timekeeper unit, (he did Sot actually specify a Poisson event

source), was S's state of arousal which would presumably depend on experi--

&
nental conditions. Suppose it is assumed that‘arousal level is not given

to short-term fluctuations, then within the time span of a session block’
the value of A' or A would be stable. In'ﬁhe cagse of response timing

- one would be able to obtain relatively constant estimates of og, or in
duration discrimination, estinates of A 7ﬂhuld be approximacely constant
- provided all conditions are runl within a block. Houever in both the
-present experiment and that of Abel different conditions ‘were run on

different days so that different levela of arousal associated with each

condition could have produced the changes in tinekeeper characteriastics.

i

e

T W

‘w‘“ Hu ,l;[;.-!
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In any event, the finding that estimates.of ci and of og can depend on
the movement used in responding means that care should be taken in

relating these quantities over different experimental conditions.

“
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Markovian dependence in the tandem process mocel for response timing.

In developing the tandem process model for'responee timing it was
assuzed that the timekeeper and the response delay processes were both
stochastically ﬁEHEpeaden In this‘seccion the effeccs of "dependence
on the interresponse intervals, either in successive t;mekeeper intervals,
or, in successiveﬂresponse delays, are considered

Suppose that the deviatidn of the interval Cj about thelmean,lic,
depends on the deviaticn of Cj_1 about ¥ ,, but is also pette;bed by a
random shock reflecting the variability of the mechanism hicﬁ prcduces
Cj' Such a process, with the property that the present value of the
random eariaﬁle depends on previous values cnly through the ‘immediately
precediné vaiue, is termed first-order antoregreesive, or Harkovian. Thef
.predictions of this Harkovian timekeeper interval (MTI) model will be
compared both with the basic, tandem process model and an alternative model

-

in which it is a35umed that the source of dependence ie located in the

response delay process. The latter, in which it will be assumed that
euccessive response delays are drawn from a Markov process, will be termed
the Markovian response delay (MRD) model.

Tﬂe MI1 model is stated:

c, = §c + x,- -l < & <41 . (1)

where x is an independent randoz variable with E E(x) = O3 Y, (k) - O,

K } 0; YX(O) = oi and cj - Cj - HC. The bounds on the correlation patameter;

¢ , ensure stat@dﬁarity of the process for all j. The gerial covariance

function of C is given by:

6
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BOREICAEE SICHNES W]
= E(cjcj-k) N

= E('?\\Erlcj-k) + E(xj;j__k) .‘

For k > 0, the second term is zero since ¢ -k does not include terms in

-k’ and so:

3 | .

x beyond x

» ‘rc(k) = ¢Yc(k"1)-

For k.= O: . . ‘ , ,
Kk 2 - . : !
Yo (k) hc(—l) + o ‘ ) |
N i t ;
= 4 (4 v,(0)) + o2 ' | .
¢ x : : i
- .. aince serial covariance"functiqns are al'metric, that is, yc(k) = yc(-k), f ) i
. o2 . k=0
yolk) =|—FE—
c . l - ¢ 2 . o ) . {12) .
9 ¥ (k-1) k>0,

For the MRD model we write: |
_ - od v -1 <9 <+l (13} - .
4G %ty O | .

vhere the independent random variable, y, has propert,?es, E(y) = 0;

' _ 2 e n - ' , X
-‘!y(k) -0, k$0; vy(O) = o, and dj Dj- LI the serisl covariance

Euné.tion of D ig written:
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2
g %
Yy
(k) =|——3 k=20 s
1-6 , - - .
. (14)
QYD(kfl) - ‘ k>0 .

In order to contrast the predictions of these two models and
_the basic model, it will be necessary to have a general expression for
the serial covariance of the interresponég intervals as a Eunction of

lag, k, in terms of YC(k) and fb(k) We have:
vy () = E§ (1 - M (g - M)

Writing ij = Ij ;Lll and using the corresponding transformations to cj

and dj so that, from (1), we have ij "_cj -d + dj’ then:

j-1.
Y00 = B ) |
EV%';A*%“%*"%+4*%#§(

= Yo (k) + ZYD(k) - Yp (k-l) = p (k+1) ) .

_— | - TCD(RH.) + v ® " Yep (-k+1) + YCD('k)

since the cross—covariance, . )
' ' )
- - - -+ - - = o
YDC(k n) E(djcj—k+n) E(dej k-n ( (k-0)), .
- (but note that, in geﬁeral, cross-covariance func;ions are not symmetric)
In the wodels of iﬁ;erest at this point 7€ agsume the FﬂD processes €O
be statistically independent of each other so that the cross-covariances
are zero and we may write:. .
ym)-v&)+u¢w-r§buf1gupf asy
T 1 uill be noted :bat Equations 2 and 3 for YI(O) and 71(1) for
" the basic model follow from Equation 15 since for thnt‘uOdel.‘TD(k) =0,
| | 2. 2 - |
- - * - 0; y = .
k # oi YD(O)‘ op yc(k) 0, k ¥ C YC(O) % :Forlcoupletcncss,

Ll

L

LR S

-




the serial covariance function for the basic
written in full here:

/ "
P2 2
YI(k) 0q + ch

66 .

tandem process model is Te-

k=1 (16)

k>1

Thus the main features of YI(k} for the basic model are the negative

valued Y; (1) and the fact that, for 1ggs, k >1, the expectation of

yl(k) 1is zero.

Substituting (12) into (15) the serial covariance function of the-

interresponse intervalsgfor the MTI model is
;.2
_ a _
Y. (k) = — % + 20,
| 1 % 1 - éz BD
/ $oy - G%
. 2 -
V1.4
7 'I 6202
bl 2 ¢
I!"
\ _,dngl_(k-l)

given by:

k=0

an

k 5'2

it will be noted that, if 6 = O, the function (17) reduces to the form

(16) . But, in general, the MIL model 1n co
does not necessarily predict Yy (l) < 0.

or if (1;4 é )o > 65 when é 0, ocheruise

ntrast to the basic model)

In fact, Yg (1) <0 1E4 <0

-
Yy (1) > 0. ’ﬂote‘that the

éipectation of 11(2) is-positive valued, and that, 1f é YI(k)f

remains positive but with_dccrchse in magnitude as k increasesf 1f

ey




67

$ < 0, the function is oscillatory in sign. A selection of functions
generated from (17) are presented for illustrative purposes in. Figure 20
The interresponse interval serial covariance function predicted

by the MRD model is found by substituting {(14) inte (15):

1 - 202 -

Yl(k)-lcr(z:-l- b ‘ k =0
14+8

i 2 , - -

| _1-8 g : k=1 (18)

| 1+ ,

|

\ @ v (k-1) S K> 1

As required, the function (18) reduces to (16) if 8 = 0. 1In general, 1t.
will be seen that the expectation of YI(l) is negative for the MRD model.
For k > 1, the magnitude of YI(k) danps down according to 6, with sign
repaining negative if & > ‘0, and oscillating in sign 1f 8 < 0; (so that
the sign of 11(2) is complementary to that of 9). Illustrative functicns
generated from (18) are plotted in Figure 21.

Thus serial covariance functions which are consistently different

from zeroJfor lags greater than one may be interpreted in terms of | -7 -
Markovian dependence, either in the timekeeper intervals or 'in the response._ }
deiays. In the fellowing analysis section the data of Experiment 2 are

examined in ferms of the different predictions for the interresponSe

interval serial covariance functions by the above three wmodels.

Analysis. : | o ‘ I _. . J
. Estimates of tﬁe-serinl covatiance (GI(k)) for the data analysed

in Experiment 2 were calculated "for all four Ss at the ten values of T

run in- the Fixed and Randcn Conditions. Under the basic oodel, the
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Figure 21: Some ‘(I'(k) for the Markovian response delay (MRD)

model.
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expectation of the serial covariance of the interresponse intervals should -
be zero. Overall averages of G (k) are given in Table 12 with 95% con-
fidence intervals on the point estimates. It 1s found that, in all cases

;
except at k = &4, the deviations from the predictions of the basic model
are significantly different from zero.

For each of the 80 S—condition-T combinations, the. best fitting
theoretical functions of the MTI and MRD models to =he observed serial
covariance functions up to and including k = 5 were determined according
to the criterion of the pinipun of the sum of squared deviations The
calculations for this were performed on a CDC6400 computer using the
routine ZXMARQ in the IMSL Program Library No. 3 . This routine finds ~
the minimun of the sum_of squares of k functions of n variables using 2.,
podified Marquardt algorithn, given an n-dimensional vector containing an
init{al guess at the ninimum and a uger-defined routine whichrevaluates
the mhfunctions for any p-dimensional argument vector. ~ The routine nrovides
a solution on reaching eithcr of two stopping criteria. unlegs a maximm
allowable number of calls to “the user function-cvalua;ion routine is.
exceeded. The first stopping criterion is that a minimm is accepted if
the sum of the absolute values of the - funcgions Hccones lesa'than a
prespecified amount.\ The second criterion for~stopping 1a that a minimum
is accepted 1f the 1nrgest change in the n variables going from iteration
{ to i+l is less than a prespecified anonnt. (nhicn may be taken to imply
that the function is levclling out). )

In the present application, ZXHARQ is entered uith_k.-_e. {for

- T mm m——— T o ——a | ——

*Intcrnacicncl, Mathcmatical and Sta:is:icnl Librarics Inc;._éioo.

Hillcroft, Suite 510, Houston, Texas, U.S.A. 77036.

r
# n—————— .




r~
~

i e =

97 e T 69 5457
. RS 60 we'g-  sT°0T o0l
¢ y € z
, § ‘Bl 3

+7 juomypiadxy jo vIVP BYI quAAvaov yq 8y 3® "duey

Z1 21qvl

1eA0d PTI98 23vidae IRIVAD




72

lags zero through five), each of the six functions being the difference
between the observed and the theoretical serial covariance at that
particular lag. The argumeut vector has- three elements since both HII
arid MRD have three free parameters,l(that {e n = 3). Since the value
set for the first criterion was very smal; it was néﬁer reached in
practice, and the second stopping criterion was' the only releﬁant dne.
Thus the solution depended on finding a 3-element vector.such that the
largest change in Ttwo successive assigned values of the parametere agreed
to within at least thnee decimal places. The naximum allowable number/of
calls to toe function*evaieetiou routine was set at 100. In fact, with .
the algorithm biased toward Newton s method, it was found that many
solutions were obtained within ten 1terations. -If no solution was ' found,
quite often, changing theuinitial guesas at the parameters was all that?easa-
required. In any case since a peeblem sometimes encountered with such
methods is that of the local minimum, three repetitions of the program
were run on every serial covariance function changing the 1n1tial guess
. 'vector. Occasionally no solution oould be foind whatever starting values -
were used. 1In ;ueh~case3 estimates.of the parameters from ;he basic model
were adopted, which in effect sets che-dependence parameter ino the MTI or
HRD model to zero. - R '_. a e *on
Because no constraints are placed by ZXHARQ on the range of ‘the
afguﬁeut vector provided to the usEr [ func:ion—evaluation routine, it is
sometimes necessary to nake a transformation oe the arguncnts to reattict
them to some patticular range of intereat. For this analysin. reattictioan

of -1 < (9 $) < +1, and (cc, oi, Gg. ] ) > 0 were achieved by taking the

sine of the dependence paranetets and squaring the variance :erms in the




£ B

functiou—evaluation routine. The same transformations were applied to the
. s -

solution argument returned by ZXMARQE
\

Several test runs were made vith the program incorporating ZXHABQ
Theoretical serial covariance functions, calculated for both models by

substituting values for -the free parameters into Equations 17 and 18,

were treated as "dats“ and entered into the program to determine how

b

.well the true values would be recovered The resultsiare given in Table 13
d 14 and amply’ testify to the efficienty and accuraey of this method ofA

estimation. Y . . S o . ;

Parameter estimates for the two models are summarised in Table 15.
Also ahown are the' estimates for the basic: model. anh of the entries is
an average over all S8 in each- of the two conditions. er'l?m: the HII end HRD
models the number of solutions obtained uith ZXHARQ is given, Gthe maximum
is eighr), and also the estimates of o2 and o obtained using the Equations

o
w

12 and 14 respectively. ' r‘

| Goodness of fit of the MTI and MRD models may be compared in terms
of the summed squared deviations (SSD) of YI(k) from G (k) over all ten |
“‘valuea/of T. For all Ss in the Fixed Condition, SSD from the HRD model
was smaller than for the HII model. In the Random Condition SSD was
larger for the MRD model onlx31u the oase of EL, but nearly equal for the

two models iu the case of Js, (see Table 18). The reduction in SSD over

o

all Ss and both conditions achieved by the MRD model as a percentage of

the SSD of the HII model was AZ &Z (The corresponﬂing TEd“Cti°“ °VE‘-

A

- the“basic model,was 56.12)1

1

Thus of the two models. HBD is the mote satisfactorj'in accounting

for theﬁﬂ (k) If the true state of nature Here represented by the HRD
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N

podel, the deviations of the GI(k) from the YI(k) should have zero ex-
pectation. The average deviations are given in Tahie 17.l:it can be seen
from the 95% confidence intervals that only the deviation at k = 3 is
significantly different from zero, which is a consiaerable improvement
over the finding for the basic tandem process model as summarised in

Table 12. A corresponding analysis‘carried out for the MTI model indicates
significant differences at 1ags three and five.

6 Estimates of oé and oZ based on the MRD model are plotted in Figure
22, together with the corresponding estimates for the basic podel, (data.
‘from Teble 15). For both models, the S2 versus I relacion is adequately
fit by a linear function, (see Table 18). The slope estimates for the
two models are not significantly different. While there-is_no change in i

/’
the level of S%, in the HRD model there i\/a/ehift in the peak to larger

values of I, reiative to the basic model.

Discussion. !

o : : |
In thefpreceding analysis, the presence of consistent deviations
AT - ‘ o
2 . ;
from the expeqted zero—valued G (k) for k > 1 indicates'the need for modi-

ficatlon\of tne basic tandem process nodel unich assumes stochastic io-
i
\ | -

dependenee in\both :1mekeeper intervals and response delays. A conpar1son
|

of two models, each assuming Markovian dependencewﬁn one of the processes;_
favours the'QRD model implying “that Successive respﬁﬂse delays are not
independent but may bearepresented as in Equation 14. The cor- -

relatidn between sucee351vertesponse delays ‘{s found to be negative at all

'values of T in the range 220 through 490 ~‘~c: ' th aight this be the

case? The response process is assumed to be responsible for generating,
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X——-— Basic model
, O—— MRD model - _ 4

x

'S¢ 2116(1-150)

300}

100

20}
10 .
ot ~— 5

250 750 260 30 340 370 400 430 460 490

A

‘Figure 22: Sé and ﬁg versus 1; averaged data over bo%h conditions,
. . - |
Experiment 2, analysed according to the b&sic tanden

process model and the.MRD wmodel. 1
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a response when triggered by the timekeeper. However after each respounse.
it will be necessary to-return the response system to a state in which it
"will be ready for the next trigger pulse originating with‘the tizekeeper.
Once this state is reached it must be maintsined in readiness until the
trigger pulse occurs. Suppose that such readiness declines with time.
Then the longer the delay before the next trigger (C j ) relative to
the average for a given response rate, the longer will be the ensuing
resoonse delay (Dj). If the previous response delay was shorter.than
average for the response rate this would result, on average, in a longer
interval before the next trigger pulse and thus a longer than average

ensuing response deléy. It is interesting to note that this interpretation

suggests that there may be dependence of one response delay nor only on the

-

3

previous response delay, as assumed in the MRD model, but also on the previous
timekeeper interval. Subsequent investigation migh: ‘profit from an analysis .~
based on the following model which 1is somewhat more complex than either of

the generalisations of the basic tandem process model treated above'

d; = ¥ (ey = dy ) + vy } | ' -1 < ¥ <+,

with the customary definition of the tandom variable, W. It:explicitly
incorporates the idea that what 15 important in determining the next
response delay deviation nbout M is the interval between ‘the previous
response and the ne;t rrigger‘pnlse,-or_rather, the deviation from the
average value of that interval. ' o |

For the purposes of drawlng conclusions abonr the two procésses of
tizekeeping and response generation on the basis of the preaenc‘series of

cxperimenes, the most pertinent tindings of the preccding analynis is

~ just how little’Changed are the estimates oi c and U BiVEﬂ b? the MRD
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zpodel. Thix is really a reflecti;n of the smallness of Ehe GI(k) for ;
k > 1, since it is’this part of the function which is not en;oﬁpassed by
the basic moéel. The-basi;-modgl achieves a ﬁofal réduction in SSD 6f
99.13% against a coyrésponding redﬁction’pf 99.62% achieved by the MRD
model where rotal reduction refers to a ;omparison with the SSD of G {k)-.
for lags zero through five.. Since the characteristics of 1nterest are
well-displayéd by the basic tandem process wodel analysis, earlier con-.
‘clusions based on theée eséiﬁates do not require revision.

"'»
L/‘

-
b




Conclusions

Under certain conditions re3ponseitiminé'may be controlled by a
timekeeper wﬁose stochastic propertles are to be inferred from a study of
the intervals between‘fesponses. If 8o, it 1is inportant to take explicit—
account of variance the efferent del@y subsequent to the initiation of
each response by} tlre timekeeoer. However intetvaleﬁﬁetueen reﬁetitive
responses could be maintained by a reflex chaining mechaniem-not 1nvoiving
any tlmekeeping as such. In the Introduction the latter model and a tandem
process model, which assumes a timekeeper to be operating independently of
the actual responses, are compared. The sequential dependence structure
of interresponse interval (I) data collected in a repetitive response
\paradigm are shown to support the tandem process model. However, there is
reason to believe that successive response delays are cegetively correlated.

. Differeoces between estimates of timekeeper and t;;;oﬁﬁe delay variances

as a fuhction of‘the standard interval'(T) are very small for the tandem

procesa model. arld a Markovian response de1a§ model which incorporates the

assumption of depeu nce between suCCESEig__;esponse delays. "As a first

approximation it 1is suggested that the former model is quite adequate for

the purposee of characterising the important properties of the_variances

of both of the processes. : . ‘ - ‘ ;
The lmain finding for the characteristics of the component process

variances is that, while estimates of the timekeeper variuncc (52) increase

lincarly with 1, estimates of respOﬂac delay variance (S ) are approxinately

constant for a given type of response. Extrapolnting, this suggests that, at

incteaaingly long I, sg would become negligible relative-to Sg. In that cnsc‘

?

the correction for response,delay_vcriance afforded by the nodel when using

z

Sa‘
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interresponse interval variance to estimate timekeeper variance at long I

would be unnecessary.
The fact that variable response delays will be included in

observed RT distributions means that the latter are pot appropriate as .

estimators of the signal detection stage lgrency distribution. JIfprecifdc
assumptions were made about the‘latency distribution ef rhe efferent
processes, the latency distrihution of the remaining procese eould be.
determined by deconvolution. Such an approach is discussed by Green (1971).
The difflculty exists in initlally specifying any chnracteristics of the
efferent process. In this thesis a means of estimating the variance of N
response delays has been given. However the estimates have been shown to
depend on che respopse novement being used, and so it would be preferable
to incorporate an RT task within the sequential response task if it is
desired to relate SD to RT. | ) i

In the Introduction it was pointed out that in the case of
previous data on the timing of responSen, accounts in which interresponse 2
interval variance is attributed entirely to the response delays could not
be ruled'out. Ho;ever, in the present case such interpretations may be .
rejected since: estimates of the timekeeper variance were found to be
‘consistently greater thau zerc. For durntion d1scrimination, a nunber of
studies have supported 31mp1e stochastic accounts of the psychnlogical
tinekeeper. The 1inearxty oE increase of Sg with I in the presenc work is

T

Strong support for models in which it is assuned that waiting :nkes place '

r
—

‘ for some- count of events to be attained where the interevent delays are

~

. 2
randonly distributed. The fact that the relntion betwcen S and I yields

noueerotincercep:s irplies that there is_eomn-part of cqen tine&ee?er‘

g '. o * . 4

-
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¥

intervai that is not based-on the waiting time.) This could be a proceseing
delay, associated with initiating the waiting process. For example, it
night be necessary to reset a cuzulative event counter before coonting can-'
begin for the generation of the next interval.

In reporting the experimental results estimates of the rate of
occurrence of the events whieh are counted have been given assuming the
events are from a Poisson source, with interevent delayeagiven by the
exponential distribution.' But iijthe context of response tinming such an

. assumption is not necessary. Any distribution.of interevent delays would
predict a linear increasing‘relation hetueen the mean and variance of |

swaiting times provided “the succesgive'delays were independent and .identically

distributed. Treismhn (i?63)'has‘ciscossed a model for the paychological

timekeeper based oo the counting of events from a pulse source vith
identicelly dietriboted interpulse delays Hithoot Specifyiog.the naturegff
‘their=distribution.q:§§ suggesteo thagwgitﬁin time perioos of a few seconde, :
successive ioterpolse'delays are highly correleted in order to account “for
the curvilinear relation'that he found between tiiekeeper mean and variance.
‘jhe_osesent exoeriments, howéﬁer, reject curvilinearity in favour of linearity
in describing this relation. Both findings'may be incorporated witoin :
-

accounts of psychological timekeeping baaed on the waiting time to atcain a 3
Biyégfoumber (n') of randon event occurrences. In the Introduction it was

pointed out that variability in the perceived standard uged by S in the

generation of cach interval might well be present in thc parsdign used by ) ! -
Treisaan Such variability would be cozpounded with the‘variancc in

waiting timca-nssociated uith n', rcsulting in a curvilinear relation

between the mean and voriancc of rcsponse intervals as,estinated,by

T | - | :7:_ ' “¥.7 ,g'
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L.Treisman. Linearity would only be expected if there were no variance in nt
for a given value of T. The sequential response paradigm requires S to ' \
make many reproductions of a single value of n', set ap -in the Bynchronieation

phase.’ Even if n' were not the same over different sequences which used the

-

Same value of T for synchronisation, variance in n' would only be & random

noise factor. This is because timing variance eatimates are based on

L

- -‘A"LE‘
averages over sequences of within aequence estimates, ~ '

A summary of various evént rate estimates assuning the source to

-

be Poisson 1is given\in Table 19. The resuita'of the present expefiments)
are within the range of estimates based on_ psychophysical procedurea. The
similarity of the event rate estimates suggest that the sane sonrce might

be used fof tine perception as f?r responae timing, that is, A AT, L .-

L,x

Consider an experiment in- vhich S is presented on a given trial with one
of two intervals T or T + AT, for judgment as "short" or "long". Under )
the Poisson event counting model it would typlcally be ‘assumed chat a ’ K
count (n) associated with.che interval is compared with a criterion, set
..iaeaily at A (T + AT/2) if the two intervals ere°equiprcbab1e. 1f the

cricefion-is"exceeded, S would respond "long" and errors woeld be assumed

to arise as a reault cf the'stochastic.nature of n. With these assumptiona

3 s . e e ey e i e - .
T I T R L PTE S R AN S N S R I . y - .

Lrelating measures on S' 8 declaion axis to responaes _one may estimate che
variance of n essociated with T on the basis of rcaponding "ahort"
.conditicnal on the interval p;esented chever. this datum*does not R ~S
diacriminate betwean variance in n and vnriancc which might be prescnt ia
the criterion. The finding that perfornance de:eriora:es at longer T o : |
| might be due :o increasing wvariance in the criterion and not te changes |

_1n ‘variance in the decisinu axis neasure. Snch an 1ntcrpte;ation arinee"
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Table 19

-

Smary of Polsson event rate egtimates

Source -

1

e

Mean event Paradigm
rate est:i-3 '

mate (x 10~ °
events
countsysec

o

T ;(msec)

<

Creelman (1962) 5.8 2AFC

Abel (1972a)

Abel (1372b)

0.1 to 1.3 2AFC

(]

+

q

40~+1500

0/2+ 960
._\\1

—

0.6+ 640

\

Comments

Noise burats, used
3-parazeter formu-
lation of Poiasson
counter model.

Noise and tone _
bursts, no effect >
of signal para-
meters, ) estimates
constant up to

100 msec.

Temporal gaps,
parameters of noise
bursts marking
intervals affected )
estimates, which
were constant from
10 to 160 msec.

Kinchla (1972) 0.2 Single 1000
: i~ ~ stimulus - 8000 100 Hz tones. -
_ recognition S \
_ Wing (this © 5.0 Tapping 170+ 350  Experiment 1.
thesisg) - . , -
’ - 0._8, 0-9 220" 1‘90 Emmt 2!
: ¢ ) AN
? , ) .
< ) :

—
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if ic is'assuméd tha£ the responsé timiﬁg-operatiqn‘of interval generation .
! is involved in the judgmené of stimulﬁé duration. . | i
_ Suppose that the criterlon is generated by S as a real time
interval with_expected value T + AT/Z on the basis of a stochastic vait.
= If it begins contemporaneously with the.atimnlus interval, the judgnent'

. % £
of the stimulus as "long" or “short" could be based on & temporal order

judgment, (Kriscofferson, 1973). - For example, if the criterion interval

i mm e B p i

N . terminates prior to the stimulus intervﬁl, tite atiénlus would be judgedi
"long™. Ihe?e wouid probably béisome varigbility in the “internal”
interval corresponding to tﬁe stimuius-as A'resaltéof fa;ianEe in arrival
latencies. Hbvever, criterion variance %hich wohlg_be”expectéd to be
a function of T,would:arisé‘from the stocﬁaétic nature of Eﬁe timing
process generdting the criterisn. Thus 1t is poaaible that the Cimekaeping

- mechanism which generates time intervals exzmined 1n this theaiu underlies

duration percep;ion in some situations. }
. "f‘-t"!
. v .
‘*,k? _
- - N -
re
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Appendix A: Trend data; Experiments 1, 2 and 3.

The entries in each of-thé-Tables Al, A2, A3>§or Experiments 1,
.2 and73 reépeﬁcively w;re-caléulated in'the following‘mgnner. For each
ééquenCe the meags of_tﬂe first 15 and -the lﬁat 15 Is were calcula;ed
a;d the iatter subtracﬁea from the former. _Thg differences were ?vgraged
over all sequences ig a given condition to give Al. Also givenlare two
5tandar§ errors about_thg mean,=3f} and, for Expériment i, the nu?ber of
sequences entering into the estimates. ForiExperinen:s 2 and 3 the number

- ]

of sequences was fifty in all cases.
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Appendix B: i,,sg, Sg; Experiments 1, 2 and 3 e

Estimates of the tiﬁekeeper and response delay variances and G

-

the mean interresponse interval are given for Experiment 1 in Table Bl

and Experizent 2 in Tables B2 (EL), B3 (SC), B4 (BB), BS (JS). These

data are plotted in Figures 9 through 12 for Experiment 1 and in Figures

15 through 18 for Experiment 2. The estimates obtained in Experiment 3

are given in Table B6.
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Aggendix C: Sub}ect data. _

| Subjects for each experiment were nelected on the basis of
the first four applicant; to advertisements poated 1n the Paychology
Department at ﬁcnaster Univefatty. All subjects were right handed.

"

!hey were paid for their. aervicea at the rate of 52 per session.

.

The following table gives information on age and nex.

Experiment Subject Age' _Sex
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