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'ABSTRACT"

Thi study presents a number of flndlngs on the
‘ vrsual dlscrimlnatlon of two—pulse 1nterval dlfferences and

on the brlghtness of brief stlmuli at dlfferent levels of

.1llum1nance

: '.

It was shown that the temporal locus of optlmal
1nterval dlffer é/discrlmlnatlon at pulse 1ntervals between
h,3 and-l40 msc dgf:ts towards shorter 1ntenyals when the |
1llum1nance of thé stlmulus 1ncreases w1th 1ncrea31ng stlmulus

size and that such shlfts are absent when 1llum1nance is

.”‘kept at constant energy above threshold with' 1ncrea31ng

'stlmulus 81ze The dlscrlmlnatlon functlons relatlng pulse
interval dlfference thresholds to pulse 1nterVal were. found
yto be non- nomotone for all stlmulus sizes and 1llum1nances
1nvestlgated Thresholds showed secondary fluctatlons at '
_medlum pulse 1ntervals and ev1dence ‘was presented whlch -
suggests that these secondary fluctuatlons 1n thresholds
'reflect assoc1ated changes in the apparent brlghtness of the

'stlmulusp L IR o L L o
' . . et ' oo . 4 o

E The brlghtness of a two—pulse stlmulus was- found to be

\

estrongly dependent on 1ts pulse 1nterval Brlghtness was f
hshown to decrease w1th 1ncrea81ng pulse 1nterval the rate y
of decrease being effected by stlmulus 1llum1nance. Large

-dlfferences in the brlghtness of a slngle pulse and a double

1V



S

the brlghtness responses to very brlef stlmull are measured

ﬁ Large dlfferences in the brlghtness d? smngle-pulse and double-dh

¥

v

o pulse of br1ef 1nterval were observed at medlum 1llum1nances.

IncreaSlng StINUlus 111um1nance from medxum to high levels

"attenuated two pulse br1ghtness at med ium pulse 1ntervals .

relatlve to sxngle Pulse brlghtness.'_

The lmpllcatlons Of brlghtness attenuatlon at medlum

[

_pulse’ rntervals and of ShlftS in optimal 1nterval dlfference

\

’dlscrlmlnatlon at hlgh 1llum1nances for a model of temporal

'.dlscrlmlnatlon were dlscussed and mpdlflcatlons of the model

suggested Brlghtness attenuatlon at medlum pulse 1ntervals

v

was 1nterpreted in terms of an 1nh1b1tory process operatlng

max1ma11y at latenc1es of 60 msc. - - SR
A . :
Addltlonal eV1dence was presented whlch suggested

-

that the 1nh1b1t0ry process may be a88001ated w1th galn control

- mechanlsms. It was shown that the dark tlme-constant of the

N.V1sua1 system, as estlmated by the two pulse fu81on threshold,

is syStematlcally and lawfully related to stlmulus lumlnance

/_ The 1mp11cat10n of assumlng feedback delays 1n the . gaxn : v'p~eﬁ-‘“

“control mechanlsm were dlscussed and 1t was. shown that when

>

_brlghtness is non—llnearly related to stlmulus lumlnance. ‘ REPY
J‘Further ev1dence was presented whlch showed brlghtness tp

'approxlmate a llnear functlon of lumlnance 1f the stlmulus has

-

a duratlon whlch corresponds to: the visual system s tlme Scaleiggﬂ
Al

pulse st1mu11 of brlef 1ntervals were, consequently, 1nter—

lpreted in’ terms of a re}atlve lack of effect1Ve galn cOntrol l

v .
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. when the brlghtness respOnse t% very brlef stlmull is

B - . ‘ . " N Lo . @
‘ measured . LW » o Co .
S I o > /

a galn control mechanlsm were dlSCUSSGd and it was suggested

-

‘that secondary fluctuations in 1nterval dlfference thresholds

A
are a consequence of the 1nteract10n of feedback elements

with dlfferent delay constants and that ShlftS in optlmal :

'11nterval dlscrlmlnatlon are a. manlfestatlon of changes in

‘the tlme constant of the v1sual system ' S '_di-”* Q

R~
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Impllcatlons for temporal dlscrlmlnatlon of assumlng _
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- , . _
¢ . INTRODUCTION -~ . =~ ™

The research™to be reported inrthis ‘paper: has as L
. 1ts focus the 1nvestlgat10n of the dynamlcs of the v1sual
\system. It is well known that a brlef v1sual stlmulus, such

~.as a pulse of llght, prodUCes a sensory effect whlch out-

the du}atlon\of the stimulus. ThlS is, 1nd1cated for.

by the flndlng (Efron, 1970 a,b) that v1sual Stlmull

less than 120 - 130 msc duratlon produce perceptlons Wthh

« ~,

’have a duratlon equal to that produced by a stlmulus of

,‘

~1,20 = 130 msc duratlon. Thls is to say, in: other words,

that perceptlons have a mlnlmum duratlon.‘ The mlnlmum
duratlon of a visual perception, or 1ts per51stence, may be
assumed to reflect the dlfferentlal laten01es and conductlon
veloc1t1es of flbres in the Opth tract (Bartley & Wllklnson,
1953). Other researchers, operatlng on a dlfferent level of
‘analy51s (for example Roufs, 1973 Sperllng & Sondhi, 1968),
assume visual per51stence to malnly reflect the transfer
;characterlstlcs of the retlnal mechanlsm. In any. case, the
vfact that the effect of a stlmulus far outlasts 1ts duratlon D
'suggests that any 1nteract10n between responses in the v1sual_
'system may- be frultfully 1nvestlgated by observ1ng the sensory.
,effects whlch are produced by elementary StlmUll, SUCh as

.brlef pulses of lrght, WhICh follow each other at short o

1ntervals.

‘,



‘Background'. _
The temporal d15persron of the senspry effect produced

by a brlef v1sual stlmulus presumably accounts for the fact
that the resolutlon of brlef successrve v1sual stlmull into ];f
temporally dlscrete sensory effects has a lower limit or
2\threshold One operatlonal measure of v1sual temporal
'resolutlon is prov1ded by ‘the absolute threshold, that is that
3'A1nterval between two pulses of llght at whlch an observer ‘
’_can rellably dlstlngulsh between the effects produced by a
'.31ngle pulse and those produced by a double pulse : Absolute;

'thresholds were 1nvestlgated as early as 1915 by Dunlap who

f.found the threshold for foveal targets to be less than 100

: b
.msc and tolbe llttle affected by the lunlnance of the target

" An absence of a lumlnance effect has 51m11arly been reported ‘
' _.by Kletzman (1967), Kletzman & Sutton (1968L and Nllsson |
-(1969) Other rgsearchers, however,}have con51stently
brep0rted a decrease 1n absolute éhresholds wlth 1ncreases in
,lumlnance (Lewis - & Mertens, 1971; Mertens & Lew1s, 1972)
R'Absolute thresholds were found “to decrease 1n negatlvely
vaccelerated fashlon w1th 1ncreases in . lumlnance (LGWlS, 1967),‘
 the rate of decrease belng smaller for the larger (20'-30 )
-foveal targets (Lew1s, 1968) |
Mahneke (1958) 1nvest1gated two flash resolutlon by
,asklno the observer to report the presence or absence of

temporal dlSCOﬂtlﬂUlty (fllcker) 1n,a two pulse stlmulus under,V-

COndltlonS in Wthh both 1nter—pulse 1nterval and pulse

.



l thresholds substantlally

duration‘was varied .- He found a systematlc decrease ln.
threshold with 1ncrea51ng pulse duratlons and consequently
.concluded that the crltlcal parameter determlnlng temporal
‘resolut{on was the total energy of the two- pulse package._'
jFurther 1nvestlgat10ns of thlS partlcular hypothe51s (Kletzman,
»vl96(? revealed that 1ncrea31ng energy by 1ncrea51ng lumlnance
;resuﬂts in only small decreases in resolutlon thresholds, M
.whllevlncrea51ng energy by»lncrea31ng-pulse duratlon_decreaSes
\ v N ’ . . : .
The latter flndlng, consequently, suggested that the'

Crltlcal parameter of temporal resolutlon was the duratlon,

of the total stlmulus package. Con31stent w1th thlS
partlcular hypothesls is the flndlng by Kletzman & Sutton.
'(1968) that the rate of increase in the accuracy of dlS- [J
.crlmlnatlng between 81ngle pulse and double pulse stlmullcﬁ amml
‘energy'a51nter pulse 1nterval is. 1ncreased is- comparable to_“

the 1mprovement in the accuracy of dlscrlmlnatlng between equal

energy single pulse stlmull as the duratlon of the test

R 8

_'stlmulus 1s 1ncreased In both tasks the duratlon dlfference
»for rellable dlscrlmlnatlon was‘reported to be around 20 msc. y
lFurthermore, ellmlnatlon of the duratlon dlfferences by ”
llng the‘duratlon of a‘51ngle pulse comparlson stlmulus

‘al to the total duratlon of the two—pulse package results
,_1n a substantlal reduct;on in the accuracy of dlscrlmlnatlon;

On the other hand dlscrlmlnatlon 1n the latter 1nstance was :

f} reported to. remaln suff1c1ent1y hlgh to suggest that



4
dlscrlmlnatlon did not exclusrvely depend on the perceptlon :
fof duratlon i |
The flndlng that duratlon is an effectlve cue in
dlscrlmlnatlng between equal energy 81ngle pulse and double
Tpulse StlmUll pornts to a dlfflculty when measurrhg temporal‘"
resolution under forced ch01ce procedures In such a task
'the observer is permltted the use of any %r al}icues aldlng
'dlscrlmlnatlon.l It should be remembered that a double pulse
'w1th an 1nter~pulse 1nterval of less than ca. 50 msc is
igenerally percelved as a srngle flash. Cue reports by
vobservers (Kletzman & Sutton, 1968) 1nd1cate that dlscrlmln*
_atlon w1th1n thlS range depends on a multlpllclty of perceptual
'cues such as~apparent brlghtness, rate of onset," duratlon and
.ltfllcker,'and that dlffefgzt cues are maxlmally effectlve with-
in dlfferent pulse 1nte l«ranges.~ In a forced ch01ce.f |
~procedure,_therefore, absolute threshoids will not necessaruly,r
’provrde a measure of the llmltS of temporal resolutlon 51nce
' dlscrlmlnatlon may not be dependent on the perceptloﬁhof
.temporal dlscontlnulty fIt w1ll bebargued, at some 1ater
-p01n¢ 1n thls paper, that temporal resolut1on should be
narrowly deflned in. terms of the presence or absence of a’
'speC1flc perceptual cue, such as fllcker, using a yes/no,
.procedure and that under these condltlons resolutlon thresholds

can be shown to be systematlcally related to stlmulus

;»lumlnance. - ' o D Vi



.5
f: As a c0nsequence of the f1nd1ng that the effectlve;
bness of a given perceptual\cue varies w1th changes 1n 1nter—u\ .
.pulse-lnterval other 1nvestagators of V1sual dynamlcs.
:employed two—pulse 1nterval dlscrlmlnatlon tasks. “In this
type of experxment-the dependent varlable-of 1nterest is
the.magnitude.of ghebjust'noticable pulse interval increment
(or- decrement) for a glven (standard) pulse 1nterval._'LeQis"
.’& Mertens (1971) report that for comparlson pulse 1ntervals
‘ranglng from 2 to 21 msc the 1nterval 1ncrement necessary
for rellable dlscrlmlnatlon 1ncreases w1th 1ncrea51ng | .‘,~
(standard) pulse 1nterval. NllSSOn (1969) reports,'on the
other hand, that 1nterval 1ncrement and 1nterval decrement
'thresholds decrease as pulse 1nterval 1s 1ncreased from 3 to
.30 msc, and that thresholds show an lncrease as pulse - |
.vlntervals are 1ncreased from 30 to 90 msc.‘ To the extent
that the accuracy of drscrrmlnat;ngvbetween_twofpurse stlmulif/
of different interyaltduratlons depends;on the\utiliiatlon.' |
- of that perceptual cue whlch is maxlmally effectlve 1n_’v :/f
»:kdetectlng a dlfference on a glven cue dlmen51on, the 1n- |
tcon31stency 1n the experlmental flndlngs may‘be due to.
:dlfferences in the eff1c1ency of cue utlllzatlon between

'-groups of: observers._ The study to be reported below conslsts

'»'of a re 1nvest1gatlon of 1nterVal dlfference tnresholds u81ng

,A@odlfled stlmulus presentatron procedures desrgned t0‘
-maxlmlze cue utlllzatlon by the observer.: Furthermore, in m'“

idorder to broaden the data base the effect of manlpulatlng
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‘stimulus conditions beyond those reported in the literature

- was inVestigated.

Present Studx

- The theoretlcal base of the present stu is the -

temporal dlsper51on model of 1nterval dlfference dlscrlmlnatlon.[‘

‘whlch ‘was, proposed by Nllsson (1971) to account for hlS earller‘-

i
flndlngs whlch showed 1nterval dlﬁference thresholds to be

;a non-monotone functhn of pulse 1hterval In lts most
elementary form, ‘this model assumes that the cortlcal '
rresponse to a brlef pulse of 11ght 1s temporally dlspersed
.’due to dlfferences 1n the conductlon ve1001t1es of flbres
(channels) in the optlc tract.] For purpose of eXp051tlon the o
| shape or the temporal d1Sper81on may be assumed to resemble

a normal dlstrlbutlon.‘ If a: second pulse follows the flrst

- pulse w1th a sufflciently brlef delay,d'slow -channels st111
reSpOndlng to the first pulse may be concurrently actlve,\&th
:'fast' channels already respondlng to’ the ‘second pulse. R
It 1s then assumed that to the extent to whlch the response
dlstrlbutlons to the two pulses OVerlap a 51ngle flash of
'enhanced brlghtness will be percelved, and ‘that to the extent
 the. two dlstrlbutlons aé not overlap two flashes W1ll be
percelved.: The model furthermore, proposes that the L »
“_perceptlon of a pulse 1nterva1 dlfference depends on the ;-”f:“
-occurrence of. a flxed change in the number of overlapplng
-channels as pulse 1nterval 1s 1ncreased or decreased., In as-'

v

much as brlghtness 1s an‘effectlve dlscrlmlnatory cue, the last,-

‘ih;:..'_.; ,}lV :_.;,n!‘» '.'rfi.i{.:.il R ._:f7 \K?:;’.";"
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o assumptlon suggests that 1nterval dlfference threshholds
- reflect threshold changes in apparent brlghtness.. It can
be easily verlfled that, glvenda.normal dlstrrbutlon of tem—a‘v"'
poral»dispersion;.there:should‘exist a pulse-interval at |
1wh1ch a mlnlmum 1ncrease or decrease in pulse 1nterval w1ll
produce’ a change in the amount of .overlap- suff1c1ently |
 large to result in a threshold change of apparent brlghtness..
'G1Ven that brightness is an’ effectlve cue;, minimum 1nterva1
dlfference thresholds should be obtalned in_ the reglon of
'; thosebpulsévlntervals where aoparent brlghtness changes most
"rapldly w1th changes 1n pulse 1nterval _.Nllsson (1969%»
*reports a mlnlmum 1nterva1 dlfference threshold at pulse
',1ntervals around 30 msc. | | | | | |
It may be surmlsed from the foregomng that the duratlon r
‘of that pulse 1nterval whlch results 1n a mlnlmum lnterval
';dlfference threshold depends on the manner 1n whlch responses
to a stlmulus are temporally dlspersed ' Flgure (1) graphlcally
ulllustrates the effect of assumlng response dlstrxbutlons E

% -

.“skewed towards short as. Opposed to long response latenc1es.

‘_As can be seen, thls aspect of the response dlstrlbutlon has -
‘ﬂ‘no effect on- the. duratlon of the pulse 1nterval at whlch the

- mlnlmum 1nterval dlfferenc i‘f’eshold is expected to occur. .

'.Flgure (2) shows a 51m11ar dldact1' representatmon*bf hypothe--"

?%acal responSe dlstrlbutlons.j It can be seen that the magnltude -

of temporal dlsper31on of responses (1 e. 1ts standard ~'¥f<;'??5"”:

. . wt’ .
' ? P

.dev1at10n) 1s dlrectly related to the duratlon of the pulse

EER . N o 2o .



‘1interval atpwhlch:optimal'rnterVal1discrinination.is-erpected
ltdfoccur ' - : o | | | | |
The theoretlcal questlon to be posed, then, is under
_whlch stlmulus c0nd1tlons one would expect the dlscrlmlnatlon
functlon mlnlma to occur at longer as opposed to shorter'
‘pulse 1ntervals.‘_If it 1s assumed that the temporal dls-
'per51on of cortlcal response results predomlnantly from |
vpdlfferences in the conductlon veloc1t1es between flbres,

that is to say Eer dlfferences 1n the speed at Wthh neural
‘s1gnals are transmltted w1th1n dlfferent channels, it can be
shown that the locatlon of the dlscrlmlnatlon functlon mi mumf
,should be sen51t1ve to .the 1nten91ty and the spatlal size of

LR

- the stlmulus.f

It is reasonably well establlshed that there is a dlrect
relatlonshlp betweeg flbre dlameter and conductlon veloc1ty

. /
.for the nervous system 1n general (Katz, 1966), and for the

' vlsual system 1n partlcular (Blshop & Clare, 1955) ~‘n
..addltlon,'lt is known that the dlstrlbutlon of gangllon cell
size across the retina 1s n0n~random, that is to say the -
'rfproportlon of large cells for a glven unlt area 1ncrease8»
' ptowards the perlphery (Stone, 1965), and that the area - N
_centralls projects the smallest d1ameter flbres (Stone & .:ig.l
‘}'Hollander, 1971) and smallest conductlon veloc1t1es (Stone &
:Freeman, 1971, Stone & Hoffman, 1971) ' Slmllar correlatlonS'.
: : Cj

' fhave been demonstrated w1th respect to,receptlve fleld 51ze.”'

:»d the receptlve fleld centers ‘of gangllon cells are. 51gn1f1cant1y



'smaller ln‘the'area centralis than inbthe peripheryd(stone'

& Fabian, 1966 Rodleck & Stone, 1965), and large and small
receptlve flelds of optlc nerve f1bres/(Fukada, 1971) or

lateral genlculate neurOns (Hoffman, 1973 Stone &, Hoffman,~
L;;l) are assoc1ated w1th 1arge and small conductlon

:éelQCltleS respectlvely. The}response threshblds of optic

nerte fibreshto‘electrlcal’stimulatidn\have been shown tO»th o~
1nversely related to conductlon veloc1ty (Blshop & Clare,‘ |
1955) To the extent that there is spatlal and/or temporal
:fsummatlon of energy w1th1n receptlve fields (Rodleck & Stone,,,

v

»'1965 Enroth Cugell & Robson, 1966), we may assume that the

'»response thresholds of flbres to natural st1mulat10n are‘

"related to receptlve fleld 51ze in a 51m11ar manner, that 1s

to say- smaller dlameter flbres w1ll haVe hlgher thresholds.'"(
To the extent, then, that small and large dlameter f
;gangllon cells progect small and large dlameter flbres and

hto the. extent that response threshold is 1nversely related

L

'to flbre dlameter, an 1ncrease in the retlnal slze of the
~st1mulus, w1th 1nten31ty belng kept constant, should result

:ln a change 1n the proportlon of actlve fast to slow channeis
: T
‘More pre01sely, due to the 1ower thresholds of large flbres o

i

lretlnal space the ratlo of act1Ve fast to slow channels should tfk‘

1ncrease for a glven lncrement 1n the retlnal 51ze of the'
'stlmulus.{ Consequently, the temporal d1sper31on of cortlcal

response as measured for example, by 1ts standard dev;atlon

R e
' and due to the dlstrlbutlon of gangllon cell 51ze across ,;:pﬂ-%”’
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- should inCrease ‘ A.51mllar 1ncrease ln temporal dlsper51on ‘
- should ocqpr when the 1ntens1ty of the stlmulus is 1ncreased,
retlnal.51ze belng kept constant.5 Inten51ty effectS*on temporal_
dlsper81on may, however, be postulated only for 1ow levels
.(of lllumlnatlon Flgure (2) graphlcally 111u§trates the' h
effects of an 1ncrease in temporal dlsper51on of cort1ca1
response .on pulse 1nterval dlscrlmlnatlon It can . be seen_;
that the dlscrlmlnatlon function mlnlmum should Shlft towards
longer 1nter pulse 1ntervafs as temporal dlsper51on 1ncreases.

In order to 1nvestlgate these lmpllcatlons of the .

temporal. dlspers1on model the present study- investlgated

”the effect of 1ncrea31ng stlmulus 51ze on the 1nterval

‘dlfference threshold functlons under two condltlonS‘ (l) ‘

7v;st1mulus 51ze was 1ncreased w1th lumlnance kept at a constant

level, and (2) stlmulus size was 1ncreased W1th 1llum1nance
'kept at constant energy above threshold. It was predlcted
»that 1ncreases in’ 1llum1nance when stlmulus 81ze 1s 1ncreased
;under constant lumlnance would result in relatlvely large‘p
bshlfts of the dlscrlmlnatlon functlon mlnlma towards 1onger e
'pulse 1ntervals,‘wh11e 1ncreases in st1mu1us~51ze~underzv |
‘constant 1llum1nance above threshold would result in relatlvely
htsmall shifts in the mlnlma. The two condltlons w1ll be from
‘_here on referred to ‘as the "constant lumlnance" and "constant

B
_flllunlnance" condltlons respectlvely

. i
A




) ag.numerals. Experlment I w1ll refer to the 1nvest1gat1on of

11
Outline.::j'_x~ B o v S '_- , ;' b
The study to. be reported here had as its maln focus
the 1nvest1gat10n of the effects of changing stlmulus 51ze = d
"on pulse 1nterval dlfference thresholds. In order to permlt |
- a more detalled 1nterpretatlon of ‘the flndlngs on the effects.fﬁ
lof stlmulus size, a number of sub51d1ary experlments were
'-subsequently performed whlch were malnly ooncerned w1th
studylng the effects on the apparent brlghtness of a double-df
;:pulse stlmulus when puIse 1nterval is 1ncreased In order
’to fac111tate referenc1ng of the varlous flndlngs w1th1n

thls paper,.the experlments will be 1dent1f1ed by Roman

L

‘the hypothe51s outllned above. The methodology and results

for thlS experlment w1ll be reported in detall in the appro- "-t':
‘t prlate sectlons of. thls paper. In order to reduce the size

of the latter, methodology and results for Experlments II - VI

cwill be 1ntroduced in loglcal order durlng the dlscuss1on

'of the results of Experlment I.




“'METHOD

The purpose of thlS study was to measure the two- vg

pulse dlfference thresholds for stlmull subtendlng dlfferent

visual angles under condltlons where elther the lumlnance

o

vor the energy ‘abpve threshold of the. stlmulus was held ;lg’
constant Dlscrlmlnatlon functlons relatlng 1nterval ' S
1ncrement thresholds to pulse 1nterval w1th stlmulus s1ze as
[ parameter were obtalned for 5. observers who were a551gned to‘
either the constantvlllum;nance or the,constant;lumlnance |
fpcondition.or;‘in thejcase_of{one observer, to‘both-conditlons;
Observers L N ‘ : \‘\

~»/A Observers were graduate students of the Un1versxty

of Alberta who had volunteered for the. study Each.observer ;.
was requrred to complete 60 observatlon se591ons and‘was g1ven‘.
a monetary reward | Experlmental se531ons lasted -on the average
one hour.; Observers J. P and D. N. were.a531gned to the
-constant lumlnance condltlon,‘whlle observgrs T, G and H. B

, were a531gned to the constant 1llum1nance condltlon <.0bservers,

_L S. (author) part1c1pated in both condltlons.

'k

nght pulses were generated by a. glow modulator tube2 )
_ / o
drlven at approx1mately 40 ﬁ%., ‘The supply current was . trlmmed
| -5

idally to prov1de a constant total 111um1nance of 1. 04 x 10 °

’.. 1'1"‘.', » 121
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lumen/cm2 as measured at the 4 mm exit pupll 4 The-light";'”

pulses were of 2 msc duratlon w1th a rise tlme o;less than

40 usc. The duratlpn_of»these pulsesi their 1nter>pulse

onset interval, and the'delay interVal between'double pulse

bstlmull were controlled by a system of Sblld state tlmers5

and were. monltored on a dlgltal counter The obtalned accuracy

: of the crltlcal 1nter—pulse Onset 1ntervals was found to be'

wlthrn 1% for the brlefest (2 msc)'onset—lntervals and‘w1th1n

.l% for.the longest'(280 hsc) intervals; The glow modulator
":’ .
llght output was monltored for p0351ble drlfts on an osc1llo—~.

scope 'while an experlmental sess1on wascln progress.
. . v

Light pulses were presented to the“observer via a

single channel'Maxwellian view system. :This_systemtconsisted

‘of a'collimating lens6 and a uiewing'lens.7v,Illuminationf

was controlled by a neutral den51ty wedgeg'and:neutral:density
fllters.9 Flve fleld stops producéd c1rcular stimuli Wthh
subtended v1sual angles of 10""25",.>l~.()o 2. 5 and 7. 5

%he observer V1ewed the Stlmull wlth the afd o a flxatlon :

systemlO conslstlng of two‘dlm—red concentrlc- 1rcu1ar llnes

wthh 1nterrupted on the hor1z0ntal and- vertlc 1 plane. The -

} dlstance of these c1rc1es from the centre of " the stlmulus

subtended aLv1sual angle of 4 and 8 5 - The 111um1nat10nfof -

b e L =9
system was malntalned at less than l O X 10 ~

the_flxatlo
lumen/cm . e A S S
Observatlons were made from a room adjacent to but

separated from the experlmental chamber by a sound—proofed wall.

-




1 sequence electronlcally

ana 61gnalled hlS responses via a buzzer system. A two—

,:,\ ’
RAS

cQanne%sgntercom system permltted two-way communlcatlon between

obserwer and experlmenter.‘ The experlmenter channel was
1nact Egted durlng the presentatlon of a 3 stlmulus sequence
. via. an experimenter- operated foot sw1tch Throughout an

lexperlmental se551on low level audltory stlmulatlon helped to
;V s
. o., ke
malntaln observer v1glllance. A 51ngle experlmental se551on
' &
lasted between 40 and. 60 mlnutes. The exper;mental layout 1s,

shown*lnAdlagrammat;C'form;ln Appendix ().

"_Stimuli”:

o v}ovealvthresholds were‘measured for'eaoh’of the 5.

| stimulUS areas using the method of adjuStnent._ The 1llum1nance

vof the 25' stlmulus was set at 2.25 Log above absolute foveal
hreshold for all ObserVers. The den31t1es requ1red to’ reduce

fthe total 1llum1nance for stlmulus ‘size 25' are shown in |

‘Table (l) , For observers a551gned to the constant lumlnance

;condltlon den51ty settlngs were kept constant across the

remalnlng stlmulus sizes. For observers a591gned to. the'

constant 1llum1nance~cond1tlon the 1llum1nance oqi'ééh of the
, v L
remalnlng stlmulus sizes was set at 2 25 Log above absolute_

.foveal threshold xDen51t1es requlred to reduce total
‘illuminance for each of these stimulus areasiare alsovshown

”
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in"Table (1. Calculated luminances. derlved from é\\ .

‘measured 1llum1nance and the added average den81ty for each
- of the stlmulus areas 1n the two conditions are shown - 1n

‘Table(Z)A o | A B

Procedure
| In.this study.the term.'stimulus .shall refer to‘
tuo brlef llght pulses separated by a. varlable 1nter pulse |
onset 1nterval (IPOI) The IROI of a stlmulus w1ll from l‘
‘»here on be referred to as 1ts 1nterval' | The ‘term 'flash'
shall refer to the perceptual effect of the stlmulus
| - Stimuli were. presented monocularly in a Maxwelllan
‘v1eu us1ng an artlf101al pupll. Each observer used hlS (her)
Tpreferred eye., A 81ngle trial. con51sted of an observer-, :
_trlggered sequence of 3 stlmull separated by 1nter stlmulus'
1ntervals of l sec. Observers proceeded on thelr own lelsure ;
to the next trial upon rece1v1ng a ready 31gnal by the )
: experlmenter. Inter trlal 1ntervals were on the average ™
less than 3 sec. | o
‘ Wlthln each 3- stlmulus sequence two ot‘the stlmull

(standard stlmull) had 1ntervals of equal duratlons, whlle
‘1the 1nterval of the remalnlng stlmulus (test stlmuluS) had
'@'a duratlon Wthh was lOnger by a.predetermlned amount. " The

”temporal p051tlon of-ﬂus stlmulus was varled randomly between“
trlals and the task of the observer con31sted of Judglng whlchf

:of the three flashes appeared to be dlfferent from the remain—

1ng two._ HlS choice of Judgements about the temporal p081t10n"_

)
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of the test stlmulus was forced in as much as he was requested d
- to guess in case of doubt Observers were 1nstructed to v1ew‘
all 3. stlmull before maklng a response and were told to make.
full use of any and all perceptual cueés when making a dlfference
judgement. An attempt was made to match the performance
'levels of observers by 1nstruct1ng them about the varlous
cues. avallable at dlfferent pulse 1ntervals and stlmulus..
"areas.: These 1nstruct10ns were-glven durlng.the 2 tralnlng
.se831ons for each of the 5 stlmulus areas. Due to the 1n1t1al
_ unfamlllarlty of the experlmenter Wlth the effects of changes\
'1n stlmulus condltlons on the availab111ty of perceptual cues,_
- the 1nstructlons for Observer D. N were less comprehen51ve
jthan those for the remalnlng observers |
| - A 31ngle experlmental se551on con31sted of 12 blocks
each‘contalnlng 18 trlals;. Wlthln each bl+ck the 1nterval

: duratlon of the two standard stlmull remalned constant ‘while

’3-.the 1nterval duratlon and temporal p051t10n of the test -

‘stlmulus was varled randomly.v Each block contalned test ."j"’
stlmull of 6 dlfferent interval duratlons repllcated three
tlmes for a’ total of 216 experrmental trlals w1th1n a session.
.Blocks of trlals, each des1gnat1ng a dlfferent standard

|
stlmulus, were presented 1n random order w1th rest perrods

- between blocks.

Prlor to the start of a block of tr1als obBervers were‘f‘

acqualnted wlthﬂthe stlmulus condltlons assoc1ated w1th the

v

”tpartlcular block by presentlng to them on 3 consecutlve



trials the’two.Standard stimuli and the testbstimulus with
Alargest anCrement in 1nterval over that of the standard |

i stlmulus.. Responses on these famlllarlzatlon trlals .were

‘not - treated as part of - the exper1menta1 data. If the test
stlmulus was not successfully dlscrlmlnated on the 3 famlllar—'
'1zat10n trlals addltlonal trlals were presented ThlS |

,Eprocedure of famlllarlzlng the observer with the stlmulus

" COndltlonS was - found to be adv1sable since task requlrements

Tow

_between randomlzed blocks of dlfferent standard 1ntervals
'rvarled w1th respect to whlch of a multlpllclty Qf perceptual\
cues would be relevant to the dlfference Judgements.»'li

N
In order to encourage and ma1nta1n observer part1c1—v
' tpatlon and motlvatlon durlng the requ1red 60 experlmental |

se351ons,'observers were lnformed at the end of each trlal S
fwhether thelr response had been correct. On trlals on which
{the observer falled to dlscrlmlnate the test stlmulus he was -
'_1nformed about the temporal posxtlon of the latter.‘ In addltlon,
1observers were 1nformed at the endlof each se5510n about the
b“number of 1ncorrdbt tr1als on. that se531on.. |
| ' Slnce the flrst tWO observers who had volunteered for

:thls experlment had to abort the study at an early stage, -
rthe opportunlty presented 1tself to galn some 1n51ght 1nto the:

”aeffects of the experlmental conditlons on 1nterva1 dlscr1m1n~ _
;'-'atlon. Inspectlon of the avallable data 1nd1cated that

dlscrlmlnatlon performance dlffered w1dely for dlfferent

'.pulse lntervals and v1sual;angles.,:Thls suggested-that 1t 57

Vi
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‘would be lmpractlble to‘present an‘ldentlcal range of testv
‘1nterval 1ncrements for'dll stlmulus 81zes and standard
.1ntervals F_Slnce rellable estlmates of dlfference thresholds?p‘
iu51ng 1nterpolatlon procedures requlre a dlstrlbutlon o%‘
perée t correct responses ranging from chance performance to
'nearly 100%, selectlon of a range of 1nterva1 1ncrements
Albased on the hlghest expected dlfference thresholds would
serlously reduce the data base for the psychometrlc functlons
'of those- condltlons in. whlch dlfference thresholds were «h
'expected to be low, as. responses 'which are always at chance :
or are always correct carry very llttle 1nformat10n about the'
threshold It.was, therefore, dec1ded that for each -

comblnatlon of standard 1nterval and stlmuIUS 31ze the select—\

ion- of a flnal range of 1nterval 1ncrements should be gulded

' ‘by the dlscrlmlnatlon of . each observer -in that condltlon durlng -

the early sessions in the experlment. The follow1ng pro-’

,‘cedure in determlnlg the flnal range of 1nterval 1ncrements-ci’

_was, consequently, adopted for each observer.‘

e For the first (1 e..tralnlng) se351on on a.glven |
tstlmulus 81ze a 11bera1 range of 1nterval 1ncrements wasi

' chosen.: ThlS startlng range ‘was 1dent1cal for all observexs”
:and condltlons. At the end of the'ses31on.data were 1nspectedi

| w;th respect to whether;the test stlmulus w1th the 1argest L
intervalblncrement Withlnha block resulted 1n perfect dlS“f{

,‘crlninations;; lt}should.be remembered that each test o

fStimulus was replicated 3 X withln a block.' If more than one



A of the largest and adJacent 1nterua1 1ncrements satlsfled
" the criterion of perfect dlscrlmlnatlon a new; . adjusted range
lnwas generated for the next se591onbpresent1ng the same
‘:'stlmulus 31ze' The.;ange was adjusted 1n a manner which
'assured that the largest 1nterval 1ncrement Wlthln each block
would barely be Suff1c1ent for perfect dlscrlmlnatlon This .
'~procedure was repeated in subsequent se551ons . In as much\ﬁgf

R

obserVers tended to. lmprove thelr dlscrlmlnatlon performance '
N '

beyond the ‘two tra1n1ng se551ons 1t was hOped that the pro— ‘

'-cedure would prov1de some assurance that the developlng

f competence of observers 1d dlscrlmlnatlng 1nterva1 dlfferences L

duwould be accompanled by a correSpOndlng development 1n task

- difficulty. Range adjustments were generally not further

rnecessary at the completlon of the Sth (1nclud1ng tralnlng)
sesslon for-a glven condltlon of stlmulus 31ze., The flnally
ﬁdarrlved at 1nterval 1ncrement ranges‘were not neceSSarlly _
ldentlcal for all observers and are presented 1n Appendlx (B)

eImpllcatlons of the procedure and its’ success w1ll be further

dlscussed in the dlscu581on sectlon of thls paper.

‘,Matéfials

Range ad]ustments requlrlng frequent changes 1n test

8

_je;stlmulus duratlon were fac111tated by Computer generated ;!

,tabulatmon sheets.. Randomlzatlon of standard 1ntervals between

~"blocks and of ‘test 1ntervals W1th1n blocks of trlals was

nobtalned u51ng the random number facxllty prov1ded by Fcau. 1??>>

fRandomlzatlon of the temporal p031tlon of the test stlmulus
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~ was done in a manner which assured that within each experi-

- mental se531On of 216 trlals the test stlmulus occurred an B

b'equal number of tlmes in each of: the 3 temporal p051t10ns.
Tabulatlon sheets were then'used to determlne the approprlate_
;ftlmer settlngs and to ‘record the responses. The computer» |
.programs wthh were developed to . a1d thls experlment and to
',conduct the subsequent on llne bxperlments are presented 1n -

_@Appendlx (E%-and (F)}
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RESULTS.

The major dependent varlahle in thlS experlment was

dthe 1nterval dlfference threshold for each of 12 1ntervals

A and 'S stlmulus areas when stlmulus energy is malntalned at
;elther a constant level above threshold or at a constant

.-'lumlnance across dlfferent stlmulus areas. 'Observers were'

"«1d1v1ded 1nto two groups resultlng 1n a spllt-plot repeated

'measures de31gn ln whlch stlmulus size and pulse 1nterva1

’
. ¥

were varled w1th1n two groups of observers for whlch the

.

“_1llum1nance of the stlmulus was elther held constant or was .

fallowed to vary w1th changes in stlmulus 51ze.

The experlmental de51gn is presented dlagramatlcally

‘ur,vln Flgure (3) Each of the 360 cells de81gnates a pulse
.:flnterval for whlch a dlscrlmlnatlon functlon was obtalned
"rdrepresentlng the relatlonshlp between the percentage of

'correct dlscrlmlnatlons and the magnltude of the 1ncrement
Sin the duratlon of the test 1nterva1 over. that of the standardhh
'1nterval _ Each of the dlscrlmlnatlon functlons represents |

'the detectablllty of 6 1nterval 1ncrements (see Flgure (4))

based on 30 Judgments at each 1ncrement.v It should be

»remembered that 1n order to obtaln dlscrlmlnatlons ranglng

1"from chance to almost 100% correct the attempt was made to

r

fselect for each of\the 5 X 12 COndlthnS of standard 1nterval

~ and stlmulus 51ze wi h1n an observer a range of 1nterval vj{‘_




' U_.Absolute Thresholds

'increments appropriate'to that-condition' A set of typlcal -
' dlscrlmlnatlon functlons is shown in Flgure (4) -It’can-be-..
seen that dlscrlmlnatlon'lmproves w1th 1ncrea51ng 1nterval
l dlfferences. "In a number of cases the functlons are non-

’ monotonlc for thlS and the other observers. To provrde a

_more valld estlmate of the dlfference threshold at 66%
. \- N :
.correct dlscrlmlnatlon, 1terat1ve 1nterpolat10n procedures B

were employed Llnear 1nterpolat10n was used to estlmate-
'dpercent correct dlscrlmlnatlons at p01nts 1ntermed1ate to'

' the test 1ntervals used wlthln a glven condltlon. 'Inter—-

f

'polatlon was' then re‘applled to obtaln the. threshold 1ncrement

Avalue i3 It should be noted at thlS p01nt that in a three-*‘

'}alternatlve forced-cholce procedure 66% correct dlscrlmlnatlons

correspond to 50% when corrected for chance.- 1fference _:=;
f L .

<threshold expressed as 1nterval 1ncrements are shown in
:':Table (3) A qualltatlve descrlptlon of the obtalned results
"WIth respect to 1nterval dlfference thresholds and abolute

- thresholds follows. , :fr. Co _ R RN

The two~pulse absolute threshold deflnes the 1nterval

between two succe551ve llght pulses whlch the observer can

N

‘rellably dlscrlmlnate from two<cont1nguous llght pulses.

'aThe brlefest 1ntervals used 1n thls experlment had an -

-1nterval of 3. msc maklng the two 1lght pulses v1rtually

]

‘contrguous.f Flgure (5) graphlcally shows absolute thresholds

/.
!
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" as a fUnctlon of stlmulus 51ze when eltherllumlnance or
z'1llum1nance is held constant ‘JInspectlon showsfthe functions-
v'to-be‘s1mllar.w1th1n groups of observers. In the constantb‘
~luminance cond1t10n4absolute thresholds tend to 1ncrease

. with 1ncreases in stlmulus area.» Thresholds 1n}the constant
1llum1nance condltlon tend to be curv111nearly related '
stlmulus area;d ” . |
| The effects.of:increasingitheiluminance of a stimulusv'
vfof a glven area are graphlcally represented/ln Flgure (6)

Data p01nts represent ‘the group average absolute thresholdsn;
-at the 1nd1cated lumlnance levels; The absolute'threshold
"values were substantlally hlgher for obsérver D. N than the
_.constant lumlnance group average and are not contalned 1n4
'rthls plot. It can be seen that absolute thresholds decrease
'when lumlnance is 1ncreased beyond T + 2. 25 Log. For stlmulus

‘ 51ze lO' thresholds are seen to lncrease as lumlnance 1s

"1ncreased from T + 1. 85 Log to T\+ 2 25 Log

Y

f;rleference Thresholds

A dlfference threshold 1s here deflned as that 1ncrement }j

'1n the duratlon of the 1nterval between two success1ve llght e
pulses whlch the observer can rellably dlscrlnlnate from a
fglven 1nterva1‘ The " relatlonshlp between dlfference thresholds
: and pulse 1nterval w1th stlmulus 51ze as a parameter 1s C

55graph1ca11y represented in Flgures (7) to (12) . It can be

fseen that thresholds are a curv111n?ar functhn for all
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_stimulusrareas} Thresholds'tend to be highfat'short and -
‘long:pulse.lntervals~and lov<atythe medium'pulse intervals.;'

 ‘The dlscriminatlon'fdnctions are remarkably Siﬁilar for's 3
'Jobservers.< Observer7D'wN., however, generated dlscrlmlnatlon

‘:functxnns whrch are somewhat dlss1m11ar in as much as they D

exhlbit substantlally hlgher threshold values at short pulse

_1ntervals ' The functlons are generally blmodal ‘with. mlnlma

at 20 40 msc and 60 100 msc.. This is clearly shown for

observer L. S.‘ (Flgures (7), (10)), J.yPl (Flgure (8); H.5Bl

(Flgure (ll),'and to a lesser extent for observer T G.

(Flgure (12)) ‘ | ) |

Inspectlon of the 1nd1V1dual curves reveals that the‘b
diScrimlnatlon functlons of-observers in the constant luml-
nance group (L S., J P., D N. ) have mlnlma Wthh shlfts 'tf7

'itowards shorter pulse intervals as stlmulus 81ze 1s 1ncreased

';from 10”to 7. 5°'v Fo; observer L1 S., for example, the pornt

flof opt1ma1 discrlmlnatlon of interval dlfference shlfts from
flOO msc to 60 mgc w1th lncrea31ng stlmulus 51ze.f'Inspect10n
lof the dlscrlmlnatron functlons oflobservers 1n the constant

f_;lllumlnance group reveals an absence of a systematlc Shlft

)

"1n the m1n1mum asstlmulus s;ze 1s 1ncreased. .

toe

Comparlson of the dlscrrmlnatlon fun% lonS-onfthe baSis.j

'amof the magnltude of the secondary rise and fall of thresholds

"dat puls? lntervals between 30 and 80 msc 1ndlcates that the »F S
extent of thlS secondary rlse and. fall dlmlnlshes as stlmulus

%garea 1s 1ncreased and lumlnance 1s kept constant. Thls 1s

FRERY




- clearly 1ndlcated for observers L. S.vand J. P. Similar
vvsystematlc changeS/€§90c1ated wlth 1ncreases in stlmulus'
.varea ‘are lacklng in the dlscrlmlnatlon functlons of observers
cin the constant 1llum1nance group. The functlons for L. S
-l(Flgure (lO)) and H B. (F;gure (ll)) 1nd1cate that the
g,secondary rlse and fall is well malntalned for even the o
'largest stimulus area when rllumlnande is kept constant - The

effects of Keeplng energy—above-threshold as opposed to ‘

lumlnance constant are most distlngulshable when the dlscrlmln— d

R

atlon functlons of observer ‘L, S. who part1c1pated 1n both
condltlons are compared | |

. _ In: the constant 1llum1nance group the dlscrlmlnatlon,v 5
functlons of observer T. G., even though 1n thelr shape

”Juther observers, do not reveal any

_ 51m11ar to those-gf )

systematlc eff;i iges-ln stlmulus 81ze; The dls--

L}

;the smallest stlmulus area exhlblts»'

jgers in thlS group. Slnce the

crimination'funf

- a mlnimum whlch {{ a smaller pulse 1nterval than thath’

vpfor the other two'

ey

: determlnatlon of Vfi gfllty thresholds for stlmulus area 10"

o had{resulted'ln a ishold for observer T G whlch was lower
'by ca -75 ios thaf 'ose of the other observers, 1t 1s

p0551ble that the sflft in . the mlnlmum may have been due to

_f‘a hlgher effectlve lumlnance resultlng from erroneous threshold l S

measures. kIn order to 1nvest1gate the effects of 1ncrea31ng
'fthe lumlnance for stlmulus 51ze 10" beyond the levels used 1n“

the experlment, a dlscrlmlnatlon functlon was obtalned for.'

.
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-, R : B B o _
_wthis stimulus area at a luminancefof threshold-plus 3. O Log.

Flgure (13) graphlcally dlsplays the effect of 1ncrea51ng_

1

1umlnance beyond T +° 2 25 Log for One. observer For purpose
of comparlson, the dlscrlmlnatlon functlons for. two levels

of lower lumlnance obtalned-from the same observer are:also
' C

»shOWn It can be seen that 1ncrea31ng lumlnance beyond T +
2.25 d1d not Shlft ‘the minimum at 80 msc towards a shorter
pulse 1nterval for thlS observer. On ‘the . other hand, 1ncreastng”‘

lumlnance to beyond T + 2 25 Log substantlally lowered the

.

: threshold values for the two shortest pulse 1ntervals and

s}

51gn1f1cantly.enhanced the magnltude.of the‘secondary rlse.and‘

nfall_at;pulse ihtervals betweenf30;and,50_ms¢r'

t



'DISCUSSION

Erperiment l
v:i The results‘of this experiment show that‘interval»
,1ncrement thresholds are a non-monotone functlon of pulse'
"1nterval for all stlmulus areas, conflrmlng the flndlngs
. by NllSSOn (1969) | The obtalned dlscrlmlnatlon functlons
\are generally blmodal Wlth mlnlma at 20 46 msc and 60~ lOO msc.d
If lumlnance is kept constant the pulse 1nterval which makes |
for optlmal dlscrlmlnatlon 1s'seen to Shlft towards sho%ter
’bpulse 1ntervals as 1llum1nance 1ncreases with - 1ncrea51ng
%istlmulus area., On the other hand, 1f 1llum1nance as opposed
to‘lumlnance rs kept constant 1ncreases in stlmulus area do
not- effect the locatlon of the minimum. ¢ It should be noted
'“that the Shlft of the mlnlmum towards shorter pulse 1ntervals
o as 1llum1nance 1ncreases is in the opp051te dlrectlon as )
.predlcted by the hypothe51s.'f .
Another flndlnq»was the occurrence of a secondary rlse
and fall in thresholds at 1ntervals between 30 and 80 msc . -
- This secondary rise and fall .was shown to dlmlnlsh as .'.{
illuminance 1ncreased w1th 1ncrea51ng stlmulus area, but was
dfound to be relatlvely constant when area was 1ncreased under E
,,constant 1llum1nance._ Before addre531ng myself to the -
i‘srgnlflcance of these flndlngs, I shall dlscuss the nature off‘

e»the perceptual cues found to be effectlve 1n 1nterva1

| idlscrlmlnatlon. e ﬁf - ‘ B P T a.
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'1ntervals had a value of about 5 ms

e .

. »Peroeptual Cues. As reported by other 1n\estlgators,
dlscrlmlnatlon of two- pulse stlmull is alded by a multlclpllcty

of ‘cues. The major cues reported by the observers were_

apparent brlghtness, duratlon, rate of onset, and~fllcker;A

' It was noted that at the pulse 1ntervals (60 ~100 msc) at y

whlch dlSCrlle§t10n was optlmal the major perceptual cue was-:

‘a Sllght fllcker of the test stlmulus. Observers.reported~’

drscrlmlnatlon to,be relatlvely‘easy at theselpulse.inter-‘7

vals in as much as the tasknconsisted'of discriminating‘between

qualitativelv-different stimuli, the‘séandard interval~being

. \

'one fused flash and the test stlmu us show1ng a sllght flicker.

;It should be noted that 1ncrement th esholds at these pulse

t observer D.’ N who showed generally hlgher thresholds than

the remalnlng observers. These flndlngs would seem to 1nd1cate

%»

that the dlscrlmlnatlon functlon mlnlmum at 1ntervals of

60- 100 msc c01ncides Wlth the temporal region w1th1n which a
two pulse StlmUlUS changes from fus1on to fllcker as pulse -
1nterval is 1ncreased.'.Br1ghtness cues were'reported to be_
generally more effectlve at the larger stlmulus areas and at

short to medium pulse 1ntervals. Rate of onset of the: stlmulus

was found to' be an effectlve cue for very brlef pulse 1ntervalsf

}espeC1ally under condltlons where the stlmulus appeared to. be"

brlght.' One observer (L S y found the rate—of—onset cue to

.ibe extremely effectlve for a brlght 10' stlmulus at very

brief pulse 1ntervals ' The low. thresholds for the . two brlefest

T . . . . ’ . . et
- o . : S L .

(A
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;.consequently made predomlnant use of the less dlfflcult

29

pulse intervals at adluminance.ofwT ¥ 3.0 Log. (Figure (13))

’are'probably'due to the exclusive use of the rate-of-onset
 cue. It was,.furthermore,‘noticed that this-cue appeared

to be the one most ‘sensitive to practlce.”

When pulse intervals. are 1ncreased from very brlef

to medium duratlonS‘that is to say,-when acrange ofllncreasing-
lncrement 1ntervals ‘is presented, the perceptual cue which .
. 1is max1mally effectlve in dlscrlmlnatlng interval dlfferences

changes 1n systematlc fashlon from rate—of“onsetrto duratxon»,

e

and/or brlghtness and, at medlum pulse 1ntervals, to the -

detectlon of perceptual fllcker In as much as these cue
changes'arelaccompanled‘by a correSpondingvdecrease in task’

difﬁlcultyﬂany inter;observer‘variability ih'difference"

threshdlds for a given'pulSe‘interval“Can be mainly accounted
for in terms of the extentftohwhich‘observers'make‘use of the

more difficult perceptual cues. -Decreasing'the ranQe of

1nterval 1ncrements, therefore, has the effect of encourag;ng

- observers to make ‘use of the more dlfflcult cues. The success

hof such a proCedure may‘be']udged by the.fact that in thlS

«

experlment the dlscrlmlnatlon functlons for 3 observers o
4 : :

’were qulte 51m11ar. The generally hlgher thresholds for
vobserver D N., especlally at short pulse 1ntervals, are .>

_probably due to the fact that thls observer recelved less

comprehen51ve 1nstruct10ns about cue avallablllty and
] .

perceptual cues-(l.e. perceptual fllcker) at these pulse

L 3

e
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intervals. .

v

~

Secondary Rlse and Fall of Thresholds.v Th esholds

1ncreased and subsequently decreased at pulse 1ntervals
between 30 and 80 msc._ For stlmulus area 25'. for example,:-
Ythe dlfference thresholds of observer L - S. and H. B.

(Flgures (lO), (ll)) rose from 7 1 and 7. 5 msc at a pulse

"1nterval of 40 msc to 14 4 and 14 9 msc at a pulse 1nterval

of-60 msc. - The magnltude of thlS secondary rlse 1n thresholds

‘suggests that the effectlveness of a glven cue, such as’ apparent y

s

;brlghtness, may change over a relatlvely narrow range ‘of

pulse lnterVals. leen that the apparent brlghtness of a
|

J‘_double-pulse stumﬂus decreases with 1ncreases 1n pulse

ylnterval (Bartlett & Whlte, 1965, Bleck & Cralg, 1968), and
'glven that a constant change 1n apparent brlghtness 15 requlred'
:jfor the detectlon of an 1nterval dlfference at pulse 1ntervals
,at whlch apparent brlghtness 1s the max1mally effectlve cue,

" the observed secondary rlse and fall in. the dlscrlmlnatlon
‘functlons suggests that there may be perceptually 51gn1f1cant
fchanges 1n the rate at Wthh brlghtness decreases w1th1n a-
'relatlvely small range of medlum pulse 1ntervals ‘ In order

to test thlS hypothe51s Experiment II was de51gned to more
‘ closely 1nvest1gate the manner in whlch apparent brlghtness

P

changes w1th 1ncrease ‘in pulse 1nterval
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: Experlment 11

Apparent Brrghtness as Functlon of Pulse Interval

_yslnce thlS experlment was de51gned in order. to facllltate
,1nterpretatlon of the earller obtalned dlscrlmlnatlon funct-
‘ 1ons, only a brief summary of the apparatus ‘and procedure for "
'thls study will be glven | | . N
Judgements of the brlghtness of a.two—pulse stlmulus
'of 31ze 30' at 46 pulse 1ntervals from 3 to 138 msc were
: obtalned for 3 levels of stlmulus luminance u51ng a monocular
brlghtness matchlng procedure Slmllar Judgements were
obtalned for a two pulse stlmulus of slze 1° at 46 pulse
.1ntervals from 3 to 183 msc for one level of stlmulus lumlnance
The task of the observer was to match the brightness of a ‘
\'steady -state stlmulus subtendlng 30' (1°) agalnst that of a
double-pulse stlmulus of equal 81ze by adjustlng the lumlnance
-of a steady state stlmulus : Stlmull wefe presented via a B
two channel Maxwelllan v1ew system The channel presentlng
'qthe llght pulses con31sted of an optlcal system and llght'
source essentlally 1dent1cal to that descrlbed for Experlment
‘ I.'vSupply current 1n thlS channel was trlmmed dally tO-'

,prov1de a constant total 1llum1nancel4 of 8 5 X 10 =6

lumen/cm
as measured at. the 4 mm ex1t pupll The second channel
1}presented a steady state stlmulus generated by a: llght bulb15
11wh1ch was dr1Ven at approx1mate1y 2.5 amp by a DC power _"

hv_supplyIG;: Supply ourrent 1n thlS channel was 51m11arly trimmed

- dally to malntaln a constant total 1llum1nance14 of.9.6vx:10 7{

2



;lumen/cmz Two - c1rcular fleld stops produced StlmUIl“::v )
subtendlng elther 1° or 30' wlth the angle of separatlon off. "3
';the stlmull l° and 30' respectlvely in the horlzontal |
:Illumlnances in both channels were controlled by neutral
'den51ty fllters and neutral den51ty wedges..f

On a glven tr1al the observer electronlcally trlggered
fa double -pulse stlmulus wh1ch then contlnued to cycle atflnter-"
_stlmulus 1ntervals of l 5 sec. ThlS permltted the observer ;b
| to adjust the lumlnance of the steady state stlmulus via remote

A
control of the neutral density wedge untll he: obtalned an.

’

apprOprlate brlghtness match . The stlmulus gycle was then

“electronlcally\termlnated by the observer and ‘the denslty

| . requlred for the brlghtness match recorded by feedlng a’

A\

a,callbrated voltage 31gnal generated by a potentiometer mounted

V;“on the axrs of the den31ty wedge 1nto an analog to—dlgltal
1converter Wlthln a glven sessron each of 46 pulse 1ntervals>:

'»’was presented 3 X the order of presentatlon belng fully |
frandom.e Presentatlon of stlmull,'recordlng of br1ghtness values
in terms of callbrated voltage levels, and analysrs of the

,data was done on—llne u51ng a PDP- 12 computer.

';Results ;‘ _ e ' _ ‘
Flgure (14) and Flgure (15) graphlcally dlsplays the

_relatlve brlghtness of a two-pulse stlmulus as’ a functlon of

-pulse 1nterval for two observers at 3 leVels of 1um1nance and

R /
-stlmulus size 30':’ Flgure (16) shows the brlghtness functlon
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for stlmulus 51ze 1.0° at one lewﬂ.of lumlnance The graphs'

fare trac1ngs of the orlglnal computer prlnt—out. A typiéal

‘ example of the latter is glven in Appendlx (G) Valuesfon

the horlzontal ax1s represent pulse 1ntervals For stlmulus :

,31ze 30' and 1 0° 1ntervals 1ncrease in steps of 3 and 4

-

msc respectlvely. Values on the vertlcal ax1s express the-lA'

elatlve brlghtness of twoepulse stlmull in terms of the Log

'(relatlve) lumlnance of the steady matchlng fleld For
;"target srze 30' ‘a glven data p01nt on the functlon represents '

“the average of 15 brlghtness matChes after llne!r 1nter—

polatlon between adjacent pulse 1ntervals., For target 31ze'3‘

1. 0° a glven data pornt represents the un—lnterpolated average

i [

'of 57 brlghtness matches The dashed, horlzontal llne
segments in Flgure (15) represent the brightness of a 51ngle o

,2 msc pulse at each of the’ 3 lumlnance leVels.l7

Inspectlon of the graphs 1nd1cates that apparent

i,brlghtness generally decreases as pulse 1nterva1 1s 1ncreased

"f,from short to medlum duratlons.' At ‘the hlgher stlmulus

lumlnance a subsequent 1ncrease in brlghtness at 1ntervals

_beyond 60 msc 1s ev1dent Flgure (15) also 1nd1cates that
'.for thlS observer an. 1ncrease in stlmulus lumlnance from"'
xT + 2. 25 to T +.2. 75 is less effectlve in’ 1ncreas;ng the ?ff_3n‘
:g‘brlghtness of a glven strmulus with Very br;ef 1nterval duratlon

lthan 1ncrea51ng lumlnance from T + l 75 to T + 2 25 (a ' R
"dlscu551on of these two effects of stlmulus lumlnance w1ll

follow 1n later sectlons of thls paper) A more detalled

A
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.‘description of the obtalned<bri§htnes3'functions and of -

'the effects of changlng stlmulus condltlons may be convenlently
obtalned by consxderlng 3 aspects of the functlonsr flrstly,A
the~magn1tude of~the brlghtness decrease as«pulse 1nterval 1s
increased.f Secondly, the duratron}of the 1nterva1 whlch shows‘ﬁar<

'-_marlmum reductlon 1n apparent brlghtness and thlrdly,‘the'

‘extent -to Wthh brlghtness decreases llnearly with 1ncrea51ng

pulse 1nterval p . o - ' ]

| | Wlth respect to the last aspect,,closer 1nspect}0h;lf’

.ﬂUE bnlghtnessfunctlons for observers L S. and H B . at a

lumlnance of T + 2, 25 and target 51ze 30' lndlcates notlcable dﬁl“

'rchanges 1n the rate at Wthh brlghtness decreases over medlum

. pulse 1ntervals between 60 70 msc.' More spec1f1cally,‘ e

-/brlghtness decreases at a.: lower rate at 1ntervals between'.
1_59 and 64: msc for observer L S. and at 1ntervals between 56“

»

and 61 msc for obserVer H 'B., 1nd1cat1ng a satlsfactory
; _icon51stency between the data for these'zwo observers. | o
It w111 be remembered that the 1nterval dlscrlmlnatlon _fb
'ﬁ7funct10ns for the above two observers —-— obtalned under ”
pldentlcal COndhthnS of stlmulus 91ze and lumlnance - dlsplayed
d} a secondary rlse and fall in 1nterval dlfference thresholds }f'
._.whlch maxrmum occurred at a pulse 1nterval of 60 msc,'and
;that thresholds at thls pulse 1nterval 1ncreased by a factor hla*
?of 2 relatlve to thresholds at a pulse 1nterval of 40 msc.._fv;.,
N g

v?:fIn order to determlne whether the decrease 1n the rate of o

i

-‘bbrlghtness change, observed 1n Experlment II to occur around

¥ '3:
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' .60 mso, cah account for the doubllng of 1nterval dlfference

) /
v-thresholds observed 1n Experlment I. ' the mlnlmum change 1n
'brlghtness necessary for the perceptlon of an 1nterva1 dlffer—.
‘,ence has to be estlmated. Thls threshold change 1n brlghtnessi.
‘h may best be derived by’ calculatlng the change 1n brlghtness

'whlch occurs at that pulse 1nterval for whlch the 1nterval d

vlncrement threshold is the smallest Slnce the d1scr1m1nat10n”fJ

?a-functlons for both observers show the 40 msc pulse 1nterval

-to dlsplay nearly the lowest dlfference threshold‘(? msc),‘s

!

T i

it 1s convenlent to estlmate the brlghtness dlfference
‘threshold for each observer by calculatlng the brlghtness
bdecrease observed as pulse 1nterval 1ncreases from 40 to 47 jit'.l
'msc, ‘and to derlve from thlS flgure the 1ncrease 1n pulse | |
\'1nterval at 60 msc wthh is. necessary to brlng about a threshold
'Addecrease in brlghtness. uldj' e | ‘

Interval dlfference thresholds for the two obsemverSu"

_estlmated 1n thls manner predlct dlfference thresholds o/\il.2ff;17

3lfmsc at a pulse 1nterval of 60 msc for L S., and of 15 l msc

at.a pulse 1nterval of- 56 msc for H. B ' Even though for Fs

lobserver H B the predlcted dbubllng of. 1nterval dlfference_ o
o thresholds on the ba31s of the brlghtness data occurred at aud,=}
L sllghtly shorter pulse 1nterval and the predlcted 1ncrease

.vfor L S 1s only 60% of that actually obtalned, the predlcted

\, ,
‘,=thresholds are 1n close enough agreement thh the experlmentally

B determlned thresholds - espec1ally 1n v1ew of the fact that

"nearly a year 1ntervened between the ‘two. experlments and that R
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_two Sllghtly dlSSlmllar thlcal systems (25' Vs 30 ) were
1nvolved - to support the assumptlon that the secondary
'rlse and fall in thresholds of the 1nterval dlscrlmlnatlon -

‘Ifunctlons reflect perceptually slgnlflcant changes 1n the

o _ rate of brlghtness decrease. Furthermore, to the extent that

:apparent brlghtness is an effectxve cue in 1nterval dlscrlmlna—~7

,t10n,5 it- seems plau81b1e that the latter functlons representv. B

the flrst derlvatlve of the brlghtness functlon - : a\0,~7h |
| In order to anestlgate thls hypothes1s;‘1nterval

- 11ncrement thresholds were estlmated for each of 46 pulse rl" o

| 1ntervals on the ba51s of the obtalned brlghtness functlons"

- for lumlnance levels T + l 75 and T + 2 75, usxng the -

18

-festlmatlon prOcedure outllned earller.‘ The threshold

"7‘change 1n apparent brlghtness_necessary for the detectlon of

an 1nterval dlfference Was set at 05 Log, th1s value belng

4. ‘J_'

‘ con51stent w1th the magnltude of the brlghtness change at
.7-lum1nance level T 4+ 2. 25 Log assoc1ated w1th a threshold

Julncrement }n”pulse 1nterva1 at those 1ntervals for whlch

'allnterval 1ncrement thresholds are mlnlmal In a subsequent

K A,experlment the emp1r1ca1 1nterVél dlscrlmlnatlon functlons ,f"

E fwere then obtalned

| Egperiment iII |

Predlcted and Obtalned Dlscrlmlnatlon Functlons. Thls

f;experlment was d681gned to explore the prop081tlon that the formyﬁ':‘

- of the 1nterval dlscrlmlnatlon functlons may be largely "v“??



7ﬂ to be satlsfactory 1n V1ew of the fact that the emP%I )
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accounted for 1n terms of. the. manner 1n whlch apparent -
brlghtness changes as pulse 1nterval 1ncreases. Interval "'-
'1ncrement thresholds ‘were obtalned f0r 23 pulse 1ntervals.
franglng from 3 to 135 msc for one observer for whom brlght—”
h.ness functlons were avallable.f ThlS experlment used the
.same optlcal system as. descrlbes\for Experlment II, except
that the channel presentlng the steady-state stlmulus was
‘1nact1vated Procedures were 1dent1cal to those descrlbed
: for Experlment I except that stlmulus presentatlon and data o
‘analy51s was performed on—llne u31ng the PDP 12.l- .
Flgure 17 graphlcally dlsplays the 1nterVal i'lf

'v dlscrlmlnatlon functlons estlmated on: the ba51s of the brlght—*
-ness functlons obtalned 1n Experlment II and the 1nterval
dlscrlmlnatlon functlons whlch were 1n fact obtalned for two
'condltlons -of stlmulus lumlnance and stlmulus 81ze 30"h
Tables (4) 4nd (5) show the numerlcal values of the' obtained
hand estlmated thresholds. It can be seen that for both |
fcondltlons the emplrlcal dlscrlmlnatlon functlons manlfest a.
number of secondary rlse and falls 1n thresholds whlch are
'essentlally repllcated by the estlmated dlscrlmlnatlon B

't';functlons. The 51m11ar1ty of the two types of functlofl ?Ppearsffl

A\

'f'functlons are based on (standard) pulse 1ntervals whlch weredf EA

\

tlhincreased in 1arger steps and, therefore, prov1de lessﬁjW'T

_1nformatlon than the estlmated dlscrlmlnatlon functlons.
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']e ‘The effect of 1ncrea51ng 1llum1nance by 1ncrea51ng '
dlumlnance can be gleaned from a comparlson of the two’ (emplrlcal)
| dlscrlmlnatlons functlons.j Increa31ng lumlnance to T +. 2 75 Log
N ydecreases the magnltude of . the secondary rise and falls 1n', |
thresholds at pulse 1ntervals between 46 and 60 msc., . FUruxﬂnore,‘
fln the hlgh lumlnance condltlon the functlon mlnlmum clearly |
_doccurs at an 1nterval of 75 msc whlle in the lower lumlnance
'c0nd1t10n an addltlonal m(nlmum 1s‘observed at an. 1nterva1 of
f.93 msc.: Shlfts in mlnlma towards shorter 1ntervals and decreases
in the magnltude of secondary rlse and falls observed in. thlS |
experlment are con31stent w1th 1dent1cal changes obSerVed 1n .
»Expenment I when 1111mu_nance uas mcreased by mcreas1ng stlmulus area. -
In concludlng the dlscu551on ‘on the" 31gn1flcance of :i . |
.l-the secondary rlse and fa%&s of 1nterval dlfference thresholds
:the eV1dence presented 80 . far supports the conc1u51on ‘that for
"S- f .v'pulse 1ntervals up to. 80 -100 msc- the fluctuatloms 1n thresholds
A?eare essentlally due to correspondlng changes 1n the rate at |
L wh1ch apparent brlghtness decreases W1th 1ncreaslng pulse .
1nterval By way of generallzatlon, the observed secondary |

‘rlse and fall of thresholds for stlmulus areas Wthh are

‘»ﬂhlarger or smaller than the stlmulus 51ze for Wthh brlghtness
~'data are’ avallable may 31mllarly Lndlcate the presence of

‘-non—llnear changes 1n brlghtnesséipross restrlcted and well

f]ldeflned ranges of pulse 1ntervals.§ The absence of a systematlc

ca -

frlse and fall 1n th%esholds for observers D. N. (Flgure (9)) ";“1
and T G.. (Flgure (12)) probably reflects a lower efflciency

- in the utlllzatlon of brlghtness 1nformatlon.. The clearv ly‘*}»]f,:
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‘presence of such rise a;’“‘-kl for 3 observers, howeVer,

'and‘the relative'accurf‘ ?fhlch dlscrlmlnatlon functlons:
may be predlcted from b ifunctlons lends support to
the v1ew that sec(":}. k vflODS in interval dlfference

thresholds refleci : :i ‘*changes'in the efficiency at

-intervals;
It should bei ‘5; flnally, that minimum 1nterval

1ncrement thresholds } ;etween 4 and 7 msc whlch were observed
in Experlment I and IIL %hdgwhich_werejpredicted,in:’ |
Experlment II on. the bté | assumi, ‘ &

%'5 Log are entlrely compatlble -

e

'brlghtness-dlfference oﬁ_

ln magnltude w1th lumlnance dlfferentlal thresholds (Nllsson,

1968) They are, furthef e, in close agreement W1th data 3

_ reported by Blrd & Madraf? ) who showed that the change _;4

in the.per10d~of a traln rectangular llght pulses for a’

]ust notlcable translent change in brlghtness has a magnitude.lff;

{

' of 3. 8 msc. e _{p7_~v: L‘m,;f.r.;;.'": | j;.

"Experiment I (Continued)"

Interpretatlon of the Dlscrlmlnatlon Functlon Mlnlma.,

Inspection of the dlscrlmlnatlon functlons obtalned 1n B ;if,cf'

Experrment I revealed a systematlc Shlft of the functlon minlma";fl

: towards shorter pulse 1ntervals as 1llum1nance 1ncreases wrth
1ncrea51ng stlmulus area (constant lumlnance condltlon) and ; B

an absence of such Shlfts when lumlnance 1s adJusted to '

, -
I ._V_



40 .
imaintain c0nstant illuminancé'with'increasing target‘size-'
"Table (6) shows the numerlcal values of the threshold lncrements

: at the functlon mlnlma for, dlfferent obseryers and condltlons.

;n‘u

The Shlft of the mlnlmum has a magnltude of between 20 and
‘30 msc and is most apparent in the data ofvobserver D. N.h.
(Flgure (9)) where the mlnlmum ShlftS from a pulse interval of
.“80 100 msc to an 1nterval of 50 msc as target size 1ncreases
from 10' to 7.5°. Inspectlon of the data for observer L. S
(Flgure (7) .and (10)) 1nd1cates that the- Shlft may also be
- observed when lllumlnance is 1ncreased by 1ncrea51ng stlmulus -
Alumlnance For both the smallest (10 ) and the largest
(7.5°) stlmulus area 1ncreasmng lumlnance shlfts the m1n1mum
by 20'msct Slmllar eV1dence was obtalned 1n Experlment III ;7 _
1;for stlmulus 31ze 25' (Flgure (17)) It 1s, therefore,'a 
reasonabkg assumptlon that the ShlftS 1n the mlnlma reflect o
‘the 1ncrea31ng energy content of the stlmulus. | R
| | The observed Shlfts are clearly 1n the‘Opp081te |
dlrectlon from that predlcted by the: orlglnal hypothe31s.,'ltdn'
w1ll be remembered that the temporal dlsper31on madel of |
1nterva1 dlfference dlscrlmlnatlon outllned earller was: based

Q{On the assumptlon that the magnltude of the temporal dlsperslon»
- of cortlcal response Ls determlned by the degree of varlablllty

dvv of transmlsSLOn rates between flbres (channels), and that 1n-:

creases in temporal dlsper51on should shxf& the locus of o

optlmal dlscrlmlnatlon towards longer pulse lntervals. In.'

'..‘v1ew of the obtalned flndlngs it must now be asked whether the
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the dataa- .‘ - =

. and the latency of the ensemble response, the latter wrll be

fduratlon of a channel response (1 e.-the duratlon of a trvln:;-
of neural 1mpulses) and the duratlon of the ensemblepresponse,p'
f\whlch is assumed to be a functlon of the degree of temporal
'pdlspersion. Flnally,’the transm1951qn rate of a glven chann T
’_':shall be deflned as the
difls transmltted to the

1st1cs of a channelfar

’ ‘4l~

temporal dlsperslon model can be re- formulated to account for E

0 -
. © ok
1

The Temporal Dlsper81on Model Restated , For purpose

of exp051t10n a number of concepts shall at flrst be more
rec1sely deflned , The term channel'[shall refer to a flbre )

pro'ected from a glven gangllon cell and shall include the

"varlous synaptlc delays between gangllon cell and cortex.

The term channel responses, shall refer to a traln of neural =

1mpulses w1th1n a glven channel In order to d13t1ngu1sh

‘%,~'between a channel response and the total cortlcal response

(£}

g to a brlef 1mp1ngement of lumlnous energy, the term ensemble

} response shall refer ‘to the cort1ca1 effect produced by volley

of channel responses. The concept of temporal dlspers1on 1s,‘

therefore, assumed to refer to the extent to whlch the

A~

ensemble response is dlspersed over tlme. In order to

',dlstlngulsh between the response latency of a glven channel

7
4

referred to as lmp11c1t tlme“ and the" former as perlpheral (;

latency In addltlon, we shall dlstlngulsh between the@ :

R}

Bs

ponse.;

_1ty w1th whlch a ch anne
| ?aracter—

B assumed to be solelgfdue to a torsz



necessary and reasonable to assume
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such as fibre size, synaptic delays, meyellnizationvetc}
The question,to be asked is to what an extent it‘isA_

'that the temporal

dispersion of the'ensemble‘réSponse is predominantly due to - -

the transm1551on rate characterlstlcs of the channels.
&

‘Transm15510n ‘time .as determlned by the latency of response

in the»lateral genlculate (LGN) to orthodromlc or antldromlc‘

stlmulatlon varies between l 4 msc and 2 10 msc resgectlvely

: )
in rats (Noda & Iwama, 1967), Total transm1551on tnmato the

., visual cortexifor‘the slowest (area centralxs) and fastest

QG

'\

tchannels. - B p

channels (perlpheral retlna) has been estlmated to range from

/_\_ 22,

7.5 to lO msc and from 4 to 5 msc respectlvely (Stone &

Hoffman, 1971) The reported'range in the'varlatlon of

'esmall when” compared ‘with the ra ge of response laten01es of -

gangllon cells (Cleland et al, 1970} or visuals- cortex neurons:

ftransmlss10n tlmeit ‘in terms. of bsolute values, is relatlyely

(Bartlett & Doty,,l924) to phot;c stlmulatlon, whlchvhave been'

idoubtful whether the temporal dlsper31on ofﬁthe ensemble

response or its perceptual analog, the per51stence of the

'_,sensory effect of a brlef photlc stlmulus, can be solely

at

‘accounted for by the conductlon tlme characterlstlcs of the

f
3

s -
. - B
o - DT ’

The contrlbutlon whlch the transmlssron rate charac-.

'reported torvary between 30 and 80 msc.f It is, consequently,_h

terlstlcs of the system make to the temporal dlsper81on of the

*ensemble response may also be evaluated in- the llght of

g -
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V:assumptions ahout the maénitude»of the response duration for
a given channel. Data on the scotoplc system of the cat
retlna 1nd1cate that there ex1sts a minimum a;erage response
duratlon such that for stlmulus duratlons of less than 32’msc'
the.channelyresponse»duratlon remains constant at 70'msc :
(Levlch.E Zacks,‘1970l If one grants the assumptlon that
 the duratlon of a. channel response 1s essentlally malntalned
facross the various synaptic delays, then it would seem that
transmission tlmes reported to range from 4 lo msc contrlbuteif
| 5rela£;vely llttle to the duratlon of the ensemble response.
The assumptlon ‘that channel responses have a mlnlmum
duratlon has 1mportant conceptual 1mp11cat10ns for the model
‘Aunder dlscu551on.‘ Accordlng to the alternatlon of . response v
theory (for example, Bartley & Nelson, 1963) the flrst pulse
of a traln of llght pulses or a 81ngle, 1solated pulse results
“1n relatlve synchrony of channel responses. For a brlef
“1solated pulse the degree of synchrony is assumed to be solely
._ determlned by varlatlons in the sen31t1v1ty ofreceptors. |
.To the extent that 1ncreases 1n stlmulus 1nten81ty brlng
more receptors to threshold level, channel response synchrony
‘for a brlef, lsolated pulse‘w1ll 1ncrease w1th 1ncreas1ng
stlmulus 1nten51ty Skuce the duratlon of a channel response
-(but not its 1mpulse frequency) is 1ndependent of stlmulus
1nten81t£ (Lev1ck & Zacks, 1970), thé magnltude of any
'asynchrony of- responses whlch may result when a second brlef

:pulse foll?ws the flrst w1th a glven delay 1s a. fUnctlon of f
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the»degree to whlch transm1551on ratesAbetween channels
vary. Furthermore, thlslasynchrony (or overlap) has a- llmlt'
/wthh 1s determlned by the channel response duratﬂon. :In“y
j‘other words, 1f the dlfference in the imp11c1t time of the:
fastest and slowest channels due to’ dlfferences in trans—: _y”“'
‘m1s51on.rates is, for example, 10 msc and 1f the average‘.
'channel response has a duratlon of 70 msc then the duratlon
vof an. ensemble response 1n1t1ated by a llght pulse occurrlng
at tlme t ‘is deflned by the time 1nterval t n'to tn+70+m |
iwmae n and m are. the perlpheral latency and transm1551on
'tlme of the fastest channel) ' Slnce the fastest channel will
not- cease to respond‘untll tlme t +70+ﬁ 1t 1s conceptually
lmplau51ble to speak of an asynchrony (or overlap) between ;:,
';channels at pulse 1ntervals smaller than 70 ‘msc. ThlS is )
;a loglcal consequence of the assumptlon that channel
responses ‘have a f1n1te duratlon and that asynchrony is malnly
h:determlned by transm1851on rates whlch display a relatlvely
' small range of varlatlon. o |
| What is requlred then,_to make the temporal dlsper51on_l
Vrmodel more workable 1s a mechanlsm whlch prov1des for an |
‘asynchrony of responses Wthh 1s relatlvely 1ndependent of
:factOrs such as flbre size and transm1581on rates.) It is a
'well conflrmed flndlng that the mean latency of retlnal
Igangllon cells decreases w1th@1ncrea51ng stlmulus strength

(Hartllne,l934, 1940, Cleland & Enroth Cugell, 1970, LeV1ck,

1973) For the cat gangllon cell, for example,_response



.uof 1atenc1es ex1st also for a set of channels activated by -

functlon mlnlma as 1llum1nat10n 1s varled
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latency decreases form 100 to 30 msC as 1nten51ty is

Ulncreased over a 5 Log range (Ogawa et al, 1966) In

:addltlon, Lev1ck (1973) reports that the response latency of L

a glven gangllon cell under constant stlmulus condltlons C

'dlsplays a. substantlal varlablllty over “time’ w1th the standardf.

©

dev1at10n of the cell ] latency dlstrlbutlon belng about

l/lO 1/20 of the cell s mean latency : ThlS relatlve constant
relation between SD and mean response latency meahs, 1n,"

other words, that an 1ncrease in the strength of stlmulatlon

"whlch reduces the mean response latency<ﬁfa glven channel also
‘reduces the varlabllity of 1ts latenc1es.. It seems a reasonable

yassumptlon that a slmllar relatlon between the mean and SD

w
,v)&
‘-\.y"

’a-glven stlmulus at a glven tlme. There are, furthermore,-

"1nd1catibns that the varlablllty of 1atenc1es between

channels 1s 1arger than the’ varlablllty within a’ glven channel

(Lev1ck 1973) These flndlngs suggest that 1t should be fj

possxble to estlmate, flrstly, the duratlon of the ensemble- f

response to-a brlef stlmulus and, secondly, the magnltude

" and the dlrectlon of Shlfts 1n the 1nterval d1scr1m1nat10n f, »

5

In order to estlmate the magnltude of the temporal

D

dlsper51dn of the ensemble response (1 e. 1ts'durat10n)_the_"

'~follow1ng assumptlons w1ll be made. ::dr. 'yjhf_t‘. l'vlb .
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- (1) Under high 111um1nance condltlons mean latency '

' u'of a glven number of channels is estlmated at’ 30 msc.’

. (2) Under 1ow 111um1nance condltlons mean latency
of a glven number of channels is e?ated at 80 msc.
| 'v'ff(3) The SD of the var1ab1 ty of a glven set of °
“channels 1s assumed to be 1/5 of the set's mean latency
_(4) The response duratlon of a glven channel has‘a
1n1n1mum of 70 msc for st1mu11 of 1ess than 32 msc duratlon.
(5)' The dlstributlon of response latenc1es for a set
'.of channels 1s assumed to be normal.‘ |
(6) The varlatlon of transm1851on tlmes for a set
u'_of channels is negllglble | | ,.;‘
:» Assumptlons (1) and (2) are based on’ "the data by 1
V Lev1ck (1973) and Ogawa et al, (1966) Assumptlon (3) lmpliesf
“dgthat the absolute value of the SD ranges between 6 and 16 msc, f-
_ ;dependlng on the level ofnlllumlnatlonf. These values are |
‘vcompatlble Wlth the estlmated SD's of the latency dlstrrbutlonsi;
nof hypothetlcal gpngllon cell responses determlnlng performance;f
f‘ln Judgments of temporal order (Zacks, 1973) ' Assumptlon ;.h
{(4) seems Justlfled in v1ew of the data obtarned by LeV1ck '
& Zacks (1970). Assumpggon (6) is a consequence of the o
arller dlscu551on on the varlablllty of transm1551on tlmes»xi_
The duratlon of the ensemble response to a br1ef |
o v1sual-st1mulus ‘is determlned by two factors. channel response'3h

:_duratlon and varlabllxty of perlpheral latencles.' The latter -

;gfactor 1mp11es that for a glven set of channels the onset of

: %
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'the channel responses 1s dlspersed over\tlme. Due to the
B _assumed constant relatlon between mean iatency (Xl t.) and SD nih
'On the one hand and the effect of stlmulus strength on Xlat }"
v.hon the other, the perlpheral dlsper91on will: decrease‘w1th
,1ncrea51ng stlmulus strength The magnltude of the dlsper51on

of channels response onsets may be estlmated aCGOIdlng to. the -

formula.

H ‘XIat;’

ThlS means that 1f a llght pnlse occurs at tlme t the onset
-of the channel responses is dlspersed over the tlme 1nterval

0+12 to t0+48 and to+32 to t0+128 for the hlgh and 1ow _.'

- _111um1nance condltlon respectlvely. Assumlng neglxglble

transm1881on tlmes and a channel response duratlon of 70 msc,fi
vh t1me elap51ng between the onset of the ensemble response | o
(1mp11c1t tlme) and 1ts offset wxll, therefore, be deflnéd B
‘ by the t1me lnterval t0+12 to t0+118 for a total duratxon of -
-;106 msc for the hlgh 111um1nance condltlon, and by the tlme 1
: fflnterval to+3é to t0+198 for a total duratlon of 166 msc-'
| for: the low 1llun1nance c0nd1t10n. It should he noted that o
'A;the estlmated duratlons of the ensemble response are
"_jcompatlble w1th the mlnlmum duratlon (120 240 msc) of a V1sualp”
- perceptlon (Efron, 1970) | ' s

The Just derlved estlmates of ensemble response‘
/

| duratlons allow an estlmate of the magnltude and the directlonlie‘

fof shlfts 1n the m1n1ma of - 1nterva1 dlscrlmlnatlon functlons K

~NC LT

N



. as 1llum1ance 1s varled : Flgure (18b) graphlcally dlsplays 3

the temporal dasper81on of hypothetlcal ensemble reSponses

| - to a double pulse stlmulus w1th an onset 1nterval of 83 msc'
'under the assumptlon that mean perlpheral latency is 80 msc

fe(low 1llum1nance “condltion) and that the SD is 1/5 of the _
mean latency._ The pulse 1nterva1 represents that lnterval at

‘wthh a mlnlmum‘lncrease in 1nterva1 results 1n a glven

(crlterlon) change 1n the overlap of the ensemble responses.'

'Flgure (18a) shows the pulse 1nterVal whlch 1s needed forf”L

'*“_maxlmum 1nterval dlscrimlnatlon under the assumptlon that

'vmean perlpheral latency 1s 30 msc (hlgh 1llum1nance condltlon)

and the SD is agaln 1/5 of the mean latency. As can be seen, -

””jthe pulse 1nterval at whlch maxlmum dlscrlmlnatlon 1s expected

to occur Shlfts from 80 to 50 msc as mean latency decreases
j'from 80 to 30 msc The dlrectlon and the magnltude of the B

.estlmated shlfts 1n functlon mlnlma compares favorably w1th the;m

"4'sh1fts observed in Experlment I

‘l The above dlSCUSSlOn permlts the conclu51on that the |
'temporal dlsper91on of ensemble response may be solely L

accounted for by the dlstrlbutlon of perlpheral response

‘;ulatenc1es and the duratlon of . channel responses and that ShlftS L

"_1n the dlscrlmlnatlon functlon mlnima may be explalned 1n terms:ﬂ3.7

: 'b,of the effects of 1llum1nance on: the mean of the perlpheral

-latency dlstrlbutlon and the relatlon between the mean of the
t'latency dlstrlbutlon and measures of 1ts Vaflablllty.. In the

‘,efollow1ng sectlon a number of aspects of the functlons relatlngz‘
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apparent brlghtness of a two-pulse stlmulus to pulse 1nterval
‘whlch have not yet been dlscussed wlll be related to the

T re- formulated model of temporal dlsper81on

Experiment'II'(Continued)

» It w1ll be remembered that Experlment II was designed |
‘to fac111tate the 1nterpretat10nJof the secondary rise and |
-fall of 1nterval dlfference thresholds observed in Experlment
’Al, Inspectlon of the brlghtness functlons suggested that thesei
d,secondary fluctuatlons 1n thresholds may be accOunted for in
sterms of varlatlons in. the rate at whlch brlghtness decreases.
w1th 1ncrea51ng pulse 1nterval t It was also suggested at that
t1me that the over-all/rate of brlghtness decrease and the |

' magnltude of brlghtness decrease are two other aspects Wthh

characterlze the brlghtness functlons.. The latter two aspects d:7

| w111 now be related to the model of temporal dlsper ion. _
- v In 1ts most 81mple form the temporal dlsperzion model
?of two—pulse dlscrlmlnatlon (Nllsson,‘1968) assumes that to o

- the extent to Wthh the two ensemble responses overlap |
'51ngle flash of enhanced brxghtness W1ll be percelved,/and

5'that to- the extent these responses do not overlap two flashes

hgw1ll be percelved It 1s, furthermo e, assumed that the

- enhanced brlghtness of the stlmulus as pulse 1nterval 1s .5{17[\-‘

3 A

"'pdecreased 1s due to a process of algebralc summatlon of

. act1v1ty 1n OVerlapplng (asynchronouso Channels. I shalll, for

| iﬂthe moment, adhere to these assumptlons.r~,_;_,:.,

IR
"
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| It follows from these assumptlons that the pulse h!
tlnterval at wthh brlghtness has decllned to asymptotlc levels‘
- should be 1dent1cal to the pulse 1nterval at which the model p
,predlcts optlmal 1nterva1 dlfference dlsdilmlnatlon and that,
1furthermore, the apparent brlghtness of a double pulse at f
| ‘that 1nterval should be equal to the brlqhtness of a- 51ngle'
pulse of the same lumlnance. Decreases 1n pulse 1nterva1
,.should 1ncrease double pulse brlghtness whlle 1ncreases 1n‘-
'pulse 1nterval should leave brlghtness essentlally unchanged
‘Flgure (19) graphlcally 1llustrates these prop091t10ns.,

Table (7) compares the values ‘ t e pulse 1ntervals ;»vl

1c'leve1.*or

~at which brlghtness has decreased to as
'_>1n the case where brlghtness decreases non-monotonlcally

- jthe pulse 1nterval whlch shows max1mum brlghtness attenuatlon,

PR w1th the Values of the pulse 1ntervals at whlch 1nterva1

'dlfference dlscrlmlnatlon 1s optlmal The entrles in Table (7)5
"represent the data of those observers for whom both d1scr1m-‘
1nat10n and brlghtness functlons for glven condltlons of
'*lumlnance and target slze are avallable. It can be seen .
:'that for the two lower lumlnance levels opt1ma1 1nterva1
J!dlscrlmlnatlon occurs at shorter pulse 1ntervals than max1mum ;
brlghtness attentuatlon and that a close correspondence
»».between the two measures can be observed only for the T + 2 25

"(30 ) condltlon

Table (7) also 1nd1cates that the effects of increa51ng;l_5'

the lumlnance of a target of glven 51ze are such as to Shlft
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both the temporal locus of optlmal 1nterval discrlmlnatlon -
and of max1mum brlghtness attenuatlon towards shorter pulse e
ivlntervals., The conslstency of the effect of lumlnance on
vthe latter measure is. more conv1nc1ngly demonstrated in the
ugraphs of the brlghtness functlons (Flgures (14) and (15))
a:For both observers lncrea31ng 1um1nance from T+ 1.75 to
h;T + 2. 75 Shlfts the temporal locus of max1mum brlghtness '

. decrease towards shorter pulse 1ntervals.: Flgure (20) presents
‘the brlghtness functlons for another observer (T N ) for .
fwhom lumlnance was lncreased up to T + 3 25 Log.‘ The temporal
'1ocus of max1mum brlghtness decrease (dashed dlagonal) shlfts
"from 90 msc to 70 msc as luminance 1ncreases from T + 2.25 |

';fto T + 3. 25.2 Note, however, that for thlS observer lumlnance
;levels as hlgh as T +.3. 25 fa11 to Shlft the temporal locus :f
.'of maxlmum brlghtness attenuatlon to the short interval &
d(60 msc) observed for H B and L S. when lumlnance was ln-‘.
creased to T + 2. 75. The Just descrlbed trends 1n the effects;-
'of stlmulus lumlnance are’ not inconsxstent w1th the expectatlons.'
i_ of the modlfled temporal dlsper51on model Whlch predlcts S
'ithat 1ncrea51ng 111um1nance by 1ncrea31ng stlmulus lumlnanceijh
should dlmlnlsh the temporal dlsper310nsof the enSemble fe‘
-3response and that, consequently, hrlghtness should decrease 7
3gmore rapldly wlth 1ncreases 1n pulse 1nterva1 |

The last aSpect of the brlghtness functlons to be

-_dlscus$ed that is: the magnltude of the brlghtness decrease f7 h?

;}as pulse 1nterval 1ncreases, reveals upon 1nspect10n a _,ff




. closely to the brlghtness of a 81ngle pulse (Flgure (lS),

i_puzzling phenomena-' The brlghtness functlons for the low
- and medlum lumlnance c0nd1t10n for- stlmulus 51ze 30"
di(Flgures (14) and (lS)) and for the medlum lumlnance condltlon_f
for stlmulus 81ze 1. 0° (Flgure (16)) 1nd1cates a brlghtness i
’gdlfference of ca. o7 Log between the brlghtness of the double :
';_‘pulse of brlefest 1nterval and the brlghtness of the stlmulus e
at lntervals where brlghtness has decllned to asymptotlc ‘

.'levels _ Slnce brlghtness at- asymptotlc levels corresponds 'y'j

‘llt would seem that were pulse 1ntervals further decreased o K

g beyond that of the brlefest (3 msc IPOI) 1nterval such that

'V'»two pulses of 1nten51ty I are temporally superlmposed to make

for a 31ng1e pulse of 1ntensrty 2 x I, brlghtness would have
:hto decrease by approxlmately .4 Log to satlsfy the reasonable
f ‘expectatlon that a pulse of 1nten51ty 2 X I should be brlghter
.7by ca. .3 Log than a pulse of 1ntenslty I, A prellmlnary f "
4-1nvestlgat10n of the effects of decreaslng IPOI s beyond 3 msc

J1nd1cated an absence of any. systematlc changes in brightness

"l‘w1th changes in- pulse 1nterval w1th1n thls extremely narrow

. range of 1ntervals. An alternatlve explanatlon must, therefofe,
-be sought and w111 be offered in-a later sectlon of thls paper
;;when the results of further experlments on the v18ual brlght—
:fness of trans1ents are dlscussed | In order to prov1de a.
‘itheoretlcal and emplrlcal background for thlS explanatlon,llf"

shall 1n the next sectlon dlscuss the effects of hxgh lumlnance B

condltlons on the brlghtness functhnS generated 1n Experlment II
: . et L \
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. Effects of HAQh Lumlnance on Two—pulse Brlghtness

".Flgure (14) and Flgure (15) graphlcally dlsplay the. effect |
on. the brlghtness of . two-pulse stlmull of 1ncrea91ng lumlnance j‘l
to éj+ 2. 75 Log It can be seen th;t for both observers | N
lbrlghtness decreases non—monotonlcally as pulse 1nterva1

'b 1ncreases from 3 to 138 msc. For both observers brlghtness

‘1_ decreases up to an 1nterVal of 60 msc. Further 1ncreases

t

"_1n pulse 1nterva1 result in a subsequent 1ncrease 1n apparent

'”brlghtness. The brlghtness of a 91ngle pulse of the same

- 1um1nance 1s 1nd1cated for observer L S by the dashed

horlzontalL It can be seen that a double pulSe is Judged:to

be brlghter than a sxngle pulse by thls observer at pulse
.lntervals smaller than ca. 50 msc, whlle at longer 1ntervals‘
lra double pulse 1s generally judged to be less brlght than a
51ngle pulse.' It 1s further noted that at the brlefest pulse;_
1nterval the brlghtness dlfferenCe between a double pulse and

. a sxngle pulse is relatlvely small (ca.'.z Log) In addltlon,

'lnspectlon of the brlghtness functlon for,thls observer (L._S )
7:;reveal§1re1at1vely pronounced fluctuatlons 1n brlghtness at |
slntervals beyond 60 msc, that 1s at 1ntervals beyond the
k temporal locus of maxlmum brlghtness attenuatlon. Flgurel_i~'
(21ﬁ' resents a repllcatlon of the brlghtness function at

o +: 2‘75 for observer L. S. The fluctuatlons in brlghtness:.-

' beyond 60 msc appear llke damped osc1llat10ns. i»'
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Since the.effects of increasing luminance.beyond
'T +.2.25 are rather striking, additional brightness data were
obtained for another observer (T. N.) for 5. luminance conditiOns
"ranging from T + 2 25 to T + 3 25 for stimulus 81ze 30°'.
Figure (20) shows the effects on the brightness functions of
changing luminance over this range. The horizontal line~
segments in Figure (20) indicate the Judged brightness of a |
ISingle pulse at ‘each of thz 5 luminance conditions., As can
be seen, the over- all effect of increasing luminance is such
’las to increase that region of pulse intervals in which a double:

gipulse is of lower brightness than a: Single pulse ' This effect

l‘apg%ms at. luminance levels of . T + 2. 75 and beyond ;For .

"the higher luminance conditions brightness tends to increase

'.again as intervals are: increased from medium to long durations,
1 >

71the effect being, however,,not as pronounced as for observersv.

‘:;H B. and L. s. Figure (20) also indicates ‘that for medium ;~

-

.'and long interval durations Log brightness is approximately
f-linearly related to Log stimulus luminance, while for very

n‘brief interval durations a non—linear relation is in eVidence.n
'  The finding of reduced brightness responses of the

Visual system at pulse intervals beyond 40 50 msc when y ,

‘ 1uminance is increased above a certain level is not conSistent
3 w1th the temporal disper51on model as reformulated earlier.‘ |

'The fluctuations in the rate of brightness decreaSe, that

.lS the findings of Experiment II, could pOSSibly be explained Y
u:by assuming xhat the shape of the ensemble response is .

. /i

{ e T RERA S |




1 fmultl modal rather than Gau881an. It is not 90881b1e, however,b
| to account for the observatlon that at pulse 1ntervals at
'._whlch the ensemble responses to a- two—pulse stlmulus can beA

~:4‘v'» assumed_to still manlfest a. certaln amount of OVerlap '
the apparent brlghtness of such st&mulus is smaller than
that of ‘a 51ngle pulse.' Nor can the model g1ve an aqcount
./bf the non—monotonlc changes of brlghtness w1th 1ncreases in.
_pulse 1nterval Wthh were . observed under hlgh lumlnance )
condltlons.‘ It should be remembered that 1t was assumed that ,
}any overlap results 1n a llnear addltlon of actlvlty 1n |
bp_asynchronous channels and that 1ncreases in pulse 1nterval
' beYond a certaln duratlon should leave brlghtness essentlally
unchanged | | o . |
‘An 1nterpretatlon of the above flndlngs w111 be alded
| by relatlng them to a number of. psychophyslcal and phy51olog1-
- cal flndlngs on the responses to V1sual translen 8 whlch show.:v
' ev1dence of‘response 1nteract10n at certaln crltIcal 1nter-~V.
'stlmulus 1nterva1s. Baumgardt & Segal (1946) observed that
' the" brlghtness of a double pulse con51st1ng of tw° concentrlc
) squares of unequal SLze was reduced below that of a slngle
| 'element at: pulse 1ntervals between 40 and 70 msc. Ikeda (1965)
:1nvestlgated temporal summatlon of 1ncremental and decremental ‘
;adouble pulses and reports temporal summatlon of energy to |
) ugudecreases below that expected by probablllty summatlon at .i:,rl':
qulse 1ntervals of 52 and 70 msc for the hlgh and 1ow adaptlng

lumlnance condltlon respectlvely., Slmllar‘evldence for“
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response 1nteract10n at 1ntervals between 40 and 70 msc is -
prov1ded by the temporal summatlon studles of Uetsukl & Ikeda
(1970) Rashbass (1970 l974), Roufs (19730); and Tltare111
et al (1970) Ikeda & FUJll (1966) 1nvestlgated the temporal
_ summation of more than two pulses and report ev1dence of
;responsellnteractlon at 1ntervals of around 60 mso .

The above data are. compatlble w1th ‘a number of studles '
: u51ng two- flash detectlon or’ 1ncrement detectlon measures of
temporal summation whlch indicate that threshold energy rises
hto a max1mum at pulse 1ntervals of 60 msc and/Lubsequently |
_decllnes agaln (Herrlck 1974, 1973, 1972 Herrlck & Thelssen,A
"1972). Grossberg (1970) 1nvestlgated the latency of detectlng
near- threshold double pulse stlmull and reports that reactlon
-tlme 1ncreases gradually to a: peak as pulse 1nterval is

/4’

1ncreaseﬁ to 70 80 nsc,and subsequently decreases t

equal- to that for a 31ngle pulse as pulse 1nterva1' are
further 1ncreased Schuckman & Orbach (1965), 1n estlgatlng
fthe detectlon thresholds of twin 'dark pulses"as functlon of

td

'pulse 1nterval, reports that at 1ntervals around 50 60 msc ~'

: detectlon thresholds of a double pulse are approx1ﬂately 20%

hlgher than those for\a 51ngle pulse Thelr data indicate
:,‘that ak pulse 1nterval between 40 and 70 msc thresholds are
-1ncreased relative to t ose for a sxngle pulse, whlle at
-”dlntervals smaller or 1arger than this range double pulse
thresholds are decreased relatlve to those for a ‘single pulse;'u

'Phllllps & Slnger (1974) presented two, temporally succe881ve

o
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random dot patterns and reports that for brlef (2 msc)n
.duratlons of the flrst pattern detectlon of the appearance of
'j a 51ngle (10 ) addltlonal element in the sec0nd pattern'
llncreases to a max1mum as stlmulus 1nterval 1ncreases to 60
msc, and decreases agaln as stimulus 1nterval 1s further
1ncreased. The authors 1nterpret the flndlngs in terms ofl
inhibition between oN and OFF responses (Slnger & Phllllps,.
l974) and report that effects of changes in pulse 1nterval
“on detectlon are absent under dlchoptrc stlmulus presentatlon,
’procedures. ‘A"' t". S o _ o ,b - 'I_
| The above cited evidence of response 1nteract10n at )
certaln crltlcal pulse 1ntervals is compatlble ‘with 51m11ar
;eV1dence»1n the phy51olog1cal~and psychophysiological domaln.’
Polyansk11 (1967), recordlng from the rabblt visual cortex,
';1n§ers the presence of‘post exc1tatory inhlbltlon from the -
finding that the reduced respon31v1ty -to the second pulse
. of a palr reaches a max1mum at pulse 1ntervals between 40 -390
: msc, the 1ntegr1ty of the response to the second pulse belng
| restored at lntervals greater than 90 msc. Donchln et al
Mr(l963) reports an 1nteract10n of photlcally evoked responses“*f
to double- pulses at 1ntervals of . less than 100 sc as measured -
by the human v1sual evoked response. Grusser § Kapp (1958),»
‘recordlng from 51ngle cat gangllon cells, report that the
':response of the cell to the second pulse of a. pa1r beglns to-

decrease at . pulse 1ntervals of 85 msc, Mlth complete suppress—-

NE T

ion of the response to the sec0nd pulse occurrlng at 1ntervals
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-below 52 msc. The pulse 1nterval at Wthh the response to:
the second pulse is absent was shown to decrease w1th 1ncreases

in stlmulus lnten31ty - The latter was 1nterpreted as ;\.

L

reflectlng the decrease 1n the latency of postexc1tatory
(recurrent) inhibition w1th 1ncreases in stlmulus 1nten51ty
‘In vlew of these flndlngs it is suggested that the

-reduced brlghtness of two—pulse Stlmull at hlgher lumlnance

-ulevels reported 1n Experlment II is due to. the;re&ace of an .

,: 1nh1b1tory mechanlsm 1n1t1ated by the flrst pulse and which

'operates maxlmally with a delay of approxlmately 60 msc. In*

- view. of the f1nd1ngs by Grusser & Kapp (1958) and Phllllps &

Vslnger (1974), it is llkely that thlS mechanlsm is 1ocated

at relatlvely perlpheral 1evels of the afferent v1sual system

' The presence of such a response-attenuatlon mechanlsm 1nd1cates »

that the temporal disper81on model should be modlfled accord- |

,.1ngly.- More spe01f1cally,_the shape of the te;poral dlsper510n

'of channel responses should be concelved to ‘be dlpha31c rather

.than monopha51c, glven»certaln (1 e. hlgh lumlnance) stlmulus y"

- condltlons, to take account of an assumed post—ex01tatory |
1nh1b1t10n phase | |

_ Dlpha31c responses have been predlcted, for example,

by Ikeda (1965) on the bas1s of results of studles on the

-

o temporal summat10n of comblnatlons of 1ncrementa1 and decremental_

lpulses. Roufs (l973c) derlved hypothetlcal responses to tW1n_.

lncremental pulses from fllcker - fu51on data and predlctS‘
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| fllcker fus10n data (Kelly, 1961b) or of fllcker fu51on

59
diphasic responses‘for‘higher levels of baSe line luminance.
In addltlon hlS model suggests a second negatlve phase w1th

1 .

a latency of approxlmately 65 msc D1phaslc responses are

*slmllarly predlcted by psychophy31cal models of “the dynamlc

~

propertles of .the eye wh1ch attempt to glve an account of

“"data and data on temporal" summatlon (Sperllng & Sondhl, 1968)

wThe latter model predlcts negatlve response phases to be more

pronounced at higher levels of background lumlnance. .The

u,1nh1b1tory processes whlch are assumed to underly the negatlve

phase of the. dlpha51c response may be elther of: the self-fv

1nh1b1tory or: lateral, recurrent type (for example, Ratllff

. et al, 1963 Grusser & Kapp, 1958, Cornsweet, 1971) It may

}1ts magnltude w1th data on the t1me course: of lateral

be noted at this pornt that the . latency of the maximum °

'1nh1b1tory effect suggested by the brlghtness data 1n

';Experlment II (see for example Flgure (21))is compatible in

-

. 1nh1b1t10n reported by Petry et al (1973) The latter report'

- a maxlmum 1ncrease in- the 1ncremental threshold of a test
stlmulus, spatlally superlmposed on an edge stlmulus, at

"lstlmulus lntervals of between 30 and 50 msc.

It 1s, flnally, proposed that the 1nhib1tory processes

'whlch have been postulated ln the expErlments and models

ireferred to above and whlch operate maxlmally at certaln,

-

cr1t1cal 1nter stlmulus 1ntervals have essentlally the functlonf

- of a galn-control mechanlsm Wthh manlfests 1tself malnly at
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2

higher luminance levels ‘ In later sectlons of t is paper- A
.laddltlonal experlmental ev1dence Wlll be adduced whlch N
';suggests that a number of’ aspects of both the brlghtness —\
and 1nterval dlscrlmlnatlon functlons observed 1n Experlments
lj_I and II can be explalned 1n terms of the operatlon of such -

1

”'galn control mechanlsm In the immedlately followxng sectlon

'_a brlef dlSCUSSlOn of the operatlng prlnd;ples of galn control
'mechanlsms w1ll be glven and thelr 1mp11cat10ns for an 1nter-:
Lpretatlon of the osc1llatory brlghtness changes observed in

| g Experlmenty IT w1ll be noted

i Galn Control Mechanlsms | The galn control character—n.
:1st1cs of models of v1sual dynamlcs 1n whlch the main elements :
are. Resxstance-Capac1tance (RC) stages have been extens1ve1y

"’dlscussed in a number of theoretlcal papers (Fuortes & Hodgkln, s

.1964, Sperllng, 1964, Sperllng & Sondhl, 1968 Lange, 1952.

'Matln, 1968, Marks, 1972) ' A glven RC stage or- element may be

, concelved as the electrlcal (c1rcu1t) analog of a. nerve cell'

N G
,;re51stance and capac1tance. If the 1nput of such a sxngle.

'-element system 1s an 1mpulse the output ane form wlll have

Loa steeply rlslng 1ead1ng edge and a fallmng edge whlch decays

1

”exponentlally. It sufflces to say that the rate of exponentlal'f”

'decay is a function of the product RC, ‘the latter belng

:‘jreferred to as the tlme constant T of the element. Furthermore;ﬁ“

if a number of such RC elements are connected in series and

rthe t1me constant of each element is assumed to be flxed, 1t
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C1Can be shown that the output wave form of the system (glven
:the 1nput 1s an 1mpulse) will dlsplay an . 1ncrea81ng attenua—

e tion of amplltude and of the rate at whlch the-response beglnsv Q

" to bUlld up and subsequently decllnes as the number of RC

stages-ls 1ncreased. In other words, the greater the number,‘
 of RC stages the greater W111 be the 'spreadlng out' of the
output wave form Thls type of system is essentlally the

'type of model whlch has been proposed for the frequency
19

"”response characterlstlcs of the v1sual system. ‘;7

In ‘as much as the amplltude of the output wave form 1

(i.e. its attenuatlon) 1s a functlon of the over—all tlme

__”c0ntant of the system and the latter can be altered by changlng

:the reSLStance of all or some of the RC elements, galn COntrol

‘ models have been proposed in whlch the tlme constants of the |
C_ RC stages are controlled by the output of the system Thev'}
functlon of such a system is to compress a large range of'
1nputs 1nto a smaller range of outputs RC stages w1th ‘:,-
}svarlable t1me constant are assumed to be analogous to ,
,rsynaptlc 1nh1b1tory processes (Fatt & Katz, 1953) Slmllarly,
{RC stages wlth output (1 ep feeback) controlled tlme constants
may be concelved to be analogous to recurrent lnhlbltory |
.processes Systems wthh have varlable, output controlled ’
tlme constants shall be from here on referreﬁ to as feedback

f~(FB) fllters Wlth varlable tlme constant.d One characterlstlc

";;of such systems is that, glven that the feedback 31gnal passés

gthrough the feedback loop with- a certaln delay, the output of
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the. system to a- pulse or a Stephlnput.may 1n1t1ally undergo

a serles of OSClllathHS (1 e. the system Wlll operate ”

;;;-alternately at maxlmum or mlnlmum galn) until it $ett195},a?~;
?a flnal, aVerage output level \"}’ y ‘ ; f : wf'A\ SR |

Damped osc1llat10ns Wthh are the result of tlme

o delays in negatlve feedback loops have been descrlbed for - the

'

- _leulus eye (Ratllff et. al, 1963) and for the cat retlna

;(Grusser & Kapp, 1958) and- they are 1mp11c1t 1n models of ,:
v1sua1 dynamlcs such as 1n the cascade-fller models for the
.~L1mulus eye (Fuortes & Hodgkln, 1964) and for the analy81s:.
s‘of “human fllcker fu31on data (for example Lange, 1952)
It 1s, therefore, 1nstruct1ve to con81der the hlgh
,llumlnance brlghtness functlons of Experlment II The functlon
for observer L. S (Flgure 21)) clearly shows a serles of
‘damped osc1llat10ns at pulse 1ntervals beyond 60 msc.l The
‘{?perlod of these osc1allat10ns 1s approxlmately 15 msc_ linof"
:forder to determlne the extent to Whlch a-; hlgh frequency |
:“fcomponent of about 60~ 70 Hz may also be present 1n the data
- of th. other: observers and condltlons, a Fourler analy81s of
"the a'allable set of brlghtness functxons was performed =

~es (22 to 25)) show the power den51ty spectra for the"

,aval able brlghtness data Slnce the 10wer frequency components
.'“are’.f llttle 1nterest here,_the fundamental frequency and |
the '1rst } harmonlcs were removed by dlgltal fllterlng.?ol?
.The~grap sgdi‘ lay Log relatlve power for each of the

frequen01es 1nd1cated on the hor1zontal axls AnInspectlon of
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the power spéctra 1nd1cates the presence of a hlgh frequency

. -

kcomponent of between 60 ~66. Hz which power is genarally larger
-for the hlgh lumlnance than for the low lumlnance COndlthh },
"1Thls trend 1s more apparent for the spectra of observer T. N |
"and L. S. than for observer H. B. . o aa'-”: |
| The above analysrs supports to some extent the<' o
,hnassumptlon that hlgh frequency osc1llataons w1th a perlod of
at lejgiz\vys msc are present 1n the brlghtness functlons of
all observers and that these oscrllatlons are more pronounced
‘k;at the hlgher lumlnance levels.» If one grants the assumptlon
' that these osclllatlons are the manlfestatlon of a system _
. w1th negatlve feedback characterlsths then the perlod of

: these oscxllatlons would seem to suggest a delay 1n the -

fnegatlve feedback 100p of at least 15 msc. It 1s 1nterest1ng

. in thlS respect that the cascade fllter model proposed by

':Lange (1952) to accoun:\for human fllcker—fu51on data postu—-

; lates tlme delays in’ the negatlve feedback loop of ll tO 14

' 1) ms It should also be noted that measurements of the changes

- in the apparent brlghtness of a flash of 1aght made by Bldwell
'-3(1899) show damped oscxllatrons of apparent brlghtness w1th a ,f'

22 Fmally, Regan (1968) and

_perlod of approx1mately 151msc
J_Tweel & Verduyan (1965) report the presence of a 45 55 Hz .

| component in the human v1sua1 evoked potentlal for hlgher dl]
A‘istlmulus 1ntensrt1es, whlch has an apparent latency of 60 msc._'f
o In v1ew of these flndlngs, I shall as a worklng hypothe-ﬁj:

‘}515 adopt the prop081tlon that the h1gh frequency osc1llat10ns
' [ ; /' h ’ : - ' : :

N
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. in the hlgh lumlnance brlghtness functlons are. the manlfesta—'.

'ftlon of a system operatlng accordlng to negatlve feedback

:‘pr;n01ples._ Addltlonal support for such an 1nterpretat10n
“f;would be obtalned 1f 1t could be shown that the effect on

'-the over-all tlme constant of the system of changes in stlmulus

I

A‘COndlthnS is con91stent w1th the predlctlons generated by
' rmodels whlch postulate FB f11ters as elements in ga1n control
'mechanlsms Experlment v was, therefore, de51gned to estlmate

',the over all tlme constant of the system

e -

The theoretlcal polnt of departure for this eXperlment'

is a model of v1sual dynamlcs proposed by Sperllng & Sondhl

lumlnance dlscrlmlnatlon and fllcker detectlon.r The model

= n'_con51sts essentlally of 3 components. (l) A two-element FB

' ';fllter Wlth varlable, output-controlled RC stages whose fdnctlon

1s the reductlon of the dynamlc range of response and the

:reductlon of the over all t1me constant of the system as the"
;lnput level 1ncreases. (2) A one-element feedforward (FF)
’Ihlfllter W1th varlable, 1nput-controlled RC stage whlch accounts
"for the Weber law behav1or of the sYstem. (3) A serles of low-iG
'pass (LP) fllters w1th f:xed RC stages whlch accqunts for the'.

~'frequency response bharacteristlcs of the ggstem.f

o In order to compare hlS mode& w1th the lumlnance

dlscrlmlnatlon data of Herrlck (1956) and Graham & Kemp (1938),

e

'(1968) ’ Thls model attempts to’ account both for data on v1sual -
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;Sperling-s Sondhi maketuse-of two:significant quantities°"
Sen81t1V1ty, S, which 1s deflned by the rec1proca1 of they
.:constant threshold energy, Lt, for pulse duratlons,:ti, _‘x
smaller than the . crltlcal duratlon of Bloch s law .and, |
secondly, the crltlcal duratlon, T, whlch 18 defined by that

pulse duratlon at thCh the relatlon AL constant-energy»}‘

fchanges to AL constant lumlnance. \1‘

_The model makes two predlctlons w1th respect to these .

lﬁ quantlties.. Flrstly, Log l/T 1ncreases non- llnearly w1th
n,decreases in Log S« Thls is. to say, ‘in. other words, that
-ra decrease 1n (energy) sen51t1v1ty is accompanled by a non-'x
vfllnear 1ncrease in temporal resolut10n.» Thls predlctlon f1ts

ythe lumlnance dlscrlmlnatlon data rather well . Secondly,-;

'_Log 1/1 1s predlcted to increase non-llnearly w1th 1ncreases

in Log L. ThlS predlctron may be contrasted w1th the 1nter-y

' ypretatlon Whlch Herrlck and Graham & Kemp glve thelr own data.

.“They suggest that the data are better fltted by assumlng
- a llnear relatlon between Log 1/1 and Log L (see also Mat1n,~
'd.1968) The follow1ng experlment proposes to 1nvestlgate the |
‘.“!relatloégbetween l/T and L, u51ng ‘a dlfferent measure to |
‘estlmate the\tlme constant, T, . 4' | |

It w1ll be remembered that a decrease in. the tlme

'1-constant of an RC system 1mp11es an. 1ncrease 1n the rate at

o wthh the response occurs.” Slnce decreases 1n the rate at

_ﬁwhlch output develops mean that the syst@ w111 have a reduced'

”._capac1ty to resolve rapld and sﬁcce851ve lnputs, the tlme‘ e

A L ‘ R Y N B - . ' : “ Lo ) B
oo : T S N - 3 R



&

'55' :

W~constant §f the system 1s 1nversely related to temporal

resolutlon.: Conversely,_measures of temporal resolutlon
may permlt estlmates of the system s over all tlme constant
It was suggested earller that measures of temporal aculty,

such as absolute thresholds determlned 1n a forced ch01ce '

fprocedure, prov1de less mean1ngfu1 measures of temporal

resolution (as deflned above) 31nce 1n a: forced ch01ce

b

}_procedure cues not dlrectly related to temporal resolutlon

(such as apparent brlghtness) are used by the dlscrlmlnatlng

"_observer "-An alternatlve way of measurlng temporal resolutlon

“is to. requlre the observer to respond’to the presence or

N absence of a spec1f1c cue closely t1ed to temporal resolutlon, .

'such as the detectlon of the slxght undulatlons in apparent

brlghtness whlch can be percelved when the pulse lnterval of

f_a double pulse stlmulus is 1ncreased from the reglon in Wthh

the stlmulus appears ‘as one fused flash to that in whlch 1t

| beglns to 'fllcker' ' It/was, therefore, deczded to estlmate |

the tlme constant 1nvolved 1n the proce531ng of two-pulse :;‘f-

'_stlmul1 by measurrng thelr fu51on thresholds at dlfferent

Tlevefs of lumlnance.u

The’ procedure adopted for thls experlment was brlefly

: as follows For each of - 9 levels of stlmulus lumlnance, ranglng:
‘:from T + 1. 25 to T + 3 25 Log, the approxlmate reglon of ﬂﬁ,~

-'pulse 1ntervals w1th1n whlch the fuslon threshold was expected

"to occur was determlned by v1sual 1nspect10n of the stlmull.

,,Thls prellmlnary estlmate of fu51on thresholds seemed Justlfled '
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‘ experlmental sesslon was run for each of the 9 lumlnance

-2 presented in Wthh the flrst two stlmull had a (standard)

1 ’,"v 67

in view of prev1ous flndlngs by Venables & Warwlck EVans

'(l§68) whlch showed fu51on thresholds to be effected by

stlmulus lumlnance ThlS prellmlnary estlmate resulted 1n 9

_reglons of pulse intervals (not neceSsarlly dlfferent)

Co correspondlng to the 9 lumlnance levels within each of whlch
‘the shortest pulse 1nterva1 deflned the point at’ whlch a
'two -pulse stlmulus would be percelved as clearlz fused and

"4!the longest pulse 1nterval deflned the p01nt at ‘which the B

stlmulus would be percelved as clearlz 'fllckerlng ‘The

' temporal extent of each reglon of’ pulsa 1ntervals was flxed S
at 30 msc for the 3 lowest 1um1nance levels and at 20 msc

»for the remalnlng lumlnance leVels

Follow1ng these prellmlnary 1nvestlgat10ns a- s1ngle ,~

c0nd1tlons 1n whlch the observer made Judgements w1th respect

';:to the percelved presence or absence of flléker of ‘a two-

"pulse stlmulus. On a glven trlal a 3 stlmulus sequence was

y'%'%§f

_pulse 1nterval correspondlng to the lower p01nt of the fu31on-.'

'ﬂilcker reglon and’the thlrd (test) stlmulus had a pulse =

dlnteaval wh1ch duratlon ‘was longer by 2- 20 msc (3 30 msc for
“,f_:the 1ower lumlnances) é!%e task of the observer was to 1nd1cate3

‘ whether or not the test stlmulus manlfested 'fllcker"‘-A

block of trlals con51sted of a s;ngle Judgement for each of 10

: dlfferent, randomly presented pulse 1nterval lncrements -a’

D

block'belng repllcated 20 X w1th1n a giVQn experlmental se831on; ";
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In most respects the experlment was ldentlcal tovthe procedures
'1'and apparatus used for Exper1ment III The 1nterval duratlons
' of the standard and test stlmull are shown in Appendlx H : .
o Table (8) shows the 50% fustlon thresholds at each of_y
-9 lumlnance levels for one observer 23 The values deflne that

1nterpolated pulse lnterval at whlch the observer s responses

N 1nd1cated the presence of fllcker in the test stlmulus ”._
- S

‘“_occurred 50% of the t1me _ It can be seen that fu51on thresholds‘,

decrease from about 87 to 59 msc as lumlnance 1ncreases from

- T + l 25 to T + 3. 25 Log ﬁmhls decrease 1n fu81on thresholds
_;may ‘be* 1nterpreted as reflectlng the 1ncrea51ng temporal
:.’resolutlon of the system as’ the 1nput level 1ncreases or,‘

©in other words, the decrease in the system s tlme constant.f

It w1li be remembered that the Sperllng & Sondh1 model |
i‘predlcts non-llnear 1ncreases in Log l/T w1th 1ncreases in LOJ
L. Flgure (26) graphlcally dlsplays the relation between |
Log l/r and Log L as determlned by the results of thlS |
experlment As predlcted by the Sperllng & Sondh1 model
,(thelr Flgure (4) Center plate) the t1me constant approaches ;;t
asymptotlc values at both extremes of the lumlnance range.
‘The s1m11ar1ty betWeen the predlcted and obtalned functlons
;‘1s remarkable 1n v1ew of the fact that the estlmate of T uqthls

experlmentvjl.based on a dlfferent measure Cdmpatlblllty

\. 5

of predlcted,and obtalned results would, furthermore, seem
I

. -to 1nd1c3t§ that ‘the . dark tlme-constant of the system (as

estlmated here by the fu31on threshold under dark adaptatlon)
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“has-a similar relation to. input levels’as the'light trme¥
qconstant (as estlmated in Sperllng & Sondh1 s model by %he'n
‘ crltlcal duratlon of Bloch's law under llght adaptat10n)

| The above results tend to support the conclu81on that
.the fusxon threshold of two-pulse Stlmull prov1des a va11d :
,estlmate of the visual system s. tlme constant.r It W111 B
be remembered that FB- f11ter models of galn control whlch
‘postulate varlable, output controlled RC stages assume that
:7~part of the output is fed back to re-set the transfer functlon
"of -the system (Fllter) In the Sperllng & Sondh1 model ﬁbe |

two-stage.;%—component is de51gned to change one aspect of |

. the system s transfer functlon,_l e. the t1me constant, when"’
.jthe 1nput level 1ncreases. It is, therefore, agstructlve to-
"agaln con51der the brlghtness functlons obtalned in Experlment
“vII _and to compare "them w1th the Log 1/t vs Log L functlon._\‘
. 'Figure (26) 1ndlcates that the greater proportlon ofvthe total 'd
Idecrease in T w1th 1ncreases 1n lumlnance occ&@s between i
“T + 2.0 and T + 2 50 Log and that T decreases to asymptotac L
ilevels at approx1mately T + 2 75 Log. Inspectlon of the |
vbrlghtness functlons showé‘a correspondlng 1ncrease in theJ
‘bbrlghtness attenuatlon of double pulses at medlum 1ntervals'
(relatlve to 31ngle pulse brlghtness) when lumlnance is e'v
1ncreased to above T + 2 25 Log for observer T. N. (Flgure i
'(20)) Slmllarly, the functlons for observer L. s. (Flgure

‘(15)) shows two—pulse brlghtness to be smaller than 31ng1e

pulse brlghtness at T + 2. 75 and the absence of such attenuatlon

N
4
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‘glumlnance levels reflects the operatlon of a galn control |

'also con51stent with the occurrence of (damped) osc111‘

- 70

'at the two lower lumlnance levels The relationship between

brlghtness attenuatlon and 1 tends to support the earller .

assumptlon that brlghtness attenuatlon obs?rved ‘at hlgher

"mechanxsm wh1ch appears' to reach max1mal effectlveness atn

-4

latenC1es of approx1mately 60 msc. Thls conceptuallzatlon 1s

in brlghtness, Observed at pulse 1ntervals beyond 60
(Flgure (21)), in that they may be a. manlfeétatlon of
negatlve feedback mechanlsm w1th delay. perlods in 1t
loop “ _.h_n“.. o I,_/
‘As was . noted earller, the major functlon of the FB—
fllter 1n the Sperllng & Sondh1 model is the reductlon in the |

dynamlc range of response and the reductlon in the t1me constant_

w1th 1ncreaslng 1nput levels. For steady- state lnputs and
\w

~ for extremely brlef 1nputs the output of the FB—fllter 1ncreases

5

" as a power of the 1nput with exponents oﬁ l/n+1 -and l/n

. respectlvely, where n is the number of stages. A two- stage,

i rFB fllter, consequently, predlcts cube-root and square-root

1nput-output relatlons for steady state- and tran51ent 1nputs

respectlvely.. It should be noted, however,;that the model

‘ makes the (31mp11fy1ng) assumptlon that the . feedback slgnal | ?nbk

acts w1th zero delay -To-the extent, then,Jthat the gain 1n,_'»

the system is output controlled and to the extent that the

feedback signal actsuw1th a delay,.the ga1n}w1ll not,be_an.

instantaneous function of the input. This implies that were

s ¢ o - \
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the output of the system to very brlef 1nputs be measured
One could observe the. system under condltlons in. whlch
vfcontrol of gain has not yet reached that leVel of&effectlve—"
Aness whlch results in power law 1nput—output relatlons when
the 1nput is of lOnger duratlon.

What are the consequences of these c0ns1derat10ns with
respect to the perceptual domaln or, more speclflcally, w1th
respect to visual brlghtness measured by intra sensory
matchlng procedures? The. results of experlments employlng
mangltude estlmatlon procedures show that for stlmulus

durations (1 sec) approachlng qua31 steady state condltlons

_subjectlve brlghtness 1ncreases ag a power of 1

an exponent_equal‘to .33 (Mansf1eld,‘l973; Angl
1968;“Steyens &-Hall, 1966) ‘In view of these ln-lngs I

~ make the assumptlon that the subjectlve brlghtness of the _c
(steady state matchlng field employed in Experlment II 1ncreases
as - the cube root of lumlnance. ThlS assumptlon 1mp11es that.
1f in an 1ntra sensory matchlng procedure Log matchlng fleld
'lumlnance 1ncreases llnearly with the Log of the lumlnance B
:of a br1ef pulse of llght and thlS relatlon has unlty slope; o
then it can be 1nferred that the subJectlve brlghtness of the
3tran31ent is related to lnten81ty in a 81m11ar manner as thate
of the steady state stimulus. It follows, furthermore, that
if the slope of the relatlon 1s greater than unlty 1t can be l

: 1nferred that the subjectlve brlghtness of the tranS1ent

stlmulus 1ncreases as a power of lumlnance w1th an e;ponent

/.

i
i
b
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‘ which'is'greater than-that for the'steady:state stimulus.

It wlll be'remembered‘that the‘latter’state of affalrs
1lS predlcted by the feedback model . under the 31mp11fy1ng |
asSumptlon that the feedback651gnal acts w1th zero delay
’tUnder more reallstlc assumptlons of a flnlte feedback delay
’the brlghtness response df the system to Very br1ef 1nputs
may not be related to stlmulus 1nten51ty by a slmple power
function.24».This.state of affairs would be reflected by-the ‘
:presence of a non- llnear relatlon between Log lumlhance o
‘matchlng f1eld and Log lumlnance tran31ent. In_order to
‘1nvestlgate~thls~prop051tlon, Experlment~v uas‘designed to
'Vmeasure the brlghtness of a 51ngle (2 msc) pulse stlmulus '

at dlfferent levels of stimulus lumlnance.. : I

1

F;EXPerlment vV

| The. procedure and apparatus for thls experlment
were 1dent1cal to that outllned for Experlment II.“ Measures y.-
of the brlghtness‘of a 81ngle 2 msc pulse were obtalned for
leach of the 9 luminance levels used 1n Experlment v to ;
measure two pulse fu51on thresholds, Slnce the.lumlnance‘
levels in- the prev1ous 4 experiments were specxfled w1th
hrespect to the 1llum1nance above absolute foveal threshold of
ua 30 two pulse stlmulus of 3 msc onset~to-onset 1nterval, -

lumlnance for a 51ngle 2 msc pulse shall be SLmllarly

' ‘specified.
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Flgure (27) graphlcallygdlsplays the relation’ between
Log stlmulus 1llum1nance of a 51ngle pulse and the 1llum1nancei
of a steady (matchlng) fleld requlred to match the apparent
‘_brlghtness of a 31ngle pulse for one observer 'The 1llum1nance
of the steady fleld is. expressed in. terms of Log unlts above
1ts absolute foveal threshold for thlS observer It can be
;; seen that for the 3 lowest stlmulus 1llum1nances Log brlght- l
’ness increases nearly llnearly Wlth Log'lllumlnance For theA
remalnlng 1llum1nances 51ngle-pulse brlghtgess appears to be |
non- llnearly related to stlmulus 1llum1n;%%e. Flgure (28) : _,9}}
25 at the various 1llum1nances As. } E?
'can be seen,_galn 1ncreases non-llnearly w1th stlmulus |
.‘A_lllumlnance w1th maxlmum galn 1nd1cated for the hlgher
1llum1nance levels | . |
‘ An 1nterpretat10n.of the gain functlon 1n Flgure (28) -
may be alded by con51der1ng the follow1ng prop031t10ns. 1f

zero .gain had been obtalned for all 1llum1nance 1evels this-

_would merely express the fact - by the deflnltlon of galn

,‘—\ .

_1n thls representatlon - that equal increases ln the lumlnance
of 'the tran81ent are matched by equal 1ncreases 1n the
hlumlnance of the steady fleld If the assumptlon is granted
__that the subJectlve brlghtness of a (qua31) steady state 1nput
:flncreases ds a power of the 1nten31ty of the 1nput w1th a ’~j
fractlonal exponent of 33 then zero ga1n 1mp11es that the . ‘; ”}W
‘subjectlve brlghtness of the tran81ent is related to lumlnance |

in. 1dent1cal fashlon Slmllarly, 1f the galn in’ Frgure (28)
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were to 1ncrease llnearly with 1ncreases in 1llumlnance 1t
can be 1nferred that the sub]ectlve brlghtness of the tranSLent
:=1ncreases as a power of 1llum1nance with an exponent whlch

is larger than that under . (qua81) steady state condltlons.

On the other hand, to the extent that galn 1ncreases non-
311nearly w1th 1llum1nance it can be 1nferred that the brlght—

ness- 1nten91ty relatlon for brlef 1nputs cannot be: descrlbed

'by a 81mp1e power functlon;> Fagure (28) suggests the~ex1stence- '

':of the latter state of. affalrs. Some’ 1ndependent ev1depce

for this hypothes1s w1ll be prov1ded 1n the dlSCUSSlon of the‘
1‘_results of Experlment V | | | o
| | ‘ The galn vs Log 111um1nance (81ngle pulse) functlon \
.may be compared w1th Log l/T vs Log 1llum1nance\(double |
_pulse) funct;on (Flgure 26gsame;page) #t can be seen that

illuminahce levels‘resulting in a maximum decrease'of the

,_tlme constant T (1 e. max imum increase in 1/1) correspond

: to the- 1llum1nance levels resultlng 1n maxlmum galn.‘ Thlva
rcorrespondence 1s con31stent w1th the operatlon of a‘system |
l‘Whlch t1me constant is controlled by 1ts output (1 e. galn)
.For such a systém one would expect a large galn to result*
giln a-c respondlngly large decrease in the: tlme constant,: f:
~ -The compatlblllty of the functlons w1th respect to the ?-
}:predlctlons of the galn-control model prov1des addltlonal'
'1support foﬁ-the assumptlon that fu91on threshold measuresﬂ”'

)

';prov1de varld %stlmates of the tlme constant.

vy

-
£y oty : .
(fk.-‘yu‘ FRTO
.



‘means that the system shows a ohange 1n brlghtness gaxn of .

"Flllumlnance correspondlng to T + 2 25 Log, the apparent

75

’\ln'disoussing the results of'Experiment II, that

\

is - the functlons relatlng

51nterval it was noted at that t1me that a dpuble pulse of

vvery brlef 1nterval was Judged to be con31derably brlghter

( 7 Log) than a 51ng1e pulse under stlmulus 1llum1nances,-9

ﬁcorrespondlng to T + l 75. and T + 2. 25 Log for a double-pulse ’
‘of 3 msc onset-onset 1nterval It was, furthermore, noted ‘
T,at that tlme that such a large brlghtness dlfference was ﬁ'

“vlncon81stent with the expectatlon that the brlghtness of a.

double pulse of 3 msc onset-onset 1nterval and pulse ampll-t‘

.- tude I, wh1ch can be con51dered to be virtually a 51ngle_'

'l-pulse of amplltude 2 x I, should be brlghter by approx1mate1y

3 Log than a 31ngle pulse of amplltude I Inegectlon of the

'galn vs Log 1llum1nance (51ngle pulse) functlon suggests that
-thlS expectatlon may not be Justlfled The ga1n functlon |

”_1nd1cates that a near doubllng of 1llum1nance from T/+ 1. 95

Las

to T + 2. 25 Log has the repult of 1ncrea81ng the galn of the

system,by approx1mately 9 bb. In terms of brlghtness thls,
' /

approxlmately 45 Log. It follows directly that were the

“'1llum1nance of a sxngle pulse at T + 1.95 Log doubled by

\replac1ng thlS stlmulus by a 3 msc double-pulse of an

Ty

L brlghtness of the latter should 1ncrease by 3 + change in’

R c ¢
galn = .75 ﬁbg, a value whlch is satlsfactorlly close to the

obtalned brlghtness dafference (Flgure (15)):1 The galn h
o : o ,

{“f L

apparent brlghtness to double—pulse'

A

v ol

T
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‘,"functlon 1nd1cates, furthermore, that a doubllng of

f_lllumlnance at those levels of 1nput where the galn changes

_:that 1f the response of the system to very brlef 1nputs, be

llttle with- changes in 1nput should result in brlghtness .

dlfferences between a srngle pulse and a 3 msc double pulse

".which are much - closer to .3 Log Inspectlon of the T + 2 75

Log brightness functlon for observer L. S (Flgure'Zl)‘showsi

‘thls to be the case

The results of thlS experlment support the conclu81on '

‘they 91ngle pulses of 11ght or double pulses of brlef 1nterval,>‘

k

'ls measured the output of the system (1 e. rts.brrghtness S

response) w1ll manlfest a lack of effectlve galn control

,In termsﬁgf the model the outcome oé an effectlve gain

control lS an 1nput-output relatlon Whlch can be descrlbed by o

'_a 81mple power functlonL The presence of such 1nput-output

_relatron can be 1nferred, as mentloned above, from a: llnear R

. 'S

_relatlon between 1npu€’level and galn. It was mentloned '

'»earller that the lack of effectlve ga1n control can be assumed -

.~

‘to be due. to the fact that for a system 1n whlch the galn is

"output COntrolled and wh1ch 1ncorporates feedback delays the . .

"‘galn cannot be an 1nstantaneous funct10n of the 1nput. The

" }latter con51deratlon suggests, On the other hand that werei
ft‘hthe output of the system measured at some 1ater tlme the.-y

'dcharacterlstlcs of effect1Ve control of ga;n by the system lﬂﬁ-

( Rt

'anay become manlfest ) In other words, if a second pulse of

";'1lght were to follow the flrst w1th a delay sufflciently long :

At
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t. to permlt the output-control of the system s time c0nstant ff
'_to become effectlve the comblned effects of the two pulses
»should dlsplay the extent of effectlve gain control
dExperlment VI was, therefore, de51gned to measure the brlght;
:.ness response, at dlfferent levels of stlmulus 1llum1nance, |
© to two pulses of light separated by a delay perlod wh1ch |
Acorresponded to the system's t1me scale for each of the

dlfferent illumlnance levels.

l__E;perlment VI _
| Brlghtness matches were obtalned under 9 condltlons ﬁth

x'of stlmulus 1llum1nance ranglng from T + 1 25 to T + 3. 25 Log.
*For a glven 1llum1nance condltlon the stlmulus was a double—'

‘pulse w1th a pulse 1nterval equal to’ the tlme constant for .,\[

| ﬁ;‘that 1llum1nance level as estlmated by the fu51on threshold

o uexperlments.

- measures obtalned 1n Experlment IV Procedure and apparatus
piwas otherw1se 1dent1cal -to that descrlbed for the prev1ous,'
"g>;;_' Flgure (29) graphlcally shows the apparent brlghtness

t"of a two-pulse stlmulus as a functlon of Log stlmulus lllu-
_”mlnance when the Pulse 1nterval is eQual to the t1me constant.._:ff'"
t Brlghtness values (vertlcal ax1s) are expressed in terms of f{{tffl
the relatlve 1llum1nance of ‘the, steady fleld requ1red to A

'match the brlghtness of the two-pulse stlmulus., Comparlsoni“

' ,thh Fmgure (27) On the same page lndlcates that the brlght‘;fr

lhness of a double-pulse, when the ISOI rs a generally

B . R - . : Lo c N O cL . & A B N . N LN
I A u_-\} . . S TR SR R
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. more llnear fuhctlon of stlmulus 1llum1nance than the brlght-'

ness of a brlef sxngle pulse. DeVlatlonS from llnearlty

f,hfor the two-pulse functlon are, however, Stlll 1nd1cated for o

,7the medlum and h1gh 1llum1nances.- Flgure (30) graphlcally
‘dlsplays the calculated galn in. two-pulse brlghtness as a.

":functlon of Log stlmulus 1llum1nance. Comparlson w1th Flgure_.‘

".(31) on the same page 1nd1cates ‘that the over—all brlghtness¢*'

ga1n for the two—pulse stlmulus hads been substantlally reduced '

_relatlve to that for the 81ngle-pulse stlmulus. The galn‘

'!‘fuggtlon for the fqrmer stlmulus Stlll 1nd1cates a max1mum :

:'galn at the higher 1llum1nances, the magnltude of maxlmum '

_-:galn belng, however, substantlally reduced Comparlson of. h o

. the two- pulse galn funetlon w1th the Log l/T vs Log

:1llum1nance functlon (Flgure (26)) shOws that max1mum brlght-'

ness gain occurs at 1llum1nances whlch result in maxlmum

‘preductlon of the tlme constantr thls relatlonshlp belng

}_con81stent w1th the one observed 1n Experlment V

' It w111 be remembered that by the deflnltlon of ga1n

p

‘1n tgg¥representatlon 1n Flgure (30) and Flgure (31) a 1_. Coe

constant galn of zero’ across all 1llum1nance levels expresses

a. llnear relatlon of unlty slope between the 1umlnance of the ;v'

.ptran31ent Stlmulus and the lumlnance of the steady matchlng

N

rffleld and that 1t may be lnferred from suqh a relatlon that*

'h'the brlghtness response to tran31ent input lncreases at the L

/..-‘

ulffSame rate as the correspondlng response to steady—state 1nput

{sIn other words,Alf one grants the assumptlon that the subjectlve 75 =

¥ v ©

o = . N BN . . . \ g .
" v



' hgaln 1n Flgure (30) 1t can, therefore, be 1nferred that when »
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brlghtness of the steady state stlmulus 1ncreases as a powerh
'of 1nten81ty with- an exponeht equal to 33 then it’ follows_‘
' that to. the extent a constant zero—galn is ev1dent the’
1nput—output relatlon for a translent stlmulus’approxlmates‘
v"the 1nput-output relatlon for the steady state strmulus..

”. From the presence of the relatlvely small (aVerage)_. P

the brlghtness response to two pulses }s measured under'”f
condltlons where the second pulse follows the flrst w1th a-.
"fdelay sufflclently 1ong to reflect the tlme scale of the. system

' the brlghtness 1nten51ty relatlonXmll approxlmate a 31mp1e u

’]power functlon. Furthermore, the exponent of thlS power
/ ‘

-'functlon w1ll approxxmate that for steady state 1nput

reflectlng an effectlve control of galn or, in other words,1:'
RN B )

- an. efﬁectlve reductlon in the dynamlc range of response.;{lth
“1s suggested that the characterlstlcs of effectlve galn

‘control become manlfest in. the two—pulse situatlon because o o
. o
: the 1ntroductlon of a (delayed) SecOnd pulse causes the brlghg-

ness response to be measured at a later tlme, as 1t Were,_
ffrelatlve to the onset of the flrst pulse., The substantlal,

non—llnear 1ncrease ln galn Flgure (31) ind1ca§es, on the g
I’ )

,s_other hand, that when the ‘brlghtnesg! ’esp/op’ae is %easured at

_-an early tlme, as 1t were, relatlve to the pnset 6f the pulse

l . "

‘1n1t1at1ng the feedback control of the tlme constant (51ngle-’f
\'*7or brlefidouble pulse sxtuatlon) the brlghtness 1ntenslty "'

frelatlons cannot be descrlbed by a s1mple power functloﬂ'
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,1~".;e’f-f The foreg01ng conceptuallzatlon would be con51derably |

o Strengthened 1f it could be demonstrated that the brlghtness-'h -
) 1ntens¥ty relatlon for brlef 1nputs cannot be described by '

hf é?é'Smele Power functlon whlle the correSpondlng relatlon for

longer duratlon 1nputs can Appendlx D shows the emplrlcal ]

_relatlon between brlghtness and 1nten31ty for a ‘number of

'"sgulse duratlons The data were obtalned by re—analyzlng the )

,"flndlngs publxshed ‘by Raab (1962) on magnltude estlmates of

hrfwlsual brlghtness as a functlon of stlmulus duratlon and ‘

. lumlnance. Values of the magnltude estlmates for each
comblnatlon oﬂ lumlnance egd duratlon were obtained from the :j;'

'_'publlshed grap by measurement.: Magnltude estimates were

"fdthen converted to Log vaiues and plotted agalnst equlvalent
7energj' The sdlld llnes 1n Appendlx D connect the data |
p01nts for each of 7 stlmulus duratlons ( 5, l 2 5 10 20 50 msc)

’_The dashed llne connects the data p01nts for a 100 msc |

"ﬂstlmulus.: It can be seen that even' though the bnlghtness-'

f-lenten51ty relatlon for all stlmulus duratlon shows a concaveeh

rnﬂfdownward deV1at10n\from linearlty, thxs trend ls much less :
prondunced for the long stlmulus duratlon than for the set

":vof short duratlons.' The data suggest that for the shorter

e duratlons brlghtness 1s not related to energy in-a 31mple

manner. 1f one dlsregards, for a moment,.the two hlgh magnltude g

';5est1mates at 74 and 84 Log relatlve energy,‘lt would seem'tf"-

o ”; ,that the data for the short duratlons are best f1tted by two
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stralght llne—segments of dlfferent slopes 1ntersect1ng at

yabout 2, 04-2 54 Log relatlve energy. It should be noted at

‘this p01nt thattanaly81s of the brlghtness—duratlon lumlnanceu
"relatlons as determlned by intra- sensory matchlng procedures
‘sand dlrect magnltude est&mation methods has suggested to
*f'some 1nvest1gators (Alba & Stevens, 1964 Stevens & Hall;
.1966 Stevens, 1966) that a concave downward relatlon should
‘be expected only for some (1ntermed1ate) stlmulus duratlons.
within that reglon of duratlons where the 1nput output

We‘relatlons*inge from a (flash) exponent of 5 to a (steady- - i
state).exponent of 33 It may also be noted that were the o
magnltude estlmates for flashes of egurvalent energy aVeraged
"lacross all duratlons w1th1n the Blocpéfgw,reglon any dev1at10n
_;from Log Lég llnearlty would have to be less pronounced
f(for example Mansfleld, 1973, hls Flgure (3)) |
_ _ The results of the last three experxments and of the
':f-re-analy51s “of the Raab (1962) data suggest the follow1ng
\j Etgenerallzatlon to the extent that the stlmull - be they
lfslngle pulses of llght or double-pulses - are of brlef duratlon.
flash brlghtness, whether measured in’ terms of Log matchlng
fleld lumlnance or in terms of Log dlrect (magnltude)
‘festlmates, 1ncreases non—llnearly w1th Log stlmulus 1ntensmtyn»nl‘l;;
wto the extent ‘that the stlmuli are of.longer duratlon relatlve |
'“3to ghe’tlme scale of the system Log brlghtness WIll tend

lftowards a 11near functlon of Log 1nten31ty




\"fas parameter.v The results of thlS experiment lndlcated the K

' ‘occurrence of changes ln the rate of brlghéhess decrease

- SUMMARY AND‘CONCLUSION

In a serles of experlments ‘the temporal dlscrlmlnatlon'

and resolutlon characterlstlcs of the eye and 1ts brlghtness
'responses to brlef Stlmull were 1nvestlgated - ‘
Experlment I showed that the optlmal dlscrlmlnatlon.'

-of pulse 1nterval dlfferences ShlftS towards shorter pulse
1ntervals when 1llum1nance 1ncreases w1th 1ncreas1ng stlmulus
,fs1zé, and. an absence of such Shlft when 1llum1nance above o,

-threshold was kept constant w1th 1nqreases in: stlmulus 51ze;f'
'dThe dlrectlon of . the Shlft of the temporal lOCUS of- optlmal
1nterval dlfference dlscrlmlnatlon was found to be 1nconsrstent{
.w1th the predlctlons derlved from one 1nterpretat10n of the
temporal dlspérsion model. The dlsdrlmlnatlon functlons'
relatlng 1nterva1 dlfference thresholds to pulse 1nterva1
’ ‘furthermore,‘showed a secondary rise and fall in thresholds at
},medlum pulse 1ntervals whlch was 1nterpreted as reflectlng '

: fluctuatlons in the rate at whlch apparent brlghtness decreases-
!';w1th 1ncreases‘1n pulse 1nterval | |

Experlment I1 1nvest1gated the brlghtness of - two-pulse ,};

’Astlmull as a functlon of pulse 1nterval w1th stlmulus 1llum1nanceh",'

Wlthln restrlcted and well deflned pulse 1nterva1 reglons

‘M&PlCh corresponded to the pulse 1ntervals for wh1ch a secondary

C o

W - "_.82"
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',Thls flndlng suggested that for short and medlum pulse

N brlghtness for a reglon of medlum pulse 1ntervals it was

rise and fall of glfference thresholds was’ observed

v1ntervals the 1nterva1 dlscrlmlnatlon functlon for a g1ven

’leve of stlmulus size and 1llum1nance may be predlcted by

.

ildlfferentlatlng the correspondlng brlghtness functlpn
L Experlment III,.therefore, repllcated the d&scrlmlnatlon
‘ functlons for one observer, u81ng smaller lncrements in

- (standard) - pulse 1nterval, and 1t was shown that the dlscrlm—-

=

_ination functions estimated from the.f;rst derlvatlve.of ‘the

oo B e

, bgﬁa&?ness function approximates the experimentally obtained

dlscrlmlnatlon functlon

i The experlmental flndlngs obtalned up to thls p01nt

'ysuggested a modlflcatlon of the temporal dlspersion model

: lnthO respects. (l) Shlfts in the dlscrlmlnatlon functlon :
':mlnlma towards shorter &ntervals wrth 1ncreases 1n 1llum1nance

jmay be accounted for by assumlng changes in the dlstrzbutlon ;_

’,of perlpheral response 1aten01es,when stlmulus conditlons are

changed rather than by assumlng asso¢1ated changes in the Q

»dlstrlbutlon of conductlon veloc1t1es. (2) Slnce the brlght-v~~
'_ness functlons for the h&gher stimulus 111um1nances showed ani

attentuatlon of two-pulse brlghtness relatlve to 81ngle—pulseﬁ:;vsv

4

}suggested that the ensemble response of the v1sual system .;'
- to pulse stlmull of hlgher 1llum1nance should be con81dered

. as dlpha51c rather than monopha31c.: The negatlve phase of the ,

'-}

_ dlpha51C response was assumed to reflect 1nh1b1¢ory ppocesses-

-’ \ B
E RO




v
associated with gain control which aresmaﬁimally effective’
at latencies of approximately?6q msc. . . |
In order todprovide some enpirical support'for the
above assumption, Experiment iy.investlgated one aspect ot the

v
N _— v
impulseftransfer function. It was shown that the dark time-

o constant t, as estlmated by the two pulse fusxon threshold

changes in systematlc fashlon w1th changes in stlmulus
v

llllumlnance and that the shape of thls function corresponos"-:
'closely to that predlcted by one mﬁdel postulatlng a negatlve
feedback galn control mechanlsm

Experlment V was déblg%ed to 1nvestlgate the 1mp11—
.catlon of assumlng‘a delay in the negative feedback loop |
of the galn control mechanlsm TIt-was shown that the<apparent_
brlghtness of a-Very brlef pulse of light changes in/non-“' '
linear fashion w1th 1ncreases;}n stlmulus 1llum1nancel
ComparlsOn of the brlghtness galn w1th the tlme constant T
- for comparable levels of 1llum1nance 1ndlcated a close
.correspondence between maximum. brlghtness ga1n and max1mum ~
decrease 1n,the time constant - demonstratlng the con51stency
vof ‘the experlmental flndlngs w1th the galn control model |
The rion- llnearlty of 51ngle pulse brlghtness was consequently
Alnterpreted as’ reflectlng the relatlve absence of effectlve
' gain control when the response~of the system to very brief
inputs is'measured' On the b651s of these results 1t ‘was

p0551ble to explaln the unexpectedlyﬁlarge brlghtness :f -‘;.

dlfferences between a single pulse and a ‘double pulse of



very brief interval which had béen observed in.Ekperiment II |
for some illuminance condit}ons.. o o .

| ‘Experiment VI added further support to the above
interpretation hy showing'that if the second light pulsebof'a

¥
. pair follows w1th a delay correspondlng to the t1me scale '

K ‘of the systen\the brlghtness response will manlfest effectlve
- ~galn control It was shown :hat under ‘these condltlons two-
AV ”f . pulse brlghtness approaches a llnear functlon of Log stlmulus
N
1llum1nance and it was argued that the presence of such
'llnear relatlonshlp obtalned by 1ntra-sensory-matching‘
procedures 1nd1cates a 51mple power law relatlon between
. subjectlve brlghtness and’ tran51ent 111um1nance A re analy51sh
of some publlshed data on magnltude estlmates‘of the subjectlve
01», - | brlghtness of brlef stlmuﬂl prov1ded addlklonal support for
sthe findings and conslu31ons generated by Experlments IV - VI
"by show1ng that\for stlmull of equlvalent energy w1th1n the \

. Bloch law region the brlghtness,— energy relatlonshlp approaches

a 51mple power functlon for stlmull of longer duratlon but

not for stlmull of brlef duratlon ) _

I shall brlefly return to the findings of . Experiment I.
It was. shown there that the teﬂporal 1ocus of optlmal 1nterva1
dlfference dlscrlmlnatlon shifts towards shorter pulse 1ntervals‘
w1th lncreases %n stlmulus‘lllumlnance " In the dlscu551on of
.the temporal dlspers1on model 1t was Suggested that the Shlft

. can be accounted for 1n terms of assumlng assoc1ated changes

in the temporal dlsperlon of the ensemble response ‘In view of
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Y

.-lncreases 1W-1llumrnance wlllndecrease;the time' constant for,
, > S 1N :

‘secondary rlse and fall in. thresholds at m

the obtalned data on the V1sual brightness of transients,
‘ : \ Y

thlS change in the dlsper51on of the ensemble response may . be
N v

assumed to reflect the operatlon of two mechanlsms. Eirstly,

l ° -~ \“‘/

a given channel, that is to- say 1t will 1ncrease the speed.

" of the channel response. Decreases in. the time constant

'

are, COnsequently, reflected by a reductlon in the mean

) latency of gangllon cell response. Secondly, due to the ‘assumed::

-

constant relation between the mean latency and the standard
dev1at10n of the perlpheral latency dlstrlbution, the téngoral
dlsperlon of the: ensemble response w1ll be reduced to the

extent that the mean (channel) tlme constant 1s*reduced The

. "
overall effect of a reductlon 1n channel T 1s, therefore,'a

Areductlon in the tlme constant of the ensemble response.;‘It
‘ . ,
follows 1mmed1ately that the Shlft ‘in the dlscrlmlnatlon

'functlon minima towards shorter pulse 1ntervals reflects an
_'assoc1ated reductlon of the mean channel time-constant. _The -

dlscrlmlnatlon functlon for stlmulus size 7 5° when the @

» -
1llum1nance is at approx1mately T + 4.5 L&g (Figure (7))

suggests a mean channel time-constant of approx1mately 60 msc

.for thlS stlmulus condltlon

It.was noted in Exper ient I that\the extent of the‘

ium, pulse lntervalS'

dlmlnlshed when 1llum1nance 1ncreased w1th in

size. A srmllar effect was observed 1n Experlment III when

__s&ﬂg stlmulus

1llum1nance was 1ncreased by 1ncrea51ng lumlnance, keep1ng

;
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stimulus size constant. To the extent that these variationsff
-inuthresholds reflect underlying.variatlons in apparent )
brlghtness 7t is possrble that the latter are an (early)
analog of thebhlgh frequency osc1llatlons of brlghtness
observed at pulse 1ntervals beyond 60 msc for the hlgher :
~st1mulus 1llum1nances. The presence of a hlgh frequenCY>
component of at least‘60 70 Hz in the. power spectra of the .
brlghtness funj;;dng/suggests that thls may: be the case ‘rt_ x
is; therefore, p0581ble that osc1llatlons“1n brlghtnesﬁ at
pulse 1ntervals shorter than 60 msc are another manlfeStatlon -
of the operatlon of a galn control mechanlsm, based on hegative _
yfeedback prrnc1ples, wh1ch 1mposes complex oscrllatlons ln'

rresponse on the system due to the 1nteract10n of a network
lh COn51st1ng of elements w1th dlfferent feedback delay cOnStants.' |
It is,. flnally,'suggested that future research | N
attemptingfto 1nvest1gatelphenomena assocrated'w1th respénses-
to.pulse-intervals of short or medlumtduratiOn‘may\not'be.
»substantially.adyancedtby'teChniques such as intervalldiscrimf _
,einatiOn., The success of the . brlghtness mafchlng procedure
_1n explalnlng some of the phenomena reported 1n this P@SGarch”

r

suggests an alternatlve research avenue for thls temporal_

range of stimuli offering, perhaps, greater success..
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. FOOTNOTES

Cy
: lAt constant energy’ above' threshold the average
. measured illuminance acrqss observers was not. precisely"
constant for different visual angles.  The averade 1llum1nance
g for the 7. 5° target was larger by a factor of ca. 5 than that
for the lO' target See Table (2) e

2sy1vania»R1131c. S \
*Hewlett-Packard Model 6209~B. |
. 4. E. & G. Model 580/585. Measured 1llﬁm1nance
obtalned w1th a 30' field- stop in plaée :

T 5,

T. H. NilsSon;_Behav. ResL»Meth, Inst. l,'256_(l969§.
T | o YRR o o
®pausch & Lomb . 7X HastingS;Triplet}
7Cafl«ZeiSS'9d mm f.i.-P-PIanAr projeétion lehs.
. 8Kodack Icoqél, ‘p. - o e
Tiffen." .
. : L [ ‘k e
lOEdmund Sc1ent1f1c Model 70 774 gun51ght with -
Kodack Wra&ten 89 —’B fllter :

. llThe,téIm 'stimulusf shall refer to a double-pulse
package of light.' e ' ‘ | .
v : . . : _ .

12Slegel W. i Behav. Res.. Meth Inst . 4 105, ¢1972)

, The perlodlclty of the FRAN( ) functlon 1s in the. nelghbourhdoa o
\\ of 67 mllllon N
R l3Interpolatlon and threshold calculatlon was prograﬁ%ed :
in PDP 8 FORTRAN - v _ o

14E E & G Model 580/585 Measured 1llum1nance  % .
obtalned with a 30' fleld stop in place s

88 .-



15General Electrlc No 1142 o ' :-.:" ,

16Harrlson DC Model 6434 I}. R R

l7In tHis and all. other graphs lumlnance is spec1f1ed
in terms of luminance above threshold of two 2—msc pulses with
.a 3~msc onset to onset 1nterval

o 18The estlmatlon procedure was programmed 1n FOCAL -RT.
- and 'is contained .in the subprogram GRAPH. shown 1n Appendlx F.

. 19Thls sectlon follows closely the paper by Sperllng
& Hill, 1964: Llnear Theory and the Pscyhoohy51cs of Fllcker._‘
. 20Frequency analy31s was performed with a LINC 8
program using. the Fast Fourier Transform Algorithm. The-
fobtalned/amplltude spectra (after digital fllterlng) were
integrated to obtain the’ power density spectra..values on
the vertlcal axis are abltrary and represent Watt/Hz.v 4

¢l : . v
s , ‘

2-lslnce pulse 1ntervals were 1ncremented in steps of

,:3 msc, the observed frequency of the oscillations may be ‘a

multiple of a higher 'true' frequency The results of a :

‘'subsequent experiment suggest the presence of high- frequency
~.oscillations with a period of 5 mgc for obseryer L.S. 'For
possible phy31ologlcal correlates-of these -high- -frequency
oscillations See: Wachtmeister L. "On the oscillatory potentlals‘
of the human’ electroretimegram in llght and dark-adaptatlon "
Acta Ophthalmel (Kobhg ), 1972, Suppl 116. ,

L 22Fr°m Ratllff et al., J. opt. sco. Am.'} 53, 110,

L)

: 23The entry for T+ 3.50 shown in Table 8 was obtalned
._from a repllcatlon of Experiment IV performed at a later date. v

24Thls author does not have/ihe necessary mathematlcal;

vcompetence to determine the implication of violations of this
assumption within the Sperling & Sondhi model. The prop051t10n -
that for a finite delay System very. brlef inputs will not . :
result in 51mple power law relations is, therefore, an ssump7;
tion on. the ‘part of this author. - L e N

S~

N

, 25The galn of an 1nput'output syst > 1ned\by the~
»relatlon E /E where E _and E; are the. out' t- and i pu# .



quantltles respectavely , In thls paper the quantltles E
~and E are .defined by the lumlnance (above ahsolute v1sual

threshold)of the matchlng and tran51ent target respectlvely

The added density at threshold of the steady state matching

field was '5.08 Log for observerx This value (and the

- gain calculation).does not incl de the eq01va1ent neutral

* density (.63 Log) of a number of color-correction filters. which -
were necessary -in the matchlng channel throughout the-
-experlments.v » -

. . . ’ . . .
' : . . or o . : . . . \3'
R . ! o . .
. . . :
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gce. 100 446 270 T+

TABLE 1

ABSOLUTE FOVEAL ' THRESHOLDS FOR A TWO-PULSE *

% .

'STIMULUS OF 3 MSC INTERVAL

i

98

~

- Argle at Threshold Jor Constant Above

- (Log) Luminance = - Threshold’

coo o (og) - (Log)

Observer - Visual Added Density  Added Density I1luninance

CL.os. 10" 476 - 291 - 4

28" 56 2091 T+

1.0° 5.32 2.91 P+

c2.5° T eds5 . 291t ry
S7.5° 746 291 T+
D.N. 10" . 4.4 . 2.5 7y

S 25 480 2.55 T+

1.0 560 . 2.55 . T4+

2,50 6,31 2.5 T+

7.5 741 0 . 255 T4

25' 495 270 - 1+

1.0° . 495 - 270 - L, T+

2.5 574 - . 370 o m4

7.5 7.6 200 T+

1.85
2.25

2.41

3.34

4.55

1.86

2.25

3.05.
3.76 -

4.86
1.76
2.25

2.25 -

3.04

4.46 -
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TABLE 1 -(Continued)

99

Observer - Visual. "Added Density . Added Density‘
' Angle - at Threshold for Constant -

(log) ~ Energy Above
o Threshold (Log)

Illuminance . , .
Above -

. Threshold

(og)

L. S. 10 476 - 2:s1

25" 516 .= 2,91 -

.~ Lo° 5.3 B
.20 65 S s .
| 7.5° . 7.6 s
TG . ' 378 - 1‘63*f_‘f
25' . s.07 308k
Lo ssg ‘_3;33
2.5°  6.64 4.49%
s 746 EARECRETS
H. B. f; ' w0 ':4.57. - ’!2‘32'
| S 5.09 i-3.04* f
100 s 3.3 0
250 67 SRR

7.5 7.26 4,91

T +-2.25

T+ 2.25

T+ 2.25.

T+ 2.25

. AMdjusted for Filter Non-Equivalence

!
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TABLE 2
MEASURED AYERAGh ILLUMINANCE AND CALCULATED LUMINANCE
N FOR EACH OF FIVE VISUAL ANGLES\

~Visgal Angle*  Average Added . Averége Measured Calculated

: | .~ Density for ) Illuminance Iunmance
Constant Lumi- - (Lunen/cmz) .(candela/m )
| mance’ (og) -

10 2.72 7.0x 20772 g 00 ¢ 100
24 30" 2,72 4.85 x 107872 5 33 ¢ 100
58' 30" 2,720 \ 2.6 % 107" 72 2.13 x 100
2,50 2.72° 2,02 x 1078:72 2.59 x 10°
7°. 26" 2,72 1.63 x 107272 2.34 x 10°
Vis_uél 'Angie Average Added . -AVéragé Measured Calculated

o Density for |, -Illuminance. ‘ me.nance _
. Constant Energ (Lumen/cm?) . (candela/in )
- above Thresho . !
10 c215- 0 0x 10700 3.13x 10%
24" 30" 2.72 7 g.e5x 107872 2.33.x 100
o 3.5 2.6 x 108:2% “629x10T
. 418 - 2.03x 107818  8.95x1072
7% 26" 506 1.63x 107804 Ll2x 1072 "
' Noaminal Values. o



TABLE 3

. INTERVAL DIFFERENCE THRESHOLDS .

101

—¥

Visuail Argle:

10"

25"

.1.0°

9.5¢

7.5°

Observer: L.
. In{ierval :

‘S:

(msc)

10

.20

.30
40

50

60

70
80
100

120

140

’Obsefver: J.

10

20
30
40

.60
700
80
100

o oI20
140

: Oonstaht Lufninénce ‘-

Thresh)ld Increment msc) \\

31.
17.
17.
17.

26,

- 8.

22.
14.
14.

- 10.
22
19.

18.3 -

_”19.4
9.6

9.1

7.4
7.1
10.3
14.4
7.2
6.4
7.1

14.7

12.4 \

.14,
T 13.

.9,

[ U= NN T NSRS

. c. - L R
S TS BNV RN NN SO S - < I o S o s R I

4

-

/1, .

13
13,
.17

5.
9
8
4
4.
5
3
4
4

A

4
5
3
5
7
4

9

0
8.
2
2
7

12. 5
6.9
7.0

6.8

6.2 -

. 7.5

4.6

Constant "Lminan'ce :

28.
24,
25,
16.

. 28.
20.

16.
11,

- ia.
- 18.
18.

lTu o v N YW o O O U

21.5
1
11.0

9.5

11.8

18.1
"‘14.4 ;
9.9

8.2

- [ ]

9.2
- 11.4

- 16.7 -
, =y

19

12,
7.

2

20.0 -

12-; 

5
9
5
9
5
.8
5
2
5
18.5
0

— .
@

b=
N .

_ B WU W e o
.. o . . . . Rl .- e .
N o oW O © o N _Nﬁko~u1

N
o =

. Threshold Increment (msc\}

13.8 .
7:1

7.8

6.8 “

7.0
8.7
2.5
T 5.6
1.0
16.1

16.2
12.5. .

Ry



 TABLE 3 (Continued)
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Visual Angle:

10'

25"

- 1.0°

2.5

7.5°

Observer D. N.
-, Interval: (msc)

3
10

40

50
60

70

G

100
©120

40

Observer L S
Interval. (msc)

3 .3.

10 .
S
30
! g

.60

70 -
80

100

120
140 -

Constant Lmunance
. Thresknld Increment (msc)

. 95.7 )
87.5 - 77.
71,6
65.5

55.4

50,7
4L

34.8

19.3

40.4

38.2.

51.5

7 63.9
48.0
61.5

37.0°

27.1

202

6.9

9.4
| 23.3
31.8

'35;0 ‘

5
0
1
0
35,7
257,
8.9 -
2
4
7
5
.5

65.
61.
46.
48.

| 70.3"- '
. 66.1

48.9
34.2

N
3]

' Oonstant Illum.nance
Threshold Increment (msc)

35.2

31.2

21,9
- 35.7
362

25 4

225

5.5

132

2000
22.5
20,0

19.4
9.6 .
9.1
t¥‘41
7.1
10.3.
14.4
7.2
1 6.4
71
14.7
-18.3

16.2.
9.9
%0
6.1

5.8
55
105 -
63

4.8

‘5.2

114
‘-vﬂ"14 2.

15,7
12.2
1.0

10.3

9.9

| 7 5
.o
93
10.3 .
105
19.5 .

(]
o
L. .. ) . . .
NS o Y bLb

RERTE
. 21.4
371




,,Visuai Angie:

Obsgrver;'T; Gq;qg f

Interval : ’ (r'nsc)

-

TABLE 3 (Continued)

‘-1Q3

¥ 10

250

S 1.0°

2.5°

7.5°

3 6.
10 48,

40 1s.

60 1s.
70 917,
80+ . 17.

3 38
‘klo _:f " 30.
20 . 3L
30 3.
w22

o700 I,
100 . - 2t

120 17
S140 - 25

Constant Illuminance

20 - . - 30.
30 21;

50 13.

1

100 -, - 39.

120 24,
140  22.

©Threshold Increment , (msc)

30.8
167

15.7. %
20.6
A
18.7 .

20.0

.. 8.0

- 25.7
21
2.7
12.5

12.5
15.2

11,0

10.6

10.8

18.1
23.3

©25.3

39,7

3407

25.6
23.3°

3

9

5

5

22.

" 18.
22,
22,5

19.2
26,7

36.1

17

27,

19.

. 16.]

1
2
5
7
4
15.0
e
5
1
3
9

13.

_Observer: H. -B.‘ :
interval: Kmsc) ._b'

o COnstant Illunmance E
. Threshold Increment (msc). .

A

50 - 24.
60 . 2l.

80 15,

137
© 149

. 24.0
©15.7

10.8

© o 1le

7.5

- 9.8
9.1

S10.2
1703 Y

1857

13.7
10.0

8.6

8.1

 }10¢3’
13;3 "
6.2

5.4

91
8.6

4.0
18.1.

17.5

. 1.2 |
150

125
Lo

M

7.2

43 ,
129
237

4.0
a7
S 188
Clee

17,9 .
18.6 |
1.4

8.6 -

. 8.8

18ﬁ9'ﬂ, |

120.8.

15.0°

o @ v o s o0 o N oo

19.2 -
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o Vis_ual‘Ang‘le.:

10"

Ob&ﬁver:L.-Sf
'iﬂuﬁnai;‘msék

1o
20

30
50

70

80.-_

. 100

4o

T+ 3.05 Log

Threshold Increment (msc)

19.
22,
37,

,{' 22.

11,
12,
- 200

©120

18.

30.
33.

14.

, O Ul VO o L Ao O W -
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TABLE'4

" INTERVAL DIFFERENCE THRESHOLDS (EXPT. III)

-

Visual Anglé: . .y 300 v 300

T

Observer: L. §. = - T 42075 T 4.1.75.
"Intarva_l': (msc) S S Threshold inérgﬂent (msc)
| *=15.0

30 8.

9 . 3,

15 - N 2.

oo ol
a0 2s

33 1.

3. a2

4 s,

51 T
570 . 1. 8.0 -

= B 12.0

0 .
0 150
;
0
5
0
0
0
5
0
e T a0 12,0
: SRR o .
5
0
0
0
5,
0
0
0
0
0

. 18.5
4.0 -

S o125
.ﬂil;sf\z§.
13009
155
4.0

o o

15 : 70
81 . 13 100
87 1s, 9,00 .
3 . 7.5
S99 1, 9.0
celos o 135 95
a0 1200 CoaL0
a7, sl 135
| 123 - 22 - 19.5°
S 19 10 210
S RGN 135 - | ,;f  "26~ ‘27;0,‘ . i ';
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S TABLE 5 ,i ﬁ.ff o |
‘iINTERVAL DIFFERENCE THRESHOLDS PREDICTED ON THE BASIS OF
ASSUMING. A .05 LOG CHANGE 'IN APPARENT BRICHTNESS REQUIRED

'FOR THE DETECTION OF AN INTERVAL DIFFERENCE S

\V1§ual Angle: -~ - 30 ¢ . 3p

- (Observer: L.S. T2 T+ 175
| Interval: (msc).. = Threshold Incranent (msc)

=
o

B  ~29.1
11 - 260
Y -
17 208
2268 e
B . s
) I S
29 18
.2 133
35 ; . _ C13.5
_ 38. o ".‘13.8
. 41.‘ T A '. 111{6?}‘ o
4 s\
% . o3
49 O
‘.:521 .  o o 16.9‘_

L st sl o
B 2 B R T S
o6 176§

e . s

S e S
O H = o WP o

o o un

. 1
<SG w0 N .
3 L . Y . P T . o . . . . .
A= NS RNT, BEYS, RS G SN N W W UV Ao O \o;ra

I A T Y-S Ry

=
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TABLE 5 (Continued) \

. Visual Angl® . 300 30"

A

obsérve::L.»s, S T+2.75 '1‘+175  
‘Interval: (mscj . - Threshold Increnent\ (msc)

00 - us 139
73T Exceeds Range . - - 16.8
76 - Exceeds Range . 12.5
79 Bxceeds Range . 6.9
‘ S8y Extteeds Raﬁge S 12.4
-85 I Exceeds Rangej S 137
g8 - - " Exceeds Range 357

v

o
/



INTERVAL DIFFERENCE THRESHOLDS AT THE FUNCTION MINIMA

TABLE 6
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.vViSUal Angle

.lOr-v."

251 ?. o 1.0° - —';2;50

7.50

Obs.  Minimm

(msc)

L.’sQ - 70-80 .

.80
3 70—80
60

60

~ D. N.. 80-100

80
70
70

Constant Luminance
Increment Threshold (msc)

C 1407

19.2

60

J.B. . 80

8.2

70
60

Tea AT

4.4

9.5.

8.2 B
5.2

3.9 -

. 3.9

4.6

7.5

2.5

Obs. - Minimm -

© (msc)

'L.s. 80

80
80 -

- 80.

,;~%§$‘i§:j - N

,?.5{7 R

TS G. 50,
| 80

- 60‘

80 -

* Constant .Il'itmlirxance '

"Ihcreme'nt Threshold * (msc) R '

-S.:‘_S

.4

/. ; .
4 - . C

T :6.'-2

18.8

BN

80
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TABLE 6 (Continued)
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Visual Angle:

i
A
Ll

]

100 250 - Ljoe 250

7.5°

M-. . ‘ |

~ (msc)
70
80 ,

80 ,'.x'

~D .

80 :

Mir:ianum
(msc)

80

Constant ‘I]Tlmninancé

Increment Threshold (msc) e

153 o |
a ‘91 .
| ' 5.4, |

4.3

' 8'6




TABLE 7
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COMPARISON OF THE PULSE INTERVAL SHOWING OPTIMAL INTERVAL

DISCRIMINATION WITH THE PULSE INTI:.RVAL SH$WING

4

i

)

:  MAXIMOM BRIGHTNESS ATTENTUATION © -
Visual’ Obs. " Illuminance . Max. Brlghtness Max. I'_nterval‘ -
. Angle: IR Atte‘huatlon (msc) - Discrim. (msc)
1.0° L.S. T+ 2.25 195 | 80
30", L. S. T+ 105 - 79-93
L:S. = T+42.25 85 50 T
HoB, | . T+225 85 - 80
L. S T+ 2.75 59 . 75
e
. e
|
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TABLE 8 |
-THE THRESHOLD OF FUSION OF A TWO—PULSE STIMULUS

"" §$" AT DIFFERENT ILLUMINANCES o

.

Visuajg‘Argle_ - Observer " Illuminance " Threshold - Log (T_'l)
c. . (Iog) Interval A
- | (msc)
: ::U%\_Qia .

0 L's. Tens o 6.5 - .063

| 7 T+1.50 - . .‘86.0 066

S re L o820 086

om0, 78,0, .108"
f-f,z.zs h l; "é8.q; - 168

T 2.50 e  63;5: L a9
T+2.75  6LO o ;2i5

3 T¥3m0" Q 0.5 . - .18

"'T'+ 3.25~ S 59,0 f_' “..é29’ o

43500 0 60.0. . .223
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RANGE . OF: INTERVAL INCREMENTS FOR EACH PULSE INTERVAL

<

"Visual,Angle:

10°

25'

1;07
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7.50

; ObserVer:;J. P.,A/f'_'

| Interval (msc) .

3

20
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50
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80

",'Observer:
Interval
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D. N.
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T
~30
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S 140

Interval Increment (msc)
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It
T

© viswal Angle:  © 10' . 25'.  .1.0°  © 2.5° 7.50

Observers: T. G. . = T o
Interval (msc) , - . . Interval’ Increment ‘(msc)

3.7 10-80° . 5-65 565 580 . 565
10 . 10-80 5-65 550  5-65 5-65
20 565 5S)7 ss0 L 565 565
3%, 550 . 5-50 . 5-50 -~ . 565  5-50 .

-S40 550 5-35 5035 5-50 . s-35

50 535 535 535 550  5-35
60 535 535 325 550 35

70 550 3-200 . 3-25 5-35 . 3-25
80 550 320 325 Css0 535

"100° - 5065 ' 5-35 535 - 5-50 - 5+35¢,5
120 - . 565 5-500 550 565 | . 5-50
©140 . 5-80  5-65.  5-65 595 |  5-50

{

'_’;'Obsefvér:'H. B;_'  o ;r.'ﬁvb s . .
"_’IntérVal.mﬁc)f R Inﬁanxu.lncreméhtjmmc)‘
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Y20 580 5-35 325 . 550 .. 550
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80 . 5-35  3-25  3-20 325 325
100 . 535 325 325 0 5435 5500

. 0120 . 5-65  5°50. ' 5-35 - .5-50 5.5
L0 2095 5965 5.50 595 5.5
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C e " FOCAL-RT" Program for Interval Increment Discrlminatlon
C FOCAL-Ri ' .
01.C1 C sMAIN
@.1.02 0 C30 $3A "CAL. ?"Avs,r (ANS avzs>1 03,5 el.x 03
01.63 A "VAL:?2"ANS; 1 (ANS~BYES)Y1.04,2. 05,104 - S
CB1.B47A "MATRIX?2"ANS; T (ANS-GYES) I'+ 05,24 086, 1405 '
B1.05 A "GO?'"ANS;I (ANS-0YES)1+3,1.08,1.3 .
“91.08 L 0,F1,I>FILEL,05A dﬁsss.:-A"F1<11> ‘N3S Flcl@)-xeas
81.09 T "CH.1 WEDGE AT .53 FOR T+2.75 USE 1 2 LOG FILT." =~ -,
B1.10 A "2?2"ANS3I (ANS-BYES)1sl,1e12, 101
D1412 S BaF1(3)35 DeF1(5);$ Flc6r=as's. Fl(7)=ﬁ;$ F!(ISJ-G}S F1<16>-a
01.13 T "HIT SNS=1";11130 1,350 1
01414 F J=0,F1(0)=23D 3
. A1e15 F J=s0,F1(2)-25D 4 - . e L -
@1.16 O T3T "OBSERV.LeS. T+2.75  .30' SESS«#",FlC11),111
‘01«17 0 $;0-C3T "ADAPTALION .IN Paocazss" F 1=20.5635 Fl(l)=p
0118 S A=FZ(5);1 (A)1:1851.1638 Iap
B1e19 0 1,130 I35 -A=FX(509)35 Ial+135" A-cma>,r CAY L. 19,1.19.1 20
01.20.5 I=l%1.0555 A=N-151 (A)1.22,1.225}.21.
0121 0.1515F I=1,1,A5D 1,32 -
01.22 0 C3T "“FEXPERIMENT IN Paoensss":o TsL G:STdIAL
ﬂl-BZL JFl!O 1,250 I)L E; U ] : - :
a1.32 0 1 AT T e T A o e
02.05 L G,stLuEs;n
T B2.96. L G,S$MATRIX,O
- 83401 .S X=F1(3)+F1(0)=FRANC(F1(¢0)=J) _
- P3.02:5 A=F1(A)3S F1<x9=rxos+u>:s FI(B+J)=A
“DALO1 S X= I(S)+Fl(2) FuQV(Fl(Q) Jy -
04.02 5 A=l ch);s Pl(A)hF!(D+J):b FI(D+J)-A
05.01 A "IbUI’"N,O 15425 ‘ v L e
©05.02 S A=FZ(5)+130'15G A,5.0230 1,3,0 S ' Sl
P9.n3 0 1,5 A=FA(N#10)*O 1.1 530 1;3 A-Fz<s>+1;G As5.03,1.05
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T
C FOGCAL-RT )
31:01 C $IHIALS
01.95'S FI(6)=F1(6)+135 E= F1(3)+F1(6)3 5 C=F14)

S @1.06 1 (F1(6)-F1(0))1.07,1.07,1.18

" 01.07 T 23,FICE-1),!5D 2 . . ' :

“@1.08 F J=F1(4)>F1(4)+F1C(1)~1;$ Fl(dy= F1<1+3>+F1<F-1),s I=1+4)
01.09 F 1=0,F1¢1)-2;D 4 S
(€110 F J=F1(4),F1C4)+F1C1)- 141 za,Fl(JJ

TRlet) T v, . '

6l.12 F U= FL(S)*FI(7),F1(5)+Fl(7)+Fl(l) 1T ia.rch)

01,13 T "™ ";150 I,3;0 1 D “ ' e
@1.14 0 C;0 S3T "EXPERIMENT IN PROGRESS™, 11137 za,Fx(E 1).1 "oo"30T
01.15 L G,SRUN,® Sl _ . e
@1.18 S.A=FNEW(3008);T "END"! ’ R

01419 T "NO.CORRECT RESPONSES="13,F1(16),I _ L ,
01.2¢8 T "N@.ABORTS="%23,F1C15),11 " - I
01.21 A "DATA PRINT?' ANS;I (ANS- EYES)I 27,1 aa.l 27.

‘81,22 T %3,"S<# L.S. . T+2.75 30' .- SESS. o".rltlla,ll
01.24 F I=F1(18),31,F1(18)+(F1(@)-1)*31;D, 3 -

21.25 S 1=F1(18);S F1(I-@)=F1CI-2)+F1(i5);T *Ng. ABOuls="%3,Fl(l 23,1

01.26 § F1CI-1)=FICI~1)+FYC163;3T “"N@+OF COKRECT nEsPowszb="zs,F1(x l);l
01.27 T " ":1-'s!vx|!|,o 1,350 I L G,SMALN;Q o
82.01 S ﬁF1(5)+Fl(2)"

' 02.02 1 (FICI)-F1(E-1))2.04,2. 03,2 04
02.03 5 F1(8)=F1CI+3)4F1(E~1);5 Fl(1)= 91<1+1), .

02.04 S I= 1+F1<1+1)+3,G 2.82 e - nE!
03.01 & 23,F1(]), ¥ R R
L B3+02 F J=I1+1,3,1+4285T zs.Fxca) o . g
83463 T " IGF J=141,3,14285T X3,F1CJ+1)
0304 T " "I;F J~1+1,3,1+25,T 23, Fl1(J+2)
@3.05 T'n "!' '
@401 S X=Fl(4)4F1C1)- PHAN(FI(I) 1)
- 04.02 S ASFIX)S FI1CAISFICC#I);S F1(C+I)=A
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01.02 C $RUN ‘
P1.£3°5 L=20 i Co
V1.04 S D= Fl(3)+F1(6)—l:b E=F1<D),s K= Fl(5)+b1(7):' J=F10(4);6 19.69
S 01.10 F 1=12,145D 1.2 ) , o '
S 01.20 5 D=FICII*1050 I, 150 158 A=FX(D) 01 -
02.00 F I=1,R;D 2.02 o s
02.02 0 I,.12530 I;S A=FNEW(125)}O 1 ‘
@3.01 F -1,R,D 3.02
P3.02 0-1,.2550 135 A=FNEW(250)% o |3
#3.03 0 ,1,0 I S a= FNEW(E@B) S Fl(lS)cFl(lS)+}xb 4.01
. P-
0.4.01 S A:Fz<5>,s B=F1(J);S Fl(L)= Fl(d) -E3G 4. 02
04.42 1 (A)401,4.0155 AsFICKI+156 Ar4all,4.11,4.12,4413 N
4«1l S FI1C12)=B3S FI(13)=E;S F1(14)=E;D 1. 13D 6;S R=13§: P=P1.G D1
4412 S FIC12Y=E3S F1(13)=B3S FICI4)=ESD 1.13D 633 R=2;S. P=p2;3G 7.01
04.13 S FI(12)=E}S FICI13Y=E3S F1<14> B,D 1.13 D 6 S 'R=3;S P=P3,G 701
85.01 S A:FZ(S), ‘
T05.02 T (AY5.015,5.0155 A=K+3+83S H=FI1(AYI6 R, 5. @3,5 ea,s 05
#5.03 S FIC12)=F1(8)35 FI1(13)=E3S FIC14)=E;G 5.06
05.04 S FI(12)=E3S FIC13)=F1(8);S F1C14)=E;G 5. 06
05.05 S Fl(12)= h;b ‘F1¢(13)= E,s F1(14)=F1(8>
05.06 D 1.1 - o : -
‘@5.07 D 6.0156G A,5.,@73D 2. 01,5 Bn8+1;G 1.1 - .
P6.01 S PI'FA(Q);S P2=FZ(3);S P3= FZC4);55 A= P1+P2+P3+l
06.02 G A,6. aL, 6+.08335 K=6;D 2,0156 3.03° . -
P6.03 R
27.01 0’1,.25 S 1=9 : ' .
@7.02 S I=I+4131-(6~137.04;5 A= cmS)@l,o 136 A.7 02.7 03
0703 S AZFZ(0)+13G A»3.03 - _
07.04 D 2.8131 (P-1)7.0855S A=13T %3,A55 K= K+1,s J=dJ+1; D 7-113G6 7.06 . '
07.085 S A=03T 23,035 K=K+1;S5 J=dJd+1 _ o _ . : .
" 07.06 S FL(L+1)=FI(L*1)+A3;S L=L+2 ' ' S . :
B87.07 S Pl=P1+13G P1,7.08;s J=16 7.10 - °
07.08 S P2=r2+13G P2,7.09;5 1-2 G 7410
07.09 5 I'=3 : . -
7.0 0 S5% 21,150 TiG 10.11 ’, ‘ K - ' e
TP T7.11 78 F1(16)= F1(16)+1 t B ‘ : : kR
'1@.&9.5 A= FNEM(QS@);S B=m
S1Pel0 1 (B-3)5.01 B
101l I (J=FLl gy - Fl(l))A«Ol
10.14 S R=3;D 3. mx.r "M, ;S FI(T)= F1(7)+F1<1>.L G.snara.e
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M= ‘4+3:5 Fl(X+N+l) O»b Fl(X+M+2) G;S FI(X+M)=0
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R At - . ‘ \'\‘
C FUOCAL=RT
01,01 C $DATA "
B1.02 0 1,.12535 I=0
1.03 S I=1+130 131 (B-1)1.05;S A=p¢c5>,1 (A)l 03,1 23 D 1.1
@1.04 0 1,130 135S A=FX(S500)35 A=FZ(4)51 (A)1.@4,1.04
01,05 S E=F1(3)+FI(6)-155 I=~1iD 535 X=F1(108);3S I= e,s J=03D 6 C0
01.086 F I=20,56;S F1(1)=0
@1.07 0 C30 S3T " "iI3T "NG. ABOhTs="13.F1<15>,|: .l '
21.08 T "NO.CORRECT RESPONbES-"ZS;Fl(I&).I,O T;L G,STRIALS,@ ;
. 81410 0 Ci0 55T ".!!!l!l;"READJUSTMENT IN PROGRESS";I;O T-
03.01 S F1(X429-A-2)=F1(X+29-A- 533§ r1(x+e9 A~ l)=Fl(X+29 A=4)
03.02 S F1(X+29~ A)=Fl(x+29 aA-3) :
05.01 S I= 1+e,x (I-F1C1)%2+3)5. ez,s 02;R
05.02 S M=28+I-1
25.03 I (F1(M)=F1(M+2))5, 01,5.013S XsF1(M)3S Flcm>-F1<M+2>;s Fl(M#Q)ﬂX
85:05 S XsF1(M*1)35 F1(M+1)= FI1(M+3)58 F1<M+3)=x.s M=M-2
05.06 1 (M- °o>s 01,5.93,5.03 . :
6.01 1 <F1<x)>6.03,6;02,6.03
06.02 S5 F1(X)=FL(E).
@6.03 1 (FICE)=F1(X))6.04,6.05,6. oa
06.04 S X=X+313G 6.01
P6.05 S X=X+1
6410 I (FI1(20+41))6.2,642,6.11
D6e1l I (FICX+J))I641Us6412,6414 :
6.12 S FI(X+J)=F1(20+1)35§ Fl(h+d+l)=Fl(h+d+1)+Fl(20+l+l)4
06.13 5 FI(X4J+2)sFI(X+J+2)+135 [=1+42;G 6.1
06414 1 (FL(20+1)-F1(X+J))6+16,641238S J=J+3,1 CJ= 87)6-11:6 1156 6019
06015 ST FI(X+J+1I=F1C20+141)3S FL(X+J+2)2F1(X+J42941 .
06+16 1 (JI6.17,6.1755 J=J-3;1 (F1(20+1)-F1(X+J))6:16,6. 12,6.18
B6.17 S M=J-3;5 K=53D 735G 6.12 .
06.18 S M=J;S K=65D 73S J= J+3,G 6.12 | ,' _
06.19 T "STORAGE OVERFLO AT INC. ",ZS,FIfEG#I).I
07401 F A=0,3,29-J-K;D 3 o o SR
27.02 S
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. oxw

. € FOCAL-RT

- 02.89 C SVALUES -
62.16 0 136 11.10

. . T . V.' . ' .

+ D610 T 23, C, " "; A NCC)Y,
pe.11 T v | "; A INCC),

 .07.10 F A=1,N(CYIS -F1CI)=INCCI;S Ixl+l 5

11,10 A "NO. COMP. INTERVALS"™ S,1
"11.20 T "ITEM . REPEATS VALUE",!

.11.30 F. C=1,S; D 6 : i L
11.31 L 0,F1,1,FILEL,@ .

11.40 5 F1CD)=0F C=1,5i5 Fl(ﬂ)nFl(ﬁ)+N(C2
12.20 A “STARTING FILE LOC." sc,r.s 1=SC
12,30 F C=1,S3D 7
13.09 S F1(3)=5C o
17.16 A "NO. TEST INCREMENTS® S,[

"17.20.D 11.20 ° . . - |
17.30 F C“IJSJD 6 E
17.40 S FI1(1>=0F Cal,5iS Fl(l)-Fl(l)+N(C)

18.20 D 12
. .
20.09 S F1(4)=SC ‘

24,10 A "NO.. OF TEMPORAL POSITIONS OF TEST INCREMENT" s.c
24.30 D 11.20 . :
24.31 F C=1,5;D'6 . .. - |
24,48 S F1€2)=03F C=1,5;5 Fl(2)-Fl(2)+M(C)

- 25.28 D 12 4

- 25.41 S FI(5)aSC . .

25.42 G 27.@5 . v

26.10 D 17.10 | I
26.11 A "COMPARISON INTERVAL" CI,! :
26.20 D 11.20 - | e

26030 F C=1,5;D 6 : ': i ‘ : B

26,40 D 12.20 = o |

26445 5 F1(SC-3)=CI35 F1(SC-2)=03F c=1.s:s F1¢SG- 2>-F1csc ~2)4NCC)
126.50 F C=1,5iD 7.135 FI1(SC-1)=5C - . |
27.05 F M=1,F1(@);D 26
27410 L C,F1 . .

27.15 0 SiL G,SMAIN,O
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¥ v :
C FOCAL-RT S O
@9.49 C SMATRIX . .
09.50 L 0,F1;I,FILEL,Q
09.51" A "NO. COPIES?" GP ’ ' ’
@9.52 S B=F1(3);S C=F]C4);S D=F1(5);$ ErFl(ﬂ);S N= o
09.53°G 11.10 »
N . . . Ve
10.10 S X= FL¢3>+F1<0) FRANCF1C(@)-J) -
10.11 § A=FI(X);S FLOO=FLIB+I)SS FI(B+J)=A
11.10 T "HIT SNS-1", 111
11.11:0 1,330 1
11.28 S L=03;S M=0 : .
11.29 F J=0,F1(2)-2;D 24 R .
11.30 F J=0,F1(@Y-2;D 10 . B )
11.31'T "OBSERVER. .~ .. CONDITION - - "~ DATE
11.32 G 20,07 ’ ‘ : C
20.05 F I=0,F1(1)~ 23D 23
. 20407 S L=L+1;$ E=F1(3)+L3I (L~ Fl(@))eﬁ 08,20.08,20.27
2008 T %3,F1(E= 1),! o
20.11'D 25 L ’
20.12 F J=F1(4), F1<a>+F1<1) 1iD 26 . .
20.13 D 20.05 . - L -
'20.15 F J=F1(4), F1c4)+F1<1>—1,s 1E Fl(d)+Fl(E 15T xa. TE
20.47 T " v,
20.20 F K=F1(5)+M,FI(5Y+M+F1(1)~ 15T 13, Fl(K) . o
BO.2LT M M, 155 MaMeFIC1) : S e
- 20.22 G 20.07 _ o o 3
2027 T "0ty
. 2030 5 N=N+1;1 (N- -CPY11. 28,22.13,22 10
22.10 L G,SNAIN,ﬂ
23410 S X= r1<a>+F1<1> FRAV(FI(I) e
2311 5 A=F1(X); S F1(X)= FI(C+I)}b F1¢C+I)=A"
‘24,10 S X= F1(5)+F1(2) FHAN(F1(2) - ‘
2411 S A= FI(X);S F1(x)= Fl(D+d):h FI(D+J)=A
25.05 5=1 Fl(5)+F1(2)- ' '
25.26 1 (F1(I)- -F1(E=1))25. IQ;QS 07,25 10 =
25.097 R ; 4 e
- _.lo-s.x I+Fl(l)+33G 25. 06 :
S 26.10°S F1<a>=F1(1+3>,s T2r1

"154

CTIME", 111
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o . APPENDIX F - = .. . -2
FOCAL-RT Program for Brightness Matching Tasks
* i, o . SR o .

. G FOCAL- -RT" '

. e "
¢1.01 C $MAIN Mo . : A
01.03 A "CAL?"ANS;I CAvs- LGYES)1e04s4e025 1404 ,

D1.04.0 SiA "PRT?"ANS31 (ANS~-GBYES)>1.05,6.01,1.85 .
81.05 A “WAL2"ANS;I (ANS-BYES)1.06,4. 01,1.06 '
P1:06 0 <S5A "GO?"ANS;I (ANS-OYES)1+25,1.07,1.25

©1407 D 122637 "S#-SES#-A"F1(2) F1(4) N;D F1€2),1.27,1. 25,1 29,1 3,1.31

01.89 T "SNS=1",1;0 1,330 I1;S L=F1(1);F I=0,F1¢0)~33D' 5 . - A
leleld s(§1c5)=F1<1)+F1(e).F I=F1(5),F1(5)+2%F1¢@)+1;S FlcI)=0 -
@1.15 D 23S I=F2(5089);5 F1(I1-2)=FI¢5)30 T;T "GO, 1;0 1,150 130 c,o S.

'@1.16 S I=FZ(5)31. (I)1.16,1:1635 J=0;T "ADAPTATION .T.N." \
@1.17 0. 1,130 I35 I=FX(500)5S Jm=J+135 I=FZ(4)31 (I)1. 17,1417
Q118 S J=J%1.053S 1=N-J;1 <1>1.19,1.19,o I, 13F dax.x 0 I
'8.1.19 0 CiL G,SEUN,P
91.25 0 1,3;0 I;L C,F1;L C,F2;0 T3L E, o
‘01.26 L 0,F1,1,FILE1,05L O,F2,F,272,0 A o
B L.27 S F2(509)=51735 F2(506)=.853S F2(505)= 9.75
01.28 S F2(509)=3388;S F2(506)=1.3555 F2(5085)=2.25 A

29°S F2(509)=9130;S F2(506)=1,1;S F2(505)=2,5 N '
01.30°S F2(509)=12001;5 F2(506)=.635 F2(505)=3 o : -

01.31. 8 F2c5e9)= 6259,5 F2<506)=.35.s F2(505)=3., 95 R ‘ -
‘@2.91 0 C - . : ; E
@2.@2 T "CHl. USE TUD 1'LOG FILTERS",! o '
¥2.03 T 23.2,"CHI, WFDGE_+",F2(506);A " ??VANS;I (ANS-OYES)2.03,2.05, 20

S 02.05 2 I b , SRR e
03.01 1 (FI(N)I3.082,3.93
0302 T Z4,FLNI, M ";8-N=N+13G 6. 04
83,03 S 1= I+61.7 "6 6.02
04.01 0 T3L G,sVALUEs,o R
‘Qu.02. L e,sCALIBhATrow,@

L2501 s g= F1<1)+F1ca> -FRAN(F1(@)=1)

©05.02 S KaF1(J);s Fl(d)=El(L+I):S FI(L+1)= x
@6_0‘_31_ D iah)o T:O T.v "CO"FQ(SCg):I:S I= F2(509) N . . o

.@6.02 1 (F1(I))6.03,1.25 ! R
£6.03 T #3,F1CI),"=" ;5 N=I+13$ J= o o :

S 86404 S J=J+13T (J=7)3.01,53.015T * "1 S w38 . J=p

T06.05 I (FIN)I604,6.06,6.04 T
06.06 $..1 "

*I+6l:l ", E,56 6402
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b SEEETRAR L E A T

c: FOCAL—RT
‘01;01 C $RUN : S
01.22°0 $35.0=F1(5)3;5 M=F1<1),s J=135 X=F2(5@9> s F1(6)=0
T 0l.24 1 2§’F1<1) F1(E))1+2635 J=338 K=.253D 6. 01;D 5.92
"01.25 S £=-1;D 73S IsFl(X-2);D 835 I=F}(X- -2)30 T3D 93D 5. 025G 1.28:
B1.26 0 1,130 135 Kma1255D 6,01
. 01.27 5 LeFZ(5)351 (L)1.27,1. 27,0 c,s N= Fl(M)aD 5.01;T za.m,"="'s 3.62
©.01.28 Lgs,sDATAPLOT.o‘ _ ¢ ; . I .
02.01 0 1,42555 I=0 :
02.02° 5 Isl+l31 (B-192.04;35 L-Fz<5)+1.o 136 L.a 92, 2. 03
02.03 § L=FZ(0)+136G L,1.24
02.04 S F1¢O)=N3T (K2, 06.2 es,e as
" 02.05°S K=.001 : ' '
02.06 T %4,K*10003S P1(0+1)-K*1006,S o-o+2:s M=n+1:s Fl(6)=Fl(6)+1
02,07 T " ",lll;"THIAL Ne.".zs,Fl(s),l,G 1,24 .
©3.02 0 I,1. s.o Iss L-FX(N*IE);S L-FZ(S)+1;G L.3 02.5 K-FADC(B)
23.03 0 1,1,0 1;G 2401

25.01 T-"EXPEhIfENT IN PROGRESS Lo b-";!l!\
05.02 T "“ND OF SESSIOV":!!! .

06.01 F N=1,JiD 6402
96.02°0 1,K0 135 L=FNEV(K*1000);0 1

87.01 5 1= r+2,1 (1- F1<o>*2*3>f” 2.7 9a;n
07.02 S MaF1(S)+I-1 . %
©B7:03 1 (FI(MI=F1(M+2))7.01,7.8135 a=r1<m>.s F1<M>~F1cM$a> ,
07.04 S F1(M+2)=J;S JaF1{M+1)35 F1(M+1)=FLIM+3)3S F1<M+3>-J.s M-M 2
#7405 I°(M=F1(5))7. 01, 7403,7.03 - . :
£8.01 S5 J=x;S' K=J ’ - -
S @B.02.1 (FICJ))8.04,8. 03,8. 04 “_:A
88403 S FICHEFICD Tt e :
08404 I (F1(JI=F1(1))8,05,8.06,8.05 .
B8.05 S J=J+615S K=JiG 8.02 -
08.06 § JaJg+131 (F1(J))8.06,8:07,8.06
'ﬂssﬁ7f§'Fl(J)=Fl(l+l)3S I=1+4235 J=K31 <F1<I)>8.09.a 1,8 e9
084089 1 (F1C(J)- SIS RRLE es.e 06.8 05 v
08.10 K
;1_09.01.T-za 2,"=.v0.- L. s. cownxr.-r+",F2(505)."'.'sass.nej-",rx(A),tl
" D9.02 S Kuf ' B | e T
29.03 1 (F1<1)>9 05,9»04,9 as -
29.04 K ' A
09:05 5 KaK+l;1: (Pl(l) Fl<I+a)>9 07,9 eé.9 07 :
09+06 S I=142;6 MeK3G 9.03 - = . -
P9:07 T %3, FICII,"= '35 M=I-2kK+3;F J= v.2.1+111 za.rch), R
T 09.09 § L : S

, I=1+2;T " ":!»b 9 ﬂ2
. , I
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-.CJFOCAL-RT \ '
.- @1.01 C $DATA PLOT = ' L
-~ 01.02 0.C30 S3A “PLOT?"ANS;I CANS- eyss>2 26, 1. aa 2.26
© @1.04 S Fa(ses) Fl(2):b F2(507)=F1(4)35" K=035 M=@,0 T.
S 02.01 T,za 2,"5 #=L. s. co.=T+",Fa<595>,ﬂ : sss.w",ratsav>,:z

62.02 S L=F2(509) .o ,

22.03 T (F1(L))2:05,2.12,2. 0s

62,05 S M=M+135 J=135 Naezs ANs=e.s 1=1

02.96 S F2C(K)=FI(L) : o

02.07 1 (F1(L+J)>2.0852.89,2.08 = .

02.08 S F2(K+I)=F1(L+J);S N=N+F1(L+d)}5 1=1+1,s J-J+x,G 2.07
. 02.09:5 UsJ-13S N=N/J3S 105D 43F IaK+1,K+J3S ANS=ANSH+(F2(IX-N)12.

. 02.10 S ANS=FSQT(ANS/J)5S F2(K+1)=J5S ‘F2(K+2)=N;5. F2(K+3)=ANS
. B2+11 S F2(K+4)=0;S FZ(K+S)=P:S K=K+6,s L=L+61 ;G 2. 63 1
'@2.12 S 1=-1;D 3 ,
2.13 ‘0 S5A "AVR?"ANS;I- (ANS avas:a.a.a 27,2.2,
. 82.20 A "HI LMTZLO LMT(B-1)"P N3O T;F I=@,6, (M%6)- 6:D 5
492-‘2,3 0 C:0 SJD 2 ﬂl;S d’l 30/M;F I"B:d:l 31 2 42 '

02.24 F 13690125)’. D 2. A3 )
02,25 S Ke23F Iadsds14335 L= FDIS(I;((FZ(K)/I@@G) N)/(P N)).s KeKe6
. 82.26 0 T3S F2(506)=M;S F2(504)=M; L- G.sGRApH,a S
' B2+27.S F2(506)=M;L G,$AVR,0 " . '

‘02.42 S L=FDISCI,0) = - '

22.43 S L=FDIS(6:I)
© 03.81'S 1= 1+651 (I- M*6+7)3 02,3 B23R
'03.02 S N=1-5" .

23.03 I,(FQ(N) F2(N+6))3.01,3.0135 J=F2(N):S F2(N)-F2(N+6)<»

183.04 S F2(N+6)=J3S J=F2(N+1)3S F2(N+1)=F2(N+7)35 F2IN+7)aJ

03.05 S JsF2(N+2)35 F2(N+2)=F2(N+8)3S F2(N+8)=J55 J=F2(N+3) o,

83.06 S F2(N+3)=F2(N+9)3S F2(N+9)=J;S J=F2(N+4)35 F2(N+42)=F2(N+18) -

@3.07 S F2(N+18)=J35 J=F2(N+5)35" F2(N+5)=F2(N+11):S F2(N+ll)-d '

0%;@8 S N=N 631 (N)3 21,3, 03,3 N3 .

04.081 § I= 1+1,1 CI-J)4. 23;5 0= F2(K+l):b P=F2<K+J).R,. '

04483 1 (F2CK+I)-F2CK+1+1))4.01,4.0135 ANS=F2(K+1)35 F2(K+1>-F2<K+1+1)

04.04 S F2(K+I+1)—ANS:S I=1-151 c1)47a1.4 ox,a 03 :

05.01 T %5.2,F2C1)," ‘,",F2(1+1>, ",F2c1+a>," ",F2(1+3>

.. 05.02 .T'ZS a," ";FQ(IHL):" "aF2(I+5),l
x . .
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c FOCAL AT S S 1; B . e
o 01 @l_C $GRAPH. . - ‘ L
© §1.02°0 T3A "GRAPH?"ANS;I, CANS- arss)x 2751, 05,1 27.
@1:05 A "HI' LNT-LO LMT" H. L, !5 ANS=F2¢504) . R .
;81,06 T-24:2,"S.#=LeS.- CO.=T+",F2(505)," ssss,o".ratsev).!
A 1.07T w o ";F 1=4, 72,-1- [P TREAN . .__
0108 T " s , - R ‘ -
" B1.l@ S SC=(H- L)/68 , ' - o
@1.25 F 122,6,F2(504)%6~ 43T zs.racx 2);1 oy D 2 ‘
1426 D 1.075T " 00000000 tt
©1.27.A YEST.DISCHIM. FUNG.?7"ANS;.T tANs avss>1 aa,l 28, 1+ 44
~ B1.28 A "CRITERION"C;S 158355 J3135 Ku®3S ANS-F2(504)
S '@1430 1 (I-CANS*6~- 10753.81,3.0121+31 : R
"< .@1e31 A “WRITE2"ANS; 1 CANS-OYES)1. 35,1.32, 1+ 35 :
01432 D 1.0635 Ks@3S5. 1=63S ANS=F2(504)3G 3.1 - !
B1.35 T ", 11115A . "GRAPH FUNC+?"ANS31 (ANS-@YES)1.27;1,3651. 27" :
91.36 D 1.05;1 22, CRITERION">Cs 15D 1.963D 1.075D 1.0855 I=ANS*6+155 M-a
01437 1 (ANS%6-12-M)1.41;T T3,F2AMLT 1751 <F2<1)>1.38,1 42,1 38 - .
B 1.36 1. (H=F2CI 1, 39,5 sc=<H L)/68 D 2,6 1.4 . , .
C@1.39 T, "SHI LMT', 1 ’
@1.40 5 MaM+63S I31+1; G. e 37 S S S
"@1.41 D 1.265G 1.27 e P T
01.42 T " EXCEEDS RANGE".',G Vel R
@ 1.4 A:"AVR?"ANS,I gANs ~@YESH1s 55 1. 49.1 5 B
01.49°L GsSAVR,0 =~ | DT R T
8150 L G;SMAIN;@ Lot ..;; o .ﬁg-); R -
 ®2:@1,S~d FITV((F?(I) L)/bC) U e e
02¢02 F K=l,d=13T * » TP
p2.03 T-"*" l :
23.01 .1 cc- FABS(FZ(I) FZ(J+6)))3 03.3 28;5 d=d+6 e
"03.02 1 (J-(ANS*¥6-18)33.01,3+0135 F?(ANS*6+1+K)-0.G 3 09 ,
23.83 1 (FRCIN-F2(J+63)34 84,3 ea,a.es o : _ _»‘u
. ®3.84 5 H=1%C;G 3.06 . T 'i:izﬁ” A
£ 03.05 S H==-1*C ' s i '
©03.06 5 Xa(FRCl)+H- F2(d))/(Fd(d+6) Fatd));b X:x*(FQ(J+4) F2<J-2>>
. 03.87 5 X=X+F2(J-2)5S FR(ANS*6+1+K)=X~F2(1-2)3G 3. 99 ' R A
P3.08 5 F2CANS#6+1+KI=FRCI+4)=F2CIe2) .~ - 0 o 0 7 T e
03.79 'S KeH+13S I=1+65S. J=136. 1.3 © = .. PRI .
03,101 (ANS*6-12-1)1.355T 235F201), =" 0" , S : : :
03412 1 (FRCANS*6+1+K) )3, 14,3.143T :a.a.FatANs*6+1+x>.r,s K=x+1.s I-I+l
03.14 T Excﬁsns RAVGL".!,S x=v+x,s 1= 1+6;G 3. Ao T ‘
* ‘_"‘g-

_.()» ) B g R . _,]‘
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*i ! . :‘ . ) AR . . o
C FOCAL-RT =~ - S

.. @1.01 C SAVR ‘
01.02°S F2(584)= F2(S@6) 135 MuFacseA).F I=6:6;M*6 6,D 2
1.03 0 T;D 4 . , ,

"B1.05' T "™ ", 113D 4. 62.0 1 a,o 1L G,sGRAPH.e . .
ﬁEQGfYS'F2(I)=(F2(I)+F2(I+6))/2 : :
02.02 S F2(I+2)=(F2(I+2)+F2(1+8))/2

 @3.01 T %5. 2;F2(1a;"'-'";racx+x>>"  MeFRCLe2Y, 1
. . B4.01 A "PRINT VAL?"ANS;I _CANS- ayssoxses.a 02,1 .05
'@a.p2 T "LINEAR INTERPOLATION"s! ° - .
'_04-@3 F I @:6:”*6 6:D 3 \, S -
.
' - O
ol . » < ~
.C FOCAL -RT . _

"03 @1.0 $VALUES -;_ S o Do ;f,,_ .4_
104,a45L:o;F1>1,EIL31,0; "o, DIFFEﬁENT STIMULUS VALUES?"I;! _"'454“

. '04.02 T “"ITEM- . REPEATS. VALUE™, | \ . R

.04:03 F J=1,1;D 4.19

~04.04 .S F1(0)=0;F J=1,1;55 Fl(@)npl(@;+~(d5 o
/84,05 A "STARTING FILE LO.?"F1C1), 13§ J=F1C1Y3F c=1.1 D 4sll
D4.06 L GySMAIN,B & - I
04,10 T 23505"  USIANCI, T U 'GA Nl(d) R A R,
@4.11 F A=l N(C)3 s Fl(d)=Nl(C);S J=J+l: B
D

Lk
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C FUCAL=R1

al.pl C $CALIBHA110N

82.61°0 C30 sin oM PHYANS 5 | (ANS evas>3 91 2. 04,3 ex

02.04 A “ISOI"N;O I,+25°

62.05 S A=FZ(5)+130 135G A,2.0530 1.3;0 I

02-06 0 ,S A"FX(N*IG))O l;l Ss 0 I,S A‘FZ(S)"‘I;G A:2 @613 01

- aaqex‘A'"mr PHe"ANS3 1 (ANS=BYES)7:1,3+85,7+1 ‘

-03.05 0 S;A "POT"P51 (P-03.06,3.07,3.06

©23.06 S z=P .
1 83.087 A “ILL"LSI <L 833, 08:3 a9,3 08

03.08 S T=L )
63.89 S A=FADC(B);S NBFITH(IBBG#A);T xa.w;x (z N)3 10.4. ,3 a
¢3+10 5 AsFNEU(75):DO 3.3L - _ _ : :
©3.11 .G 3.09 o S IR
03.20,5-A=rnswcsﬂa>,no 3 31 R e
@3.21 G 3.09 . ‘ : e o T
03.31.F. [=8,3850 D

04,10 0 C35- aspvsw<1oee),s =0

411 F 1=0,255;5 A=A¥FADC(9)

@4.20 S.B=A/256 cn S AR
B4+.30 S N=FITRC(100%B);5. u=5+<~vle) s - el
04.32 'S YaFITRC1680%B) . L

P4e34. 1 (V-U4eB,4s5,4.5

04.50 S N=N+13G 4.8

84-B0 T (N~ T)5.01641,5. 01

05.81 F 120,155 A=FNEV(50); D 5.3

05.02 0 T3T %4e4 "POT",Z," ILL",B;IJG 3.85 - L L
‘@5030 F \J‘gall—lo D - RIS ) e o -]., R
06.10 0 T3S A-Fvswtnaee>,r za.a "porn,z."- ILL".B.n.o s v' .
9910 A “ADC OUTPUT MONITOK"AVSF1 C(ANS- ovzs>8.ex,7 11,8 01 *'fr,.
07.11 .S A=D;F. 1=0,255:55 ASA+FADC(15) e
07.12.°S5 'A=A/256>0 C 0 TiT 254 a,v-gocnsa'v,A,t o 1,1 5,0 1 :
08.01 01>,L G.SMAIN,Q L R R

" é o PR
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~INTERVAL DURATIONS FOR'THE. STANDARD AND TEST STIMULUS

. Lumisance "
- (Log) .

‘Standard
- (msc)

Test -
~(msc) -

T + 1.25°
T
1Tﬂ'

T

+

+

+

1.50 -

1.75

$2.00
2.25-

2.0

2.75

-3.00 ..
3.25

3.50

70

70

70

65

- 60"

55

50
150
48 -

48

67
.62
57

e

50

69

64

59 -

52 .

79

7
66
6l

56 -

54

82 ‘85 88
e e
';AS-ABOVE
”73.775 ; 7%:
68 70 72

63 65 67

58 60 62

. ASZ'“

9

79
G4

69

62

64

94

71

66

64

97

78
73
68

;8;,.'831/5 é5=lﬁ

76

100

-80

68
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